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Forest biomass is a crucial element in the energy system in many parts of the world, 

especially in Finland, and it is expected to play a similar, if not a more important, role in 

the near future as countries aim to replace fossil fuel with renewable energy systems. 

Since biomass is widely distributed and readily available, it is recognised as a potential 

renewable local alternative to fossil fuel, especially coal. However, the logistics of 

biomass extraction are one of the bottlenecks that hinder it from being used as a carbon-

neutral source of energy. The majority of optimisations in the sustainability of bioenergy 

have primarily been derived from economic incentives, but little attention has been paid 

to optimising the environmental sustainability of bioenergy. Even if there are cases of the 

optimisation of environmental sustainability, this may not have been the primary 

objective but rather an auxiliary objective to cost optimisation.  

The main objective of this dissertation was to investigate the improvement potential of 

environmental sustainability in terms of reducing the greenhouse gas emissions from the 

bioenergy supply chain. The main objective was realised in two themes: the improvement 

of life cycle assessment in the bioenergy sector and improvement by means of efficient 

logistics regarding resource utilisation.  

One of the sub-objectives of this dissertation was to introduce dynamic simulation to life 

cycle assessment in order to assess the greenhouse gas emissions from forest biomass 

logistics and investigate the role of temporal aspects of the supply chain on greenhouse 

gas emissions. The second sub-objective of the dissertation was to investigate the biomass 

supply chain in order to identify the best possible feedstock and supply chain route in 

terms of environmental performance in the delivery of forest biomass to consumers of 

different sizes. In addition to the route, the effect of biomass densification and 

transportation to the final destination was also studied.  

The study shows that the introduction of dynamic simulation or agent-based modelling to 

the life cycle assessment of a forest biomass supply chain integrates the temporal aspects 

of a supply chain and helps refine the outcomes of the life cycle assessment with respect 

to local conditions. In addition, the introduction of the temporal aspects of the supply 

chain were found to be crucial at the decision-making level, which was critical in reducing 

greenhouse gas emissions. On the other hand, the climate-friendly route of a biomass 



chain depends on the size of the delivery or the size of user demand. Thus, when 

conducting life cycle assessments in the future, it is recommended that local conditions 

are taken into consideration in order to achieve precise and representative results. 

Keywords: Life cycle assessment, greenhouse gas, biomass, logistics, GIS, ABM
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1 Introduction 

1.1 Biomass for energy 

Biomass is considered a renewable source of energy with low carbon emissions because 

the carbon emitted during biomass combustion is originally sequestered during its growth 

(IPCC, 2007). Due to its wide range of potential applications, from energy production to 

transport fuels, it has been deemed a renewable alternative to a verity of fossil fuels (Field, 

Campbell & Lobell, 2008, Gustavsson, Svenningsson, 1996). For example, many 

European countries, including Finland, have lined up biomass as a potential replacement 

for coal, as they aim to ban coal from their energy system within a few years’ time and 

eliminate it altogether by 2029 (Ministry of Economic Affairs and Employment, 2018). 

It has been deemed a good replacement for coal from the standpoint of mitigating climate 

change (Gustavsson et al., 2015), and shows nations the path towards a carbon-neutral 

energy system. 

Biomass is the most significant source of energy in Finland, as wood fuel alone accounted 

for 27% of total energy consumption in 2017, while a significant part (25%) of the total 

energy consumption goes to space heating (Official Statistics of Finland, 2018). On the 

other hand, the majority of the biomass used in Finland goes to combined heat and power 

(CHP) plants that produce heat and electricity for industrial and household use (Kärhä, 

2011). The use of forest chips for energy in Finland has tripled since 2007, reaching 

8.7Mm3 in 2013, but since then it has marginally declined to 8Mm3 by 2018 (Suomen 

virallinen tilasto, 2019). Two of the factors for such variations are the low price of 

electricity and mild winter weather combined facilitating decreased energy demand for 

space heating (Ranta, Karhunen & Laihanen, 2017). The use of forest biomass is expected 

to increase further in the future, as fossil fuels are expected to slowly be eliminated from 

energy system (Scarlat et al., 2015). 

As the quest for carbon neutrality intensifies around the world, many countries are aiming 

to eliminate fossil fuels and replace them with renewable energy sources. In December 

2018, the EU revised the Renewable Energy Directive (RED II), and the new overall EU 

target states that renewable energy sources should account for at least 32% of all energy 

by 2030. In addition to the overall target, the EU also raised the target for the overall share 

of renewable energy in the transport sector to 14% by 2030. However, the targets are 

country specific and take a country’s current situation and potential for renewable sources 

of energy into account. EU countries are given leeway in terms of how they achieve the 

target with respect to their own national renewable energy action plan (European 

Commission, 2018). 
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As a part of the National Energy and Climate Strategy and the Medium-Term Climate 

Change Policy Plan for 2030, Finland aims to raise its share of renewable energy from 

the current 40% to 50% by 2030, which includes bio-based transportation fuel (Ministry 

of Economic Affairs and Employment, 2018). According to an earlier government report, 

the aim has been to raise the use of transportation biofuel to 13 TWh by 2030 (Ministry 

of Employment and the Economy, 2013). If Finland were to achieve these ambitious 

targets during the stated timeframe, it is reasonable to state that, consequently, biomass 

logistics activities are also expected to increase. 

1.1.1 Biomass supply chain 

A supply chain is the delivery of products or services from suppliers to consumer through 

interlinked organisations. In the bioenergy sector, a biomass supply chain refers to the 

delivery of biomass presumably from its place of origin to the final destination, where it 

is converted into final products, such as transportation fuels, heat and power (Santos et 

al., 2019). In a biomass supply chain, multiple stakeholders act independently yet are 

interlinked with one another. A typical supply chain using forest biomass for energy is 

comprised of phases such as harvesting, forwarding, storage, transportation, pre-

processing (chipping, crushing, drying) and conversion (combustion) (Cambero, Sowlati, 

2014). A schematic flow diagram of a forest biomass supply chain is illustrated in Figure 

1.  

Figure 1: A schematic flow diagram of a typical forest biomass supply chain (Cambero, 

Sowlati, 2014).  
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Even though biomass is considered a renewable source of energy, logistics is one of the 

elements impacting the environment, including anthropogenic greenhouse gas (GHG) 

emissions, as it depends primarily on fossil fuel for forest operations, transportation and 

material handling (Jäppinen, 2013, Abbas, Handler, 2018). Emissions from a biomass 

supply chain is one of the negative aspects of bioenergy (Abbas, Handler, 2018). 

However, the share of emissions from the supply chain is comparatively lower than other 

elements pertaining to bioenergy, such as disturbances to the carbon balance of the forest 

(Vanhala, Repo & Liski, 2013). In the latest renewable energy directives (RED II), the 

European Commission has defined sustainability and GHG emissions criteria for next 

decade, which is also applicable to bioenergy, including transport biofuels. According to 

the sustainability criteria, transport biofuels should save a minimum of 65% GHG 

emissions, whereas renewable electricity, heating and cooling systems should save a 

minimum of 70% on GHG emissions after the year 2021 and 80% after 2026 (European 

Commission, 2019).  

According to the Brundtland Report, sustainable development refers to a ‘development 

that meets the needs of the present without compromising the ability of future generations 

to meet their own needs’ (Brundtland Report, 1987). The concept of sustainable 

development has been around for a few decades, but it has been increasingly discussed 

and implemented in policy development in a wide range of sciences, such as agriculture 

or forestry. Recently, sustainability in the forest sector and forest management has been 

receiving a significant amount of attention, and forest management strategies are being 

developed and implemented around the world accordingly (Schweier et al., 2019). 

Sustainable forest management is an ideal way of managing forest ecosystems and their 

services. The idea of sustainable forest management is similar to the general definition of 

sustainable development, which refers to use of ‘forests and forest lands in a way, and at 

a rate, that maintains their biodiversity, productivity, regeneration capacity, vitality and 

their potential to fulfil, now and in the future, relevant ecological, economic and social 

functions’ (Siry et al., 2018).  

According to Marchi et al., forest operations are a crucial part of forest management, and 

its sustainability is dependent on the effective implementation of forest operations in a 

sustainable manner (Marchi et al., 2018). However, De Meyer et al. (2014) believe that 

when it comes to logistics and its efficiency, the primary focus turns to economic 

sustainability and cost optimisation, whereas environmental sustainability becomes 

secondary, even though the cost of logistics and environmental sustainability are 

interlinked. The authors suggest that there are benefits to integrating environmental 

sustainability into studies focusing on the cost optimisation of a biomass supply chain 

(De Meyer et al., 2014).  
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1.1.2 Environmental sustainability of a biomass supply chain 

Sustainability encompasses three interconnected dimensions, often defined as ‘pillars’, 

namely environmental, social and economic factors. In theory, these three dimensions 

carry equal importance. However, in reality one of the dimensions gets more focus than 

the others (Purvis, Mao & Robinson, 2019). Historically, environmental sustainability has 

been getting increasing amount of focus since ecology has been the point of focus in 

political, social and academic discourses. The idea of ‘saving the planet’ may have made 

more lasting impressions than that of societal and economic sustainability (Newport, 

Chesnes & Lindner, 2003).  

A systematic review by Santos et al. (2019) found that economic and environmental 

sustainability assessments are predominant, while social sustainability has been 

overlooked among studies of the forest biomass supply chain (Santos et al., 2019). Out of 

the 104 papers reviewed by Santos et al. (2019), 23 studies focused on the environmental 

aspect of sustainability as a sole dimension, whereas 30 papers studied economic 

sustainability alone. In addition, 30 studies combined environmental and economic 

sustainability in a single paper. Similarly, a review by Cambero and Sowlati (2014) also 

found that the social aspects of sustainability have been overlooked, while the economic 

and environmental aspects dominate studies on the biomass supply chain (Cambero, 

Sowlati, 2014). Out of the 54 papers reviewed by Cambero and Sowlati (2014), 28 papers 

studied environmental sustainability alone, whereas 22 papers studied the economic 

sustainability of the biomass supply chain. 

According to reviews on the scope of sustainability studies in a forest biomass supply 

chain, the global warming potential (GWP), also referred to as GHG emissions, proved 

to be the most prevalent metric, while life cycle assessment (LCA) was the most popular 

method for conducting them. On the other hand, cost calculation and profitability in a 

biomass supply chain were found to be the dominant metric in economic sustainability 

studies (Santos et al., 2019). 

Even though economic and environmental sustainability were prevalent among studies 

on the sustainability of a biomass supply chain, their optimisations were found to have 

focused primarily on economic aspects, such as cost reduction or increasing profits. 

Cambero and Sowlati (2014) found that none of the studies explored the optimisation 

potential of environmental performance (as a sole dimension) of a biomass supply chain, 

whereas 28 studies out of 351 studied the economic optimisation of a biomass supply 

chain. However, they identified seven studies that focused on multi-objective 

optimisations, including three studies on social sustainability, such as effects on jobs and 

traffic disturbances to society. Similarly, they found that economic optimisations received 

similar attention. Their review found that only three studies mentioned the optimisation 

of environmental sustainability as a sole dimension, whereas 30 studies mentioned 

economic optimisations. However, multi-objective optimisations (economic and 

 
1 Studies that encompassed optimisations. 
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environmental) were mentioned in 43 studies. The majority of those optimisation studies 

focused on cost reduction (i.e. profit) and GHG emissions reduction. In addition, the 

authors recognise that optimisation studies on the environmental sustainability of a 

biomass supply chain have served more as a constraint or auxiliary study than as a main 

point of focus or objective function. 

1.2 The motivation for the dissertation 

The primary motivation for this dissertation comes from the fact that there is a research 

gap in terms of understanding the environmental sustainability of forest biomass logistics 

and its improvement. The exploration of the improvement potential of environmental 

sustainability is possible in two ways: improving the methodology of data collection in 

LCA and improving the supply chain conditions. 

In Section 1.1.2, it was established that the economic and environmental aspects of 

sustainability predominate in literature on forest biomass supply chains. However, the 

issue of how to best optimise a forest biomass supply chain primarily focuses on 

economic factors, such as cost reduction and profit optimisations. Studies that deal with 

optimising the environmental sustainability of a biomass supply chain are scarce, and 

even if there were any such studies, such a focus may not be their primary objective and 

are often complimentary to other assessments, serving as a supportive material. Thus, it 

is reasonable to state that there is a research gap in the field of environmental 

sustainability of forest biomass logistics and its improvement by means of system 

optimisation. 

Traditionally, LCA is the dominant method for environmental sustainability analyses and 

is commonly used to measure the linear and static impacts of a certain product or service 

on environmental measures.2 However, many believe that the ‘problem’ of it being static 

can be overcome by associating it with non-linear systems, such as agent-based modelling 

(ABM)  (Davis, Nikolić & Dijkema, 2009, Wu et al., 2017, Gutiérrez et al., 2015).  Davis 

et al. (2009) believe that ABM provides an interesting opportunity for LCA that makes it 

possible to assess dynamic agents and their contribution to an evolving supply chain.  

As mentioned earlier, Finland has been looking to eliminate fossil fuels from its energy 

system in the next decade. The scale of current fossil fuel use ranges from a household 

heating system with fossil oil (Karhunen et al., 2019) to large coal-fired power plants, 

dominant in the capital region (Helen, 2018). This indicates that the logistics of forest 

biomass in the capital region constitutes a large-scale delivery, as it consumes more forest 

chips than any other region (Ylitalo, 2019), whereas household heating requires a small-

scale and distributed solution (Föhr et al., 2019). Thus, it is worthwhile to assess different 

aspects of biomass delivery for energy and the environmental impacts associated with it. 

 
2 The principle of LCA is described in detail in section 2. 
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1.3 Objective and research questions 

1.3.1 Objectives 

The main objective of this dissertation was to measure the GHG emissions from an 

efficient biomass supply chain in Finland. The concept was to implement a dynamic 

aspect of biomass logistics into its LCA and to evaluate logistical GHG emissions. In 

addition, the logistical effectiveness of the biomass supply chain through densification 

has also been explored. 

The main premise of this dissertation is that the LCAs of biomass logistics have been 

generic in the past: biomass delivery from point A to B. It is possibly the easiest and 

simplest solution for determining the emissions stemming from logistics. One of the 

weaknesses of LCA is the misrepresentation of life cycle inputs and outputs due to the 

lack of variability in assessments (Tillman, 2000). In a biomass supply chain, multiple 

variables have a direct impact, such as biomass availability in the area, harvested time, 

capacity of storage facilities and transportation route. In addition, there are also indirect 

and non-technical factors that influence biomass availability, such as competing 

industries in the vicinity and forest owners’ willingness to sell their forests for bioenergy. 

These factors potentially affect the total transport distance over the year. 

It is believed that densified biomass will have lower environmental impacts in terms of 

GHG emissions due to their higher energy density (Thrän et al., 2016). On that note, one 

of the objectives was to investigate the pelletisation of hydrothermally carbonised (HTC) 

biomass and analyse its chemical, calorific and mechanical properties in order to 

determine whether they are suitable for long-distance transportation. Furthermore, 

logistics related GHG emissions are generally case specific and dependent on the 

locations and means of transportation. Thus, one of the objectives of this dissertation was 

to conduct an LCA of torrefied pellets logistics based on Finnish conditions.  

The main hypotheses were as follows: 

1. The use of the dynamic simulation of the biomass supply chain in its LCA helps 

reduce the GHG emissions of the supply chain. 

2. Upgraded biomass has a positive effect on the reduction of GHG emissions from 

the overall biomass supply chain, but the effect varies depending on the size of 

the delivery and supply chain alternatives. 

3. For efficient transportation, biomass can be upgraded with an HTC process and 

subsequent pelletisation. 
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1.3.2 Research papers and their objectives 

The objective of Paper I was to investigate how inventory collection in LCAs of biomass 

logistics can be improved with the help of spatial and temporal aspects, using tools such 

as a geographical information system (GIS) and ABM respectively. The idea was to 

conduct a systematic literature review of studies that have used a GIS, ABM and LCA 

and to ascertain whether there are any benefits to including all three tools in a single study.  

Paper II extends the research questions posed in Publication I. The objective of Paper II 

was to conduct an LCA of a biomass supply chain with the help of spatial and temporal 

variables assessed via GIS and ABM, respectively. The GIS produced information 

regarding biomass availability in a maximum 120 km range and available road networks 

in that region, while ABM assessed the dynamic aspects of logistics. In addition, the 

impact of continuous measurement of biomass quality and biomass importation from 

overseas on GHG emissions was also assessed. 

The logistics of densified biomass (torrefied) and its impact on climate change in the form 

of GHG emissions were assessed in Paper III. In the assessment, it was assumed that a 

hypothetical torrefaction plant with a capacity of 200,000 t/y was located in the South 

Savo region of Finland, and the final use of torrefied pellets was assumed to be in 

Helsinki, Finland. The assessment was further divided into different raw materials (tree 

species) for torrefaction and multiple routes of the supply chain for each type of raw 

material. The purpose of this publication was to analyse environmental impacts in the 

form of GHG emissions resulting from raw biomass logistics compared to torrefied 

pellets.  

A comparative LCA was conducted in Paper IV for a product system where biomass 

(pellets and chips) replace fossil oil in a space heating system. Small-scale oil heaters are 

still prominent in Finland, and there is an interest in eliminating them and replacing them 

with alternative renewable fuels such as biomass. In the study, an oil-fired heating system 

was considered a business-as-usual (BAU) scenario and renewable fuels, such as wood 

pellets and wood chips, delivered from different locations were considered as alternative 

scenarios. One of the purposes of this study was to investigate the environmental impact 

of alternative fuels and compare them with BAU and identify the GHG mitigation 

opportunities resulting from alternative scenarios. Furthermore, when it comes to the 

delivery of forest chips to small-sized users, the solution is rather complicated due to the 

lack of storage capacity and potentially narrow spaces around the storage facility in 

resident areas. Thus, the aim of the study was to introduce a blowing container truck that 

blows chips through the pipe up to 40 m in distance. However, due to its size being smaller 

than the conventional chips trucks, the environmental impacts in terms of GHG emissions 

caused by such transportation needs to be further assessed. 
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In the fifth paper, biomass was carbonised in the presence of water, which is known as 

hydrothermal carbonisation (HTC). The product of HTC was then pelletised and 

subjected to laboratory analyses to investigate whether an actual improvement in calorific 

values can be achieved in HTC pellets compared to original biomass and to investigate 

whether HTC pellets are mechanically suitable for transportation. 

 



Materials and Methods 

 

 

23 

2 Materials and Methods 

2.1 Research Framework 

As described in section 1.3.2, this dissertation is composed of five research articles 

covering the environmental sustainability of biomass for energy. As shown in Figure 2, 

Publication I, II, and IV deal with LCA of biomass supply chain and its improvement 

potential. On the other hand, Publication III adds the impact of densified biomass and its 

role on carbon emissions. Finally, Publication V deals with biomass densification by 

means of HTC, interlinking the study with environmental sustainability of biomass 

logistics in a bigger picture. 

Environmental Sustainability 

Review on combination of GIS, 

AMB, and LCA 

LCA of small-scale logistics of 

forest chips

Lifecycle assessment

GIS and ABM-assisted LCA of 

biomass logistics

Biomass upgradation with HTC

B
io

m
ass u

p
g
ra

d
atio

n

LCA of upgraded biomass (torrefied 
pellets) logistics 

Publication I

Publication II

Publication V

Publication III

Publication IV

 

Figure 2: The framework for the dissertation. 
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2.2 LCA as a tool (Publications I–IV) 

An LCA is a tool to evaluate the environmental consequences of a product or service: it 

is used to identify potential bottlenecks regarding their environmental performance as 

well as potential opportunities to improve them. For the bioenergy industry, it is 

considered one of the best techniques to identify environmental impacts and opportunities 

to minimise them (Cherubini, Strømman, 2011). This method is standardised by the 

International Organization for Standardization (ISO) (SFS-EN ISO 14040, 2006). 

According to ISO 14040, there are four phases to an LCA study:  

a) The goal and scope definition 

b) The inventory analysis 

c) The impact assessment, and 

d) Interpretation 

The system boundary, depth and breadth of the study are recognised in the goal and scope 

phase. In order to meet the requirements set in the ‘goal and scope’ phase, the input and 

output flows in the system are studied in the inventory analysis (LCI). In the following 

stage, the life cycle impact assessment (LCIA) and findings from the LCI phase are 

characterised by additional information (characterisation factors), which is comparatively 

easier to understand in terms of the environmental impacts. Finally, in the interpretation 

phase the findings of the LCI and/or the LCIA are summarised, conclusions are drawn 

and recommendations are made in accordance with the goal and scope of the study. In 

practice, the entire process is iterative within and between these four phases. The 

framework for an LCA is illustrated in Figure 3.  

Goal and scope 

definition

Inventory 

analysis

Impact

assessment

Interpretation

 

Figure 3: The framework of an LCA (SFS-EN ISO 14040, 2006) 
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An LCA is generally case specific and may differ from other studies, even with respect 

to minor details, thus it requires a comprehensive description of the chosen materials, 

methods and scope of the study. In the following subsections, the methods for each of 

publications I, II, III and IV are illustrated separately.  

2.2.1 Literature review (Publication I) 

A literature review was conducted on published scientific peer-reviewed studies that 

combined two or more computational methods to measure GIS, ABM and LCA 

outcomes. In this study, the term discrete-time simulation (DTS) refers to both discrete-

event simulation (DES) and ABM, as described in Table 1. The approach was used to 

assess how prior peer-reviewed scientific researches had incorporated each of the three 

modelling methods and examine whether there are advantages in combining three distinct 

computational models. Moreover, the review focused on the use of biomass for energy 

and its supply chain. The review was conducted using keywords related to three classes: 

biomass, its supply chain and modelling methods. The keywords illustrated in Table 1 

were used as search queries in the Web of Science (WoS) and Scopus databases. 

 

Table 1: List of keywords used for search queries 

  

Description of biomass Description of supply chain Description of method 

Biomass 

Bioenergy 

Biofuel 

Bioethanol 

Biodiesel 

Biogas 

“Energy Wood*” 

“Forest fuel” 

“Wood chip*” 

Woodchip* 

“Wood waste” 

“Pellet*” 

“Energy Crop*” 

“Sugarcane” 

“Agricultural waste” 

“Municipal Solid waste” 

“Supply chain” 

“Supply system” 

“Supply network” 

GIS 

“Geographical 

information system” 

GIS 

“Spatial analysis” 

“Spatial statistic” 

LCA 

“Life cycle assessment” 

LCA 

“Life cycle analysis” 

“Lifecycle assessment” 

 

DTS 

“Agent-based” 

“Discrete-event” 

“Multi-agent simulation” 
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The classes were separated with the Boolean operator “AND” whereas keywords of a 

different class were combined with the “OR” operator to include their synonyms. 

Quotation marks were used to specify the exact combination of the words because often 

search engines consider a space between words as an “AND”. Asterisks were used to 

include possible suffixes. Three queries were conducted on each database, and the 

resulting articles that included two or more methods were analysed to determine 

prospective advantages and challenges for implementing those methods in a single study. 

2.2.2 LCA assisted by GIS and ABM (Publication II) 

Publication II to some extent continued the work begun in Publication I. An LCA of forest 

biomass logistics was carried out in this publication on the basis of the results from the 

GIS and ABM study. The available biomass and road network were significantly affected 

by accessibility, weather, biomass demand in the region and the readiness of the forest 

owner to sell it for energy production.   

The total biomass (approx. 500,000 solid m3 or 1.18 TWh) was assumed to be obtained 

within 120 km of the power plant (see Figure 4). As a comparative assessment, additional 

(approx. 7%) feedstock was assumed to be acquired within a range of 100 km from Riga, 

Latvia and shipped to Finland. The purpose of mixing biomass from Riga in the fuel 

mixture was to investigate the GHG emissions of imported biomass via sea transportation. 

The assessment was divided into six scenarios (illustrated in Table 2). In addition, 

domestic scenarios included a mixture of three types of biomasses, namely whole or 

delimbed trees (WorD), harvest residues (HR) and stumps (ST). The relative amounts of 

each biomass type in the three scenarios are presented in Table 3.  

The effect of the real-time measurement (RTM) of biomass moisture at power plant 

storage facilities on the logistic efficiency and the consequent effect on GHG emissions 

was evaluated as a sensitivity analysis (see Table 3). The purpose of the RTM was to 

measure the biomass moisture and provide real-time feedback. X-ray-based RTM 

technology is supposedly more efficient and quicker than a traditional sample-based 

moisture measurement system (Inray Ltd, 2019). Real-time information about the 

biomass moisture means that a supplier can stop the repetitive delivery of unwanted 

biomass in good time, which could potentially improve the quality of the biomass. The 

sensitivity analysis only concerned scenarios BD and BDI.  
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Table 2: Baseline and sensitivity scenarios and their abbreviations 

Scenarios A B C 

Baseline 

scenarios 

Domestic AD  BD  CD  

Domestic and imported  ADI  BDI  CDI  

Sensitivity 

scenarios 

Domestic (RTM)   BDRTM   

Domestic and imported (RTM)  BDIRTM   

 

Table 3: Feedstock types and their share in the fuel mix, expressed in solid m3/year 

Feedstock types Scenario A Scenario B Scenario C 

WorD 140,000 155,000 90,000 

HR 340,000 255,000 155,000 

ST 0 80,000 255,000 

Total 480,000 490,000 500,000 
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Figure 4: The domestic biomass supply area for the CHP plant in Naantali, Finland. Location of 

powerplant is shown in red square. 

 

In the assessment, it was assumed that the biomass would be chipped directly into the 

chip trucks with a mobile drum chipper at the forest roadside storage point and delivered 

to the CHP plant yard. The scope of the study can, therefore, be referred to as a gate-to-

gate study. In addition, emissions resulting from infrastructure production, vehicles and 

biomass storage were left outside the scope of the study, which means that emissions 

associated only with transportation, handling and chipping were taken into account. 

The LCIs for the location, availability of biomass and the road transport distance were 

obtained by combining the GIS and ABM data. The unit processes throughout the supply 

chain, their description and corresponding sources are shown in Table 4. The impact 

assessment was conducted for the sole impact category Global warming potential (GWP) 

100 years excl. biogenic carbon dioxide, based on the CML 2001 (2016) methodology 

(CML 2016). The reason for selecting a sole impact category is that in biomass supply 

chain LCAs, GWP is one of the most popular categories and has impactful role in decision 
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making (Klein et al., 2015). The functional units t CO2-eq. per year and kg CO2-eq. per 

MWh of wood fuel were considered in the study. 

Table 4: Unit processes used in life cycle modelling along the biomass supply chain 

Unit processes Description Sources 

Mobile chippers Productivity: 160 m3
loose/h 

Power: 475 kW 

(Werner, 2012c) 

Terminal crushers  (Ovaskainen, 2017) 

Chip trucks Capacity: 120 m3
loose 

EURO 6 

(GaBi databases, 2016) 

Stump trucks Capacity: 120 m3
loose 

EURO 6 

(GaBi databases, 2016) 

Terminal trucks 90 m3
loose 

EURO 6 

(GaBi databases, 2016) 

Vessels 6,300 m3
loose (GaBi databases, 2016) 

Wheel loaders  (Jäppinen, Korpinen & Ranta, 

2013) 
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2.2.3 The LCA of torrefied pellets (Publication III) 

In Publication III, an LCA was conducted to compare the GHG emissions from the 

logistics of torrefied pellets from various tree species dominant in Finland, namely energy 

wood from birch and pulpwood from birch, pine and spruce. In this study, it was assumed 

that the diameter of energy wood was 4–6 cm, whereas the diameter of pulpwood was 

larger than 6 cm up to 16 cm (Karttunen, Laitila & Ranta, 2016). The purpose of this 

study was to investigate the impact of using pulpwood to make torrefied pellets and to 

compare them with torrefied pellets made from energy wood. The assessment was further 

extended to five different supply chain alternatives for each type of biomass. The biomass 

was assumed to have originated and been torrefied in a hypothetical torrefaction plant 

(with a capacity of 200,000 tonnes of torrefied pellets per year) located in South Savo, 

Finland, and transported to a power plant in Helsinki, Finland. In order to compare the 

difference between the transport of raw biomass and torrefied pellets, one scenario 

considered the transport of raw biomass to Helsinki to be torrefied in a hypothetical 

torrefaction plant there. The corresponding locations are illustrated in Figure 5.  

 

Figure 5: Locations of biomass origin and destination. The dark grey area indicate the locations 

of biomass origin (South Savo) and the destination (Helsinki). 
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The scope of the assessment was a typical cradle-to-gate assessment, in which the system 

boundary began with biomass harvesting, was followed by forwarding to a roadside 

storage point and ended with the final destination being a power plant storage yard. In 

order to make the assessment consistent, the distance from the forest roadside storage 

point to the biomass terminal, railway storage and torrefaction plant remained the same 

at 100 km. However, the biomass logistics through the terminal resulted in an additional 

20 km of transport. In addition, the power plant in Helsinki was assumed to be located 20 

km away from the biomass storage and torrefaction plant (only applicable for one 

scenario). The supply chain scenarios are presented in Table 5. In addition, the schematic 

flow diagram and the system boundary for each scenario are presented in Appendix A. 

Table 5: Supply chain scenarios and their description 

Scenarios Description 

Roadside chipping 

(RSC) 

Harvested woods are chipped at a forest roadside storage point 

with a mobile drum chipper and transported to a torrefaction 

plant. 

Terminal crushing 

(CRT) 

Harvested wood is transported to a biomass terminal and 

crushed there before transporting it to the torrefaction plant. 

Crushing at the 

plant (CRP) 

Harvested wood is transported straight to the torrefaction plant 

and crushed there.  

Chipping at the 

plant (CHP) 

The same as for the CRP, but the biomass is chipped with an 

electric chipper. 

Torrefaction plant 

in Helsinki (TPH) 

Harvested wood is transported to a railway storage point and left 

there to dry. Then, it is transported to a torrefaction plant in 

Helsinki and crushed at the plant yard.  

 

The emissions resulting from the infrastructure such as powerplant production, 

transportation vehicles and forest machinery were left outside the scope of the study. In 

addition, potential GHG emissions resulting from biomass storage were also left out. It 

was assumed that the moisture content of the raw material (30%) before torrefaction and 

the torrefied pellets (6%) was the same for all types of biomass. The physical and calorific 

properties of torrefied pellets (see Table 6) were obtained from Ranta et al. (2016), and 

the heating values (as received, Qar) were calculated based on their 6% moisture content 

according to Equation 1 (Alakangas et al., 2016). The amount of raw biomass needed was 

calculated based on the assumption that 10% of the initial energy is lost during the 

torrefaction process. The detailed LCI is presented in Appendix B. 
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𝑄𝑎𝑟 = Qd × (
100−m

100
) − 0.02443 × 𝑚,   (Equation 1) 

 

where: 

Qar is the heating value (as received) 

Qd is the lower heating value (dry basis) 

m is the moisture content % 

and 0.02443 is the coefficient for the enthalpy of vaporisation at a constant pressure and 

25˚C, MJ/kg per 1% moisture. 

 

Table 6: Properties of torrefied pellets (Ranta, Föhr & Soininen, 2016)  

Tree 

Species 

Qd. pellet 

(MJ/kg) 

Moisture  

(%) 

Qar, pellet 

(MJ/kg) 

Qar, pellet 

(MWh/t) 

Total Qar, pellet 

(MWh/yr) 

Density 

(kg/m3) 

Birch 19.37 6 18.06 5.02 1,003,401 678 

Spruce 18.47 6 17.22 4.78 956,401 699 

Pine 19.96 6 18.62 5.17 1,034,212 682 

Energy 

wood 

19.15 6 17.85 4.96 991,912 696 

 

The LCIA was conducted for a sole impact category: the Global warming potential 

(GWP) 100 years excl. biogenic carbon dioxide, based on the CML 2001 (2016) 

methodology (CML, 2016). The results are presented in the functional unit kg CO2-eq per 

MWh and t CO2-eq. per year.  
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2.2.4 The LCA of the biomass-fired heating system (Publication IV) 

In Publication IV, a comparative LCA was conducted for the logistics of light fuel oil 

(LFO), biomass chips, and pellets for small-scale space heating purposes. The concept 

was to replace fossil fuel oil with forest biomass (pellets and chips) in the small-scale 

heating sector. Thus, the goal of the study was to measure the GHG mitigation from using 

biomass instead of fossil fuel oil when using LCA as a tool. The functional units of the 

study were set as t CO2-eq per year and kg CO2-eq per MWh and calculated based on the 

CML 2001 (2016) methodology (CML, 2016). The scope of the study ranged from wood 

harvesting and forwarding to a forest storage facility to chipping, transportation and 

combustion. However, infrastructure such as buildings and powerplants and 

transportation vehicle production were not taken into account. 

A container truck with a capacity of 40 m3 with a blower fan attached was introduced in 

the study for the delivery of wood chips to the customer. The blower can blow up to 1.2 

bulk-m3 per minute and up to 40 m in distance (Romanet, 2019). The reason for opting 

for this method of chip delivery was that the blowing of chips potentially eliminates the 

ground handling of material and is suitable for small-sized users with narrow spaces and 

small storage capacity. The blower and a container truck with a blower attached are shown 

in Figure 6.  

 

(A)

 

(B) 

 

 

Figure 6: A small-sized blower (A) and blowing truck in action (B) (Föhr et al., 2019). 
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In the study, an industrial customer that consumes 80,000 l of LFO in a year was 

considered a BAU product system, whereas the use of wood pellets and wood chips were 

the alternative scenarios. In the BAU scenario, LFO was assumed to be refined in Porvoo, 

Finland, and brought to the use location. Forest chips were assumed to be chipped at the 

roadside to the forest in three different locations,3 which were 40 km, 75 km, and 140 km 

away. On the other hand, wood pellets were brought from the nearest pellet production 

plant (100 km). Furthermore, chips were assumed to be chipped with a mobile chipper at 

the roadside and brought on a container truck. This scenario can be referred to as a ‘hot 

chain’. In addition to the hot chain, additional scenarios were studied, such as a sensitivity 

analysis in which wood was brought to a biomass terminal located 10 km away from the 

final destination and chipped there. The reason for assessing the biomass logistics 

involving a biomass terminal was to investigate the impact of the varying payloads of 

wood trucks (40 t) and container truck (11 t) on the GHG emissions resulting from 

biomass logistics at different locations. A flow chart of the different fuel logistic setups 

is shown in Figure 7.  

Oil refinery Oil transportaion Storage Combustion

Pellet production Pellet 

transportation
Pellet combustion

Forest 

procurement

Chipping at 

roadside

Wood chips 

transportation
Combustion

Forest 

procurement

Logs 

transportation 

and handling

Combustion
Crushing at 

terminal

Wood chips 

transportation

Storage

Oil supply chain (BAU)

Wood pellet supply chain

Wood chips supply chain

Wood chips supply chain (terminal)

 

Figure 7: Flow charts of fuel logistics alternatives. 

 

 

 

 
3 Hirvensalmi (40km), Juva (75km) and Savonlinna (140km) from the heating plant. 
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In the study, the heating value of the LFO was assumed to be 42.5 MJ/kg and the specific 

density 860 g/l. To replace the 80,000 l of LFO, 169 t of wood pellets and 337 t of wood 

chips are required, with assumed heating values of 4.8 MWh/t and 2.86 MWh/t, 

respectively (Alakangas et al., 2016). The unit processes in the product system their 

descriptions and relevant sources are illustrated in Table 7. 

 

Table 7: LCI for all unit processes and relevant sources 

Unit processes Description Reference 

LFO from refinery Refinery located in Porvoo, 

Finland 

(GaBi Database, 2011) 

Heat from LFO 1 MW size (Jungbluth, 2007) 

Oil transportation trucks EURO 6, 27 t payload, 85% 

utilisation 

(GaBi Database, 2011) 

Diesel from refinery  (GaBi Database, 2011) 

Pellet transportation 

trucks 

EURO 6, 27 t payload, 85% 

utilisation 

(GaBi Database, 2011) 

Log transportation 

trucks 

EURO 6, 40 t payload, 85% 

utilisation 

(GaBi Database, 2011) 

Heat production from 

pellets 

300 kW size (Bauer, 2014) 

Wood pellet production  (Bauer, 2013) 

Wood harvesting 10.4 m3/h productivity (Werner, 2012b) 

Forwarding 12.3 m3/h productivity (Werner, 2012a) 

Handling Wheel loader (Jäppinen, Korpinen & 

Ranta, 2013) 

Container transportation EURO 6, 27 t payload, 40 m3, 

45% chip moisture 

(GaBi Database, 2011, 

Lämpösi, 2019);  

Chipping Roadside drum chipper: 475 kW (Werner, 2012c) 

Crushing 9.38 kg CO2/t dry biomass (Prinz et al., 2019) 

Heat production from 

chips 

1 MW size (Bauer, 2007) 
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2.3 Upgrading Biomass by means of HTC (Publication V) 

The aim of the study was to investigate the potential for pelletisation of the HC biomass 

of alder (Alnus incana) by means of chemical, physical and calorific analysis. Bags of 

alder chips sold for smoking fish and meat were selected for the experiment due to the 

consistent size of the chips. The carbonisation of alder chips was carried out in a batch 

reactor with a stainless-steel outer shell and polytetrafluoroethylene (PTFE) inner vessel 

(reactor), as shown in Figure 8.  

 

Figure 8: The batch reactor used for carbonisation with the following parts: outer chamber (A), 

reactor (B), outer cap (C), mid-cover (D) and inner cap (E). 

 

For the reaction, chips were mixed with ionised water at a ratio of 1:4 (w/w) and placed 

in an oven preheated to 220 ˚C for 90 minutes. The carbonised biomass was dried at 70 

˚C for 8 hours then pelletised in the pelletiser (AmandusKahl). The size of the pelletiser 

matrix was 8 mm in diameter and 34 mm in depth. Finally, various evaluations of pellets, 

such as proximate and ultimate analysis, mechanical durability, elemental and functional 

group analysis, and scanning electronic microscope (SEM) picture analyses, were carried 

out according to the relevant standards. 
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3 Results  

3.1 LCA as a Solution 

3.1.1 The combination of LCA with GIS and DTS (Publication I) 

In Publication I, a literature review was conducted on the implementation of three 

computational modelling methods (LCA, GIS and DTS) in prior bioenergy-related 

studies. The search queries found a total of 498 studies that included at least one of the 

three modelling approaches. Among those studies, LCA was found to be an 

overwhelmingly popular (~67%) method, followed by GIS and DTS, respectively. 

Seventeen studies used a combination of two methods. However, none of them combined 

all three modelling methods. Among the three possible combinations, the combination of 

GIS and LCA was the most abundant and was found in ten publications. On the other 

hand, only six publications combined DTS and LCA methods. A combination of the GIS 

and DTS methods proved least popular for bioenergy, supply chain-related studies. 

Overall, the LCA method was used in 16 studies involving at least either DTS or GIS 

modelling. The popularity of LCAs in the bioenergy sector has increased rapidly since 

2009, while the DTS and GIS methods have gained more slowly in popularity, but their 

use has been increasing nonetheless. Figure 9 shows a Venn diagram of the combined 

modelling methods (a) and their growth in popularity over the years (b). 

 

 

(a) 

 

(b) 

Figure 9: A Venn diagram of three modelling methods in published studies (a), and the 

popularity of each of the three modelling methods over the years (b). 
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The idea of LCA was first proposed in the 1960s at the World Energy Conference. The 

term LCA, however, became gained credibility in the 1990s. It received more exposure 

when it became standardised by the SO in 1998. Since its introduction, it has been applied 

in various fields of science, primarily in macro-scale areas such as energy and resource 

use, emissions and waste generation. By the turn of the century, more attention was being 

paid to the idea at the political level in the EU and the rest of the world (Bjørn et al., 

2018). Since it has a long history of application in a wide range of societies and sciences, 

it is reasonable that it has been applied in a similar way in the bioenergy sector. 

An LCA is primarily a linear and steady-state study and is often overly simplified (Davis, 

Nikolić & Dijkema, 2009). One of the purposes of an LCA study is to use it as a marketing 

tool (SFS-EN ISO 14040, 2006), and often the purpose of marketing is to reach a broad 

public demographic. As a result, the outcomes of LCAs are simplified to make them 

understandable to a wider audience. However, the merging of ABM with LCAs is getting 

more traction because it adds temporal aspects to the LCA product system, making it 

dynamic with respect to real-life variables (Davis, Nikolić & Dijkema, 2009, Wu et al., 

2017, Marvuglia et al., 2018). In addition, it provides flexibility and complex calculations, 

including uncertainty analyses.  

Multiple studies (Jäppinen, Korpinen & Ranta, 2013, Furubayashi, Nakata, 2018, 

Jäppinen, Korpinen & Ranta, 2014) have used GIS to examine biomass availability and 

road network assessments and have been combined with LCAs of forest biomass 

logistics. One study (Santibañez-Aguilar et al., 2018) used GIS to investigate the most 

suitable location for a power plant and resulting potential GHG mitigation. When spatial 

information is combined with LCA, one can gain a realistic view that is especially crucial 

for decision-makers.  

In addition to such opportunities, Davis et al. (2009) have pointed out the challenges of 

coupling multiple modelling methods, for example with respect to the amount of 

computing power and information and enormous effort and assumptions required to carry 

out multiple modelling studies. To overcome the challenges, a certain amount of 

information could be replaced by making assumptions, but this significantly diminishes 

the accuracy of the models. These issues may well have constituted a major obstacle to 

combining all three methods in a single study. 

3.1.2 LCA assisted by GIS and ABM (Publication II) 

Publication II continued the theme of Publication I by implementing the idea of 

combining all three modelling methods. Biomass availability and road networks were 

assessed with GIS, whereas ABM was used to assess the effects of biomass delivery on 

the temporal aspects of biomass logistics, including biomass quality, moisture and storage 

capacity. The challenge of attaining the computing power required to implement all three 

modelling methods was overcome by the use of three different computers to evaluate each 

model, and the results were combined separately for reporting. Depending on the 

availability of biomass, their locations (forest road storage points) and the transport 
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distance to the power plant, an LCA was modelled to calculate the GHG emissions from 

the biomass supply chain. The GHG emissions from a supply of approximately 500,000 

m3
solid to the power plant, with respect to functional units, are shown in Figure 10. 

 

 
 

Figure 10: GHG emissions in each scenario with respect to functional units and the share of life 

cycle phases in each scenario. In each scenario, the abbreviation ‘D’ refers to domestic biomass 

and ‘I’ refers to imported biomass. 

 

The results show that the GHG emissions varied from 3105 t to 4235 t CO2-eq per year, 

depending on the logistics scenario. The AD scenario, which did not have ST in the fuel 

mixture, had the least GHG emissions whereas, the CDI scenario, which had the highest 

share of ST in the fuel mixture and included imported biomass, was responsible for the 

highest GHG emissions. The results for total emissions reflect the results with respect to 

kg CO2-eq per MWh. The results show that GHG emissions varied from 2.72 kg to 3.46 

kg CO2-eq per MWh, depending on the scenarios and fuel mixtures. Figure 10 shows that 

the ST biomass comminution at a biomass terminal (see Table 3 for shares of biomass 

fuel types) played a significant role in GHG emissions, as it required additional transport 

distance as well as biomass handling at the terminal. In addition, 7% imported biomass 

in the fuel mixture added 13% to GHG emissions, of which maritime transportation was 

a major contributor. 
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A sensitivity analysis was carried out in the study to investigate the effect of the RTM of 

wood chips on the logistics efficiency and the subsequent impact on the GHG emissions 

resulting from logistics. The purpose of the RTM was to measure the biomass moisture 

in real time and provide feedback to suppliers more quickly than the traditional sample-

based moisture measurement system. X-ray-based RTM technology provided instant 

feedback on the biomass moisture and, based on that information, logistic operators could 

act on it, e.g. by avoiding the repeated delivery of biomass with a high moisture content. 

Figure 11 shows the effect of RTM on the average biomass moisture at a power plant 

storage facility, and the subsequent effect on GHG emissions is shown in Figure 12. 

Comparative results for Scenario B show that RTM helps to reduce the average moisture 

content of chipped biomass by about 2% in WorD and 1% in ST. On the other hand, 2.7% 

of GHG emissions can be reduced as a result of efficient logistics. 

 

 

Figure 11: Reductions in the average moisture content of chipped biomass in power plant 

storage for different fuel types. Real time monitoring (RTM) is applied in the both the domestic 

fuel type (BD) and the imported fuel type (BDI) in Scenario B. 
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Figure 12: The comparative transportation distance and GHG emissions with and without RTM 

in Scenario B. Scenario B with only domestic biomass (BD) and Scenario B with domestic and 

imported biomass (BDI)  

3.1.3 LCA of torrefied pellets (Publication III) 

In this publication, a comparative LCA was conducted. The purpose of comparing 

pulpwood from different tree species for torrefaction was to assess the impact of the 

varying heating value of torrefied pellets on GHG emissions. In addition, energy wood 

was included in the assessment to compare emissions as a result of the varying 

productivity of energy wood and pulpwood machinery. The GHG emissions from the 

torrefaction supply chain with respect to the functional units described in section 2.2.3 

are shown in Figure 13 and Figure 14. 
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Figure 13: Total GHG emissions in a year for different biomass types and supply chain 

alternatives. 

 

The results show that, overall, the production and supply chain for torrefied birch pellets 

had the lowest GHG emissions. Energy wood, on the other hand, had the highest GHG 

emissions. Furthermore, the CHP scenario, which refers to the chipping of woody 

biomass at the power plant (see Table 5), had the lowest overall GHG emissions among 

the supply chain alternatives studied. The chipping was powered with electricity, and the 

Finnish electricity grid has a considerably lower carbon footprint than, for example, 

diesel. The results of the total GHG emissions reflect the emissions per MWh. The 

torrefied pellets of birch pulpwood chipped in the plant yard with an electric chipper had 

the lowest emissions (15.69 kg CO2-eq emissions per MWh). In contrast, torrefied pellets 

of energy wood crushed at the biomass terminal had the highest GHG emissions (24.1 kg 

CO2-eq emissions per MWh). The additional transport and use of diesel for biomass 

crushing at the terminal were major contributors to relatively high emissions. The 

contributions from each phase of the life cycle are shown in Figure 15. The contribution 

analysis shows that the torrefaction phase contributed the most, whereas train transport 

was responsible for the least amount of emissions between the life cycle phases. Although 

the rail transport distance is 300 km, the emissions were insubstantial because trains 

operate on electricity with a low carbon footprint relative to diesel. However, the 

emissions from train transportation in the TPH scenario were slightly higher compared to 
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train transport in the other scenarios because in the TPH case, raw material was 

transported to Helsinki rather than torrefied pellets and the raw material has a 30% 

moisture content compared to 6% for pellets. The GHG emissions from the forest 

procurement of energy wood were higher than pulpwood, which consequently reflects the 

total GHG emissions, as shown in Figure 15.  

 

Figure 14: GHG emissions with respect to the calorific value for torrefied pellets using 

different biomass and supply alternatives. 
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Figure 15: Contribution of each phase of the torrefaction logistics product system for all 

feedstock types and supply chain alternatives. 

 

3.1.4 Small-scale biomass delivery (Publication IV) 

The results show that the GHG emissions from the BAU scenario were approximately 

248 t CO2-eq. per year, or 339 kg CO2-eq. per MWh. If wood pellets were to replace LFO, 

there is the potential to reduce GHG emissions by 89%, as pellets contribute 28 t CO2-eq. 

per year of GHG emissions. On the other hand, the GHG emission savings can potentially 

be increased by up to 96% if wood chips were to replace LFO. The GHG emissions from 

heating with wood chips varied from 9.5 t to 13 t CO2-eq. per year, depending on the origin 

of the wood chips.  

The contribution analysis of life cycle phases shows that wood chipping was the largest 

contributor (28–40%), followed by harvesting4 (17–24%) and combustion (18–25%), 

depending on the origin of the wood chips. The transportation of wood chips contributed 

approximately 10% to the total GHG emissions in the case of wood chips, which 

 
4 Harvesting in the BAU scenario in  Figure 17 refers to refinery activity and the production of wood pellets 

in a wood pellet scenario. 
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originated 40 km away, whereas the corresponding contribution rose to 37% in the case 

of wood chips from 140 km away. The GHG emissions and contributions of the life cycle 

phases to each of the scenarios are shown in Figure 16 and Figure 17, respectively. 

 

Figure 16: GHG emissions from different product systems for heating. 

 

 
 

Figure 17: Contributions of life cycle phases in each scenario.  
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In the sensitivity analysis, energy wood was transported to the biomass terminal on a 

timber truck and chipped there. The chipped biomass was then brought to the heating 

plant on a container truck. The biggest difference between the main scenarios (hot chain) 

and the sensitivity scenarios were the chipping method, payload of the trucks and the 

additional distance (10 km). According to the results, using chips from the nearest 

location (40 km away), terminal chipping and roadside chipping are no different in terms 

of their GHG emissions. However, as the transportation distance grows (to140 km), the 

hot chain contributed 17% more in GHG emissions. The difference primarily stems from 

transportation because in a hot chain, the actual payload of the container truck is about 

11 t, whereas in terminal logistics timber trucks have a payload capacity of 40 t and they 

carry unchipped material. The sensitivity analysis results are shown in Figure 18. 

 

Figure 18: Results of the sensitivity analysis for the wood chip energy system. 
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3.2 Pelletisation of HTC biomass (Publication V) 

According to the results presented in Table 8, the mechanical durability of HTC pellets 

(93.1%) is significantly higher than that of white pellets (64.4%), although the durability 

of white pellets is reasonably low due to the low moisture content of the raw material. 

Similarly, dry HTC pellets have a gross and net calorific value that is 4% higher than for 

the corresponding white pellets. The low net calorific value (as received, ar) is potentially 

due to the exceptionally low moisture content of white pellets. In addition, the bulk 

density and bulk energy density of HTC pellets was found to be 12% and 8% higher than 

that of white pellets, respectively. The physical appearance of the HTC pellets is shown 

in Figure 19 below. 

 

 

Figure 19: Pellets of HC biomass of alder chips. The red-circled pellets are burnt potentially due 

to overheating of the pelletiser matrix. 

 

 

 

 

 

 



Results 

 

48 

Table 8: Physical, mechanical and calorific properties of white pellets and HTC pellets of alder 

chips and standards followed for the analysis. 

Analysis White 

pellets 

HTC 

pellets 

Standards 

Moisture content (%) 1.9 8.5 EN 14774-2, CEN/TS 

15414-2, ISO 589 

Bulk density (kg/loose-m3) 611 685 EN ISO 17828 

Mechanical Durability (%) 64.4 93.1 EN ISO 17831-1 

Gross calorific value (HHV) (MJ/kgd) 20.04 20.85 EN 14918, EN 15400, 

ISO 1928 

Net calorific value (LHV) (MJ/kgd) 18.73 19.55 EN 14918, EN 15400, 

ISO 1928 

Net calorific value (LHV) (MJ/kgar) 18.33 17.68 EN 14918, EN 15400, 

ISO 1928 

Bulk energy density (MWh/loose-

m3
ar) 

3.11 3.36  
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4 Discussions 

Bioenergy plays a crucial role in decarbonisation of the energy system and it is reasonable 

to expect that the use of bioenergy will increase in the near future as well. As the use of 

bioenergy increases, supply chain activities will also increase. Since logistics activities 

are one of the hindrances concerning the carbon neutrality of bioenergy, a number of 

studies have investigated the environmental sustainability associated with it. Oftentimes, 

such environmental sustainability assessments are conducted by means of LCAs, and they 

are primarily motivated by political and economic incentives. However, there was a clear 

gap in the field of research regarding the optimisation of environmental sustainability in 

the bioenergy sector as a primary objective. In this dissertation, the improvement potential 

of environmental sustainability was investigated in two ways:  improvement of LCA 

methodology with the use of available tools and improvement of the technical aspects of 

the supply chain, such as biomass densification and its logistics. 

4.1 Improvement of the LCA 

4.1.1 Coupling with GIS and ABM  

In Publication I, a bibliometric analysis was carried out in order to investigate how three 

computational modelling methods, namely LCA, ABM and GIS, have been combined in 

prior bioenergy-related studies. Additionally, the aim of this dissertation was to focus on 

how LCAs have been coupled with the other two modelling methods. The review results 

show that there is a growing interest in integrating GIS and ABM with LCAs of the 

bioenergy sector, and it is fair to expect that such interest will continue to grow in the 

near future. The results also show that the popularity of these methods has risen over the 

years, albeit at their own pace. It is reasonable that LCA has outpaced the other two 

methods of modelling in scientific communities thanks to the growing awareness of 

environmental sustainability around the world. Moreover, bioenergy-related LCAs have 

been combined with GIS and ABM in ten and six studies, respectively, but in the review 

no studies were found to have combined all three modelling methods in a single 

bioenergy-related assessment. GIS has attracted more attention possibly because GIS, like 

LCA, is a static method of modelling and requires less computational power compared to 

dynamic modelling.   

The rationale behind using GIS in LCAs in many studies was primarily to build the 

inventory (LCI) by means of resource assessment. Chaplin-Kramer et al. (2017) believe 

that the use of spatial modelling tools such as GIS helps eliminate the constraints on using 

a generic resource inventory or average data, which often create inaccuracies in 

environmental impact assessments (Chaplin-Kramer et al., 2017). Since biomass is 

distributed spatially in nature, GIS provides more accurate information on their 

availability with regards to amounts and location, which is more representative of local 

contexts (Jäppinen, Korpinen & Ranta, 2014, Hiloidhari et al., 2017, Jäppinen, Korpinen 

& Ranta, 2013, Furubayashi, Nakata, 2018).  
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In addition to a resource inventory, many studies have used GIS for spatial information 

regarding infrastructures (e.g. road network) and demand points (e.g. storages and power 

plants) to find the optimum location. It provides stakeholders not only with a cost-

effective solution, but also with an opportunity to assess the environmental impacts of the 

said project more accurately, even in hypothetical circumstances (Sánchez-García et al., 

2017, Santibañez-Aguilar et al., 2018). One of the benefits of combining spatial 

modelling with LCA is that one can assess the potential environmental impacts of the 

future project in advance without having to invest in it ahead of time, and the results may 

benefit decision-making processes. 

Despite the overwhelming amount of interest and published research articles on LCAs, 

including those assisted by spatial analysis, the assessment and its outcomes are, however, 

static in nature. On the other hand, in a supply chain product system a multitude of actors 

(participants) may work independently and behave unpredictably in different conditions, 

and they are oftentimes difficult to define with a linear equation. It is reasonable to state 

that this is a limitation of conventional LCAs. However, there is growing interest within 

the scientific community in making LCA more holistic and inclusive with respect to the 

participants (Marvuglia et al., 2018). An ABM is one of the approaches that is believed 

to be helpful in overcoming the shortcomings of LCAs. 

A study by Davis et al. (2009) was the first5 to explore the concept of coupling ABM with 

LCA in the field of bioenergy, but most of the studies that have combined these two 

models have only been done in the last four years. Some studies point out that LCA is 

linear and static in nature, whereas ABM addresses those underlined limitations by adding 

dynamic aspects to it (Davis, Nikolić & Dijkema, 2009, Wu et al., 2017, Halog, Manik, 

2011). For example, in supply chain operations traditional LCA generally uses a 

predefined average value for the inventory calculations, but the supply chain is often 

derived via political and economic incentives. The uncertainties caused by policies and 

economic factors are difficult to adjust to the traditional LCA model; however, ABM 

enables LCA to be responsive to those limiting factors. For example, Miller et al. (2013) 

and Bichraoui-Draper et al. (2015) have used ABM to evaluate switchgrass farmers’ 

responses to different policies, risk aversion and economic incentives (Miller et al., 2013, 

Bichraoui-Draper et al., 2015).  

Finally, the review in Publication I shows that a GIS has been coupled with LCA in prior 

peer-reviewed studies in order to add spatial inventories, but the assessment is still static 

and linear; however, with the addition of ABM, LCA in the bioenergy sector becomes 

more inclusive and holistic with respect to the potential temporal factors that have an 

influence, something which has not previously been addressed, nor has it been possible 

to address, with a conventional approach.  

 
5 First among the reviewed studies in Publication I. 
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4.1.2 LCA assisted by GIS and ABM 

The theoretical approach of Publication I was realised in Publication II, in which an LCA 

was conducted for forest biomass logistics. In the assessment, a GIS was used to produce 

inventories – such as resource availability, their locations and available road networks 

within the biomass supply area – and ABM added the temporal aspects of the supply 

chain, such as time delay in biomass delivery due to congestion in the storage facility. 

The effect that ABM had on the logistics-related GHG emissions was visible when the 

biomass supply with and without RTM were compared. The comparative LCA results 

showed that RTM helped lower GHG emissions by 2.7%. This was possible because of 

the ABM, which was done in a virtual environment without having to do physical tests in 

the field. Thus, one can conclude that the benefits of ABM are evident not only in 

financial aspects but also on the environmental side. 

 

4.2 Improvement in supply chain 

4.2.1 The supply chain of torrefied biomass 

The main premise of Publication III was based on the assumption that coal-fired power 

plants in the Finnish capital region would soon need a replacement fuel since the 

authorities are looking for an alternative source of renewable energy and torrefied pellets 

could be the potential candidate (Ndibe et al., 2015). However, the Finnish capital region 

already has stiff competition for biomass feedstock and may need to look for it from 

nearby regions. On the other hand, the South Savo region has an abundance of bioenergy 

and lacks a forest biomass processing industry. The results show that torrefied pellets of 

small-diameter energy wood (4–6 cm) have a significantly higher GHG emission (~20%) 

compared to pulpwood (6–16 cm diameter at breast height). On the other hand, long-

distance transportation (300 km) of torrefied pellets can save approximately 6% on GHG 

emissions from the standpoint of logistics alone compared to raw wood transportation 

and torrefaction near the end user. The results indicate that there is minimal impact on the 

location of the torrefaction plant; in fact, there is a minor GHG mitigation opportunity 

when biomass is torrefied close to the feedstock supply area. However, one has to be 

cautious when taking electric trains into consideration for long-distance transportation 

and assuming that biomass communition is done at the plant yard. Chipping with electric 

chippers seems to be the most environment-friendly supply chain solution, but in Finland 

only 11% of biomass is chipped in electric chippers (Strandström, 2018). In contrast, 

crushing at terminal before delivering to the torrefaction plant had the highest GHG 

emissions among the studied supply chain alternatives, for example up to 17% more GHG 

emissions than conventional roadside chipping, depending on the source material. The 

use of terminal chipping for energy biomass has been growing in popularity in recent 

years, but as established earlier in section 4.1.1, the primary motives for using a biomass 

terminal are often other than environmental benefits, such as buffer storage for supply 
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security (Korpinen et al., 2019). Based on the findings presented in this publication, it 

was possible to deduce that improvement potentials certainly exist, be it in the form of 

using different materials (with larger stems), using alternative supply chain routes or 

using different means of comminution, but the priority should be on environmental 

sustainability to achieve better results. 

4.2.2 Small-scale logistics of biomass (Publication IV) 

Wood chip delivery on a small scale is not the norm in Finland, as most of the wood chips 

are produced for large-sized CHP plants (Suomen virallinen tilasto, 2019). In this 

publication, an innovative supply chain solution was introduced for a small-size delivery 

of wood chips, wherein chips were delivered in a container truck that can blow the chips 

up to 40 m in distance through a pipe. This particular setup was expected to eliminate 

ground handling and thought to be suitable for small-sized users with limited storage 

spaces. The results showed that, in contrast to the results presented in Publication III, a 

supply chain with terminal chipping has lower GHG emissions than roadside chipping. 

The difference in GHG emissions between these two alternatives is directly proportional 

to the distance between the user and biomass supply point. However, the results depend 

on the assumption that the terminal lies close to6 the user and the distance between 

terminal and the supply point is greater than approximately 40 km. This is because of the 

fact that wood transportation trucks have a higher payload capacity than container trucks 

do. Figure 20 shows the GHG mitigation opportunity with terminal chipping compared 

to roadside chipping (hot chain). 

 

Figure 20: GHG mitigation opportunity with terminal chipping compared to a hot chain (results 

are derived from Publication IV). 

 
6 The distance between terminal and user was assumed to be 10 km 
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4.2.3 Pellets of HC biomass (Publication V) 

As established in Publication III, due to higher energy density, the transportation of 

pelletised biomasses (e.g. torrefied pellets) leads to lower GHG emissions compared to 

conventional biomass or even conventional pellets. However, the pellets should have 

suitable properties, such as mechanical durability, for long-haul transportation (Thrän et 

al., 2016). The physical, mechanical and calorific properties of HTC pellets are compared 

with torrefied pellets of birch (Föhr et al., 2017) in Table 9. 

Table 9: Comparative properties of HTC pellets and torrefied pellets  

Properties HTC pellets Torrefied pellets7 

Moisture (%) 8.5 6.4 

Bulk density (kg/ m3) 685 678 

Mechanical durability (%) 93.1 97.4 

LHVd (MJ/kg) 19.55 19.37 

Bulk energy density (MWh/m3) 3.36 3.38 

 

According to the comparative properties of HTC pellets and torrefied pellets of birch 

shown in Table 9, the bulk density, bulk energy density and lower heating values (dry 

basis) of HTC pellets are equivalent to those for torrefied pellets. The mechanical 

durability of HTC pellets is slightly lower than that of torrefied pellets. However, one 

should note the technical parameters for the carbonisation process and temperatures, 

which may impact the final product. Thus, further research is needed to investigate the 

parameters for optimal results. 

 

4.3 Challenges and limitations 

4.3.1 Challenges of the combined approach 

Despite the multitude benefits of coupling ABM with LCA, there are several limitations 

and shortcomings associated with it. One of the shortcomings is that simulation modelling 

requires more computational power as the scope of the study widens. However, there is 

the positive aspect of computation technology, which generally progresses rapidly, and 

modelling tools are refined and updated constantly (Aalto, 2019). 

 
7 Torrefied pellets of birch based on Föhr et al. (2017). (Föhr et al., 2017) 
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Baustert and Benetto (2017) believe that there are three ways to couple ABM with LCA: 

ABM-enhanced LCA, LCA-enhanced ABM and ABM-LCA symbiosis (closed loop) 

(Baustert, Benetto, 2017). Often it is easier and convenient to opt for ABM-enhanced 

LCA because with such a method ABM and LCA can be modelled separately and coupled 

afterward, like Gutiérrez et al. (2015) did in their study. Similarly, Davis et al. (2009) 

point out that their study is not truly dynamic in nature because LCA was not involved in 

the simulation process itself. In Publication II also, GIS data was first used as starting 

information for ABM to produce an inventory (e.g. driving kilometres) of the biomass 

supply chain, which eventually was used for LCA modelling. In this regard, since LCA 

was not involved in the simulation process, it was not a true dynamic study; rather, it was 

the result of a dynamic simulation. 

When it comes to the credibility of ABM, the simulation results are not expected to be 

100% accurate and often need to be validated to some extent (Robinson, 2008). Aalto 

(2019) believes that with proper starting information and a working simulation model, 

one can expect reasonably accurate results. On the other hand, it is nearly impossible to 

validate the LCA results because LCAs are case-specific and dependent on the original 

purpose of the study, namely its goal and scope. LCAs often involve scenario studies and 

results are compared between them. However, one can compare the LCA results with 

prior studies with a similar scope, but it is important to clearly note the differences in 

methodologies implemented. The disparity in the validation protocol with ABM and LCA 

creates ambiguity regarding the combined approach. 

4.3.2 Challenges with LCAs 

An LCA is a method that is subjected to the goal and scope of a particular study. 

Determining environmental impacts in bioenergy requires a combination of multiple life-

cycle phases, such as biomass production, feedstock extraction, transportation,  feedstock 

preparation final use and waste management, and it requires a wide range of assumptions 

along the way (Cherubini, Strømman, 2011). Caution should be taken to ensure data 

accuracy because the results of the LCA could easily be influenced by manipulating the 

scope and system boundary (O'Rourke, Connelly & Koshland, 1996). In such cases, there 

is the risk of a problem-shift to another phase of the life cycle that may be outside the 

scope of the study, which ultimately then does not represent reality. Similarly, LCA is 

often oversimplified: the results of LCA are presented with respect to the functional unit 

defined in the ‘goal and scope’ phase. Furthermore, a large set of LCI is characterised by 

a single number in LCIA, thus the result may not always represent a particular real-life 

scenario. The scope of the LCA studies used in this dissertation was broadened by means 

of multiple scenarios, making them inclusive and comparable to real-world conditions. 

However, the studies are heavily dependent on the Finnish environment; therefore, the 

results should be interpreted carefully. 
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4.4 Other life cycle phases 

This dissertation has primarily focused on a forest biomass supply chain and the GHG 

emissions attributed to it. The scope of the study ranged from forest harvesting to 

combustion, depending on the publication. However, none of the publications included 

indirect emissions from indirect land-use change (ILUC) or soil carbon change. The EU’s 

recent RED II has introduced a new approach focusing on ILUC and has set a limit on 

biomass fuels that are under high risk of ILUC. Under the new directives, member states 

of the EU are able to use such biomass fuels but will not be able to count such used as 

part of their renewable energy share, with predefined exemptions. However, the priority 

of the newly formed approach is mainly on biomass that grows on agricultural land and 

poses a risk of encroachment onto forestland (European Commission, 2018). On the other 

hand, when it comes to forest biomass harvest, studies argue that intensive removal of 

harvest residues causes a decrease in soil organic carbon (Jones et al., 2008, Johnson, 

Curtis, 2001). In the case of Finnish forests, intense removal of harvest residues (from 4 

to 15 million m3) would reduce the annual carbon sink by 3.1 million tonnes of CO2-eq 

(Sievänen et al., 2007). In 2018, an overwhelming majority of wood chips used for energy 

in Finland originated from small-diameter energy wood (53%) and harvest residues 

(37%) (Suomen virallinen tilasto, 2019). Thus, it is reasonable to state that the further 

scrutiny of bioenergy is somewhat anticipated and that the bioenergy industry in Finland 

needs to provide a full accounting of its impact on the carbon balance, including soil 

carbon change. 

 

4.5 Future work 

As established in Section 3.1.2, the coupling of a GIS and ABM with LCA by providing 

localised geo-spatial inventories offers improvement potential for environmental 

sustainability in terms of reducing GHG emissions from the bioenergy supply chain, but 

LCA is often conducted separately with respect to the outcomes from a GIS and ABM, 

as seen in Publication II. However, this set up is only part of the solution to making LCAs 

responsive to temporal variations as it was not a decisive element in the simulation. In 

future research, one could consider inventories (LCIs) – for example, the emissions from 

certain activities – as one of the agents in the simulation modelling. In this way, variation 

in inventories will have an impactful role in the simulation, thus making LCAs more 

dynamic.  

This dissertation has mainly focused on forest biomass logistics, but as mentioned in the 

previous sections, soil carbon change is a crucial part of the environmental sustainability 

of bioenergy and should be part of future assessments. In addition to soil carbon change, 

more life cycle phases, such as non-commercial forest operations and the use phase 

(combustion), should be included in order to make the analysis more complete and show 

the bigger picture regarding the environmental sustainability of bioenergy. In Publication 

IV, neither the unloading time nor the potential additional energy requirement for wood 
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chips were taken into consideration. Taking time delay and the energy requirement for 

unloading the biomass into consideration could provide an accurate LCI, such as fuel 

consumption and consequent emissions during idle time, for the LCA of small-scale wood 

chip delivery. 

Publication V differed slightly from the rest of the publications, but the results of the 

study showed the potential for biomasses to be hydrothermally treated and pelletised for 

efficient transportation, which would eventually help reduce GHG emissions. Since 

densified biomasses have an important role in the GHG mitigation of the supply chain, 

future studies could investigate the mass and energy balances of the HTC of biomass and 

its pelletisation. In addition, future studies could investigate the optimum parameters (e.g. 

temperature and reaction time) for the best possible outcome regarding the energy yield 

and mechanical durability of pellets. 
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5 Conclusion 

Global climate change has encouraged countries around the world to make the transition 

from fossil-based energy systems to renewable energy sources. Biomass is considered 

one of the renewable sources of energy as the carbon dioxide emitted from biomass 

combustion is the same as that captured from the atmosphere during biomass growth. 

Since biomass is widely distributed and readily available, it is recognised as a potential 

local alternative to fossil fuels, specifically coal. Currently, it is a major source of energy 

in Finland and expected to play a similar, if not a more important, role in the near future. 

However, the logistics of biomass are one of the bottlenecks that hinder its application as 

a carbon-neutral source of energy. Authorities around the world have imposed various 

environment policies which have resulted in a rising number of bioenergy-related LCAs 

of late. LCA is one of the tools used to quantify the environmental performance of a 

product or a service. In particular, LCA is the most important tool for investigating the 

environmental sustainability of bioenergy and its supply. Furthermore, it is often regarded 

as a marketing tool for informing stakeholders and the public about the environmental 

performance of the products or services in question. However, LCAs are often perceived 

to be linear and steady state, and their optimisation has been disregarded in prior studies. 

Even if there are studies regarding the optimisation of environmental sustainability, the 

focus may be secondary to other objectives, such as optimising economic sustainability. 

In this study the optimisation of LCA in the biomass supply chain was investigated using 

the available computational modelling.  

As mentioned earlier, LCAs are often perceived to be linear and steady state, even though 

they include a multitude of participants acting independently and unpredictably. In 

addition to such variability, supply chains include temporal aspects, such as weather 

conditions, storage capacity and transportation conditions, which are, nonetheless, largely 

disregarded. Based on the publications included in this dissertation, it was established that 

the addition of a dynamic approach by means of ABM helps incorporate such temporal 

variables into the equation, as validated in Section 3.1.2 and depicted in Figure 11. With 

the help of such a modelling tool, one can assess the impact of better decision-making in 

the supply chain, which eventually contributes to efficient energy production as well as 

fuel savings with respect to the supply chain. As one of the criticisms of LCA is that it is 

too generic, this combination offers a solution that addresses such criticism by facilitating 

the collection of local inventories. 

As the use of biomass grows in the future, biomass logistics activities are also expected 

to grow. The environmental performance of the biomass supply chain could also be 

improved through densification of upgraded biomass, optimal route selection and the 

source of the energy (e.g. renewable energy) used during densification and transportation 

operations. As the term implies, densified biomass in the form of torrefied or HCT pellets 

has a significantly greater mass and energy density than the corresponding raw material, 

such as forest chips. However, the densification process demands additional energy 

consumption, indicating additional GHG emissions during the process, but since 

densified biomass (torrefied pellets in particular) is able to replace the coal used for 
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energy production in large-scale power plants, the emissions from the torrefaction process 

may seem minimal, especially when the said biomass is densified using renewable 

energy. On the other hand, logistical routes have a significant role in GHG emissions and 

depend on the size of the delivery or user demand. For small-sized consumers, a route 

with biomass crushing at the terminal8 has lower GHG emissions than a route with 

roadside chipping, also known as a hot chain. In contrast, for large-sized deliveries, a 

route with terminal crushing has higher GHG emissions than the hot chain route.  

It is reasonable that the economy is the primary driver in any operation, and it is visible 

among studies on the biomass supply chain as well. As mentioned earlier, optimising 

economic sustainability receives the first priority among the three dimensions of 

sustainability included in a biomass supply chain, followed by environmental 

sustainability. Even though economic sustainability and environmental sustainability are 

interconnected, to obtain optimal environmental performance it is important to prioritise 

environmental issues. Furthermore, LCAs are case specific and local information is 

crucial to achieving the most realistic results.  

With the help of the publications in this dissertation, the following conclusions can be 

made: 

1. The combination of the spatial and temporal aspects of the supply chain using a

GIS and ABM respectively, provides additional dimensions for conducting LCA

with local conditions since they provide local variables such as road conditions

and local energy demand fluctuations.

2. When it comes to the LCA of the biomass supply chain, the transportation of

upgraded biomass reduces GHG emissions, but it is important to observe the size

of the delivery and the distance of transportation for the optimal environmental

performance of the biomass supply chain. Each case is different and should be

assessed differently and an overly generic assessment could lead to an

overwhelming number of inaccuracies.

3. The pelletisation of HTC biomass improves the mechanical and calorific

properties, but extensive research on mass and energy balance is needed in order

to assess the complete environmental impact of the HTC pellets.

8 This is the case when the terminal is near the user and has a transportation range greater than 40 km. 
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Appendix B: LCI for Publication III 

Unit processes Description Reference 

Harvesting Engine size 100 kW * 

Total weight 14t * 

Productivities  

• Energy wood 5.4 solid-m3/h ¶

• Birch 10.4 solid-m3/h *

• Spruce, Pine 10.45 solid-m3/h*

* (Werner, 2012b)

¶  (Ovaskainen, 2017) 

Forwarding Engine size 110 kW * 

Total weight 11t * 

Productivities  

• Energy wood 6.8 solid-m3/h ¶

• Birch 12.3 solid-m3/h *

• Spruce, Pine 12.27 solid-m3/h *

*(Werner, 2012a, 

Ovaskainen, 2017) 

¶ (Ovaskainen, 2017) 

Trucks EURO 6 

Empty return considered 

Payloads capacity (utilization) 

• Full trailer-truck 40.6t (100%)

• Semi-trailer 24.7t (80-85%)

(GaBi Database, 2011) 

Chipping/Crushing Roadside energy woodchipper* 

• Weight 19.2 t

• Power 475 kW

• Productivities

▪ Energy wood 30 solid-m3/h ¶

High(diesel)-powered conventional roadside 

pulpwood chipper, emission factor  

• 9.38 kg CO2/ton biomass (oven dry) §

Stationary electric chipper ∞ 

• Electricity consumption

1.1 kWh/loose-m3 of chips

Crushing ¶ 

• GHG emissions 3.46 kg CO2 eq/MWh

*(Werner, 2012c) 

¶(Ovaskainen, 2017) 

∞ (Laitila, Asikainen & 

Pasanen, 2012)  

§ (Prinz, Väätäinen et al.

2019)
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Loading/unloading Logs (grab truck) 

• Loading 0.05 g CO2 per MJbiomass

• Unloading 0.04 g CO2 per MJbiomass

Chips and pellets (assumed to be same as chips) 

Loading/Unloading (wheel loaders) 0.03 g per 

MJbiomass 

(Jäppinen, Korpinen & 

Ranta, 2013) 

Torrefaction Energy consumption per kg (dry) 

• Electricity 0.128 kWh

• Process heat 0.339 kWh

(Thrän et al., 2016) 

Train transport • Payload capacity 1,452t

• Volumetric capacity 60m3/wagon

• 24 wagons

(GaBi Database, 2011) 

Electricity mix Electricity production mix (Finland) 

• Nuclear energy 33.26%

• Hydropower 18.1%

• Biomass 16.15%

• Coal 15.07%

• Natural gas 9.57%

• Others 7.85%

(GaBi Database, 2011) 

Diesel at filling station GHG emissions 

• 534g CO2 per kg of diesel at filling

station (EU-28 average)

(GaBi Database, 2011) 
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H I G H L I G H T S

• Publications using combination of modeling methods, LCA, GIS and DTS were reviewed.• Rising number of publications for methods, indicate increase in interest.• Future work towards uniform terminology and reporting were recommended.

• Possibility to use simpler models to support other models were recommended.• Conclusion of models combination extending results gained in the study was done.

A R T I C L E I N F O

Keywords:
Biomass
Supply chain
Life cycle assessment
Geographical information system
Agent-based modeling and simulation
Discrete-event simulation

A B S T R A C T

As computing power increases, more complex computational models are utilized for biomass supply system stu-
dies. The paper describes three commonly used modeling methods in this context, geographic information systems,
life-cycle assessment, and discrete-time simulation and presents bibliometric analysis of work using these three
study methods. Of the 498 publications identified in searches of the Scopus and Web of Science databases, 17
reported on combinations of methods: 10 on life-cycle assessment and geographic information systems, six on joint
use of life-cycle assessment and discrete-time simulation, and one on use of geographic information systems jointly
with discrete-time simulation. While no articles dealt directly with simultaneous use of all three methods, several
acknowledged the potential of this. The authors discuss numerous challenges identified in the review that arise in
combining methods, among them computational load, the increasing number of assumptions, guaranteeing co-
herence between the models used, and the large quantities of data required. Discussion of issues such as the
complexity of reporting and the need for standard procedures and terms becomes more critical as repositories bring
together research materials, including entire models, from various sources. Efforts to mitigate many of modeling’s
challenges have involved phase-specific modeling and use of such methods as expressions or uncertainty analysis
in place of a complex secondary model. The authors conclude that combining modeling methods offer considerable
potential for taking more variables into account; improving the results; and benefiting researchers, decision–-
makers, and operation managers by producing more reliable information.

1. Introduction

Continuing advances in computing power have made it possible to
develop larger-scale and more complex computational models that may
be utilized in biomass supply chain analyses. These models enable
studies that expenses or practical constraints to operations might render
impossible to conduct in the real world [1]. Thanks to greater com-
puting power, multiple modeling methods can be applied in combina-
tion to study biomass supply systems. Which of the many available
modeling methods are employed in a given case depends on the study

subject, the tools at hand, and the researchers’ expertise. To examine
the landscape, bibliometric analysis was conducted to reveal the latest
developments in modeling methods’ usage. This involved a review of
articles reporting on joint use of two or more modeling methods in
biomass supply chain analysis.

Researcher interest in modeling as an approach to studying bioe-
nergy systems is evident from the rising number of papers presenting
reviews in this field [2–6]. The categorization of modeling methods,
which are typically referred to as mathematical models in this domain,
varies from one review to the next. These models, described as sets of
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equations that characterize real-world phenomena [7], were divided
into three classes by De Meyer et al. (2014) [2] and by Ghaderi et al.
(2016) [6]: the mathematical programming, multi-criteria decision-
making, and heuristic approaches. Meanwhile, Sharma et al. (2013) [4]
considered four classes of mathematical model: deterministic, sto-
chastic, hybrid, and IT-driven, where they clarified the last of these
consists of models that use application software to coordinate and in-
tegrate phases in the supply chain on a real-time basis. Wang et al.
(2015) [5], in turn, did not enumerate a typology of mathematical
models, only distinguishing among models based on geographic in-
formation systems (GIS), life-cycle assessment (LCA), crop-growth
models, joint use of process models and reaction kinetics, and mathe-
matical models that have been developed specifically to analyze and
optimize complex biomass supply systems. Finally, Awudu and Zhang
(2012) [3] took a simpler approach by splitting models into only two
classes: analytical methods and simulation methods.

In Awudu and Zhang’s terms, analytical methods include linear
programming, mixed integer linear programming, integer stochastic
programming, and other methods that involve “mathematical pro-
gramming.” Mathematical programming optimizes the given system by
minimizing or maximizing the values resulting from certain decisions in
line with set constraints and objective functions [8]. Since these
methods, which many scholars have concluded are popular [2–6], are
employed for optimization purposes, they can be seen as a suitable for
extended use involving other methods, such as GIS-based methods [2].
Since mathematical programming and combined uses involving it have
been extensively reviewed already, these are excluded from con-
sideration here. This paper focuses instead on three methods that are
used particularly often in biomass supply system studies – the GIS, LCA,
and discrete-time simulation (DTS) approaches, where the last of these
encompasses such tools as discrete-event simulation (DES) and agent-
based modeling and simulation (ABM). Together, these can cover the
spatial, temporal, and environmental aspects of the system under study.

Biomass supply chains display spatial variation with regard to, for
instance, the distribution of feedstock-generation locations, the location
of the various operations, and long transport distances. Through GIS
tools, researchers can assess the effects of these variables on the system.
Environmental factors too are important, since, while biomass is gen-
erally considered carbon-neutral and its use is often promoted for en-
vironmental reasons, the reality may be more complicated. This can be
addressed by LCA. Finally, DTS can cover temporal challenges in the
system, such as hot-chain issues, supply-and-demand problems, and
changes in feedstock availability. Each of the three approaches ad-
dresses particular important facets of the system. Since these overlap

little, applying multiple methods can yield more comprehensive results,
giving practitioners and academics more information and, thereby,
greater opportunities to understand system mechanics and the con-
sequences of change in the system.

While particular modeling methods have been presented and re-
viewed in numerous publications, reviews that consider combinations of
methods are far scarcer. Combining different models brings both chal-
lenges and advantages, which we attempt to highlight through a sys-
tematic review of work that has involved this combined use. We thereby
point to possible solutions that address the challenges and confer the
benefits, offering orientation for future research. With constantly evol-
ving and increasingly critical bioenergy systems, this study of combining
the three modeling methods could be of timely assistance in identifying
the potential pitfalls of existing energy systems. Furthermore, a marriage
of these approaches may aid in further optimizing the systems from the
technical, economic, and environmental perspective alike.

With this strong motivation to investigate past and current trends in
combined-method modeling in the context of bioenergy and to present
meaningful conclusion to inform future research, we set out to under-
stand the issues of the biomass supply chain and the three modeling
methods and conduct bibliometric analysis accordingly, by using
headwords to find publications in the Scopus and Web of Science (WoS)
databases, these being the largest and best-known scientific databases.
We introduce the biomass context and our research methods below.
After this, we analyze the findings and review the publications dis-
cussing use of two or more modeling methods to study the biomass
supply chain. Discussion of bibliometric results and reviews is followed
by suggestions for future actions.

1.1. The biomass supply chain

The typical supply chain system is a complicated logistics system
composed of multiple activities [9,10]. The activities in the supply
system are discrete processes that are distributed in space. A biomass
supply system differs from traditional supply systems in that biomass is
collected over vast territories, supply and demand both fluctuate, and
the feedstock has to be treated before use [11]. The complexity of the
supply chain is evident in nonlinearity and multi-scale behavior, the
structure of the system spans several levels, and the system evolves and
organizes itself through its functions and structures [12].

Biomass supply system may be divided into specific activities that
are needed if biomass is to reach the end-use point from the point of
origin. These activities, conceptualized in terms of the main groups
shown in Fig. 1 [10,13], are highly interconnected, and decision

Fig. 1. A graphical depiction of the main activities in the biomass supply chain.
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upstream in the chain affect various activities downstream [10]. Since
the various activities change in accordance with the end product re-
quired, the raw material available, and the structure of the chain, it can
be challenging or even impossible to find the optimal solution.

Because the biomass supply chain is a wide web, such tools as GIS
are utilized to study the spatial distribution of the biomass supply. This
is important since logistics costs in biomass supply tend to be high
[14–16]. With several sources of material and numerous applications
being available for biomass processing, the supply system is even more
spatially dispersed, creating greater reason to use GIS in studying bio-
mass supply systems [17–19]. In contrast, DTS models focus on the
temporal aspect of a biomass supply system. This is important for ex-
amining the effect of interconnections and the timeliness of the various
logistics elements. Finally, LCA has found popularity as interest has
grown in the environmental impact associated with biomass supply,
since, for example, biomass used to substitute fossil fuels can have a
negative impact. Though biomass is less harmful, on account of its
sustainability and the fact that is use reduces gaseous emissions of
pollutants [10], dedicating land to biomass may be ecologically harmful
and in some scenarios might even compromise food security [20]. Also,
transporting biomass feedstock to processing facilities could lead, in
some cases, to higher total greenhouse-gas (GHG) emissions than pro-
duced by conventional use of fossil fuels [21].

1.2. Geographic information systems

A GIS is a system for the production, management, analysis, and
presentation of information that can be localized in a spatial environ-
ment. These systems are able to synthesize data from many geospatial
information sources for visualization or analysis, as needed (Visual
representation by GAO (2012) [22] as Fig. 2). The first computer-driven
systems of this nature were implemented in the 1960s [23], and since
then GIS infrastructure development has been closely connected with
the development of computing hardware and software [24]. The 1990s
saw the introduction of GIS in research into biomass supply and
transportation, where the methods were brought to bear primarily for
ascertaining the economic costs of biomass supply logistics [19,25,26].
Later, the scope of such studies was extended such that aspects addi-
tional to monetary economy – e.g., land-use changes and environmental
impacts of biomass-handling – were taken into account [27].

One key technological advance in the GIS sphere has been the de-
velopment of route calculation features, which are important in a lo-
gistics context. It was clearly impossible for such algorithms as
Dijkstra’s shortest path [28] and other work on the vehicle routing

problem (VRP) [29], presented in the 1950s, to be widely applied be-
fore the processing capacity of standard computers reached a level sa-
tisfactory for this. Also, development from command-line programs to
applications based on a graphical user interface (GUI) and, later, en-
hanced cartography obviously increased the attractiveness of GIS in
biomass supply studies. Modern GIS applications support several stan-
dards for data transfer between external systems, and this compatibility
has increased the opportunities for them to be used in parallel or to-
gether with other computer-driven study frameworks [21].

1.3. Discrete-time simulation

Dynamic simulations take into account temporal variation, in var-
ious ways. System dynamics and ordinary differential equations (ODE)
are examples of modeling methods that operate in continuous time,
whereas discrete-time simulation uses time steps, with a change in the
system represented as occurring only set points in time. The DES and
ABM approaches are widely used DTS methods in logistics studies
[30,31]. It is worth noting that simulation methods, DTS among them,
do not by nature include optimization; rather, results from simulation
scenarios are compared in pursuit of near-optimal results [30]. Opti-
mization may be part of a comparison phase that involves mathematical
programming or heuristic methods.

DES describe the behavior of the complex system under study by
considering events in sequential order. In this, the entities are passive
objects that travel through blocks in a flowchart [32]. In DES, the
system can be thought of as a network of queues and servers [33].
Researchers have improved on DES methods ever since the 1960s, when
it was first presented for general-purpose system simulation [34]. ABM
is more novel discrete-time simulation method then DES. The novelty of
ABM has led to problems with terminology: the literature lacks uni-
versally accepted definitions that identify the fundamental concept of
ABM and its assumptions [35]. While the first publications referring to
a study method that could be classified as ABM were published rela-
tively early, in 1971 [36], the method has developed vastly since then
and can still be considered young.

ABM is suited well to describing activities of individuals and how
they interact with each other. With regard to biomass, a supply-system
agent might be a truck, harvester, biomass processor, or user of bio-
mass. Some have suggested that ABM method is a suitable replacement
for DES, even though DES has a large user base and may be better for
some study settings [37]. For instance, because individuals make de-
cisions both independently and in interaction with each other, ABM
demands more computing power than DES does. In addition, the
models tend to take longer to develop in ABM, rendering it a less at-
tractive choice of study method in certain quarters [33].

In both methods of DTS, a modeling expert must create the model,
and the modeler should be an expert in the subject under study too, so
that the model logic is guaranteed to be valid [38]. This cannot always
be achieved, so the model may have to be validated by a separate in-
dividual who is an expert in the field being modeled. The two main
methods, DES and ABM, possess similarities, with it having been said
that all ABM models are a combination of DES and ABM in operations
research [37].

1.4. Life-cycle assessment

Life-cycle assessment is a technique developed to assess and address
the possible impacts of products or services on the environment. It can
be used to identify any opportunities to improve the environmental
performance of a product or service at any phase in its life cycle, and it
can be used also as a tool for decision-makers’ use in strategic planning,
decision-making, and product design aimed at improving the environ-
mental performance of said product or service. One way of employing
LCA is as a marketing tool, for any product or services, such that con-
sumers can make an informed decision about their choice of product.Fig. 2. A visual representation of incorporating data with GIS approach [22].

M. Aalto, et al. Applied Energy 243 (2019) 145–154

147



LCA is a systematic process that begins with defining the system’s
boundaries in accordance with the goal of the project. In the second
phase an inventory is taken of the process input and outputs that fall
within the boundaries delineated. During the impact-assessment phase,
the data collected in the inventory phase are correlated with the re-
spective environmental implications that may exist. Finally, in the in-
terpretation phase, the results from assessment of impact are interpreted
and discussed, conclusions are formed, and recommendations are made
on the basis of the goal set in the first phase. The four major phases of
LCA and the steps defined for it are presented graphically in Fig. 3 [39].

LCA has been used for estimating consumer products’ environ-
mental impact ever since the 1960s, and the International Organization
for Standardization (ISO) has been involved in LCA since 1994 [40,41].
In the context of energy-system analyses, LCA is considered to be
among the best methods for identifying environment impacts and op-
portunities for improvement, although several issues have been ac-
knowledged as strongly influencing the results [42,43]. Recently,
bioenergy has come under scrutiny for its environmental performance
in comparison to other green energy sources even though bioenergy
does offer clear benefits over traditional fossil fuels such as coal. Ac-
cordingly, governments around the world apply various environmental
policies that have motivated bioenergy organizations to assess the en-
vironmental benefit of their products on dimensions such as reduction
of GHG emissions [42].

2. Materials and methods

In our survey of publications that refer to using computation-based
methods for biomass supply chain analysis, we queried the Thomson
Reuters bibliographic database WoS and Elsevier’s Scopus database be-
cause the two differ substantially in coverage while both being com-
monly used for bibliometric analysis [44]. To obtain the most useful
result sets, we constructed queries specific to each database and for each
of the three modeling methods in turn. Hence, the queries yielded six
distinct sets of publications for analysis, with hits from the publication
title, keywords, and/or abstract. Sometimes authors use different terms
for a given concept or refer to a keyword subclass alone, with the result
that their paper might not be found by a query for only the more com-
monplace term or one relying on main classes alone, such as “biomass.”

To mitigate this effect, the queries were constructed to include several
known general terms for the main class and also subclasses.

To find as many publications as possible addressing biomass supply
chain analysis with computational methods, the queries featured three
parts, referring to biomass, referring to the supply chain, and referring
to the method. For each of these three elements, we used a list of
headwords (see Table 1) that were composited with the Boolean op-
erator OR. These three parts were combined with the Boolean operator
AND. The headwords feature some use of parentheses, asterisks for
wildcard matches, and quotation marks. Quotation marks were used to
limit the results to matches for the exact multi-word search phrase ra-
ther than permit inclusion of spurious matches based on a single word.
The use of asterisks was confined to the end of a word, to allow for
several suffixes to be included in the search.

WoS and Scopus differ in their syntax for search queries; hence, we
needed to build two versions of the query for each of the lists (the full
set of queries is presented in the supplementary materials). The queries
have brackets so that the search sequence works as intended: it is

Fig. 3. The phases of LCA, including the individual steps and outputs.

Table 1
Headwords of the queries.

Description of biomass Description of Supply
chain

Description of method

Biomass “Supply chain” GIS
Bioenergy “Supply system” “Geographical information

system”
Biofuel “Supply network” GIS
Bioethanol “Spatial analysis”
Biodiesel “Spatial statistic”
Biogas
“Energy wood*” LCA
“Forest fuel” “Life cycle assessment”
“Wood chip*” LCA
Woodchip* “Life cycle analysis”
“Wood waste” “Lifecycle assessment”
“Pellet*”
“Energy Crop*” DTS
“Sugarcane” “Agent-based”
“Agricultural waste” “Discrete-event”
“Municipal solid waste” “Multi-agent simulation”
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important for the OR operator to be processed before the AND operator.
While the queries do not include document-type restrictions, we in-
cluded only articles in the results considered, and, to have a better basis
for comparison, only those articles published in 2018 or earlier were
selected for analysis. The analysis included all the results listed from the
queries. Articles addressing use of multiple methods together were
found by comparing titles and authors in the list.

3. Results

Of the 498 publications returned via the search queries, Scopus
included 312 and WoS included 364 (160 publications were found in
both databases). The modeling method for which the most publications
were found was LCA, with 335 records. Modeling based on GIS had the
second-highest number of hits, with 98 records, of which 10 publica-
tions were also on the LCA list and one was on the DTS list. The
modeling method for which the fewest publications were found was
DTS, with 44 publications, one of which dealt with GIS also and 6 dealt
with LCA. No publications on using all three modeling methods were
found. The publication counts and their breakdown by modeling
method and between the databases are shown in the Venn diagram
provided as Fig. 4.

The oldest publications found [45], from 2000, was unique to the
Scopus GIS list. The oldest publications for LCA [46] dated from 2004,
and by the next year three further articles dealing with LCA were
published. The earliest DTS article found [47] was published in 2006.
As for articles on use of modeling methods in combination, the earliest
one found [48] was from 2009 and addressed joint use of DTS and LCA.
The distribution of articles reflects the recent increase in popularity of
computational modeling methods, with LCA proving to be the most
frequently used modeling method in studies of biomass supply chains as
of 2018 (see Fig. 5). The breakdown of the publications found features
only one article, if any, per year on a combination of methods, apart
from 2017 and 2018. For 2017 there were four distinct publications in
which a combination of methods was reported upon, and there were six
in 2018. Later, upon closer examination, it was noted that three of the
publications from 2017 and five from 2018 had been added to the re-
sults on the basis of automatically generated keywords.

The papers found were scattered over 140 journals, although
Journal of Cleaner Production articles accounted for the largest number
of them, 68 publications in all, with LCA publications accounting for
the vast majority of these, 54 articles. This journal also ran two of the
modeling-method-combining publications [25,49]. Most publications
on GIS modeling came from the journal Biomass and Bioenergy, with 15
of the 98 GIS publications found. Finally, the largest number of DTS-
based publications came from Applied Energy, at six publications. That
said, there were 24 LCA articles and 10 GIS publications in that journal,
making DTS the least commonly used modeling method in work pre-
sented in Applied Energy.

As noted above, some of the results were yielded via a set of key-
words that the Scopus and WoS service generated themselves rather
than author-supplied keywords. As was visible upon later inspection,
the auto-generated keywords did not always accurately describe the
paper. Also, it is possible that some publications on modeling-based
methods or even on combinations thereof were not found, on account of
the terms used diverging from the headwords we specified.

4. Discussion

4.1. Approaches combining LCA and GIS

The searches yielded 10 publications with headwords for LCA and
GIS in the abstract, title, and/or keyword list. Six of these pieces were
found on account of WoS and Scopus adding auto-generated keywords
for the papers in question. Some of articles did reported upon a com-
bination of GIS and DTS, rendering these added keywords justified but
some cases did not.

That said, Marzullo et al. (2018) [50] studied water ecotoxicity
footprints via LCA and GIS. While this 2018 work did involve a com-
bination of the two methods, a keyword denoting biomass was auto-
matically added and supply chains were not considered in this work.

One publication not to refer to GIS was a paper by Chaplin-Kramer
et al. (2017) [51], who referred instead to spatial modeling. For this
article, they applied it to account for the heterogeneous usage of land
and thereby manage the problem that using average values for a region
in LCA leads to inaccuracies in determination of the environment effects
of the land-use change arising from increased demand. The authors’
method supplements certain values from the life-cycle inventory and
replaces others, to get the LCA to encompass spatial analysis. They
called this method “Land Use Change Improved” LCA, or LUCI -LCA.
The results from their case study illustrate considerable differences
between conventional LCA and LUCI-LCA, thereby demonstrating the
importance of taking into account spatial variation. Their conclusions
stress the import of considering spatial elements when conducting land-
use change studies and that the results for ecosystem impact must be
translated into decision-ready information through predictive, system-
scale, robust modeling.

Mirkouei et al. (2017) [52] too did not use any headwords for GIS
section in their title, abstract, or keywords, even though GIS was used
to analyze transport distances and the spatial distribution of forest
biomass. They focused largely on multi-criteria decision-making, using
the results as input to LCA involving mobile and stationary refineries in
the bio-refinery supply chain. In the background to their work, these
authors referred to various quantitative assessment methods, among
them GIS, simulation with cost calculations, and operative research.
The paper concludes with benefits for decision-makers, a proposed
framework, and ideas for further research (including multiyear ana-
lysis) along with benefits to society from such work.

Fig. 4. A Venn diagram of the publications found.
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Three publications from 2018 did have the LCA keyword added.
Furubayashi and Nakata (2018) [53] used GIS to determine transportation
paths for estimating emissions from biomass co-firing, but the estimations
were from an energy-consumption expressions and no LCA was described
in the publication. Santibañez-Aguilar et al. (2018) [54] employed GIS
methods to determine viable facility locations for use in the relevant
supply chain on the basis of residual biomass. Again, LCA was not used.
Finally, Kesharwani et al.’s study (2018) [55], for which keywords for LCA
and GIS were generated automatically at database level, did involve em-
ploying LCA to study total emissions of the supply chain, but the method
as presented does not actually use it (GIS is not mentioned, though the
locations of the facilities are in latitude and longitude).

Singlitico et al.’s (2018) paper [56] featured GIS- and LCA-related
headwords, but LCA was mentioned only as the next stage in the re-
search. The authors conducted GIS analysis to estimate waste and re-
sidue potential in Ireland, but LCA had not yet been implemented.

The oldest paper to be found with regard to LCA and GIS method was
by Jäppinen et al. [57]. They analyzed the small-diameter energy wood
supply chain in Finland, comparing three distinct supply methods. The
authors used GIS material to examine the feedstock availability and
transportation network, and LCA was conducted on the basis of the results
from GIS analysis – transportation distances and road types were taken as
input values for estimation of the GHG emissions of the scenarios studied.
Using GIS solves the problem of using average values in small-scale ana-
lysis. The authors found that significant GHG reductions in biomass supply
could be achieved in regions with poor road networks could be achieved
by serving outlying parts of the supply area around a given demand point
with transportation by rail from areas near a train loading station in an-
other supply area. This shows the importance of spatial analyses when
LCA is being carried out for a biomass supply chain at local scale.

Jäppinen et al. performed another study combining LCA and GIS
methods [58]. As with the one described above, GIS was used to ana-
lyze feedstock availability and transport networks. This study examined
three possible locations for a bio-refinery, with two separate scenarios.
This led to larger numbers of results, which were reported via diagrams
and vast swaths of numbers accompanied by copious explanation in the
body text and in the figure caption and axis labels. The concluding
section of the paper emphasizes the need to take into account feedstock
combinations that allow for train or marine transportation options.

The newest paper found for which LCA and GIS headwords were sup-
plied by the authors was published in 2017 by Sánchez-García et al. [25],
who used GIS analysis to find the optimal location for a hypothetical power
plant and applied LCA to estimate GHG emissions. The case study, set in

Spain, involved wood chips produced from eucalyptus stems as the fuel.
Three levels of feedstock availability were defined via GIS analysis, which
was used also to determine transportation distances. The output values were
fed in to LCA to ascertain the GHG emissions of the hypothetical power
plant for each of several supply-chain operations. The paper concludes with
description of a method that may be used on a smaller scale with more
specific data and that demonstrates additional advantages in informing re-
lative spatial and temporal decisions on scale of local demand. The paper
also notes a need to consider competing demand points in this kind of study.

It was evident that most studies that combined GIS and LCA have
used GIS data in feedstock availability and transportation network
analysis and taken these results as input to LCA. An exception to this is
the study conducted by Chaplin-Kramer et al. (2017) [51] that im-
proved on joint use of LCA with GIS, to estimate land-use-change-re-
lated emissions with higher spatial resolution. This method integrates
the two models more than do the others, which only chain methods and
translate results between them. Either way, when complicated methods
are used and multiple scenarios are analyzed, reporting the results in an
easily understandable way grows more challenging.

The authors often note that the information produced by these study
methods aids decisions-makers by providing them with new informa-
tion (e.g., Chaplin-Kramer et al. [51] and Mirkouei et al. [52]). The
value of simulation and the need for taking into account temporal
variation were mentioned too. The requirements cited for future re-
search includes taking into account multiple demand points, per-
forming multiyear analysis, and accounting for the possibility of other
supply sources – such as transportation by railway or waterway. All of
these can be incorporated into the study by means of DTS.

Since GIS is a powerful spatial optimization tool that provides the op-
portunity to include the transportation network in analysis in terms of ac-
tual driving distances and real-world locations of the entities under study, it
has much to add to LCA studies that are location-specific. Especially in small
regional studies, in which spatial variation has a greater impact, GIS im-
prove the results and makes them specific to the region. While tying the
result to the given region limits applicability, such specificity is important in
decision-making. Articles bring up concern about static results, since the
biomass supply chain is highly dynamic, so sensitivity analysis should be
conducted to mitigate this. A range of results, with different initial values,
can imitate dynamic changes in the system.

4.2. Approaches combining LCA and DTS

Our search queries found six publications with an LCA and a DTS

Fig. 5. The articles found, by year of publication.
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headword in the abstract, title, and/or keyword list. For three of these
articles, the LCA keyword was added by WoS or Scopus. One of the
publications was by Zhang et al. (2016) [59], study in which a multi-
agent simulation was used to study various scenarios for the biomass
supply chain. The study did not use LCA, so it is unclear to us why WoS
added the corresponding automatically generated keyword. Yazan et al.
(2017) [60] used ABM to study production of biogas from manure.
While these authors noted the importance of GHG emissions, their de-
scription of results refers to neither emissions nor LCA. The last article
with an added keyword was piece by Kishita et al. (2017) [49] on using
DES to study the effect of the feed-in tariff applied to Japan for the
adoption of woody biomass. Since the paper explicitly mentions life-
cycle simulation (LCS) and the study did involve LCA, adding the
keyword was justified.

Kishita et al. (2017) [49] study used DES for analyzing long-term
(20-year) effects, with temporal uncertainties included, for a woody-
biomass-fueled power generation plant. They used LCA to study CO2
emissions, and the ISO 14044 standard was used to specify as the
analysis unit the amount of wood consumed per year. The authors listed
the advantages and disadvantages of the method. They cited the ad-
vantages of providing a narrative storyline via quantitative analysis,
aiding in decision-making, and being able to be developed for all ways
of converting biomass for energy use. Disadvantages cited were the use
of annual averages in the model, omission of the ripple effect of the
actions, and utilization of CO2 emissions alone as indicative of en-
vironment aspect. The author noted the importance of the scenario
selection also. Since the storyline is created on the basis of the set of
scenarios chosen and they are compared only with each other, well-
justified selection of scenarios is important.

Although these authors of Kishita et al. (2017) [49] did not include
an LCA-linked headword in their abstract, title, or keyword list, their
work did combine DTS and LCA study methods. The case studied was
clearly explained, but that was less true of the combination of methods.
For LCS, the authors referenced another study, done by Umeda et al.
(2000) [61], and the source of LCA data was identified as one database
providing initial values for the simulation. Still, the study shows that
DES and LCA can be applied jointly in scenario-based analysis of the
biomass supply chain wherein economic and environmental sustain-
ability are determined.

The earliest article returned from the queries for DTS and LCA
combined was published in 2009, on a study conducted by Davis et al.
(2009) [48]. They took advantage of similarities between LCA and ABM
to integrate LCA into ABM. The paper presents, as proof of principle, a
study case investigating bioelectricity production in the Netherlands.
Before presenting their proof of principle, the authors go through ad-
vantages of integrating LCA into the approach and address the limita-
tions to such integration. The method expands the LCA matrix to pro-
vide corresponding values for input that agents use from a database or
other agents in the model. Because this expansion makes the matrix
larger, inversion of the matrix is computationally expensive. To cir-
cumvent this problem, Davis et al. (2009) [48] used an algorithm to
perform the inversion and applied simplified LCA to evaluate climate
change on the basic emissions.

The model used in the study case dealt with only two scenarios, and
the case study was presented superficially. Sensitivity analysis involved
running 100 simulations, leading to 100 results, which were examined
via bar charts. These results were only a subset of the data gathered
from the simulations, and it is noted in the paper that even this subset
may be interpreted differently. The authors pointed out, as we do, that
current LCA models are linear and ABM could provide spatial differ-
entiation and dynamic aspects. Furthermore, the combination of ABM
and LCA could have important implications for uncertainty analysis.
Although uncertainty analysis is vital for balanced interpretation of a
study, the linear and static nature of LCA creates problems in this re-
gard; however, ABM could provide a solution to this problem, since it is
a dynamic tool.

In a paper published by Halog and Manik (2011) [62] proposed a
framework to integrate LCA, multi-criteria decision-making, ABM, and
system dynamics into a hybrid model. Their report goes through all of
this method’s advantages and disadvantages, including the benefits
conferred by hybrid thinking. Although the framework is described in
detail, the authors did not utilize, for example, a case study, so the work
is only theoretical in nature. The paper concludes by presenting mul-
tiple endeavors (e.g., research at the energy–environment–society
nexus, novel energy-productions adaptations, and engaging the public
in efforts to understand issues of sustainability and energy) that could
be explored via the hybrid model described as the framework.

A 2015 publication featuring headwords related to LCA and DTS
was authored by Bichraoui-Draper et al. (2015) [63]. The authors re-
ferred to agent-based life-cycle analysis (AB-LCA) for their method that
uses ABM to complement LCA. Their method and case study are focused
more on LCA. The model was developed as a modular structure, so that
it would be easy to expand later. The paper examines the effect of
economic, environmental, and social factors for the adoption of
switchgrass as a biomass-based fuel. A case study of switchgrass-based
ethanol production was used alongside reference values of 1800 GJ
electricity generation from coal or natural gas with use of 10,000 L of
fuel. The model was described in line with the ODD protocol [64],
developed specifically for describing agent-based models.

The study presents vast quantities of LCA data via two matrices of
figures. This method makes it easy to see how particular attributes af-
fect environment impacts. While the study addressed only CO2 emis-
sions and did not consider emissions from land use, the authors con-
clude their paper by presenting extension possibilities – for instance,
using GIS methods to consider real-world spatial information, such as
yields and transportation distance from farm to refinery.

From the studies introduced above, it can be noted that there is
strong motivation for using an LCA– DTS combination to support de-
cision-making. With DTS, researchers gain the ability to compare effects
between specific decisions, and LCA indicates the emissions connected
with each respective decision. By accounting for temporal variation,
DTS gives LCA a more dynamic nature.

Studies of the integration of bioenergy-related LCA and DTS have
turned out to be rare. This might be because dynamic simulation is
typically employed for decision-making on a certain process or well-
bounded system while LCA is popular for considering consequences of
life-cycle of product. At the same time, it might be that, since today’s
LCA modeling is relatively simple and linear in structure, it would be
challenging to integrate ABM into LCA.

4.3. Approaches combining GIS and DTS

Kim et al. (2018) [65] wrote the only publication we found on
combining GIS and DTS. In 2018, they presented a two-phase simulation
method to allocate optimal locations for biomass storage facilities. The
first phase used a process-based model, the Agricultural Land Manage-
ment Alternative with Numerical Assessment Criteria (ALMANAC), to
estimate switchgrass yields on the basis of weather and location data,
with GIS utilized to achieve this. In the second phase, ABM was applied
to take into account dynamic activities in the supply chain. This phase
too involved GIS, for estimation of transportation times.

The authors noted that challenges arose during optimization: the
computation burden increased, and assumptions were applied in order
to reduce it (e.g., considering only three actors in the transportation-
cost optimization and decreasing the required optimization perfor-
mance when a larger number of zones was considered).

The authors concluded that their model achieved realistic locations
for biomass storage facilities that accounts for the details of crop growth
and supply-chain activities. For finding better locations for storage of
biomass, the authors proposed modeling supply-chain activities in more
detail and pointed to a need for concrete performance data, for vali-
dation of the model.
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4.4. Combinations of LCA, GIS, and DTS

Although many combination-related publications conclude that the
third method can be used to improving modeling, no work using all
three modeling methods could be found. There are many challenges to
be overcome for including all three methods. One is that experts in all
three methods are needed for developing the model. Co-operation be-
comes more challenging whenever further participants are added, and
costs rise also. Combining methods also creates a need for more as-
sumptions, and increased uncertainties in the model may compromise
the validity of the modeling. This challenge is emphasized in that the
assumptions have to be compatible across all the methods, and those
applied for each method have to be factored in before that method’s
results are taken as input to another method. To overcome this chal-
lenge, much work is needed: interest in developing LCA, GIS, and DTS
combination models must increase, and there has to be demand for such
integrated models in research and industry alike.

4.5. Combinations of methods in general

It can be noted, from publications on combined modeling methods, that
there are numerous challenges in getting two or more modeling methods to
work together. Among these are increased computational load, complicated
validation of the models, and a need for huge quantities of data.

All modeling methods use different initial data, and combining
methods demands large datasets. At the moment, various databases are
available that could be used to develop a model that combines the three
general modeling methods. Further development of these databases is
valuable for the individual methods and for combination methods but
also to improve validation of the models. There is a possibility of using
assumptions and estimates to reduce the quantities of initial data ne-
cessary, but this lowers the accuracy of the model and both increases
the importance of validation and complicates conducting it.

Computing power is available in abundance, but optimization of the
computing operations still is needed if we are to overcome inordinate
requirements when combining the models. This is achievable by im-
proving each of the modeling methods separately and developing dif-
ferent methods to combine methods, finding advantages in particular
ways of combining them. Opportunities can be found for using algo-
rithms and well-founded assumptions to lower the computational load.

With all the challenges mentioned above, sometimes combining
methods would be ill-advised. In these cases, other ways to add the
benefits of the other methods may be examined, such as using sto-
chastic distributions to include uncertainty in the model as Santibañez-
Aguilar et al. (2018) [54] did in their study. One example of including
emission estimation was supplied by Furubayashi and Nakata (2018)
[53], who used mathematical expressions for energy consumption.
Expressions of this kind are less demanding of computation power and
are easier to use than a complicated model would be.

There are cases wherein combining methods improves a study to such
an extent that it is highly advisable, and some integrated methods are not
as challenging as others. For example, transportation distances yielded
by GIS methods can be produced with ease and then added to DTS or
LCA models along with the other initial values. This improves the models
by giving them more localized and detailed variables. Adding DTS to a
study, in turn, enables including temporal aspects that are important in a
dynamic supply system. When combining models, one should consider
how detailed all the constituent models have to be. At least the main one
should be detailed enough to display proper accuracy, but a supporting
model that works in less detail can be reasonable in some circumstances.

Applying one method and chaining it to other modeling methods for
the next stage is, as Singlitico et al. (2018) [56] declared in their
publication, one way to combine modeling methods. This permits the
computation load to be divided, and reporting on the stages’ results
separately, in two publications, prevents excessively long reports.
Thereby, the research might more readily remain coherent.

4.6. Results of the bibliometric analysis

It is easy to see that interest in computational methods is increasing:
use of all three methods has risen lately. This development is clearest
for LCA, on which we found nine articles published in 2010 and a full
64 in 2018. There are several factors in why more studies are now
utilizing computational methods. One reason is the lower-cost and more
powerful computing resources now available to researchers. Also, the
software that is used in carrying out these studies has advanced and
become more user-friendly. While computation-based methods hold
great promise, it is particularly important, as their use increases, for the
researcher to keep the validation and verification of the method
transparent. In this regard, LCA has paved the way: standardized re-
porting is used in LCA, eliminating black boxes in the studies and
rendering reports more comparable throughout the field.

It is worth highlighting that our queries did not find all publications
in the field that dealt with combinations of methods. For example,
Viana et al. (2010) [66], Karttunen et al. (2013) [67], and Jäppinen
et al. [68] made joint use of GIS and DTS methods, but either these
publications were not in the databases or the search terms did not
match their details. This may well be true of work combining all three
methods also. However, because we worked with two large peer-re-
viewed publication databases and a good-coverage headword list,
conclusions can be drawn reliably from the results.

As the most commonly used of the three approaches, LCA has
generated solid terminology and reporting practices, for which those
using all other methods should strive. Terminology varies greatly with
all those methods. Hence, complicated search queries were required for
finding most of the publications on them, and any researcher wishing to
find publications on a particular method would face the same problem.
With novel methods such as computational modeling, some of the terms
used are unknown even to experts in the field. While automatic gen-
eration of keywords helps to some extent, sometimes a keyword picked
out was, as we indeed saw in our work, unjustified. It is authors’ re-
sponsibility to make sure their keywords represent the paper correctly.
If two modeling methods are used, it is recommendable to mention both
in the abstract and include terms referring to both in the keyword list.

This brings us back to the importance of consistent terminology. It
would make specifying keywords easier for authors and searchers alike.
Kishita et al. (2017) [49] used the term “life cycle simulation,” or
“LCS,” to denote all simulation methods. A more precise notion, agent-
based life-cycle analyses (AB-LCA), was used by Bichraoui-Draper et al.
(2015) [63]. This choice of term focuses on ABM in particular, although
LCA is generally associated with life-cycle assessments rather than
analyses. Self-explanatory terms such as these two should enter stan-
dard public use for all the methods and combinations thereof. When GIS
is brought in, the word “spatial” can be added readily to that for the
other methods, as Hauscild and Potting (2006) [69] did with the term
“Spatial Differentiation in Life Cycle Impact Assessment.” Umbrella
terms may also be useful, so long as they are well-established. In this
paper, DES and ABM both were referred to as DTS methods to distin-
guish these from other dynamic simulation methods, such as system
dynamics or ODE simulations. Though uniform terminology in the field
would be ideal, we recognize that establishing this may take a long
time. Hence, alternative approaches to improve communications be-
tween modelers and researchers should be considered and developed.

While we did not find publications reporting on use of all three
methods in combination, incorporating an additional method into stu-
dies was often mentioned in the proposed future research directions.
Another common conclusion was that modeling can support decision-
makers. This is understandable, since modeling-based methods enable
examination of planned and hypothetical entities, thereby giving un-
ique insight into the effects of decisions not yet made. Because all of the
methods rely heavily on scenarios and comparative analyses, there are
many aspects of the results to report. This may lead to hard-to-follow
reporting, which draws attention to the need for devoting greater effort
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to establishing uniform and systematic reporting for all the individual
modeling methods and combination of them. The same thing could be
said on reporting on the models themselves, but this has been re-
cognized, and standards and protocols have been developed accord-
ingly. Alongside the ISO standards for LCA [70,71] that guide authors
in reporting on the models and results, ABM has the aforementioned
ODD protocol [64] for reporting on the model, although the protocol
does not address how the results should be reported. While researchers
are waiting for more sophisticated and appropriate instructions for this
reporting, it should remain as transparent and precise as possible. De-
scribing the model by referencing previous publications should be
avoided, since access to earlier articles describing it may be limited.
One option is to describe the model in supplementary material, to keep
the paper more concise and focused on the subject of study.

5. Conclusions

Interest in the use of mathematical computational methods has in-
creased, and this trend only seems to be continuing. A corresponding up-
surge can be seen specifically in the use of geographic information systems,
life-cycle assessment, and discrete-time simulation for modeling and in ap-
plying combination of the associated models. With growing computing
power and the need to include more detail and address more extensive
subjects of study, the models have gained complexity. These wider study
cases and the complex models employed for themmust be explained clearly
when the results are published. To achieve this, a consistent manner of
reporting needs to be established. Also, for greater visibility of the relevant
publications, it should be ensured that searches find them via self-evident,
uniform methods. It would both facilitate searches and be to the authors’
benefit to have coherent terminology in place that is suitable for the various
modeling methods. Finally, our work enabled us to conclude that combining
the classes of method offers the ability to take more variables into account,
thereby improving the results of modeling-based studies. Better results
benefit researchers, decision-makers, and operation managers alike, by
putting more reliable information at their disposal.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apenergy.2019.03.201.
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Abstract: Even though biomass is characterised as renewable energy, it produces anthropogenic
greenhouse gas (GHG) emissions, especially from biomass logistics. Lifecycle assessment (LCA) is
used as a tool to quantify the GHG emissions from logistics but in the past the majority of LCAs
have been steady-state and linear, when in reality, non-linear and temporal aspects (such as weather
conditions, seasonal biomass demand, storage capacity, etc.) also have an important role to play.
Thus, the objective of this paper was to optimise the environmental sustainability of forest biomass
logistics (in terms of GHG emissions) by introducing the dynamic aspects of the supply chain and
using the geographical information system (GIS) and agent-based modelling (ABM). The use of the
GIS and ABM adds local conditions to the assessment in order to make the study more relevant.
In this study, GIS was used to investigate biomass availability, biomass supply points and the road
network around a large-scale combined heat and power plant in Naantali, Finland. Furthermore,
the temporal aspects of the supply chain (e.g., seasonal biomass demand and storage capacity) were
added using ABM to make the assessment dynamic. Based on the outcomes of the GIS and ABM,
a gate-to-gate LCA of the forest biomass supply chain was conducted in order to calculate GHG
emissions. In addition to the domestic biomass, we added imported biomass from Riga, Latvia to the
fuel mixture in order to investigate the effect of sea transportation on overall GHG emissions. Finally,
as a sensitivity check, we studied the real-time measurement of biomass quality and its potential
impact on overall logistical GHG emissions. According to the results, biomass logistics incurred
GHG emissions ranging from 2.72 to 3.46 kg CO2-eq per MWh, depending on the type of biomass
and its origin. On the other hand, having 7% imported biomass in the fuel mixture resulted in a 13%
increase in GHG emissions. Finally, the real-time monitoring of biomass quality helped save 2% of
the GHG emissions from the overall supply chain. The incorporation of the GIS and ABM helped in
assessing the environmental impacts of the forest biomass supply chain in local conditions, and the
combined approach looks promising for developing LCAs that are inclusive of the temporal aspects
of the supply chain for any specific location.

Keywords: energy; biomass; logistics; life cycle assessment; geographical information system;
agent-based modelling

1. Introduction

Bioenergy is a crucial part of the energy system in Finland, for example, the share of woody
biomass in primary energy was about 27% in 2017 [1]. The share of biomass in the energy mix is
expected to increase in the future as Finland has pledged to end the use of coal by 2029 and biomass
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is considered to be the immediate solution to replace coal for energy production [2]. More biomass
harvest means that transportation distances will also increase and since a significant part of Finnish
small-diameter trees grow on peatlands, accessibility to energy wood will be more difficult [3].

In recent times, bioenergy has come under scrutiny for its environmental performance, even though
it is considered to be a renewable source of energy [4]. Authorities around the world have imposed
a variety of environmental policies that encourage organisations to conduct life cycle assessment
(LCA), including greenhouse gas (GHG) mitigation. As in other fields, LCA is considered to be one
of the best ways to quantify the environmental impacts and identify opportunities for improvement
throughout the life cycle phases of bioenergy systems [5]. However, LCAs in the bioenergy sector
are often steady-state and overly simplified, even though the supply chain is a complex system and
dependent on multiple entities [6]. Furthermore, although LCA is the main tool used to quantify
the environmental sustainability of biomass supply chains, very few studies have focused on its
optimisation. A review study from 2014 by Cambero and Sowlati [7] found that none of the reviewed
articles discussed the optimisation of environmental sustainability as a primary objective. Another
review study from 2019 by Santos et al. [8] found that only three studies consideredoptimising
the environmental sustainability of the biomass supply chain. Both reviews concluded that many
optimisations focus on economic optimisation, and environmental sustainability is often an auxiliary
objective coupled with the optimisation of economic sustainability.

Many studies have noted that the steady-state and linear nature of LCA is a major limitation
and have explored the options to address this by introducing a dynamic approach using tools such
as agent-based modelling (ABM) [6,9,10]. In addition to ABM, there are other tools available such as
discrete-event simulation (DES) and system dynamics (SD) to assess the dynamic aspects of the biomass
supply chain. However, ABM offers a unique opportunity to model the complexity of individual actors
(agents) resulting from their individual actions and interactions with other agents in the real-world,
which is either not readily available or not possible with DES or SD [11]. Kishita et al. [12] conducted a
scenario analysis for a sustainable bioenergy business through a narrative storyline, which provides
a consistent story as to what will happen to the business in the future. Aalto et al. [13] refers to this
study by Kishita et al. as a way of using DES to assist with environmental impact assessment (CO2

emission calculation). However, the authors note that there are disadvantages to their approach since
the study omits the ripple effects of the actions. The authors also point out that their approach is not
dynamic in nature, especially in regard to the calculation of CO2 emissions. Halog and Manik [9]
believe that the use of ABM and SD as a combined approach (also referred to as a hybrid approach)
could identify the interaction of and between agents and help trace the potential pattern of dynamic
supply chains. Some authors also believe that a hybrid approach can aid in exploring multiple “what
if” scenarios for a particular system. Davis et al. [6] and Baustert and Benetto [14] suggest that ABM
could be used to generate foreground data, also known as inventory, which could then be coupled with
LCA. In addition to ABM, geographical information systems (GIS) are often used to analyse spatial
information, which is important for collecting inventories in local contexts [15]. A review by Aalto et
al. [13] suggests that there are multiple benefits of coupling GIS and ABM with LCA; however, their
study found no research that combines all three modelling approaches. There are however, a number of
studies that have coupled ABM with LCA in the bioenergy sector [6,16–19], and GIS with LCA [20–22].

1.1. The GIS

GIS is a tool used for the development, management, evaluation and presentation of data linked to
the geographical (or spatial) setting. Most geospatial information can be reproduced for visualisation
or evaluation in a presentable manner. In the 1990s, GIS was used primarily to evaluate the supply and
transport expenses of biomass [23,24]. However, the range of research has subsequently been extended
to include elements other than economics, such as improvements in land use or the environmental
effects of biomass handling [25]. A significant benefit of GIS for biomass-supply studies is that GIS
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is able to optimise routes and calculate accurate travel distances, times and costs, even in complex
supply schemes that include thousands of transport origins and multiple route choices.

1.2. ABM

ABM is a method of studying the activities of individuals (agents) and how they interact with each
other in order to investigate a system. Because ABM is used in a broad spectrum of scientific fields, it
has no specific definition. The agents serve as an abstract depiction of the true environment, while
the model is the consequence of the mixed outcomes of individual agents’ choices. Each agent has
its own features and characteristics, and because the system is dynamic it is possible to interconnect
the properties of distinct agents as needed [6]. In bioenergy systems, agents may be a means of
transportation (i.e., trucks, trains, and vessels), harvesters, forwarders, chippers, and users of the
biomass such as power plants. ABM includes temporal changes in the study, allowing us to see the
effects of time in the system. This also allows for the inclusion of the dynamic nature of the biomass
supply system. Furthermore, ABM enables the generation of multiple scenarios with different initial
conditions and agents’ decision-making logics.

1.3. LCA

LCA is a tool that is intended to evaluate the potential environmental effects of products or
services. It is then used to recognise any opportunities to improve the environmental efficiency of a
product or service at any stage of its life cycle. It can help decision-makers in the planning and design
of products to enhance the environmental efficiency of products or services. LCA is also intended to be
used as a marketing tool for any product or service to enable customers to create informed decisions
about their choices. It has been used to estimate the environmental impact of consumer products since
the 1960s and has been standardised by the International Organization for Standardization (ISO) since
1994 [26,27].

The LCA is conducted in four different but iterative phases, namely, goal and scope definition, life
cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation. The system boundary
and scope of the study are defined according to the aim of the project and the relevant information
that falls within these boundaries are collected. In the impact assessment phase, the inventory is
transformed into environmental impacts that they may have. Finally, in the interpretation stage, the
outcomes of the inventory and impact-assessment stages are discussed, completed, and suggestions
are made on the basis of the objectives identified in the first stage. In addition, these stages are iterative
and can be adjusted to the scope of the research [28].

The primary aim of this study was to assess the GHG emissions of forest biomass logistics for a
large-scale combined heat and power (CHP) plant in Finland. The concept was to use the GIS and ABM
to incorporate the spatial and temporal aspects of the forest biomass supply chain. In the assessment,
the GIS is used to analyse biomass availability, the accurate location of biomass supply points and
travel distances with the route network, and ABM helped to assess the temporal aspects of the supply
systems. The combination of the GIS and ABM provides real-world developments in a local context
where biomass availability and logistics are dependent on variables such as weather, biomass demand
in the region, forest biomass availability and accessibility, and forest owners’ willingness to sell biomass
for energy. Consequently, the GIS and ABM were implemented to build an accurate inventory for the
LCA of bioenergy logistics. In addition to the domestic biomass supply chain, the second aim of this
study was to investigate potential GHG emissions resulting from the logistics of importing biomass to
Finland. Finally, the third aim of the study was to assess the potential GHG benefits of the real-time
measurement (RTM) of biomass quality at the power plant fuel-reception facility.

2. Materials and Methods

The GIS, ABM, and LCA were combined to assess the spatiotemporal aspects of the biomass
supply chain and its global warming potential. The framework of the research is illustrated in Figure 1.
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2.1. GIS Assessment

The research was conducted using six baseline scenarios and three sensitivity scenarios (see
Table 1). The “Domestic” scenario refers to biomass in Finland within a distance of 120 km from the
power plant (see Figure 2) whereas the “Domestic and Imported” scenario also includes imported
chips from Riga, Latvia (N 57◦3′00′′, E 24◦5′00′′). The share of imported biomass is ca. 7% of the
total supplied biomass, and the amount of domestic biomass stays the same. The different amount of
biomass in the Domestic and Domestic and Imported scenarios was used to assess additional impact.
Wood chips from Riga were assumed to be collected from within a maximum distance of 100 km, and
then brought to Naantali, Finland (N 60◦27′37′′, E 22◦2′36′′) on a vessel of 6300 m3.

Table 1. Baseline and sensitivity scenarios with their abbreviations and supplied biomass in parentheses.
Scenarios: AD (Domestic ‘A’), BD (Domestic ‘B’), CD (Domestic ‘C’), ADI (Domestic and imported ‘A’,
BDI (Domestic and Imported ‘B’), CDI (Domestic and Imported ‘C’), BDRTM (Domestic ‘B’ with real
time monitoring), and BDIRTM (Domestic and Imported ‘B’ with real time monitoring).

Scenarios

A (4 Chippers and
16 Chip Trucks

Were in Use)
(GWh/y)

B (3 Chippers, 12 Chip
Trucks, and 10 Stump
Trucks Were in Use)

(GWh/y)

C (3 Chippers, 12 Chip
Trucks, and 10 Stump
Trucks Were in Use)

(GWh/y)

Baseline
scenarios

Domestic AD (1180) BD (1180) CD (1180)

Domestic and imported ADI (1240) BDI (1240) CDI (1240)

Sensitivity
scenarios

Domestic (RTM) BDRTM (1180)

Domestic and imported (RTM) BDIRTM (1240)
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Total harvest potential, accessibility, the probability of harvesting and the average forwarding
distance to the nearest roadside (supply points) were assessed on a 2 km × 2 km grid using the ArcGIS
version 10.3 software tool. In addition to the supply points, biomass demand by other plants in the
region and forest owners’ willingness to sell biomass were also considered. For the simulation model,
three main types of feedstock were considered: sawmill by-product (SB), imported wood chip (IWC)
and domestic forest chip (DFC). The DFC type is further sub-classified into harvest residue (HR),
stump (ST) and small-diameter whole tree or delimbed stem (WorD) feedstock. The share of different
biomasses in the DFC feedstock is presented in Table 2.
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Table 2. Feedstock types: whole trees or delimbed stems (WorD), harvest residues (HR) and stump (ST).

Feedstock Types Scenario A
(m3

solid/year)
Scenario B

(m3
solid/year)

Scenario C
(m3

solid/year)

WorD 140,000 155,000 90,000

HR 340,000 255,000 155,000

ST 0 80,000 255,000

There were 3883 supply points in the assessment with each containing an allocated proportion of
the total harvest potential and harvest probability. For the simulation, 200 random rows were imported
to the model. Then, the harvest potential was multiplied by 19.4 (i.e., 3883/200) to match the annual
potential. The moisture content of WorD and HR were determined by harvest month. The moisture
content (%) of biomass in each of the harvest months was taken from studies by Routa et al. [29] and
Heiskanen et al. [30] and are presented in Supplementary Materials, Table S1. The moisture of ST
feedstock was based on the empirical data [31], and in the model, it is determined by a triangular
probability distribution where the most probable value is between 22.5% and 35%. The method for
random selection and the harvest probability distribution have been reported by Aalto et al. [32].
The types of road and their average share in each scenario is presented in Supplementary Materials,
Table S2. The average calorific values of feedstock in each scenario are presented in Supplementary
Materials, Table S3.

2.2. Biomass Quality Measurement in Real-Time

As for the sensitivity scenarios, the FUELCONTROL® system was used to monitor the fuel quality
in real-time before it is fed into the boiler at the power plant. A schematic flow diagram of supply
chain is available in Supplementary Materials, Figure S1. RTM of fuel with X-ray technology has
replaced the traditional sampling method, thus avoiding the manual job while enhancing energy
production through efficient logistics. With the help of real-time information about biomass quality
(e.g., moisture), biomass suppliers are able to avoid the repeated delivery of biomass with bad quality,
which eventually improves the average quality of biomass at the plant yard storage facility [33].

2.3. ABM

ABM was used to consider the dynamic aspects of the supply chain and its individual entities.
For example, with ABM, it is possible to model the individual properties of agents that affect their
decisions. These decisions consider, for example, whether feedstock goes to a terminal or to the
power plant, when to stop a delivery and when the feedstock can be acquired from roadside storage.
In addition, ABM has the potential to track the state of different agents, which eventually helps to track
the values for loading, unloading and driving (either empty or loaded). The detailed methodology
used for simulation modelling, and the participating agents and their logics for the biomass supply
system is described in Supplementary Materials, Section S2. The main agent has a map element that
uses GIS to generate a road network that trucks and chippers use. Roadside, demand point, and
terminal locations are set based on user-input coordinates and using the GIS. The model was built on
AnyLogic Professional 8.2.4 and it is capable of doing a multi-year simulation with a refreshed supply
for every year. Table 3 contains a brief description of each agent.
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Table 3. Biomass supply-chain agents and logics used for simulation.

Agents Description

Fuel Entity
This agent represents biomass fuel created in a roadside agent. It has fuel type variables,
such as WorD, HR, ST, Import, by-product, and reserve fuel. It also contains biomass
properties, such as harvest month and normal distribution based on user inputs.

Roadside
This agent represents feedstock storage next to the road access of the harvesting area.
Fuel entities are provided drying time and after that, it becomes available for chipper or
stump truck agents.

Chipper The chipper agent works based on a “hot chain” wherein the chipper directly feeds chips
into the trucks. Thus, truck agents and chipper agents are working at the same time.

Trucks

The truck agent’s main purpose is to move feedstock from one location to another. There
are four different truck populations for different tasks and feedstock.

1. Truck: moves chips
2. Truck terminal: moves between terminal and demand point
3. Truck stump: moves stumps from the roadside to terminal
4. By-product: Moves by-products to demand point

Terminal The terminal is located near the power plant as feedstock security storage. This agent
stores WorD, HR and ST. ST always gets first priority.

Demand point This agent produces feedstock demand based on user-selected distribution and
annual demand.

The simulation is based on randomly selected supply points in a designated supply area. When a
roadside dynamic event is triggered, fuel entities are created, and its moisture content is set. Fuel entities
are moved to stand in a queue, where they are delayed to represent the drying at the stand. Moisture
estimation models are used to change the fuel entities’ moisture and energy content during storage.
After stand storage, fuel entities are moved to roadside storage and are stored there for a user-set time
period. Again, moisture is estimated and after the storage period, a roadside storage state change is
also available. At the start of a shift, a chipper looks for available roadside storage if it does not already
have one selected. The chipper moves to the selected roadside storage location and then orders trucks.
Trucks start their trip from the demand point if there is room in the storage at the demand point or if
the terminal is enabled and there is room for fuel. The truck makes the trip to the roadside where the
chipper is waiting. After arriving, the truck waits its turn for loading. In this event, both the chipper
and truck agent must be present. After loading, the truck will go to the demand point to unload.
If storage at the demand point is full, the truck will go to the terminal. The truck starts a new trip if
there are more fuel entities to gather and if there is enough time in its shift. The schematic flowcharts
regarding the logics of chippers and trucks are available in Supplementary Materials Figures S2 and S3,
respectively. A complete decision logic is further illustrated in the Supplementary Materials, Figure S4.

2.4. LCA

The purpose of the LCA is to assess the environmental impact of the biomass supply chain to
a large-scale CHP plant located in Naantali, Finland. The assessment is a gate-to-gate assessment,
which means the starting point of the biomass is roadside storage near the forest and the end of the
assessment is at the storage facility of the power plant. The LCA was conducted using the sustainability
assessment software tool GaBi ts 8. GaBi is one of the most popular software tools available in the
market for conducting an LCA. It has its own database incorporated into it and has a feature to integrate
third-party databases such as Ecoinvent. The data regarding biomass availability in the forest and the
distance to be covered by chippers and delivery trucks were assessed with GIS and ABM and these
were used as a primary LCI for the LCA. Further inventory and their sources are presented in Table 4.

The information from the LCI were then characterised to an impact category: “Global warming
potential (GWP) 100 years excl. biogenic carbon dioxide” based on the guidelines of CML2001
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(2016) [34], and presented with respect to the functional units of t CO2 eq. per year and kg CO2 eq. per
MWh of wood fuel. The results from the impact assessment are interpreted in the discussion section.

Table 4. Unit processes—their description and sources.

Unit Processes Description Sources

Mobile chippers
Productivity: 160 m3

loose/h
Power: 475 kW
58.3 kg diesel/h

[35]

Terminal crushers
Diesel-powered wood crusher

3.46 kg CO2-eq per m3 [36]

Chip trucks

Capacity: 120 m3
loose

EURO 6
Payload 40.6 t

Emission as function of distance

[37]

Stump trucks

Capacity: 120 m3
loose

EURO 6
Payload 40.6 t

Emissions as function of distance

[37]

Terminal trucks

Capacity: 90 m3
loose

EURO 6
Payload 24.7 t

Emission as function of distance

[37]

Vessels Capacity: 6300 m3
loose

Emissions as function of distance
[37]

Wheel loaders 0.02 g CO2eq per MJ [20]

3. Results

3.1. GIS and ABM Results

The results of GIS and ABM simulation for the monthly biomass supply and delivery distances
are shown in Figure 3. According to the results, most biomass was delivered in January, followed
by December and November. In other words, about 37% of the total biomass was delivered in those
three months alone. On the other hand, the least amount of biomass was supplied in July, resulting
in approximately 80% less delivery distance covered in July compared to January. There was no
significant difference in delivery distance between AD and ADI, but in BD 17,000 km more distance
was needed than in BDI. Similarly, CD needed 18,000 km more than its corresponding scenario, CDI.
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3.2. LCA Results

Figure 4 shows that ADI, BDI, and CDI have higher GHG emissions compared to their respective
domestic scenarios with respect to both functional units. Furthermore, CDI has the highest GHG
emissions for both functional units (4235 t CO2-eq per year and 3.46 kg CO2-eq per MWh), whereas AD
has the lowest GHG emissions (3105 t CO2-eq per year and 2.72 kg CO2-eq per MWh) for both categories.
On the other hand, imported biomass in the fuel mixture results in about 13% more emissions compared
to the use of domestic biomass alone.

Among the life cycle phases, the chipping operation and transportation are the major contributors
to GHG emissions. In scenarios where imported biomass is in the fuel mix, vessel transportation
becomes a major contributor as well.
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3.3. Sensitivity Results

The impact of the RTM of biomass fuel at the fuel reception center at the power plant was studied
with scenarios BD and BDI. According to Figure 5, the real-time fuel quality monitoring system helped
to reduce the average moisture of WorD (by 2%) and ST (by 1%) in both BD and BDI scenarios.
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Because of adjustments to chipping and transportation activities that were led by feedback from
the RTM system, 3.1% and 2.4% of transportation kilometers were saved in the BD and BDI scenarios,
respectively. Consequently, as shown in Figure 6, RTM helped mitigate 2.7% and 2.1% of GHG
emissions as compared to BD and BDI, respectively. The corresponding amount of GHG emissions
mitigations were 92 t and 84 t per year from the studied product systems.
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4. Discussion

This study investigated the environmental impact of forest biomass logistics for a large-scale CHP
plant in Naantali, Finland in terms of GWP by means of GIS and the ABM. The GIS was used to analyse
the local biomass supply points (forest roadside storage), the road network, the biomass terminal and
power plant whereas ABM was used to simulate the supply system in a virtual environment. As a
result, the amount of biomass and the potential delivery distances to the power plant or biomass
terminal were identified for multiple scenarios with different biomass fuel fixture and supply systems.
Based on those results, the existing literature, and databases, LCA was conducted using the GaBi
ts modelling tool. The results show that the logistics of ST biomass has comparatively higher GHG
emissions than WorD and HR, even though ST is comparatively drier than the other biomasses. Since
stumps are crushed in a biomass terminal, terminal operations (such as crushing, handling, and
transportation between terminal and power plant) make a significant difference to total GHG emissions.
On the other hand, 7% imported biomass in the biomass fuel mixture—imported via sea transport
from Riga to Naantali—results in 13% more GHG emissions.

The impact of continuous monitoring of feedstock quality at power plant reception facility was
assessed as a sensitivity analysis. RTM technology was used to monitor the biomass quality (primarily
moisture content) in real time, and with the help of this information, suppliers could select the
best quality biomass (e.g., with lower moisture content) to be delivered to the power plant. As a
consequence, the average moisture of the feedstock at the plant yard storage was reduced by about
2%. This is a significant reduction because the starting values of biomass supply points and the road
network were the same in the main and sensitivity scenarios. In this regard, ABM was a convenient
tool for investigating the effect of real-time information about the feedstock quality without having to
conduct any field tests. Thus, we suggest that dynamic simulation tools are useful in determining the
effects of new technologies in supply chains in a cost-effective way. However, simulations may not be
completely flawless, and the results often require verification in the real world.

4.1. Uncertainty and Validation

In practice, simulation results are not 100% accurate and often need to be validated to some
extent [38]. Aalto [39] believes that with reasonably accurate starting information and a working
simulation model, one can expect results with reasonable accuracy. However, due to the lack of
comparable real-world scenarios, simulation outcomes were not verified in this study. On the other
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hand, validation of LCA results is complicated and nearly impossible because LCAs are case specific
and dependent on the assumptions and system boundaries of each study; thus, it is difficult to compare
results. However, a study by Jäppinen et al. [40], wherein one of the scenarios spanned from forest
roadside chipping to delivery to the user location in Finland, is similar to this study. According to their
results, GHG emissions from biomass logistics vary from 2.05 to 2.69 g CO2-eq per MJ (or 7.38 kg to
9.6 kg CO2-eq per MWh) depending on the location of the supply area. The results are many times
higher than the results of this study, but as mentioned earlier, one should consider the differences in
assumptions made in both studies. For example, the supply area and biomass fuel mixture in the study
by Jäppinen et al. [40] is different to this study. In addition, their studies did not include the temporal
aspects of the supply chain (the dynamic simulation) and the results are only based on the resource
availability and road network in a certain region of Finland.

4.2. The Dynamicity of LCA and Future Prospect

According to Baustert and Benetto [14], there are three ways to couple LCA and ABM based
on the direction of information flow: ABM-enhanced LCA, LCA-enhanced ABM and ABM/LCA
symbiosis (close-loop). Very few studies have considered the combination of ABM and LCA in the
energy sector and none have considered it in the forest biomass supply chain. Gutierrez et al. [16]
studied the evolution of Luxembourgish agriculture under multiple decision-making variables, such
as economic incentives or environmental consciousness. Davis et al. [6] also combined LCA with
dynamic simulation by feeding LCI into the ABM simulation. In that study, Davis et al. [6] concluded
that the LCA itself is linear and steady-state because the simulation is not able to receive the feedback
from LCA results and is not a closed-loop. Heairet et al. [17] studied the utilisation of switchgrass
for multiple energy paths, such as ethanol or co-generation with coal. Their study combined ABM
with LCA and defined it as ABM-enhanced LCA because it was fixed and was not a limiting factor in
the simulation.

In this study, GIS and ABM were used to produce an LCI for the LCA of a biomass supply chain.
For such an LCI, there were a multitude of variables such as biomass availability, weather, location,
competing power plants, and forest owners’ willingness to sell the biomass, but those variables were
effectively addressed at the GIS and ABM level, and the results were used as input information for the
LCA. In retrospect, the LCA was a result of the spatiotemporal assessment but in itself, it was static
and linear and not truly dynamic in nature. Nevertheless, the LCA results can be considered as close to
the real-world scenarios. In other words, LCA was not a limiting variable for the simulation; however,
LCA took full advantage of the dynamic nature of the agent-based simulation without being part of
the simulation itself. In future research, one alternative could be to include the emission factors of the
desired impact categories as one of the agents for the simulation. In this way, LCA results could be
attributed to other variables and the results can be further classified according to the limiting factors
for LCA as well. This close-loop combination of LCA and ABM may potentially be a better way to
achieve a truly dynamic LCA.

5. Conclusions

The temporal aspects of biomass supply chains are often neglected in LCAs even though they
have a crucial role to play. This paper combined LCA with spatial and temporal aspects of a forest
biomass supply chain using GIS and ABM, respectively. The use of a combined approach offers results
with respect to local conditions and temporal variables. Furthermore, the ABM offers an optimisation
opportunity for linear LCAs, and subsequently, for the environmental sustainability of bioenergy.
In future, researchers could use a close-loop combination of LCA and ABM to achieve true dynamicity,
particularly for LCA.

Supplementary Materials: Additional file available at http://www.mdpi.com/2071-1050/12/5/1964/s1: Figure S1.
A schematic flow diagram of biomass flow with and without RTM. Figure S2. Chipper agent state chart. Figure S3.
A truck agent’s state chart. Figure S4. A flowchart of the truck and chipper logic used in the model. Figure S5.
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A flowchart of the stump truck logic used in the model. Table S1. The moisture content of biomasses at a
forest roadside. Table S2. Road types and their share in different scenarios. Table S3. Biomass properties in
different scenarios.
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Abstract 

Life cycle assessment (LCA) is used to compare global warming potential of torrefied pellets made of 

different feedstock materials, namely energy wood of birch and pulpwood of birch, pine and spruce. In 

addition, five different supply chain alternatives for each feedstock type are also evaluated. It is assumed 

that all of the biomass originates in the South Savo region of Finland and the pellets are used for co-firing 

with coal in a large-scale power plant in Helsinki, Finland. The results show that the torrefied pellets made 

of pulpwood of birch have the lowest global warming potential, whereas energy wood of birch impose the 

greatest environmental burden. Of the supply chain alternatives considered, biomass chipped with an 

electrical chipper in the torrefaction plant yard in South Savo has the lowest global warming potential. 

Consequently, torrefied pellets of birch chipped in an electric chipper in the torrefaction plant yard have 

the lowest environmental impact of all feedstock material and logistics alternatives. On the other hand, 

energy wood torrefied on-site in Helsinki results in the greatest environmental impact of all the raw 

material and logistics alternatives assessed. Furthermore, logistics with roadside mobile chipping generates 

5-17% lower greenhouse gas (GHG) emissions than terminal crushing. Similarly, moving the torrefaction 

plant from South Savo to Helsinki would cause up to 6.5% additional GHG emissions depending on the 

raw material. Alternatively, chipping at the plant yard in a stationary electric chipper instead of crushing 

with a diesel-powered crusher would cause up to 18% fewer GHG emissions depending on the raw 

material. 

Copyright © 2019 International Energy and Environment Foundation - All rights reserved. 
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1. Introduction 

Bioenergy is considered a key element of efforts to meet the mandated Paris climate agreement target of  

keeping global warming to less than 2˚C above pre-industrial levels [1]. If grown sustainably, bioenergy 

has zero net CO2 emissions to the atmosphere as the CO2 released during the energy production is from 

carbon that the biomass absorbed in the first place [2-4]. Biomass, the source of bioenergy, is challenging 

as a source of renewable energy due to unfavorable physical and chemical properties such as low heating 

value, high moisture content, low energy density and hygroscopicity [5, 6]. These properties have a great 

impact on the logistics of biomass use for energy production. Treatment of the biomass prior to its 



International Journal of Energy and Environment (IJEE), Volume 10, Issue *, 2019, pp.****-**** 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2019 International Energy & Environment Foundation. All rights reserved. 

2 

utilization is thus required to address limitations arising out of the intrinsic characteristics of biomass and 

to enable large-scale use of biomass for energy production. One of the many ways to improve biomass 

quality is torrefaction [7]. 

Torrefaction is a thermochemical treatment of biomass in which the biomass is heated at 200-300◦ C in an 

oxygen deficient environment. During the treatment, the biomass partly decomposes releasing different 

types of volatiles.  

Torrefied biomass contains up to 90% of the initial energy content while reducing weight to about 30% of 

the initial weight [2, 3, 5, 7] The torrefaction process also enhances physical and chemical properties such 

as calorific value, grindability, and hydrophobicity. Pelletization of the torrefied biomass further improves 

the volumetric energy density, which plays an important role in reducing logistics cost as well as energy 

use during transportation [8]. A further benefit arising from the high-energy content and grindability of 

torrefied pellets is that they can be co-fired with other fuels in existing power plants, for example, with 

coal in a coal-fired power plant [7]. Moreover, pulverized coal furnaces can be converted to 100% torrefied 

pellets mode, which provides an opportunity for coal-fired power plants to reduce their emissions [9].  

About 50% of the energy used in Helsinki, Finland is met from coal and about one-third of total energy 

comes from natural gas. The remaining energy demand is produced by nuclear and renewables with 

hydropower covering the majority of renewable energy. As a part of efforts to reduce fossil fuel use, the 

combined head and power (CHP) plants in Salmisaari (160MWe, 300MWth) and Hanasaari (220 MWe, 420 

MWth) have started to blend white wood pellets with coal, thus increasing the share of renewables in the 

energy system [10]. Additionally, there are plans for the construction of more heat plants firing biomass 

after the eventual closure of the Hanasaari facility [11]. However, the energy use of forest biomass is 

already high in areas in the vicinity of Helsinki (i.e. Uusimaa region), leading to intense competition for 

resources and potentially higher biomass feedstock prices [12]. On the other hand, approximately 200–300 

km from Helsinki, the South Savo region has abundant forest biomass [13]. In 2017, a greater amount (~7 

solid-m3 out of total 62.9 solid-m3) of industrial round wood was harvested from this region than any other 

region in Finland [14], and since the area lacks biomass-processing industries, the harvest potential could 

be considered higher than the current energy wood use in the region. Circumstances such as these make 

South Savo a possible location for biomass processing industries and Helsinki a possible location for large-

scale final biomass use. 

The aim of this research is to evaluate the environmental performance of torrefied pellets originating from 

four different feedstock types using life cycle assessment (LCA). In order to refine the research further, 

five different logistics alternatives for each feedstock type are evaluated. It is assumed that the delimbed 

stem wood biomass originates in the South-Savo region and that the power plants in which the pellets are 

used are located in Helsinki. Different feedstocks (energy wood of birch and pulpwood of birch, spruce 

and pine) are compared because dissimilar properties such as energy density, volumetric density and forest 

machine productivity play an important role in determining the environmental performance of the supply 

chain. Similarly, different supply chains are evaluated because biomass fuel terminal concepts are evolving 

and terminal type and processing method affect costs and production efficiency [15]. Thus, it is worthwhile 

to evaluate traditional and innovative logistics solutions in terms of environmental performance. This study 

will highlight the different elements of biomass supply chain in terms of GHG emissions related to 

bioenergy and help understand the hotspots along the supply chain. In addition, the study will also identify 

the better alternative of biomass supply chains that are currently in practice. 

 

2. Materials and methods 

2.1 Life cycle assessment (LCA) 

According to SFS-EN ISO 14040 [16], life cycle assessment (LCA) is an environmental management 

technique that helps identify the possible environmental impacts of a product or service through its various 

life cycle phases. It can assist in identifying improvement possibilities and inform decision makers in 

industries as well as governing bodies. There are four phases of LCA:  

 Goal and scope definition 

 Life cycle inventory analysis (LCI) 

 Life cycle impact assessment (LCIA) 

 Interpretation. 

The purpose of the study, intended application and audience are defined in the goal and scope definition 

phase. Additionally, the product system to be studied is clarified as well as the system boundaries and 

functional units. LCI comprises collection and validation of the input/output flows in each process as per 
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the defined goal and scope definition.  In the LCIA phase, LCI results are assigned to impact categories 

such as global warming potential (GWP), acidification etc. Finally, in the interpretation phase, the LCI and 

LCIA results are evaluated and interpreted in terms of the scope of the study. As illustrated in Figure 1, 

LCA is an iterative process where information is exchanged and modified throughout the process. 
 

Goal and Scope 

definition

Inventory 

analysis

Impact

Assessment

Interpretation

 
 

Figure 1. Life cycle assessment framework [16]. 

 

In this study, the LCA modelling is done using GaBi Professional (version 8) software with the integrated 

databases GaBi International and Ecoinvent v3.1. Concerning impact assessment, a sole impact category 

global warming potential (GWP) with 100 years of time frame is presented based on the methodology 

developed in CML 2001 (2016 version). The characterization factor for two major GHGs, methane and 

nitrous oxides are 28 kg CO2 eq. and 265 CO2 eq., respectively. In addition, the biogenic carbon emissions 

are excluded from the evaluation. Finally, sensitivity analysis is done for different moisture content of the 

raw material and different energy content of the torrefied pellets.  

 

2.2 Goal and scope of the study 

The aim of this research is to analyze comparative cradle-to-gate LCA of torrefied pellet production 

including supply chain alternatives for different feedstock biomasses. Four types of feedstock, namely, 

energy wood of birch (a mix of Betula pendula and Betula pubescens) and pulpwood of three tree species, 

i.e., birch (mix of Betula pendula and Betula pubescens), spruce (Picea abies) and pine (Pinus sylvestris) 

are studied. The primary location of the torrefaction plant is assumed to be in the South-Savo region of 

Finland and the torrefied pellets are assumed to be co-fired with coal in a large-sized power plant in 

Helsinki, Finland. The corresponding locations are shown in Figure 2. For the sake of comparison, one of 

the scenarios assesses location of the torrefaction plant in Helsinki. The functional unit of the study is 

identified as: kg CO2 eq. per 1 MWh of torrefied pellets 

 

2.3 System boundary 

A typical cradle-to-gate LCA describes a system that includes upstream inputs and effects resulting from 

the origin of the raw material and the production phase, and downstream inputs and effects to the gate of 

the final destination of product usage, which in this case is the power plant where the pellets are co-fired 

with coal. Furthermore, emissions from diesel and electricity production are taken into account. 

Similarly, emissions from forest machinery, trucks, biomass crushers and wheel loaders are included in 

the analysis but the infrastructure and production of vehicles, trains and machinery are excluded from the 

system. Potential GHG emissions from biomass decay during storage are outside the boundaries of the 

system. The system boundaries are illustrated in Figure 3. 
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2.4 LCI 

2.4.1 Biomass properties  

In this study, it is assumed that the production of torrefied pellets occurs in a hypothetical torrefaction plant 

with a production capacity of 200,000 t per year. In terms of feedstock, biomass from delimbed stems of 

various tree species is compared. For the sake of consistency, it is assumed that the biomass is dried 

naturally to 30% moisture content. Further explanation of the assumption of moisture content and its 

impact on transportation are given in Section 2.5.1. The moisture content of the torrefied pellets is kept 

constant at 6% for the sake of comparability. The major difference between energy wood and pulpwood is 

that energy wood (4-6cm) generally has a smaller top diameter than pulpwood (6-16cm) [17]. The purpose 

of using pulpwood as a feedstock is to analyze whether it has the same environmental impact as energy 

wood from a logistics point of view. The properties of the biomass and torrefied pellets are presented in 

Tables 1 and 2. The heating value of the torrefied pellets of the pulpwood of different species and energy 

wood is taken from Ranta et al. [18]. The heating value of the torrefied pellets as received (Qar) is calculated 

based on dry-basis lower heating value (Qd) and moisture content (m) using Equation 1 from Alakangas et 

al. [19]: 

 

𝑄𝑎𝑟 = Qd × (
100−m

100
) − 0.02443 × 𝑚, (1) 

 

where: Qar is heating value (as received), Qd is lower heating value (dry basis), m is moisture content % 

and 0.02443 is the coefficient for enthalpy of vaporization at constant pressure and 25˚C, MJ/kg per 1 % 

moisture. 

The total mass of fresh biomass required is calculated based on the moisture content and Qd of the fresh 

biomass, as shown in Table 2. Once the total energy in the torrefied pellet (Qar,pellet) has been calculated, 

the required amount of energy in the feedstock is calculated based on the assumption that 10% of the 

energy is lost during the torrefaction process [20]. The calculation is shown in Equation 2: 

 

Qar,raw= 
Qar, pellet

0.9
  (2) 

 

The moisture content of pulpwood is assumed to be 51.5% as in Föhr et al. [21]. The values of Qd, raw of 

birch, spruce and pine are taken from Alakangas et al. [19], the Qd,raw of energy wood is assumed to be the 

same as that of the birch pulpwood, and the moisture content is assumed to be 52.2 % [18]. The volumetric 

ratio of loose to solid biomass is assumed to be 2.5 [22].   

 

 
 

Figure 2. Locations of biomass origin and use. 
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Figure 3. System boundary with supply chain scenarios depicted as Scenario (A): Roadside Chipping 

(RSC), Scenario (B): Terminal Crushing (CRT), Scenario (C): Crushing at the Plant (CRP), Scenario 

(D): Chipping at plant (CHP), Scenario (E): Torrefaction plant in Helsinki (TPH). 
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Table 1. Properties of the torrefied pellets [18]. 
 

Species Qd. pellet 

MJ/kg 

Moisture 

(m) % 

Qar, pellet 

MJ/kg 

Qar, pellet 

MWh/t 

Total Qar, pellet 

MWh/yr 

Density 

kg/m3 

Birch 19.37 6 18.06 5.02 1,003,401 678 

Spruce 18.47 6 17.22 4.78 956,401 699 

Pine 19.96 6 18.62 5.17 1,034,212 682 

Energy wood 19.15 6 17.85 4.96 991,912 696 
 

Table 2. Properties of raw materials. 
 

Species Qd, raw 

MJ/kg 

Moisture 

(m) % 

Qar, raw 

MJ/kg 

Qar, raw 

MWh/t 

Qar, raw 

MWh/yr 

Fresh Mass  

t/yr 

Birch 19.19 51.5 8.05 2.24 1114890 498656 

Spruce 19.02 51.5 7.97 2.21 1062668 480217 

Pine 19.33 51.5 8.12 2.25 1149125 509668 

Energy wood 19.19 52.2 7.90 2.19 1102125 502398 
 

2.4.2 Supply chain alternatives 

A flow chart of the five different supply chain alternatives for each feedstock type is shown in Figure 3. In 

this study, it is assumed that the average truck transport distance is 100km. However, in scenario CRT 

where biomass is stored and comminuted at the biomass terminal, a surplus of 20km from the terminal to 

torrefaction plant is added. Similarly, in scenario TPH, where the torrefaction plant is assumed to be in 

Helsinki, the torrefaction plant is considered to be 20km from the power plant. The process heat required 

in the torrefaction process is assumed to be produced from biomass. However, electricity is an average 

Finnish grid mix, shown in Table 3. Long-distance transport is modeled as freight train transportation 

pulled by an electric locomotive and the distance is set as 300km in all scenarios. Currently, power plants 

in Helsinki have no railway access so biomass is considered to be handled at a harbor rail-yard 20 km from 

the powerplant. A brief outline of the scenarios is given below. 

Roadside chipping (RSC): Delimbed stem wood is harvested and then forwarded to the roadside storage 

for natural drying. After drying, it is chipped with a diesel-powered mobile chipper straight to chip trucks 

(full truck-trailer). The chips are transported to the torrefaction plant. After torrefaction, the torrefied 

pellets are loaded into an electric freight train for transport to Helsinki and unloaded at the biomass 

handling harbor rail yard and transported to a power plant in a semitrailer.  

Terminal crushing (CRT): After the forest procurement, the delimbed stem wood is immediately 

transported in trailer-trucks to the biomass terminal. After drying at the terminal, the delimbed stems are 

crushed with a diesel-powered terminal crusher. The crushed biomass is then loaded into chip trucks for 

transport to the torrefaction plant. After torrefaction, the torrefied pellets are loaded into the electric freight 

train for transport to the harbor rail yard, where the pellets are unloaded. The pellets are then loaded onto 

semi-trailer trucks and transported to the powerplant. 

Crushing at the plant (CRP): Similar to RSC, harvested logs are left at the roadside storage for drying. 

The dried stems are then transported directly to the torrefaction plant and crushed at the plant yard in a 

diesel-powered crusher. The crushed biomass is torrefied and the finished product delivered to the biomass 

handling harbor yard, where it is unloaded. The pellets are then transported to the power plant in a semi-

trailer truck. 

Chipping at the plant (CHP): The scenario is similar to CRP but the delimbed stems are chipped in a 

stationary electric chipper.  

Torrefaction plant in Helsinki (TPH): In this scenario, unlike previous scenarios, the torrefaction plant is 

assumed to be located in Helsinki, 20 km from the power plant. After the forest procurement, the logs are 

immediately transported on a truck-trailer to train loading site, where they are left to dry. The delimbed 

stems are then loaded onto the freight train and unloaded at the torrefaction plant, where the wood is 

crushed with a diesel-powered crusher. The torrefied pellets are then transported to the power plant in 

semi-trailer trucks. 

 

2.4.3 Unit processes 

Table 3 presents the various phases of the LCA (unit processes) and input data for the LCI calculations. 

The corresponding references are attributed accordingly. 
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Table 3. Unit processes and their description. 
 

Unit processes Description Reference 

Harvesting Engine size 100 kW * 

Total weight 14t * 

Productivities  

 Energy wood 5.4 solid-m3/h ¶ 

 Birch 10.4 solid-m3/h * 

 Spruce, Pine 10.45 solid-m3/h* 

*[23] 
¶ [24] 

 

Forwarding Engine size 110 kW * 

Total weight 11t * 

Productivities  

 Energy wood 6.8 solid-m3/h ¶ 

 Birch 12.3 solid-m3/h * 

 Spruce, Pine 12.27 solid-m3/h * 

¶[24] 

*[25] 

 

Trucks EURO 6 

Empty return considered 

Payloads capacity (utilization) 

 Full trailer-truck 40.6t (100%) 

 Semi-trailer 24.7t (80-85%) 

[26] 

 

 

 

 

Chipping/Crushing Roadside energy wood chipper* 

 Drum chipper 

 Weight 19.2 t 

 Power 475 kW 

 Productivities  

 Energy wood 30 solid-m3/h ¶ 

High(diesel)-powered conventional roadside pulpwood chipper, 

emission factor  

 9.38 kg CO2/ton biomass (oven dry) § 

Stationary electric chipper ∞ 

 Electricity consumption   

1.1 kWh/loose-m3 of chips 

Crushing ¶ 

 GHG emissions 3.46 kg CO2 eq/MWh 

*[27] 
¶[24] 
§ [28] 
∞ [29] 

Loading/unloading Logs (grab truck) 

 Loading 0.05 g CO2 per MJbiomass 

 Unloading 0.04 g CO2 per MJbiomass 

Chips and pellets (assumed to be same as chips) 

Loading/Unloading (wheel loaders)  0.03 g per MJbiomass 

 

 

[22] 

 

Torrefaction  Energy consumption per kg (dry) 

 Electricity 0.128 kWh 

 Process heat 0.339 kWh 

[30] 

Train transport  Payload capacity 1,452t 

 Volumetric capacity 60m3/wagon 

 24 wagon  

[26] 

Electricity mix Electricity production mix (Finland) 

 Nuclear energy 33.26% 

 Hydropower 18.1% 

 Biomass 16.15% 

 Coal 15.07% 

 Natural gas 9.57% 

 Others 7.85% 

[26] 

Diesel at filling 

station 

GHG emissions  

 534g CO2 per kg of diesel at filling station (EU-28 average) 

[26] 
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2.5 Sensitivity analysis 

2.5.1 Moisture content 

In this study, the moisture content of the raw biomass is kept constant at 30% in all scenarios. However, 

according to [31], the moisture content of delimbed stems depends on the duration of natural drying at the 

temporary storage facility and the weather conditions during the storage period. Thus, in order to address 

the uncertainty of moisture content in naturally dried stems, a sensitivity analysis is done assuming that 

the moisture content of the raw biomass after drying at temporary storage is 40%.  

 

2.5.2 Heating value of pellets 

The heating values of torrefied pellets are taken from Ranta et al. [18] and are constant in all scenarios. 

However, heating values of torrefied pellets depend on the production process parameters and the values 

can be higher than the values assumed [32].  In order to assess the impact of the heating value of the pellets, 

a sensitivity analysis is done assuming torrefied pellets with 10% higher heating values for each biomass 

type. 

 

3. Results 

3.1 LCIA 

The total annual GHG emissions from the production of torrefied pellets for the different feedstock material 

and supply chain alternatives are shown in Figure 4. The results show that pellets produced in South Savo 

from energy wood crushed in a biomass terminal have the highest GHG emissions (23,909t/y), whereas 

pellets produced in South Savo from birch pulpwood after comminution in an electric chipper (CHP) have 

the lowest GHG emissions (15,741t/y). Moreover, torrefied pellets of energy wood were found to have 

significantly higher GHG emissions compared to pulpwood in all respective scenarios. 

The GHG emission results of torrefied pellets of all feedstock types and supply chain alternatives with 

respect to the functional unit are presented in Figure 5. Of the four types of feedstock, the production chain 

of torrefied pellets of birch is found to emit the least amount of GHG gases in all five scenarios. In contrast, 

torrefied pellets made of energy wood have the highest GHG emissions. Furthermore, of the five scenarios 

studied, scenario CHP is found to have the lowest GHG emissions. Consequently, torrefied pellets of birch 

in scenario CHP, where the biomass is comminuted in an electric stationary chipper at the torrefaction 

plant located in South Savo, is found to have the lowest GHG emissions of 15.69 kg CO2 eq. per MWh. In 

contrast, scenario CRT, where biomass is comminuted at the biomass terminal and torrefied in South Savo, 

has the highest GHG emissions. Thus, torrefied pellets made of energy wood produced in South Savo have 

the highest GHG emissions of 24.1 kg CO2 eq. per MWh. 

 

3.2 Emissions in life cycle phases 

The contributions of the different phases in the supply chains to total GHG emissions for different types 

of feedstock are presented in Figure 6. Of the different life cycle phases, the torrefaction phase is found to 

be the largest contributor to total GHG emissions in all scenarios and for all feedstock types. In addition, 

forest procurement, comminution, and truck transportation are other major phases that contribute to total 

GHG emissions. In contrast, the comminution of biomass in a stationary electric chipper (assessed in 

scenario CHP of all type of feedstock) has ~3% GHG emissions compared to comminution in diesel-

powered crushers (~18%). Even though the longer distance is covered, train transportation has a 

significantly lower share of emissions (~2%) than truck transportation (~10%–17%). The reason for the 

lower GHG emissions is that electricity-powered transport is significantly cleaner than transport with 

diesel-powered trucks. 

As shown in Table 4, changing the supply chain alternative from roadside chipping to terminal chipping 

(from scenario RSC to scenario CRT) causes 4.7–17.1% additional GHG emissions depending on the 

feedstock material. Similarly, moving the torrefaction plant from South Savo to Helsinki (from scenario 

CRP to scenario TPH) will cause 5.5–6.5% additional GHG emissions. In contrast, chipping at the 

torrefaction plant yard with an electric stationary chipper instead of a diesel-powered crusher can reduce 

GHG emissions by 15.5–18.2%, depending on the raw material. As presented in Table 5, the results show 

that pulpwood of birch (13.7%-22.6%), spruce (8.8%-17.7) and pine (10.7%-19.8%) cause lower GHG 

emissions than energy wood. The size of the reduction depends on logistics alternatives. 
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Figure 4. Total GHG emissions in a year from different feedstock scenarios and their supply chain 

alternatives. 

 

 

 
 

Figure 5. GHG emissions of different supply chain alternatives for each feedstock type. 
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Figure 6. Share of GHG emission of different life cycle phases in each scenario for each feedstock type. 

 

Table 4. Difference in GHG emissions in corresponding scenarios. 
 

Scenarios Energy Wood Birch Spruce Pine 

RSCCRT +4.7% +17.1% +16% +16.5% 

CRPTPH +5.5% +6.3% +6.4% +6.5% 

CRPCHP -15.5% -18.2% -16.7% -17.1% 

 

Table 5. GHG emissions of torrefied pellets of pulpwood compared to energy wood for each logistics 

alternative. 
 

Logistics alternatives Birch Spruce Pine 

RSC -22.6% -17.7 % -19.8 % 

CRT -13.7 % -9.0 % -10.9 % 

CRP -14.6 % -9.5 % -11.5 % 

CHP -17.3 % -10.8 % -13.2 % 

TPH -13.9 % -8.8 % -10.7 % 
 

3.3 Sensitivity analysis 

In this study, the moisture content of the dried biomass and the heating values of the pellets were kept 

constant. However, these two areas were highlighted in the sensitivity analysis, the results of which are 

presented in Figure 7. The upper and lower values of the error bars indicate sensitivity results of 10% 

higher moisture content in delimbed stems and 10% higher energy content in pellets, respectively. Based 

on the assessment, removal of biomass from forest roadside storage when the moisture content is 40% 

rather than 30% can cause up to 2% additional GHG emissions from transportation. However, it should be 

noted that emissions from storage and the effect of moisture on torrefaction are not studied in this 

assessment. On the other hand, 10% higher energy content in torrefied pellets causes <1% less emissions 

compared to the main study. However, it should be mentioned that energy yield is kept constant at 90%, 

as in the main study. 
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Figure 7. Sensitivity analysis results compared to the main results. The upper values of the error bars 

represent results from 10% additional moisture content in delimbed stems after natural drying, whereas 

lower values represent 10% higher energy yields in torrefied pellets. 

 

4. Discussion 

The results of this paper show that there is a real opportunity to lighten the environmental burden of 

bioenergy by adopting a suitable logistics alternative and using appropriate raw material for torrefaction. 

In particular, using an electric chipper instead of a diesel-powered crusher can help avert up to 18% of total 

emissions. A key factor is that the majority of the electricity mix in Finland consists of clean energy; a 

little over two-thirds of electricity is produced in the form of nuclear energy, hydropower, and bioenergy. 

However, in Finland, only about 11% of the energy biomass is chipped with electric chippers [33]. Thus, 

there is an opportunity to reduce the carbon footprint of comminution operation. Similarly, producing 

torrefied pellets from birch pulpwood instead of energy wood can help decrease GHG emissions by about 

23% because of the higher productivity of the forest machinery and chipper with pulpwood than energy 

wood. According to the sensitivity analysis results, the location of the storage for natural drying, either at 

the forest roadside or in the plant yard, has no significant impact (~2%) on overall global warming potential 

of torrefied pellets. However, it is observable that the impact of higher moisture content is greater in the 

RSC, CRP and CHP scenarios, due to the biomass only being dried at the forest roadside before long-

distance transportation. 

The sensitivity analysis showed that the moisture content in the raw material is one of the important factors 

in GHG emissions of torrefied pellets. Transportation of biomass with 10% higher moisture contributed 

about 2% more GHG emissions from the overall supply chain. However, due to lack of inventory data, 

moisture content before comminution and torrefaction is assumed to be the same throughout the study 

which may not be the case in actual practice. Moreover, the natural drying process at forest roadside or 

biomass terminal is a crucial element for GHG emission reduction from torrefied pellets supply chain.  

This is case-specific research dealing with a certain Finnish bioenergy scenario such as availability of 

forest biomass, transportation distance, and means of transportation. However, this research can also serve 

as a benchmark for other areas as more use of biomass and transportation distance is anticipated in the 

future. One of the drawbacks of case-specific studies, on the other hand, is that some of the key factors 

may drastically affect the results for one region, and the same factor may not be as effective in others. For 

example, in scenarios CRP and CHP where biomass is either crushed with a diesel-powered crusher or 

chipped with an electric chipper, the impact of the electricity mix was significant. However, the electricity 

mix may not have the same effect in any other region depending on the proportion of the source of 

electricity in those regions. 

To our knowledge, no comparative LCA studies of torrefied pellets that investigate pulpwood and energy 

wood of different tree species as a raw material and supply chain alternatives have been presented. A study 
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by Thrän et al. [30] examined GHG emissions of torrefied pellets made from straw, logging residues and 

short-rotation coppice (willow). In addition, the study compared GHG emissions for biomass originating 

from different countries such as Spain, Canada, USA, and Tanzania. It would be impractical to compare 

the results of this study with torrefied pellets of straw; however, results for logging residues and short-

rotation coppice are somewhat comparable to this study. Thrän et al. [30] found that torrefied pellets of 

logging residues and short-rotation coppice from Spain generated GHG emissions of 39.9kg and 47.7kg 

CO2 eq. per MWh of pellets, respectively. However, the results are very parameter-dependent because, as 

seen in this study, biomass supply alone contributes about 45% of total GHG emissions. 

McNamee et al. [32] studied LCA of torrefied pellets of pine round wood produced in North America and 

shipped to the UK for final use. Their analysis indicated that GHG emissions varied from 27.9g CO2 eq to 

43g CO2 eq per MJ of electricity produced depending on the torrefaction parameters (temperature and 

residence time) and utility fuel used during torrefaction (natural gas or wood chips). The study assumed 

40% electric efficiency of the plant, thus, tentative comparable results would be 251 kg to 387 kg CO2 eq 

per MWh of pellets. In cases where biomass is used as a utility fuel, transportation (including shipping) 

contributes over 80% of total GHG emissions. 

Adams et al. [3] studied GHG emissions of torrefied pellets of Scots Pine (Pinus sylvestris). Their results 

showed GHG emissions varied from 17.5 g to 40.5 g per MJ of pellets depending on the energy demand 

for drying. The tentative comparable range of results would be 63 kg to 145 kg per MWh. However, in 

their study, 15% of the heat required was sourced from natural gas as utility fuel. In addition, the results 

included transportation of torrefied pellets from Norway to a power station in the UK.  

Pergola et al. [34] studied the LCA of packaged traditional white pellets. According to their study, 

production of one ton of white pellets emitted 38 kg CO2 eq. According to Alakangas et al. [20], one ton 

of white pellets equals 4.7-5 MWh of energy. With this assumption, the results would be 7.6-8 kg CO2 eq 

per MWh of white pellets. It should be noted that wood chips are considered as a main fuel in the 

pelletization process as in our study. Similarly, Magelli et al. [35] studied the LCA of white pellets 

produced in Canada and imported to Sweden. It was found that production of one ton of white pellets from 

wood residues emitted 532 kg CO2 eq., of which 422 kg was generated by ocean transportation. Thus, GHG 

emissions from forest procurement to production and delivery to the seaport is only about 110 kg CO2 eq 

per ton, which is roughly 23 kg CO2 per MWh pellets. It should be noted that land transportation in the 

study by Magelli et al. [35] included 763 km of train transportation.  

Currently, it may be unrealistic to consider pulpwood as a feedstock for torrefied pellet production because 

of stiff competition from other industries such as the pulp and paper industry and biorefineries [36]. For 

instance, in the third quarter of 2018, the average price of delimbed stem (energy wood) was 23.3 

EUR/solid-m3 as delivery sales. On the other hand, the average price of birch pulpwood at the roadside 

was 32.8 EUR/solid-m3 [14]. The significantly higher price of the raw material may prove to be an obstacle 

to pellet production for power plant usage. However, coal-fired power plants may look to use more biomass 

in energy production, since growing numbers of countries have pledged to phase out coal from the energy 

sector by 2030, including Finland, and other benefits of torrefied pellets such as being a potential 

replacement of fossil coal could play a role in wider adoption. According to Helen Oy [37], an energy firm 

owned by Helsinki city, utilizing biomass is the easiest way to replace coal and furthermore there is a lack 

of biofuel availability in the Helsinki area. In addition, as Helsinki is a coastal urban city with a less forested 

environment than commonly found in Finland, it is inevitable that biomass feedstock will need long-

distance transportation, either from other parts of Finland or from neighboring countries such as Russia or 

the Baltic countries. Thus, biomass from areas such as South Savo could provide a timely solution for 

power industries in Helsinki. This study provides valuable information regarding the environmental 

performance of torrefied pellets originating several hundred kilometers inland from the power plant and 

transported using land transportation. However, biomass originating in Finland is not the only possible 

source and research is required on the environmental performance of biomass imported using marine 

transportation. 
 

5. Conclusion 

This study assessed GHG emissions associated with different supply chain alternatives and a range of raw 

biomass material for torrefied pellets. GaBi software tool was used for the LCA modeling and different 

databases and previous literature were used for the lifecycle inventory. The findings of this study were 

evaluated based on the CML (2001) 2016 version methodology and global warming potential (GWP) was 

chosen as a sole impact category. Finally, the results were interpreted as kg CO2 eq. per MWh of pellets 
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delivered to a power plant in Helsinki. The results show that GHG emissions are greatly impacted by the 

choice of supply chain and raw material. The torrefied pellets of energy wood were found to have 

significantly higher GHG emissions compared to pulpwood. On the other hand, torrefied pellets of birch 

(pulpwood) produced in South Savo contribute the lowest GHG emissions in respective supply chain 

method. Similarly, chipping at plant yard with an electric chipper contributes a lowest GHG burden among 

the supply chain alternatives. Thus, a significant amount of GHG emissions can be averted by choosing 

the right raw material for torrefaction. However, the high demand for pulpwood and consequent higher 

price as compared to energy wood is a major hindrance for pulpwood based pellets in Finland.  
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Abstract: Decentralization of renewable energy resource is one of the keys as the quest for a carbon-

neutral energy system intensifies. However, one of the major obstacles is to eliminate a small-sized oil-fired 

heating system in rural Finland. Fortunately, Finland is rich in biomass resource, which has the potential 

to replace oil in the heating sector. However, one of the obstacles for the small and decentralized energy 

system is logistics. In this research, a potential and innovative solution for underlying problem were 

investigated. The purpose of this research was to assess the environmental impact of alternative energy 

system where biomass (pellets and chips) replace the light fuel oil for space heating purpose. According to 

the results, converting from light fuel oil to wood chips, the GHG emissions would be reduced by about 

96%. However, if wood pellets were to replace the light fuel oil, the GHG emission reduction would be 

about 89%. In addition, use of biomass instead of imported fossil fuel, cities, and small towns have the 

possibility to be energy independent, at least in case of heating sector. 

 

Keywords: Biomass, Heating, Oil, Logistics, LCA, Environment 

 

 

1. Introduction 

 

The European Union (EU) has mandated to increase the share of renewable energy from 20% to 27% by 

2030 and similarly Finnish national energy and climate strategy has stated that that share of renewable 

energy in final energy consumption to go beyond 50% by 2030 and 80% by 2050. With that spirit, many 

cities and towns in Finland have been proactive to decarbonize their energy system (Karhunen, Laihanen, 

Föhr and Ranta, 2019).  

 

Due to the cold climate and long winter, heat demand is high in Finland. In 2017, the consumption of energy 

in space heating was approximately 80 TWh, which is about 26% of the total energy consumption. 

(Statistics Finland, 2017). Consequently, space heating is also one of the major GHG emission contributors. 

On the other hand, heating constituted about 66% of the total residential energy demand in 2013, which 

was fulfilled by district heat (33%), wood (26%) and electricity (24%). The share of oil for the heating 

purpose was about 8%. The light fuel oil (LFO) is commonly used in single-family dwellings which 

apartment buildings and row-houses are mostly heated by district heating and electricity. According to Hast 

et al., there are about 200,000 houses in Finland that use oil for heating and those consume about 460m 

liters (l) of oil annually (Hast, Ekholm and Syri 2016). 

 

South-Savo region is one of many regions in Finland that has been proactive on decarbonizing its energy 

system and eliminating oil-fired heating system has been one of the focuses. According to Karhunen et al., 

there are about 9,000 residences and buildings that use LFO for heating purposes which consume about 620 

GWh of LFO. The majority of the LFO consumers in this region are detached and semi-detached houses 

(75%). The dwellings in South-Savo with oil-fired heating systems are illustrated in Figure 1. The figure 



  
 

suggests that the dwellings that use oil for heating are sparsely scattered in the region and decentralized 

solution such as biomass could be the potential replacement.  

 

 
 

Figure 1: Dwellings with the oil-fired heating system in South-Savo region of Finland (Karhunen, Laihanen, 

Föhr and Ranta, 2019) 

 

The purpose of this study is to assess new and innovative biomass (wood chips and pellets) delivery solution 

to a small-sized biomass heat plants and analyze the potential environmental benefits as compared to LFO-

fired heating system. The focus is on a patented technology where wood chips are blown directly from the 

delivery container to storage silos. The environmental performance of various energy system for a 

commercial building space heating that consumes 80,000 l of LFO in a year is considered as a business as 

usual (BAU) scenario. The building is assumed to be located in the vicinity of Mikkeli city. For the 

comparison, wood pellets and wood chips from different locations: Hirvensalmi (40km), Juva (75km) and 

Savonlinna (140km). 

 

1.1 Blowing containers 

 
A container truck of a size of 40m3 with a blower attached can blow through the pipe up to 1.2 bulk-m3 of 

wood chips in a minute and up to 40m in distance is patented by Romanet SARL (Romanet SARL, 2019). 

The technology has been subject of interest in the Finnish energy sector such as Lämpösi Ltd is licensed to 

use the technology. The reason for such interest is that there are multiple benefits such as the elimination 

of the need for ground handling of material with front loader, as compared to traditional delivery methods. 

The blower and container trucks are illustrated in Figure 2. Figure B illustrates blowing the wood chips in 

action. 
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Figure 2: Small-sized blower (A) and container truck with a blower attached at the back (B) (Föhr, KC, 

Karhunen Laihanen and Ranta, 2019) 

1.2 Life Cycle Assessment (LCA) 

 

According to the ISO 14040  (SFS-EN ISO 14040, 2006), LCA is an environmental tool that helps identify 

the possible environmental impacts of a product or service along with their life cycle phases. It helps in 

recognizing the improvement possibilities and inform the decision-makers of industries as well as 

government organizations. The LCA includes four stages, namely, 

 

 Goal and scope definition 

 Life cycle inventory (LCI) 

 Life cycle impact assessment (LCIA) 

 Interpretation 

 

The ISO 14040 framework of LCA is illustrated in Figure 3.  
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Figure 3: LCA framework (SFS-EN ISO 14040, 2006) 

 

 

 



  
 

2. Material and Methods 

 

2.1 Goal of the study 

 

The purpose of this study is to analyze the comparative GHG emissions from different energy system for a 

small-scale industrial space heating. The BAU scenario refers to a heating system fueled by light fuel oil. 

The fuels in alternative scenarios include wood pellets originated in Vierumäki, Finland and wood chips 

originated from three different locations; Hirvensalmi, Juva, and Savonlinna. The impact assessment is 

done based on the CML 2001 (2016) methodology for Global warming potential (GWP) on 100 years of 

period. The functional units are t CO2 eq per year and kg CO2 eq per MWh. The assessment includes a typical 

cradle-to-grave system where fuel acquisition to the final use but excludes the ash management. In addition, 

infrastructures such as trucks, chippers/crushers, and wheel loaders as well as potential emissions from 

biomass storages are excluded from the assessment. The logistic scenarios are illustrated in Figure 4. 

 

 

2.2 Logistics Scenarios 

 
In a BAU scenario, light fuel oil is brought from a refinery located in Porvoo, Finland. For the case of wood 

pellets, they are produced in Vierumäki, Finland and brought on a truck of 27t of payload with 85% 

utilization. For the case of wood chips, after harvesting, logs are forwarded to the roadside storage and 

chipped with mobile drum chipper and blown directly into the container. The container directly takes the 

biomass to the destination. The capacity of the container is 40m3 and 27t payload with 40% utilization. For 

the sensitivity case, logs are taken to the biomass terminal and chipped there directly into the container. It 

is assumed that the terminal is located 10km away from the heating plant but total distance from forest to 

heat plant is10km more than the corresponding direct delivery scenarios. 

 

Oil refinery Oil transportaion Storage Combustion

Pellet production Pellet 

transportation
Pellet combustion

Forest 

procurement

Chipping at 

roadside

Wood chips 

transportation
Combustion

Forest 

procurement

Logs 

transportation 

and handling

Combustion
Crushing at 

terminal

Wood chips 

transportation

Storage

Oil supply chain (BAU)

Wood pellet supply chain

Wood chips supply chain

Wood chips supply chain (terminal)

 
 
Figure 4: Illustration of supply chain phases for different scenarios including 

  



  
 

2.3 LCI 

 

In a BAU scenario where light fuel oil (LFO) is fired for space heating purpose and the idea is to replace 

with biomass. For the assessment, several assumptions were made regarding the feedstock. Further 

assumptions and inventory sources are presented in Table 1. The yearly LFO demand is assumed to be 

80,000 l/year. The heating value and specific density of LFO are 42.5 MJ/kg and 860g/l, respectively. 

Furthermore, it is assumed that the heating system works with 90% efficiency. 

 

For the same amount of energy demand, 169 t /year of wood pellets is required with a heating value of 

wood pellets is assumed to be 4.8 MWh/t. On the other hand, 337 t/year of wood chips is required to fulfill 

the same amount of energy demand and heating value of wood chips assumed to be 2.86 MWh/t. 

 

Table 1: Unit processes, assumptions made and corresponding references 

 

Unit processes Description Reference 

LFO from refinery Refinery located at Porvoo, Finland (GaBi databases, 2011) 

Heat from LFO 1 MW size (Jungbluth, 2007) 

Oil transportation trucks EURO 6, 27t payload, 85% 

utilization 

(GaBi databases, 2011) 

Diesel from refinery  (GaBi databases, 2011) 

Pellet transportation trucks EURO 6, 27t payload, 85% 

utilization 

(GaBi databases, 2011) 

Log transportation trucks EURO 6, 40t payload, 85% 

utilization 

(GaBi databases, 2011) 

Heat production from pellets 300 kW size (Bauer, 2013a) 

Wood pellet production  (Bauer, 2013b) 

Wood harvesting 10.4 m3/h productivity (Werner, 2012a) 

Forwarding 12.3 m3/h productivity (Werner, 2012b) 

Handling Wheel loader (Jäppinen, Korpinen and Ranta, 

2013) 

Container transportation EURO 6, 27t payload, 40m3, 45% 

chips moisture 

(GaBi databases, 2011; Lämpösi 

2019) 

Chipping Roadside drum chipper: 475 kW (Werner, 2013) 

Crushing 9.38 kg CO2/t dry biomass (Prinz, Väätäinen, Laitila, 

Sikanen, and Asikainen, 2019) 

Heat production from chips 1 MW size (Bauer, 2007) 

 

 

3. Results (LCIA) 

 

3.1 Comparative GHG emissions 

 

The comparative GHG emissions from different energy sources are presented in Figure 5. Evidently, 

heating with light fuel oil (BAU scenario), the GHG emissions is approximately 248 t CO2 eq. per year or 

339 kg CO2 eq. per MWh. On the other hand, heating with wood chips would cut the GHG emissions down 

to about 9.5-13.6 t CO2 eq. per year or 13-18.6 kg CO2 eq. per MWh, depending on where the chips are 

originated. However, heating from wood pellets would slightly increase the GHG emissions to about 28 t 

CO2 eq. per year or 38 kg CO2 eq. per MWh. 

 



  
 

 
 

Figure 5: GHG emissions from various energy sources for heating purpose 

 

3.2 GHG emissions contributions 

 

The contributions of various phases of energy systems on GHG emissions are presented in Figure 6. 

According to the results, wood chipping is the biggest contributor (28-40%) followed by harvesting (17-

24%) and combustion (18-25%), depending on the origin of the wood chips. Interestingly, transportation 

contributes about 10% of the total GHG emission in the case of wood chips originated from Hirvensalmi, 

whereas, the corresponding contribution raises to 37% in the case of wood chips from Savonlinna. Wood 

pellet production (includes upstream) contributes most of the GHG emissions (88%) in a pellet-fired heating 

system. In the case of oil-fired heating system, about 87% of the GHG emissions come from combustion 

and the rest of the emissions come from refinery activity. 

 

 
 

Figure 6: The share of GHG emissions among the life cycle phases of different scenarios. 
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3.3 Sensitivity results 

 

The sensitivity analysis results are presented in Figure 7. According to the results, there is no significant 

difference in GHG emissions between two logistics scenario in case of wood chips from Hirvensalmi. 

However, as the wood chips delivery distance increases, the difference in GHG emissions between direct 

delivery and delivery via terminal also grows. The logistics via biomass terminal (chipping in terminal) is 

responsible for more GHG emission than direct delivery (chipping in forest roadside). The main reason for 

that is because the wood from the forest to the terminal is delivered on log trucks with 40t payload with 

85% utilization. However, in the case of direct delivery, the payload capacity of container trucks is 27t  and 

utilization is just 40%, which means container trucks need to make more trips as compared to log trucks.  

 

 
 

Figure 7: Comparative emissions from alternative logistics scenarios that include biomass delivery through 

terminals 

 

 

4. Conclusion  

 

The results show that the use of wood chips in a decentralized space heating systems helps cut down the 

GHG emissions by up to 96% as compared to LFO-fired heating system. The emissions are slightly higher 

(89% reduction) in case of wood pellets as compared to wood chips and that is largely due to the emissions 

attributed to pellet production. The sensitivity analysis results show that biomass chipping at the terminal 

causes slightly lower emissions despite additional delivery distance and material handling related 

emissions. The main reason is that the payload of log truck (40t) is higher than the blowing container (27t) 

and utilization of log truck is 85% as compared to 40% for container truck. On the other hand, the emissions 

from pellet-fired heating are up to three times as compared to chips but wood pellets offer other physio-

chemical benefits such as uniformity in quality and higher heating value. Pellet production phase is one of 

the bottlenecks that can also offer an opportunity in minimizing its emissions.  

 

The use of locally available biomass for heating instead of imported fossil fuel would mean the 

municipalities could be energy independent, at least in the case of the heating sector. However, according 

to Hast et al., replacing oil heaters with biomass including wood pellet is a challenging task in the Finnish 

case, especially when the price of oil is low. Even when the price of oil is low, replacing the oil heaters 

would have to be at the end of life and would need some sort of subsidy from the state.  
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Abstract 
Thermal treatment of biomass has been attracting attention for a decade or so, 
especially torrefaction. However, for the past few years, wet pyrolysis, also 
known as hydrothermal carbonization (HTC), has been getting some atten-
tion. Hydrothermal carbonization is a thermal treatment of biomass in the 
presence of water in a temperature range of 180˚C - 260˚C. This method of 
treating biomass has some benefits which others do not, such as it can handle 
extremely wet biomass. However, treating biomass may not be enough for 
practical use. It may need to be transported and stored. Thus, this study ex-
plored the idea of pelletizing the HTC biomass. The mechanical strength of 
the HTC pellets was found to be 93%, whereas, higher heating value (HHV) 
(dry basis) was found to be 4% higher than the corresponding white pellets. 
The initial results with some limited parameters indicated that it would be 
possible to pelletize without binder. However, extensive research on energy 
balance and economic assessment would be necessary to achieve economic 
feasibility. 
 
Keywords 
Sustainable, Bioenergy, Hydrothermal Carbonization, Hydrochar,  
Pelletization 

 

1. Introduction 

Biomass has been recognized and promoted as a potential opportunity to reduce 
carbon emissions from the energy sector. The complicated biomass properties 
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such as lack of uniformity, high moisture content and low mass density, hinder 
its wider applicability. However, pre-treatment and/or modification such as dry 
and wet torrefaction of biomass are promising solutions to the aforementioned 
difficulties [1]. 

Hydrothermal carbonization (HTC), also known as wet pyrolysis, is a ther-
mochemical treatment of biomass based materials taking place in the presence of 
water at moderate temperature ranging from 180˚C to 260˚C [1] [2] [3]. HTC 
may be more suitable for raw materials with varying moisture percentage be-
cause reaction takes place in a wet environment and eliminates the pre-drying 
phase which could potentially eliminate the energy intensive phase [4]. As the 
HTC involves a pressurized reaction environment in saturated water, it is signif-
icantly different than traditional dry torrefaction where biomass is pre-dried and 
then torrefied in the dry and oxygen deficient environment. However, the final 
product, hydrochar, is found to be homogeneous compared to raw material and 
similar to torrefied biomass [1] [5]. According to the study by [6], −OH groups 
in biomass are partly removed by dehydration reaction during wet pyrolysis, 
which reduces its capacity to absorb water, thus, making the final product more 
hydrophobic than the raw material is. Furthermore, the combustion behavior 
of hydrochar is somewhat similar to lignite meaning they are suitable for 
co-combustion [5] [6]. The viability of co-combustion with coal in large power 
plants suggests a significant increase in its demand and subsequently a potential 
to reduce fossil fuel consumption. 

The bulk density of the biomass is one of the crucial factors in long distance 
transportation because of the constraint payload and fuel consumption related 
to it. Biomass pellets are the most traded biomass commodity due to their higher 
energy density compared to the loose biomass (e.g. wood chips and saw dust) 
[7]. In addition to economic benefits, diminished freight transportation means 
less greenhouse gas (GHG) emissions. The bulk energy density of wood saw dust 
(moisture ~50%) is about 540 kWh/m3 whereas the bulk energy density of tradi-
tional white pellets is about 2.8 MWh/m3 [8]. Furthermore, the bulk energy den-
sity of torrefied biomass pellets could be achieved up to 5.7 MWh/t [9]. The sig-
nificant increase in bulk energy density indicates that the transportation related 
cost could be halved with torrefaction. 

The purpose of this study was to analyze HTC biomass of grey alder (Alnu-
sincana) and the prospect of densification by means of pelletization. Grey alder 
also known as thin-leafed alder is a deciduous tree. The wood chips of grey alder 
are common for smoking fish and meat in cooking. The elemental analysis, 
functional groups analysis using Fourier Transform Infrared Spectroscopy 
(FTIR) and magnified pictures of components using Scanning Electronic Mi-
croscope (SEM) are analyzed for the potential differences due to varying resi-
dence time. In the case of pellets, properties such as mechanical strength and ca-
lorific values were analyzed. The grey alder was chosen as a raw material because 
very little has been reported about it in biomass upgrading, especially HTC. 



R. Kc et al. 
 

 

DOI: 10.4236/jsbs.2017.73010 140 Journal of Sustainable Bioenergy Systems 
 

Lignin is a natural polymer found in wood which acts as a glue [10]. It is one 
of the crucial components in wood that helps as a binder in pelletization. Since 
the primary aim of this study was to study the possibility of pelletization of HTC 
hardwood (Alder) biomass, the aim is also to determine whether an additional 
binder is necessary for the pelletization. 

2. Materials and Methods 

The packages of grey alder chips were bought from the supermarket for the ex-
periments because of uniform size and moisture of chips. The moisture content 
of raw chips was 10.3%. The chemical composition of grey alder is lignin 
(24.8%), cellulose (38.3%), glucuronoxylan (25.8%), glucomannan (2.8%) other 
polysaccharides (2.3%), residuals (1.4%) and extractives (4.6%) [11]. The bio-
mass was purchased from the Finnish supermarket packaged in a polyethylene 
bags. The size distribution of chips is illustrated in Table 1. 

2.1. Hydrothermal Carbonization (HTC) 

HTC of Alder was performed in a 230 ml reactor shown in Figure 1. The batch 
reactor is made up of stainless steel with a PTFE inner vessel. For the reaction, 
biomass was mixed with ionized water in 1:4 w/w ratio and enclosed in the 
reactor. The mixture contained 30 g of biomass and 120 ml of ionized water. The  
 
Table 1. Size distribution of raw chips. 

Size class [mm] Share % Cumulative % 

<2.000 1.20% 1.20% 

2.000 - 3.150 1.10% 2.30% 

3.150 - 8.000 74.30% 76.60% 

8.000 - 16.000 23.40% 100% 

>16.000 0.00% 100% 

 

 
Figure 1. The components of laboratory scale HTC reactor. (A): outer 
chamber, (B): reactor, (C): outer cap, (D): mid-cover, (E): inner cap). 
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oven was preheated to 220˚C and placed in the oven for three different reaction 
times (90 minutes, 120 minutes and 240 minutes). As the reactor was heated, the 
pressure inside the reactor rises up to 4.6 MPa, according to Reza et al. (2012). 
However, the pressure was not measured during this experiment. After the car-
bonization, the biomass was filtered and collected in an air-sealed plastic bag. 

2.2. Pelletization 

The hydrochar 220˚C for 90 minutes was pelletized in the pelletizer (Aman-
dusKahl) as shown in Figure 2. The carbonized biomass, which is kept in sealed 
plastic bags after the pyrolysis was dried at 70˚C for 8 hours. The dry carbonized 
biomass is then pelletized in a laboratory scale pelletizing machine shown in 
Figure 3 with an 8 mm matrix with 34 mm length. For the sake of comparison, 
raw alder chips are also pelletized but in a smaller matrix due to the stiffness of 
the chips in a small-power pelletization machine. The stiffness in the matrix 
caused the matrix to be overheated which causes an unnecessary effect on the 
final result. The raw alder chips and HTC biomass and pellets are presented in 
Figure 3 and Figure 4, respectively. The schematic process is shown in Figure 5. 
 

 
Figure 2. Laboratory scale pelletization machine manufac-
tured by Amandus Kahl. 

 

 
Figure 3. Carbonized biomass pellets with 8 mm diameter and 
34 mm depth matrix. The circled pellets are visibly excessively 
roasted in the matrix. 
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Figure 4. Raw alder chips (left) and carbonized alder chips (right). 
 

Raw material Wet 
pyrolysing

Storage in 
sealed bag

Drying at 70° 
C for 8 hours Pelletizing

 
Figure 5. Schematic diagram of an entire process of HTC implemented. 

3. Results 
3.1. Proximate and Ultimate Analysis 

The appearance of the HTC biomasses is distinctive; as the reaction time in-
creased the color of the product which seems to be darker. Also, the texture of 
the product appears to be softer as the reaction time increased. The proximate 
and ultimate i.e. elemental composition, fixed carbon and ash content of white 
pellets and HTC pellets have been performed according to the accredited me-
thods. From the analysis, it can be seen that volatile matter has decreased by 
about 4.8% in HTC pellets compared to white pellets, whereas the amount of 
fixed carbon is increased by 4.6%. The detailed similarities and differences, as 
well as respective accredited methods, are shown in Table 2. 

3.2. Mechanical and Energetic Analysis 

The physical and calorific analysis of white and HTC pellets are presented in 
Table 3. The mechanical strength, moisture content and bulk density were de-
termined following the accredited methods, however, the amount of the pellets 
were less than is required in the standards. The moisture content of the white 
pellet is significantly low (1.9%) because raw alder chips had a moisture content 
of only 10.3%, unlike the industrial chips used for energy production purposes. 
Their usual moisture content can be as high as 50% (weight). According to Li et 
al. (2012), an ideal moisture content of the wood pellets should be between 7% 
and 9% [12] because lower moisture content may result in significantly lower 
mechanical strength. In this study, the mechanical strength of white pellets was 
found to be 64.4%. On the other hand, the mechanical durability of HTC pellets 
is found to be 93.1% which is less than reported by Reza et al. (2012) in their re-
search. However, the durability of HTC pellets is comparable to torrefied pellets 
reported by Ranta et al. (2016).  

The bulk density of HTC pellets is found to be 685 kg/i-m3, which is 12% 
higher than the corresponding white pellets. Similarly, HHV of the HTC pellets 
is found to be 20.85 MJ/kg on a dry basis, which is 4% higher than the corres-
ponding white pellets. In contrast, LHV of the HTC pellets (as received) is 19.55  
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Table 2. Proximate and ultimate analysis of white pellets and HTC pellets. 

Analysis 
White 
Pellets 

HTC  
pellets 

Standards 

Ultimate analysis (dry, wt%) 

C 49.3 51.9 
EN ISO 16948, EN 15104,  

EN 15407, ISO 29541 

H 6 6 
EN ISO 16948, EN 15104,  

EN 15407, ISO 29541 

N 0.22 0.33 
EN ISO 16948, EN 15104,  

EN 15407, ISO 29541 

S 0.02 0.02 
ASTM D 4239 (mod), EN  

ISO 16994, EN 15289 

O (calculated) 43.8 40.8 EN ISO 16993 

Proximate analysis (dry, wt%) 

Volatile 84.8 80 
EN ISO 18123, EN 15148,  

EN 15402, ISO 562 

Fixed Carbon 
(calculated) 

14.5 19.1  

Ash 0.7 0.9 EN ISO 18122, EN 14775, EN 15403 

 
Table 3. Proximate and ultimate analysis of white pellets and HTC pellets. 

Analysis 
White 
Pellets 

HTC 
pellets 

Standards 

Moisture content (%) 1.9 8.5 
EN 14774-2, CEN/TS  

15414-2, ISO 589 

Bulk density (kg/i-m3) 611 685 EN ISO 17828 

Mechanical Durability (%) 64.4 93.1 EN ISO 17831-1 

Gross calorific value (HHV) 
(MJ/kg, d) 

20.04 20.85 EN 14918, EN 15400, ISO 1928 

Net calorificd value (LHV) 
(MJ/kg, d) 

18.73 19.55 EN 14918, EN 15400, ISO 1928 

Net calorificd value (LHV) 
(MJ/kg, ar) 

18.33 17.68 EN 14918, EN 15400, ISO 1928 

Bulk energy density  
(MWh/i-m3, ar) 

3.11 3.36  

 
MJ/kg, which is about 3% lower than the corresponding white pellets. The possi-
ble reason could be the significantly low moisture content in white pellets than 
the HTC pellets. 
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3.3. FT-IR 

In order to understand type structural features and especially surface functional 
groups, FTIR studies were performed. IR spectra of HTC treated hydrochars (i.e. 
HTC 90, HTC 120 and HTC 240), and raw biomass was studied using FT-IR 
(Bruker vertex 70). In this study, a reaction temperature of 220˚C is kept con-
stant while reaction time varies from 90 minutes to 240 minutes The FT-IR 
spectra analysis is shown in Figure 6. 

Lignocellulosic materials are rather heterogeneous in which IR peaks are 
reached from lignin, cellulose, and hemicellulose. The IR spectra of hydrother-
mally treated wood chips are presented in Figure 6. The IR spectra of all HTC 
treated materials have similarities, however, increased temperature indicated 
changes in the distribution of functional groups of the materials in which aro-
matic functionalities are more pronounced. All samples show a broad band at 
3300 cm−1 referring to the hydroxyl groups (−OH) and aliphatic structures at 
wavelength 2919 - 2829 cm−1 which is attributed to the −CH stretching of in 
aromatic methoxy groups and in methyl groups from side chains [13]. Bands at 
1700 - 1730 cm−1 refer to the carbonyl/carboxyl groups which appear more pro-
nounced in the sample HTC 240 (i.e. 1702 cm−1) Bands at ~1600, ~1500 and 
~1450 cm−1 refer to the aromatic skeletal carbon structure. These peaks are more  
 

 
Figure 6. FT-IR spectra of raw material (Raw) and different hydrochars (i.e. HTC 90, HTC 120 and HTC 240). Reaction time 
during the HTC remained constant (220˚C) but reaction time was altered. 
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pronounced in HTC 240 (i.e. 1596 cm−1, 1512 cm−1 and 1452 cm−1) than HTC 
120 or HTC 90. This may be related to the reaction time during HTC which eas-
es the fragmentation of the lignocellulosic structure and further on the forma-
tion of aromatic end products typical to HTC [14]. Bands at wavelength 950 - 
1225 cm−1 refer to the aromatic C-H in plane band. 

3.4. Scanning Electron Microscope (SEM) Picture Analysis 

SEM studies allowed us to evaluate morphological changes of HTC treated hy-
drochars. Images of raw biomass, HTC biomass treated at 220˚C for 90 minutes 
(HTC90), 120 minutes (HTC120) and 240 minutes (HTC240) are shown in 
Figure 7. All pictures shown in Figure 7 are 600 times magnified. A regular 
pattern is visible in the raw biomass in picture A which is then distorted in pic-
ture B, HTC biomass (220˚C, 90 minutes). However, as the reaction time be-
comes longer such as in picture C, which has a reaction time of 120 minutes, the 
further integration of components is observable. Furthermore, picture D, which  
 

 
Figure 7. SEM images (magnification 600×) of raw wood (A), HTC90 (B), HTC120 (C), HTC240 (D) samples. 
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is an HTC biomass (220˚C, 240 minutes) shows indication of melting particles. 

4. Discussion 
4.1. Physical and Mechanical Properties 

The visible appearance of the pellets looks compact, roasted and very similar to 
torrefied pellets as reported by Ranta et al. (2016). However, some of the pellets 
are more roasted than others, shown as circled in Figure 3. The possible reason 
could be overheating of the matrix of the laboratory scale pelletizer (5 kW). This 
may potentially have affected negatively on the LHV of the HTC pellets. A simi-
lar impact may have occurred on the mechanical durability of HTC pellets which 
is also comparatively lower than the torrefied pellets reported by Ranta et al. (2016). 

4.2. Thermal Properties 

The effect of moisture content in both types of the pellet is visible as the LHV (as 
received) of the HTC pellet is lower than the corresponding white pellets. How-
ever, the bulk energy density of HTC pellets is 8% higher than that of white pel-
lets, meaning carbonization has increased the energy value of biomass which is 
an encouraging and positive of the study.  

The HHV of the HTC pellets is somewhat comparable to the results reported 
by [3] where 200˚C reaction temperature resulted in HHV of 21.6 MJ/kg. How-
ever, in the same study, 260˚C reaction temperature has resulted in HHV 26.4 
MJ/kg, which is significantly higher than the findings of this study. Similarly, [6] 
has reported incremental HHV of various biomass according to the increasing 
reaction temperature. However, none of the studies represented used Alder as a 
biomass. Nonetheless, this development suggests that the reaction temperature 
applied in this study may be too low for the optimum results. On the other hand, 
it would be wise to remember that the ultimate parameters for the commerciali-
zation of energy product such as pellets are energy input, energy output and 
production cost which are not within the scope of this study. Thus, a compre-
hensive study that includes the aforementioned aspects would be able to illu-
strate further about the viability of HTC pellets on a commercial scale. 

4.3. Comparison of HTC Pellets with Torrefied Pellets 

The SEM image (600 times magnified) of torrefied pellets (B) from the study by 
Ranta et al. (2016) and HTC pellets (A) from this study are compared and 
shown in Figure 8. The HTC_PEL has visible similarities with torrefied pellets 
(TOR_PEL). The lignin in pelletized biomass (Figure 8) shows binding unlike 
the undisturbed fibers in non-pelletized HTC biomass (Figure 7). This indicates 
that compression and temperature generated due to the pelletizing sieve may 
have had an effect on binding the pellets. 

5. Conclusions  

From the experiments, it can be concluded that the pelletization of HTC biomass  
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Figure 8. 600 times magnified SEM pictures of HTC_PEL (A) and TOR_PEL(B). 

 
is possible and potentially beneficial compared to its wood chips counterpart. 
Undestroyed particles in pelletized HTC biomass with intact bridges as com-
pared to torrefied pellet shown in Figure 7 indicate that additional binder may 
not be necessary for the pelletization of HTC biomass with parameters of 90 
minutes run time and 220˚C reaction temperature.  

However, further research would be necessary to identify optimum parame-
ters such as temperature and reaction time for the efficient energy yield. Fur-
thermore, chemical pretreatment before carbonization should also be assessed 
for potential benefits. Identifying the behavior of lignin in different reaction 
times is a major challenge. The solution to these challenges could be to isolate 
the lignin from the material and experiment separately. 

One of the potential challenges in this kind of thermal treatment of biomass is 
to make it to the industrial scale and continuous process. The excessive amount 
of heat needed in the process makes this challenging and leaves little room for 
profitable business, thus, it needs thorough synergetic technical and economic 
research. 
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