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Biomass provides an excellent opportunity to increase the use of local resources and promote 

renewable energy generation. The considerable diversity of biomass materials and differences 

in their chemical structure require detailed evaluation of their properties and impact on the 

conversion processes. The unstable quality of untreated biomass poses certain problems for 

biomass utilization in a large scale. Hydrothermal carbonization and torrefaction present two

possible ways of improving the characteristics of biomass. Comprehensive understanding and 

evaluation of all the influencing factors of these relatively novel methods is crucial for the 

development of the processes. 

This thesis describes the results of chemical analysis of nine biomasses with respect to 

thermochemical conversion: the impact of chemical components on thermal decomposition is 

evaluated. The performance of any conversion process depends not only on biomass properties 

but also on the process characteristics, and that is why the effect of the main reaction parameters 

on mass and energy yields during hydrothermal carbonization and torrefaction of coniferous 

biomass is studied experimentally and expressed with mathematical correlations. Since both 

processes require a certain amount of heat to be supplied, the development of the technologies 

in a large scale by means of heat integration with combined heat and power (CHP) plants has 

significant potential. A model of a torrefaction unit is developed and integrated with two 

different-sized CHP plants. The mutual effects of the torrefaction process and the operational

mode of the CHP plant on the thermodynamic performance of the integrated plant are 

investigated with six integration scenarios. The analysis reveals notable differences in the 

impact of torrefaction-CHP integration at different operational modes of the CHP plant, and

the influence of seasonal variations in the operation of a CHP backpressure plant is analyzed 

in detail with a developed multiperiod model. Profitability evaluation of the integrated 

schemes, together with stand-alone and co-located CHP and torrefaction plants make it possible 

to assess the economic potential of the integration. This study indicates that the heat integration 

of torrefaction and a CHP plant can be economically profitable over co-located plants 

(particularly for the integration options with the longest operation time). Additionally, this 

work assesses the main economic factors for the profitability of integrated plants and confirms 

the importance of detailed operational and economic analyses for the assessment of the 

potential of the integration options. 

Keywords: lignocellulosic biomass, coniferous wood, hydrothermal carbonization,

torrefaction, combined heat and power plant, modelling, integration, profitability          
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1 Introduction 

1.1 Background 

Security of supply, effective energy markets and economy, environmental acceptability, 

and safety are the main objectives of the energy policy in the European Union (EU). The 

Renewable Energy Directive 2009 (RED) set up a common framework for the production

and promotion of energy from renewable sources for all Member States. According to the

Directive, the main targets of the limiting of greenhouse gas emissions and the promotion

of cleaner transport are to be achieved by increased share of renewable energy across the 

EU: 20% of final energy consumption and 10% in the transport sector should be covered

with renewables by 2020 (European Commission, 2009). The latest assessment of the 

status of renewable energy presented in the renewable energy progress report indicates 

significant differences in the rate of development among the Member States (European

Commission, 2015). While a majority of the countries have good perspectives to meet

and even exceed the established 2020 targets, there is a certain gap between the planned

and expected rates of development in some states, which requires additional initiatives to 

overcome the issue.     

Bioenergy is currently the largest contributor to renewable energy in the markets of

bioheat and liquid biofuels, and among the leaders in bioelectricity production in Europe 

(European Commission, 2014). The use of biomass in the heat and power sectors is

expected to be a key factor in the 20% EU renewable energy target, and its role will 

increase even further in the decades beyond 2020 in the frames of the EU effort towards 

a low-carbon economy by 2050. In transport, the use of first- and second-generation 

biofuels is showing slower progress, but the achievement of the renewable target by 2020 

remains feasible according to the European Commission (2015). The vast majority of the

EU’s biomass demand is to be supplied with domestic sources by 2020, but import is 

projected to grow significantly by the end of the decade (largely in the form of wood

chips and densified biomass, e.g. wood pellets and torrefied pellets) (European 

Commission, 2014). 

As a member of the European Union, Finland has committed itself to the climate and

energy targets of the European Commission. The goal of the Finnish National Energy and

Climate Strategy established and approved by the Government in 2013 is to increase the 

share of renewable energy in total consumption to 38% by 2020, which is in line with the

obligation proposed by the EU Commission for Finland (Ministry of Employment and 

the Economy, 2013). In the long term, a strategy-based roadmap will focus on higher

energy efficiency and intensive use of renewables in order to achieve a carbon-neutral 

society by 2050. 

The trend of total energy consumption in Finland from 1970 onwards is presented in

Figure 1. The rapid increase of oil price in the 1970s was an important incentive for 

developing the energy use of fuel peat, which is widely available in Finland (Karhunen



1 Introduction 

 

16 

et al., 2014). Within the same period, the use of wood-based fuels in heating and power 

plants started to increase, and the share of wood-based fuels has increased in the overall 

energy mix, resulting in almost one-fourth of total energy consumption being covered by 

woody biomass in 2014. During the last decades, the trend of fossil fuel consumption has 

presented a descending character with more than 30% decrease of coal and natural gas 

and 12% decrease of oil consumption between the years 2010 and 2014. Meanwhile, the 

use of wood-based fuels in industry and energy production is on the increase, together 

with the growing share of other biofuels (i.e. liquid biofuels, biogas, demolition and 

impregnated wood, mixed fuels) and heat pumps. Hydropower, small-scale combustion 

of wood and black liquor represent a significant but relatively stable part among 

renewable sources (Statistics of Finland, 2015b).   

 

Figure 1. Total energy consumption in Finland in 1970 – 2014 (adapted from Statistics Finland 

(2015b)). 

 

The amount of available wastes from forestry, as well as by-products from the chemical 

pulping process is limited by the production capacities of forest and pulp industries. Pulp 

wood chips, bark and sawdust are already in use as raw materials for chemical processes 

or energy production. With continuous increase of demand of biomass for energy 

production, one alternative to overcoming the industry limitations is to develop the 

underutilized biomass fuel potential of such sources as logging residues, stump and root 

wood, and small-diameter energy wood (Karhunen et al., 2014). At the same time, the 

use of these fuel resources is subjected to some uncertainties, mainly concerning the 

relatively high harvesting costs. In addition, comprehensive understanding of the thermal 

behavior of each biomass feedstock, and the major characteristics and overall 



 1.2 Objectives and methods 

 

17 

environmental impact of their use in the long term is rather crucial for proper 

implementation in bioenergy applications. The differences in the chemical structure of 

biomass materials determine their potential with respect to various available treatments, 

and they have to be studied in detail.  

An alternative possibility to increase the energy use of available biomass is to improve 

the properties of the feedstock in order to get higher-value fuel. Torrefaction and 

hydrothermal carbonization (HTC) are pre-treatment processes that improve the quality 

of biomass significantly. Different types of biomass fuels can be subjected to these 

treatments. The produced coal-like solids can substitute coal quite effectively in the 

existing coal-fired plants. Understanding the effect of operational parameters on process 

mass and energy yields is essential for technology improvement and scaling-up of the 

applications. Both processes concern thermal treatment of biomass feedstock, and 

consequently, require a certain amount of heat to be provided. The overall performance 

of the process can be enhanced significantly by heat integration with an already existing 

heat source (e.g. a combined heat and power (CHP) plant).  

In the conditions of Northern Europe, co-generation plants are often backpressure steam 

power plants that fulfil the demands of a district heating (DH) network. As a rule, CHP 

plants are sized for covering approximately 40 - 60% of the peak DH load. The district 

heating demand in the Nordic climate varies significantly during the year, and the full-

load plant operation is limited: CHP plants operate at part load during a considerable part 

of the year, and are typically out of operation during the non-heating season. Therefore, 

integration of that kind of a plant with a process like torrefaction makes it possible to 

utilize the available boiler capacity during the periods of reduced load and increase the 

overall energy efficiency. In addition, biomass-fired CHP plants are excellent candidates 

for such integration, due to the already existing facilities for biomass logistics, storage 

and handling. 

1.2 Objectives and methods 

The main objective of the thesis was to analyse the possibilities of integration of the 

biomass torrefaction process into a CHP plant. In order to obtain comprehensive 

understanding of the whole system, primary factors (both technical and economic) 

affecting the integration have to be indicated and evaluated. Additionally, the effect of 

the chemical properties of biomass and the reaction parameters on thermal decomposition 

must be known for predicting the process yields and comparing with alternative 

technologies, e.g. hydrothermal carbonization. These specified goals were approached by 

answering the following research questions: 

Q1. What is the effect of the chemical composition of biomass on its thermal 

behavior? 

Q2. How to predict the mass and energy yields during HTC and torrefaction and 

model industrial-scale processes? 
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Q3. How does the heat integration of CHP and torrefaction affect the operation of

the integrated plant? 

Q4. What are the effects of the operating mode of the CHP plant and the

torrefaction conditions on the operation of the integrated plant? 

Q5. What are the main economic factors affecting the profitability of the integrated

plant?  

The first question (Q1) was posed to gain better understanding of the connection between 

the composition of biomass and its thermal behavior. The considerable diversity of 

biomass species and the essential differences existing between them require wider 

knowledge on the chemical content of the feedstock (both elementary and structural) to

predict the decomposition behavior during thermal treatments. Paper I presents the results

of thermogravimetric studies of nine different biomasses which chemical structure 

characterized with standard analyses. The effect of alkali metals content and the 

percentage of the main lignocellulosic constituents are illustrated.   

Besides the impact of the chemical composition of the original biomass, the effect of 

certain thermal treatment is naturally determined by the applied operational settings. The 

evaluation of the effect of different reaction parameters on the process performance 

makes it possible to define the optimal conditions for obtaining the desirable quality of

the generated product. Hydrothermal carbonization is a relatively novel method to 

improve the fuel properties of biomass. So far, the available literature covers mainly the 

hydrothermal treatment results of deciduous wood species, herbaceous biomasses, 

various wastes, and non-lignocellulosic materials. Due to differences in chemical 

composition, coniferous wood requires more research with respect to the HTC process. 

Paper II presents experimental results on hydrothermal carbonization of coniferous wood

chips. The dependencies of the mass and energy yields from the process parameters 

(temperature, residence time and the ratio between water and feedstock) are evaluated

and expressed with mathematical correlations (Q2). In Paper III, the same feedstock is 

subjected to torrefaction within the typical reaction conditions in order to compare the

energy densification capability of both pre-treatment methods.  

In Paper IV, the model of the torrefaction process is developed in closer detail on the 

basis of data available in the literature. The prediction of mass and energy yields, as well 

as evaluation of the heat consumption of the torrefaction unit led to developing an 

industrial-scale process model (Q2). Regarding the next research question (Q3), the heat 

integration possibilities of torrefaction and a combined heat and power plant were 

investigated with several possible scenarios. The operation of the torrefaction unit and 

the CHP plant becomes interconnected: while the CHP plant covers the heat requirement

of torrefaction, the generated torrefaction gas and the waste heat from the cooling of the 

torrefied biomass are used in the CHP plant cycle. The heat demand of the torrefaction

unit, as well as the quality and quantity of generated torrefaction gas change with the 

reaction temperature. Therefore, to answer the next question (Q4), all integration cases

were studied within the typical range of torrefaction temperatures. Moreover, the size and
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operational mode of the CHP plant are important aspects of integration that mostly 

determine the potential of integration. Two models of CHP plants were considered: a 

typical large-scale condensing plant operated at a full boiler load and a small-scale 

backpressure plant operated at a reduced district heating load (Q4).   

In order to examine the effect of the plant operation mode on the integrated plant 

performance in detail, the most promising integration schemes for the smaller plant in 

Paper IV are assessed in terms of seasonal changes of DH demand and ambient conditions 

(Q4) in Paper V. The efficiency and profitability of integrated scenarios are evaluated 

with stand-alone and co-located plants. The integration of torrefaction and the CHP plant 

allows using the available boiler capacity during the periods of reduced district heating 

load, and consequently, increases the annual operation hours and energy generation of the 

plant in comparison with a stand-alone CHP plant. At the same time, additional 

investments in the torrefaction unit can be rather significant. Therefore, the revenues from 

the generated products should be sufficient to make the integration beneficial. 

Economical evaluation of integrated and stand-alone plants was carried out with three 

scenarios for electricity market prices and investment costs for the considered plants. In 

addition, sensitivity analysis of the internal rate of return was used to estimate the main 

economic factors that have influence on the profitability of integrated and separate plants, 

answering the last research question (Q5).   

In Table 1, the methods applied in each paper are summarized together with their 

contribution to the research questions.  

Table 1. Summary of contribution of each paper towards the research goals within the research 

framework. 

Research 

framework 
Process aspects Integration aspects 

Research 

question 
Q1 Q2 Q3 Q4 Q5 

Paper I II, III IV V 

Method data analysis 
mathematical 

correlations  

literature 

review and 

modeling 

modeling 

modeling; 

profitability 

calculations 

Resources  
experimental 

results 

experimental 

results; 

literature data 

literature 

data 

models of CHP 

plants and 

torrefaction 

modeling 

results; 

literature 

data 

1.3 Outline of the thesis  

Chapter 2 presents a brief overview of the current state of renewable energy sources in 

Finland and the main aspects of biomass energy use in general. Major structural 

components of lignocellulosic biomass are described shortly with particular accent on the 
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basic differences between two types of woody biomass: softwood (coniferous species) 

and hardwood (deciduous species). The section also summarizes the properties of woody 

biomass concerning its utilization as fuel for energy purposes and the main challenges 

associated with it. Fundamental knowledge and a literature review on recent findings for 

two biomass pre-treatment processes - torrefaction and hydrothermal carbonization - are 

presented to illustrate the possibilities of overcoming the primary drawbacks of biomass 

feedstocks in substituting conventional fossil fuels. 

The results of biomass characterization with respect to thermochemical treatments are 

described in Chapter 3. The differences in the chemical composition of nine biomasses 

(woody and herbaceous) were investigated with proximate and ultimate analyses and 

chemical composition and heating value determination. The obtained data illustrates 

significant dependency between the chemical composition and decomposition behavior 

of the studied biomasses. 

Chapter 4 presents a summary of available information on the effect of process parameters 

during hydrothermal carbonization of biomass. The experimental activities on the HTC 

and torrefaction processes with coniferous biomass applied in this thesis are described 

together with the obtained results. The dependencies of mass and energy yields from 

operational parameters are expressed with mathematical correlations, and the process 

modeling of a torrefaction unit is explained.  

In Chapter 5, previous studies on the integration of biomass pre-treatment technologies 

and other processes with special emphasis on torrefaction integration options are 

summarized. The chapter describes also the CHP plant models applied in the current work 

and explains the developed integration schemes of torrefaction and combined heat and 

power plant together with the obtained results. In addition, the integration scenarios are 

compared on the basis of annual consumption and production of energy streams in the 

frames of the developed multiperiod model for the demands of the district heating 

network.  

Chapter 6 provides the results of economic assessment of torrefaction and a backpressure 

CHP plant. The profitability of integrated and co-located plants is compared. Sensitivity 

analysis of the plant from the point of several economic factors is presented.   

Chapter 7 summarizes the main findings and discusses the scientific contribution of the 

thesis. Finally, sources of uncertainties and suggestions for further research are provided, 

followed by the list of references and publications. 
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2 Literature review 

2.1 Renewable energy in Finland 

The climate and population density, together with the structure of industry and available 

natural resources are the main drivers for determining the development pathways of an 

energy system. A cold climate, low population density, energy intensive structure of 

industry and high standard of living are the key factors  causing high specific energy 

consumption in Finland (245.0 GJ/capita in 2014) (Statistics Finland, 2015a)).  

Imported fossil fuels – such as oil, coal and natural gas – have a significant share in the 

total energy consumption in the Finnish energy system, accounting for almost 40% of the 

total primary energy supply in 2014. On the other hand, renewable energy presents 

domestic energy resources that reduce the dependency from imported energy and improve 

the local economic situation by creating new business and employment possibilities. The 

long-term trend of the energy consumption in Finland presented in Figure 1 confirms the 

growing interest in renewable energy sources, particularly wood-based biomass. 

The total energy consumption mix for Finland in 2014 is demonstrated in Figure 2. 

According to data from Statistics Finland, the consumption of renewable energy 

amounted to 445.3 petajoules (PJ) which represents 32% of total primary energy 

consumption. Bioenergy has a significant share in the overall balance, presenting around 

85% of total renewables. 

 

Figure 2. Total energy consumption in Finland by source in 2014 (adapted from Statistics Finland 

(2015b)). 
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Forest covers about 87% of Finland’s land area (30.4 million ha), agricultural land 

constitutes only 9% (2.8 million ha), and the remaining 4% consists of urban development 

and transportation sites (Karhunen et al., 2014). As a result of intensive forest 

management practices, the growth rate and carbon sequestration are at high levels in 

Finland in spite of the intensive use of wood (Parviainen & Västilä, 2011). Under these 

circumstances, wood energy has significant potential in Finland. Wood-based residuals 

and by-products of industry (e.g. black liquor from the chemical pulping process) 

constitute the major energy resources among other bioenergy streams. Traditional use of 

firewood (heating with wood-burning stoves) is also an important source of bioenergy in 

Finland.  

2.2 Bioenergy 

Biomass includes a wide variety of organic materials in which solar energy is stored 

within the chemical bonds of their structural components (McKendry, 2002). This term 

combines various types of materials: wood-based biomass, herbaceous biomass, aquatic 

plants, and plant-derived feedstock, including also biodegradable wastes (manure and 

organic wastes). These streams can be transformed into three main categories of product: 

heat/electrical energy, transport fuel and chemicals. 

Biomass has unique potential among the other renewable energy sources of providing 

solid (coal-like products), liquid (biodiesel, bioethanol, pyrolysis oil) and gaseous 

(biogas, syngas) energy streams similar to ones obtained from fossil fuels (Basu, 2010a). 

Thermo-chemical and bio-chemical/biological conversion pathways are usually 

distinguished. Thermo-chemical conversion processes mainly include direct combustion, 

pyrolysis and gasification. As a rule, thermo-chemical processes have higher efficiencies 

than biological ones and they have higher ability to convert most organic compounds 

(Zhang et al., 2010). 

In general, the principal types of harvested biomass include lignocellulosic (non-cereal), 

starch and sugar (cereal) materials. The attention paid to specific woody/herbaceous types 

varies quite significantly worldwide and is mostly determined by local climate conditions 

(McKendry, 2002). In the Northern European region, lignocellulosic biomasses (mainly 

wood-derived products) are in the focus of interest. 

2.3 Biomass components 

The relatively wide variation of woody plants can be divided into two broad classes: 

hardwood (deciduous species, e.g. oak, willow, beech, eucalyptus) and softwood 

(coniferous species, e.g. pine, spruce, larch). The basic structural components of wood 

(cellulose, hemicellulose and lignin) are contained in different amounts in hardwood and 

softwood (Table 2). Softwood has usually a higher content of lignin than hardwood, while 

hardwood has a bigger share of hemicellulose, cellulose and extractives. Besides the 

varying quantities of structural components, hardwood and softwood differ from each 
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other in the chemical structure of these components and the resulting thermal 

decomposition. This issue will be discussed in detail below. 

Table 2. Structural composition of some hardwood and softwood species (in wt%).  

Wood type Cellulose Hemicellulose Lignin Extractives 

Hardwooda 43 – 48 27 – 35 16 – 24 2 – 8 

Beechb 45.2 32.7 22.1 1.1 

Birchb 50.2 32.8 17.0 3.0 

Softwooda 40 – 44 24 – 29 26 – 33 1 – 5 

Spruceb 43.6 27.4 29.0 1.8 

Pineb 48.1 23.5 28.4 3.9 
a  Average values on dry and ash-free basis. Source: (Demirbas, 2009). 
b Values are on dry ash-free and extractives-free basis. The extractives content is given on dry 

ash-free basis. Source: (Vassilev et al., 2012). 

2.3.1 Cellulose 

Cellulose is a predominant component for most of biomass species, and it provides 

mechanical strength and chemical stability for the plant. It presents a long chain linear 

polymer with a high degree of polymerization (Nhuchhen et al., 2014).  

The hydroxyl groups (OH) that are present in the chain increase its ability to form 

intramolecular and intermolecular hydrogen bonds. These bonds allow the forming of 

microfibrils – long thin threads of cellulose - that provide the skeletal structure for plants. 

The hydroxyl groups are also responsible for the hydroscopic behavior of biomass 

(Hayes, 2013; Nhuchhen et al., 2014).   

The crystallinity of cellulose is an additional factor that causes the differences between 

soft- and hardwood species. The value of crystallinity (the relative proportion of 

crystalline and amorphous regions in cellulosic fibrils) may vary significantly within the 

wood species and parts of the plant itself. It has been found that the content of stable 

crystalline cellulose is higher in softwood than in hardwood (Wikberg, 2004). 

2.3.2 Hemicellulose 

The second main chemical component of wood – hemicellulose – represents a family of 

polysaccharides such as xylans, gluco-mannans and other amorphous polymers. These 

polymers have a lower degree of polymerization in comparison with cellulose: the 

structure is slightly branched and amorphous. Because of its morphology, hemicellulose 

is the least stable among the biomass cell components (Hayes, 2013; Nhuchhen et al., 

2014).  

The composition of hemicelluloses and, as a result, the character of decomposition differ 

rather significantly between hardwood and softwood. While xylan represents the main 
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component of hardwood hemicellulose, mannan is the major component in softwood 

hemicellulose (Verhoeff et al., 2011). 

2.3.3 Lignin 

Lignin is a universal term for a large group of aromatic polymers. It is a complex high 

molecular weight three-dimensional polymer (Hayes, 2013; Nhuchhen et al., 2014). 

Lignin is an important structural component in biomass, as it provides strength to the cell 

structure, assures the sealing for water- and nutrients-conducting system within the plant, 

and protects it from degradation (Hayes, 2013).  

The lignin structures of softwood and hardwood species differ significantly. Softwood 

lignin consists mainly of coniferyl alcohol units, while in hardwood lignins, both sinapyl 

and coniferyl can be found (Harmsen et al., 2010; Hayes, 2013).  

2.3.4 Extractives and ash 

Besides the abovementioned macromolecules, a large amount of various extractives can 

be found in biomass. As a rule, the extractives are species-specific and play a certain role 

in the metabolic processes within the plant (Hayes, 2013). Woody biomass usually 

contains insignificant amounts of starches and simple sugars. At the same time, the 

extractives may include some quantities of tall oil, esters, terpene acids, and fatty acids, 

which can lead to certain problems in subsequent applications of biomass (Demirbas, 

2009).  

Ash presents the inert and non-combustible part of biomass. The amount of ash depends 

highly on the biomass type, the stage of growth and the conditions of growing. Typically, 

herbaceous crops have a higher content compared to woody biomass. It has been reported 

(Demirbas, 2009; Hayes, 2013) that the ash content for wood species is generally on the 

level of 0.5%. 

2.4 Biomass characteristics 

Thermochemical conversion of biomass for energy purposes offers significant benefits. 

Both the chemical and physical characteristics of biomass determine its value as feedstock 

for energy production. Heterogeneity of the properties is an inherent feature of biomass 

materials. The chemical composition, bulk density, moisture and, as a result, the heating 

value of biomass may vary significantly depending on the season or place of origin. In 

comparison with fossil fuels, biomass differs primary in its higher oxygen, lower carbon, 

lower sulfur and higher moisture content, resulting in lower levels of heating value 

(Jenkins et al., 1998; Zhang et al., 2010). Additionally, certain problems with fuel 

preparation in the case of biomass (poor grindability, possible degradation during storage, 

ash-related issues) complicate the utilization of biomass along with coal at conventional 
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coal-fired power plants. Changes of the chemical and physical properties of biomass may 

lead to process problems and should be monitored and kept within acceptable limits.  

2.4.1 Energy content  

The heating value of fuel is determined by such factors as chemical composition and 

moisture content. As for biomass feedstock, the heating values are generally slightly over 

half of that of coal (Baxter, 2005). The energy content of biomass can be simply evaluated 

with commonly used atomic ratios between carbon, hydrogen and oxygen contents in the 

fuel. The van Krevelen diagram presented in Figure 3 illustrates the ratios of oxygen and 

hydrogen to carbon for a range of various fuels from biomass to peat, lignite, coal and 

anthracite. Figure 3 presents also the ratios for lignin, cellulose and wood on average.  

 

Figure 3. van Krevelen diagram for various solid fuels (Prins et al., 2007). 

 

The comparison of biomass with coal clearly confirms certain differences in their 

chemical structure: biomass has significantly higher ratios of H/C and O/C than fossil 

feedstocks. In contrast to coal, which represents the product of a natural carbonization 

process (coalification), carbon in biomass is predominately contained in a partly oxidized 

mode, which reduces the total carbon concentration. As a result of the lower energy 

content in carbon–oxygen and carbon–hydrogen bonds than in carbon–carbon bonds, 

biomass fuels have lower energy values than coal (McKendry, 2002). 

2.4.2 Proximate analysis 

The determination of volatile matter, moisture, ash content, and fixed carbon is termed as 

proximate analysis of the fuel. Knowledge of these characteristics brings important 
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information about the aspects of fuel combustion or other processing pathways 

(McKendry, 2002).  

Water in the fuel requires additional energy for its evaporation during thermal conversion, 

and consequently decreases the available energy of the feedstock. Two different forms of 

moisture in biomass can be distinguished: free, or external, and inherent, or equilibrium 

moisture. Inherent moisture is the amount of water that the biomass naturally contains 

and which is absorbed within the biomass cell walls. Inherent moisture depends on the 

relative humidity, while free moisture is influenced by the weather conditions at the time 

of harvesting or storage (Basu, 2010b; McKendry, 2002). The high moisture content of 

biomass fuels is a general problem for most applications of biomass. This content 

normally varies within a wide interval of 3 – 63% (Baxter, 2005; Vassilev et al., 2010) 

and can be even as high as 80% (e.g. in leaves, inner bark or shoots (Werkelin et al., 

2005), whereas the moisture of peat and coal is commonly in a more narrow range, up to 

20%. 

The content and composition of ash or inorganic matter in biomass depends highly on the 

type of plant and the conditions of growing. The ash content reduces the heating value of 

the fuel proportionally, and in the case of thermochemical conversion, ash can cause 

certain operational problems (Basu, 2010b; Demirbas, 2009; McKendry, 2002). 

Compared to coals, the relatively low ash content of biomass fuels (more typical for 

woody biomass) is a beneficial feature. Agricultural biomass has higher ash yields, and 

consequently much more ash-forming constituents (Ca, Mg, K, Mn and P) than woody 

biomass (Vassilev et al., 2010). At the same time, due to the natural processes of minerals 

uptake and element transport within the tree, the concentration of ash-forming elements 

varies significantly in the parts of the tree (Werkelin et al., 2005). It has been confirmed 

by experiments with Scandinavian woods, published by Werkelin et al. (2005) that the 

ash content in the bark and foliage (shoots and deciduous leaves) is much higher than in 

the stem: up to 7 – 8% in comparison to 0.2 – 0.7%, respectively. The bark is characterized 

with a much higher content of Ca and K elements than stem wood. As for shoots and 

leaves, they have the highest K, P and S contents. Moreover, the presence of alkali metals 

in biomass ashes results in the low ash-fusion temperatures, leading to fouling and 

slagging during combustion (Vassilev et al., 2010). 

The knowledge of volatile matter and fixed carbon contents makes it possible to estimate 

the capability of biomass to be ignited and subsequently oxidised (in the case of 

combustion) or gasified (in the case of gasification and pyrolysis) (McKendry, 2002). 

Measured under standard conditions, these two parameters give a possibility to evaluate 

the combustion properties of different fuels. Biomass materials are usually characterized 

by a higher content of volatiles than coals, and have therefore lower ignition temperatures 

(Basu, 2010b). The ratio between the volatile matter and the fixed carbon for biomass 

materials is typically >4, while the typical values for coals are always <1 (Tillman, 2000). 

These fundamental differences between biomass and coal result in certain variations in 

their combustion behavior: the combustion of high volatile biomass presents more rapid 



 2.5 Biomass upgrading 

 

27 

process with the predominance of “flaming” combustion of volatiles and requires higher 

furnace volumes to assure complete combustion (Vassilev et al., 2015). 

2.4.3 Particle size 

The limited grindability of biomass feedstock is one of factors that restricts the 

introduction of biomass in large-scale applications (Verhoeff et al., 2011). The tenacious 

and fibrous nature of woody biomass makes it difficult and expensive to grind to the 

powder state. As a rule, the particles of biomass have a more irregular shape and much 

larger sizes than pulverized coal (Grammelis et al., 2011; H. Lu et al., 2010). Generally, 

it can be unfeasible to reduce the size of biomass particles to the same size as those of 

coal (Grammelis et al., 2011). At the same time, the particle size affects the heat transfer 

within a particle to a great extent: with small particles the heating occurs rapidly, while 

larger ones require a longer time and the appearing temperature gradient may have an 

effect on the conversion process. 

2.5 Biomass upgrading  

Untreated wood is typically characterized by low bulk density and relatively low energy 

content compared to coal. As a result, the energy density (the quantity of energy stored 

per unit volume) for biomass materials is only 10 – 40% of that of most fossil fuels (Zhang 

et al., 2010). Energy density is an important parameter that affects the handling, storage 

and transportation costs of the fuel. Biomass upgrading technologies (such as pelletizing, 

briquetting, torrefaction, hydrothermal carbonization) can be applied to convert raw 

biomass to a product with higher energy density and improved handling characteristics. 

While pelletizing and briquetting mainly change the physical characteristics of the 

feedstock, torrefaction and hydrothermal carbonization make it possible to enhance not 

only the mechanical but also the chemical properties of biomass. Pre-treatment techniques 

improve the overall efficiency of the biomass utilization chain, and also make it possible 

to use low quality biomass streams for energy conversion and to meet the requirements 

of conventional conversion processes (Klemm et al., 2013).  

2.5.1 Pelletizing and briquetting 

The densification of biomass brings valuable benefits, such as increased bulk density 

(lowering transport expenses), improved combustion properties by making a more 

uniform fuel stream, decreased material losses, and more stabilized quality of fuel mixes 

(Klemm et al., 2013).  

Briquetting is a common and relatively simple practice for producing a standardised 

biomass. Typical wood briquettes are 40 – 100 mm in diameter with length up to 40 cm 

(Klemm et al., 2013). The process does not require previous chopping and milling steps, 

and punch-and-die or extrusion presses are usually used. Generally, additional binding 

agents are not needed for biomass briquetting. The released heat from the friction between 
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the feedstock particles and the press mould activates the binding forces between the 

biomass particles (Grammelis et al., 2011; Klemm et al., 2013). 

A similar physical principle is applied in pelletizing. As a rule, the pellets are 0.5 – 3 cm 

long and cylindrical (6 – 8 mm in diameter) and are produced with a pellet press (or pellet 

mill) from sawdust or other kinds of dry milled biomass feedstocks (Nielsen et al., 2010). 

The raw material for pelletizing needs to be ground and it can be specially conditioned 

by adding water, some binders and additives, by preheating, or by steam addition (Klemm 

et al., 2013). 

The chemical composition and properties of the raw material determine to a great extent 

the quality of pellets and briquettes. The effect of milling technology and additional 

processing is relatively smaller (Klemm et al., 2013). With respect to wood pellets from 

forest residues, the technology is quite successfully established, together with already 

available markets of production and consumption (Gilbert et al., 2009). Pelletizing does 

not only provide a uniform and stable-quality fuel, but also enables free flowing of the 

fuel, which improves material handling and minimizes dust formation (flow control is 

important for fuel loading/unloading operations, resulting in the reduction of dust) 

(Klemm et al., 2013; Uslu et al., 2008). 

It has been found that the extractives in raw materials act as agents in the pelletizing 

processes (work as lubricants), reduce the energy requirements for the pelletizing process, 

and consequently, increase the capacity of pellet mills. On the other hand, the extractives 

have a negative effect on the pellet strength by preventing close contact between the 

bonding sites of the lignocellulosic particles (Nielsen et al., 2010). Bergman (2005) 

mentions that lignin acts as a binding agent as well, and for this reason, softwood is 

preferred over hardwood for pelletizing.  

It has been found in several studies that storing pellets over long periods will lead to 

deterioration of their properties (Alakoski et al., 2016; Lehtikangas, 2000; Verhoeff et 

al., 2011). Investigation on changes in the quality of pellets during 5 months of storage 

in large bags indicated a negative effect on fuel durability, especially concerning pellets 

from fresh materials (the highest hygroscopic tendency was observed). In addition, all 

studied pellets showed a tendency to obtain equilibrium moisture with ambient humidity 

(Lehtikangas, 2000).  

To conclude, although the densifying of biomass materials brings certain advantages in 

comparison with raw feedstock, the moisture uptake and degradability of biomass pellets 

during storage make it relatively complicated to use them in a large scale or replace fossil 

fuels at the existing plants. In addition, the heating that occurs in pellet piles due to the 

degradation processes leads to gaseous emissions, which decreases the quality of the 

pellets and results in dry-matter losses (Alakoski et al., 2016; Arshadi et al., 2009; 

Lehtikangas, 2000; Pa & Bi, 2010). According to Melin (2010), with the presence of a 

certain amount of wood dust, these heating processes can lead to a serious fire hazard.  
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2.5.2 Torrefaction 

Torrefaction is a method for improving not only the physical but also the chemical 

properties of biomass feedstock. Torrefaction is a thermal treatment performed at 

temperatures 200 – 300 ºC in the absence of oxygen, with residence times from 30 min 

to a couple of hours. The process involves decomposition of biomass components, during 

which various types of volatiles are liberated, while the remaining solids (torrefied 

biomass or biocoal) are the main resulting product of the process. It has been reported by 

Bergman et al. (2005b) and Prins et al. (2006b) that the share of the solid product is 

around 60 – 80% of the initial mass with approximately 70 – 90% of the initial energy 

content. The volatile fraction consists of a condensable and a non-condensable part. The 

amount of generated gaseous products increases with the torrefaction temperature (Prins, 

Ptasinski, & Janssen, 2006b). Typically, torrefaction gas consists of carbon dioxide, 

carbon monoxide, water vapour, some hydrogen, methane, and organic compounds (e.g. 

acetic and formic acids). The released torrefaction gas can be combusted to cover a part 

of process heat requirements. It has been noted that the ratio of carbon dioxide to carbon 

monoxide decreases with reaction time, and this confirms that carbon monoxide is formed 

in a secondary reaction of CO2 and H2O with porous char (Prins, Ptasinski, & Janssen, 

2006b).  

The actual torrefaction process starts with thermal decomposition of biomass components 

when the reaction temperature exceeds 200 °C (Bergman et al., 2005b). Low-temperature 

(below 250 °C) and high-temperature (above 250 °C) torrefaction are generally 

distinguished. The difference between these regimes is that the reactivity of the biomass 

components varies significantly with the temperature (Chen & Kuo, 2010). The low-

temperature regime is mainly characterized by hemicellulose decomposition, while at 

higher temperatures, the reactivity of lignin and cellulose becomes more noticeable.  

The wide range of concurrent and consecutive chemical reactions that occur during 

torrefaction can be grouped into several decomposition regimes, as described by Bergman 

et al. (2005b). The decomposition of hemicellulose contributes the main share of the solid 

mass loss during torrefaction in comparison with other polymers. As the most reactive 

component, hemicellulose is subjected to limited devolatilization and carbonisation 

already below 250 °C. The reactivity of hemicellulose is strongly determined by its 

chemical structure.  

As mentioned above, the chemical compositions of softwood and hardwood species differ 

notably. The differences in the decomposition of softwood and hardwood hemicelluloses 

have been observed by several researchers (Bergman et al., 2005b; Prins, Ptasinski, & 

Janssen, 2006b; Verhoeff et al., 2011). Xylan-based hemicelluloses of deciduous species 

typically have the maximum rate of decomposition around 250 – 280 °C and, as a rule, 

show higher weight loss than mannan-based hemicelluloses (Prins, Ptasinski, & Janssen, 

2006b; Verhoeff et al., 2011). Depolymerization of hemicelluloses results in the 

destruction of the hemicellulose matrix, which bonds the cellulose fibers in 
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lignocellulosic materials, and consequently, leads to the loss of the tenacious nature of 

the biomass after torrefaction (Bergman et al., 2005a). 

Thermal degradation of more stable lignin takes place over a wider range of temperatures. 

At temperatures below 200 °C, thermal softening of lignin occurs, which is a beneficial 

phenomenon for biomass densification (Bergman et al., 2005b). Lignin devolatilization 

and char formation start in the temperature region higher than 260 °C. As mentioned 

above, the structure and the composition of lignin is different for hardwood and softwood 

species (Wikberg, 2004), and thus different weight loss rates are expected. Müller-

Hagedorn et al. (2003) conclude that coniferous lignin is thermally more stable than 

deciduous lignin. 

The transitions between the decomposition regimes in the case of cellulose and to a lesser 

extent lignin are rather gradual in comparison with hemicelluloses. Cellulose as the most 

thermostable component shows limited mass loss within the torrefaction temperatures. At 

lower temperatures, the chemical changes in the structure due to the depolymerization of 

cellulose decrease the length of individual cellulose chains (Bergman et al., 2005a; 

Verhoeff et al., 2011). With temperature increase, limited carbonization and 

devolatilization of cellulose start to occur. The higher share of more stable crystalline 

cellulose in coniferous plants lowers their level of decomposition (Verhoeff et al., 2011; 

Wikberg, 2004). 

2.5.3 Hydrothermal carbonization 

Hydrothermal carbonization presents an alternative way to convert biomass into higher 

energy density material. In a process that has started to be developed relatively recently, 

biomass in a mixture with water is kept in a closed system within a typical temperature 

range between 180 − 250 °C for a certain period of time (Bach & Skreiberg, 2016; Kambo 

& Dutta, 2015). Heating the biomass mixture with water in a closed vessel generates 

pressure that corresponds to the saturation vapour pressure of water at a given reaction 

temperature. This treatment has significant potential in upgrading materials with a high 

moisture content without preliminary drying (Basso et al., 2016; Benavente et al., 2015).  

Hydrothermal carbonization results in three main products: solid (usually referred to as 

hydrochar), liquid (aqueous soluble compounds) and gaseous products (Kambo & Dutta, 

2014). While carbon dioxide dominates upon other gas species (over 90% is CO2), small 

shares of carbon monoxide, hydrogen and low-molecular weight hydrocarbons can be 

also detected (Yan et al., 2010; Hoekman et al., 2012). The liquid product consists mostly 

of various monosaccharides, furfural derivatives and organic acids (Yan et al., 2010). 

Experiments done by Hoekman et al. (2012) showed that simple five-carbon and six-

carbon sugars were obtained in the highest concentrations at low reaction temperatures 

(≤215 °C), while their degradation products (e.g. furfural) had the highest concentrations 

at 215 – 255 °C. The yields of organic acids increased consistently from low to high 

temperature levels. 
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The properties and distribution of the generated products depend significantly on the 

process conditions. Yan et al. (2009) report that the solid product contained about 55 – 

90% of the mass and 80 – 95% of the energy value of the original biomass. The share of 

the gas product was about 10% of the original biomass, while the rest was aqueous 

solubles.  

Several groups of researchers (Funke & Ziegler, 2010; Kambo & Dutta, 2014) have found 

that the reaction mechanisms of biomass component degradation in the case of HTC is 

rather similar to those in torrefaction. At the same time, the degradation and 

depolymerisation of cell components are mainly dominated by hydrolysis, dehydration, 

decarboxylation, aromatization, and recondensation reactions (Funke & Ziegler, 2010). 

The HTC process mechanism is initiated by hydrolysis characterized by a lower 

activation energy level for hemicellulose and cellulose, favoring their decomposition. The 

fundamental difference between the reactions during HTC and torrefaction results from 

the presence of saturated water in the case of the former. Libra et al. (2011) emphasize 

that the extent of degradation of biomass polymers (i.e. hemicellulose, cellulose and 

lignin) depends notably on the reaction medium in which the process is performed. It has 

been found by Bach & Skreiberg (2016), Libra et al. (2011) and Yan et al. (2010) that the 

main biomass components become less stable under hydrothermal conditions: 

hemicelluloses decompose in the range 180 – 200 °C, most of the lignins between 180 

and 220 °C, and cellulose already above 220 °C.  

2.6 Improvement of biomass during torrefaction and HTC 

2.6.1 Fuel properties 

During the torrefaction process, the biomass devolatilizes partly, resulting in certain mass 

loss. However, since the original energy content of the feedstock is mainly preserved in 

the solid product, torrefied biomass has higher energy density than the original material. 

Data from proximate and ultimate analyses for several biomasses is summarized in Table 

3 (the values are presented as weight percentage). Torrefaction produces a solid fuel with 

increased carbon content and decreased oxygen content. The process results in fuel with 

decreased volatiles content and increased fixed carbon share. The effect becomes more 

significant at higher reaction temperatures.  
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Table 3. Proximate and ultimate analyses for original biomasses and torrefied samples. The 

values for ultimate analysis are on the dry basis. 

Material 

Reaction 

conditions 

Ultimate analysis         

[wt%] 

Proximate analysis 

[wt%] 

T [°C] t [min] C H O N S MC VM FC AC 

Loblolly pinea 

- - 50.3 6.0 43.4 0 0 3.6 83.7 12.3 0.4 

250 80 50.7 6.2 42.9 0.12 0 0 87.7 11.8 0.5 

300 80 54.8 5.9 39.1 0.14 0 0 82.3 17.0 0.7 

Miscanthusb 
- - 46.7 6.0 45.3 0.2 0 - 87.5 11.7 0.8 

260 30 49.6 5.7 42.2 0.1 0 - 84.8 14.2 0.9 

Logging 

residuesc 

- - 47.3 6.2 45.2 0.4 n/r 7.9 82.2 16.1 1.8 

250 30 50.2 6.1 41.0 0.3 n/r 2.7 78.2 20.4 1.5 

300 30 66.1 4.9 27.3 0.5 n/r 2.4 52.9 44.8 2.3 

T: reaction temperature; t: residence time; C: carbon; H: hydrogen; O: oxygen; N: nitrogen; S: 

sulfur; VM: volatile matter; AC: ash content; MC: moisture content; FC: fixed carbon; n/r – not 

reported. 
a Source: (Yan et al., 2009). 
b Dry basis for proximate analysis. Source: (Kambo & Dutta, 2015). 
c VM, FC and AC are on dry basis; MC is on wet basis. Source: (Phanphanich & Mani, 2011). 

 

The energy content of torrefied biomass increases significantly with the reaction 

temperature. Figure 4 presents the higher heating values (on the dry basis) of several 

biomass materials before and after torrefaction in the range of typical reaction 

temperatures. The residence time was 30 min in all presented tests. Among the considered 

woody biomasses, torrefaction of logging residues and pine chips (Phanphanich & Mani, 

2011) reveals quite rapid growth of higher heating value (HHV) at 300 °C. A rather 

significant increase of energy content can be also noticed for the cotton stalk (Wang et 

al., 2011). 

 

 

Figure 4. Effect of torrefaction temperature [°C] on the heating value of selected biomasses 

(adapted from Bridgeman et al., 2008; Phanphanich & Mani, 2011; Wang et al., 2011). In all tests 

the residence time was 30 min. The green bars indicate the original energy content. 
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The results of proximate and ultimate analyses for a range of biomass materials before 

and after hydrothermal carbonization in weight percentage are given in Table 4. The tahoe 

mix is a mixture of Jeffrey pine and white fir (Hoekman et al., 2012). Similarly to 

torrefaction, the HTC process leads to the reduction of oxygen and enrichment of carbon 

content in the pretreated biomass. The changes in hydrogen are relatively small.  

 
Table 4. Proximate and ultimate analyses for hydrochar samples and original biomass. 

Material 

Reaction 

conditions 
Ultimate analysis [wt%] 

Proximate analysis 

[wt%] 

T 

[°C] 

t 

[min] 
r [-] C H O N S MC VM FC AC 

Loblolly 

pinea 

- - - 50.3 5.97 43.4 0 0 3.6 83.7 12.3 0.4 

200 5 5:1 54.7 6.0 39.1 0.14 0 1.3 87.1 12.4 0.5 

260 5 5:1 72.1 4.9 22.9 0.16 0 1.3 73.2 26.3 0.5 

Miscanthusb 

- - - 46.7 6.0 45.3 0.2 0 - 87.5 11.7 0.8 

190 5 6:1 48.8 5.9 44.7 0.2 0 - 83.3 15.7 0.5 

260 5 6:1 61.2 5.3 31.6 0.4 0 - 68.9 30.3 0.9 

Tahoe mixc 

- - - 49.0 5.9 43.3 0.1 n/d  

175 30 8:1 51.0 5.8 42.6 0.02 n/d n/r 

275 30 8:1 70.1 5.2 23.4 0.14 n/d  

Spruced 

- - - 50.3 6.2 43.4 0.1 <0.02 - 86.5 13.3 0.2 

175 30 5:1 51.3 6.2 43.4 0.1 n/d - 85.7 14.2 0.1 

225 30 5:1 56.9 5.9 37.1 0.1 n/d - 72.7 27.1 0.2 

Birchd 

- - - 48.9 6.3 44.6 0.1 <0.02 - 89.5 10.3 0.3 

175 30 5:1 49.4 6.4 44.1 0.1 n/d - 88.6 11.3 0.1 

225 30 5:1 56.9 5.9 37.1 0.1 n/d - 72.3 27.5 0.2 

T: reaction temperature; t: residence time; r: water to biomass ratio; C: carbon; H: hydrogen; O: 

oxygen; N: nitrogen; S: sulfur VM: volatile matter; AC: ash content; MC: moisture content; FC: 

fixed carbon; n/r – not reported; n/d – not detected. 
a Dry basis for ultimate analysis. Source: (Yan et al., 2009). 
b Dry basis for ultimate and proximate analyses. Source: (Kambo & Dutta, 2015). 
c Dry basis for ultimate analysis. Source: (Hoekman et al., 2012) 
d Dry basis for proximate analysis, dry and ash free basis for ultimate analysis. Source: (Bach et 

al., 2013) 

It can be noticed that hydrothermal carbonization leads to more significant alterations in 

elemental composition than torrefaction. However, the reaction temperature, in the same 

way as with torrefaction, determines the extent of decomposition, and consequently, the 

characteristics of the resulting product. Rather small changes in the elementary 

composition occur below 200 °C for all presented materials. At the same time, a higher 

reaction temperature leads to dramatic changes. The same trend can be seen for volatiles 

and fixed carbon evolutions with temperature increase. Some researchers (Bach et al., 

2013; Bach & Skreiberg, 2016; Reza et al., 2013) have reported on the possibility of 

decreasing the ash content after hydrothermal treatment. This refers to the dissolving and 
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subsequent washing out of some part of inorganics in  appropriate reaction conditions. 

No consistent trend confirming this finding was observed in the selected data.  

As can be expected, the energy content of hydrochars increases with the reaction 

temperature. Figure 5 shows the higher heating values of six different biomasses 

investigated within a range of HTC reaction temperatures. The residence time was 30 min 

in all experiments. It can be noticed that woody feedstocks result in more significant HHV 

increase at higher temperatures compared to the herbaceous biomasses. 

 

Figure 5. Effect of HTC reaction temperature [°C] on the heating value of selected biomasses 

(adapted from Hoekman et al., 2012). In all tests the residence time was 30 min. Green bars 

indicate the original energy content of the corresponding biomass. 

2.6.2 Grindability 

Torrefaction has a noticeable effect on the grindability of biomass. The Energy Research 

Centre Netherlands (ECN) investigated the grindability of several biomass feedstocks 

(woodcuttings, demolition wood and willow), before and after torrefaction, and made a 

comparison with coal (Bergman, 2005; Bergman et al., 2005a; Bergman et al., 2005b). 

Experiments on size reduction indicated that the power consumption for grinding was 80 

- 90% lower for the torrefied biomass than for the raw biomass. When compared to 

untreated biomass, mill capacity (in kW of processed biomass) increase of 6.5 times is 

possible with torrefied material (Bergman et al., 2005a). It was found that the size 

reduction characteristics for all pre-treated biomass materials became similar to those of 

coal. At the same time, the improvements were achievable only when the reaction 

temperature was higher than 250 °C, due to insufficient hemicellulose decomposition at 

lower temperatures. The grinding properties of willow after torrefaction at 230 °C were 

comparable with bone-dried biomass. In addition, the temperature increase above 250 °C 

did not lead to further reduction of power consumption, and all the studied biomasses 

exhibited quite similar grinding characteristics (Bergman et al., 2005a). 
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Arias et al. (2008) studied the effect of torrefaction on the grindability of eucalyptus in 

the temperature range of 240 – 280 °C. There was a notable improvement in the size 

reduction characteristics of the torrefied feedstock compared to the original material: 

while the grinding of eucalyptus in the cutting mill produced a mixture of both particles 

and fibers, only isolated particles with a higher share of fine and more spherical fractions 

were obtained after torrefaction.  

Another group of researchers (Phanphanich & Mani, 2011) investigated the effect of 

torrefaction on the fuel characteristics of pinewood and logging residue chips. They found 

a linear relation between the specific grinding energy consumption for torrefied biomass 

and the reaction temperature. At reaction temperatures close to 300 °C, the specific 

energy consumption for the grinding of treated biomass was reduced up to ten times for 

pinewood chips and up to six times for logging residues compared to the original 

biomasses. In addition, the average particle size of the ground torrefied biomass was 

decreased with the increase of the torrefaction temperature. The shape of the pine chip 

particles was improved also: the calculated sphericity (value of roundness) was increased 

from 0.48 (untreated) to 0.62 (torrefied at 300 °C). On the other hand, no changes in 

particle shape for logging residues were observed.  

Hydrothermal carbonization also improves the grinding properties of biomass. HTC 

experiments with miscanthus reported by Kambo and Dutta (2015) showed that the 

grindability of hydrochar increased with the reaction temperature. The grindability of 

samples obtained after HTC tests at 260 °C was found much higher than the grindability 

of biomass torrefied at the same temperature: the value was similar to the results for coal. 

Tremel et al. (2012) studied the properties of hydrothermally carbonized beech wood 

(210 °C, 3 hours residence time) with respect to subsequent gasification. All the 

considered pulverizing procedures (pin mill, planetary mill and cross hammer mill) 

confirmed the suitability of hydrochar for milling to a small particle size. In order to 

compare with conventional material, Rhenish lignite was milled in a cross hammer mill. 

The results indicated rather similar particle size distribution for both fuels. In addition, 

ground hydrochars were reported to have a significant share of spherical shaped particles.  

Norway spruce and birch were hydrothermally treated by Bach et al. (2014) in the 

temperature range of 175 – 225 °C for 10, 30 and 60 min. The results showed that the 

specific grinding energy decreased notably with temperature with the highest reduction 

of 13.3 and 16 times for spruce and birch torrefied at 225 °C, respectively. Additionally, 

it was noticed by Bach & Skreiberg (2016) that hydrothermal carbonization increased the 

weight percentage of fine particles after grinding. Not only the reaction temperature but 

also the residence time affected the grindability of biomass after HTC, but the effect of 

the residence time was less pronounced, however. 
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2.6.3 Densification 

Bergman (2005) reports that the mechanical strength of torrefied pellets (TOP) assessed 

by means of crushing tests was significantly higher compared to traditional pellets: 

torrefied pellets were able to withstand 1.5 – 2.5 times higher pressure. In the ECN 

experiments for TOP process described by Verhoeff et al. (2011), torrefied willow was 

efficiently pelletized at elevated temperatures (200, 225 and 260 °C). The results on pellet 

density and strength showed that severe torrefaction (high reaction temperature and long 

torrefaction time) made it complicated to produce strong pellets, while mild reaction 

conditions led to lower water resistance but higher density of the pellets. Furthermore, it 

was noticed that only high pelletizing temperatures (20 – 30 °C below the applied 

torrefaction temperature) resulted in high pellet densities. 

The findings described above can be confirmed by analysis of the results from other 

studies on the densification of torrefied materials. Several papers indicate rather high 

friability of biomass after torrefaction, which complicates proper densification. Li et al. 

(2012) report on increased energy consumption for the pelletizing of torrefied sawdust in 

comparison with untreated biomass, even though the die temperature was kept up to 170 

°C for both. They also note that the pellet hardness decreased with the severity of the 

torrefaction process. Another group of researchers found that pellets from torrefied 

miscanthus were quite weak in strength and durability compared to pellets from untreated 

biomass (Kambo & Dutta, 2014). Pellet die was maintained on the level of 100 °C in 

these tests. 

Li et al. (2012) explain the reduction of pellet density with the increase of torrefaction 

severity by changes in the structure of biomass components. Lignin acts as a natural 

binder in the pellets, which softens at high temperatures and therefore increases the 

hardness of the pellet. At the same time, a high percentage of lignin can result in excessive 

brittleness of the pellets (Kambo & Dutta, 2014). Kaliyan and Morey (2009) report that a 

lignin content higher than the threshold level of 34% in wood samples reduces the 

durability of pellets. While torrefaction mainly affects the hemicelluloses in biomass, the 

lignin content of torrefied biomass can be 10 – 15% higher than in the original material 

(Bergman, 2005).  

With regard to HTC, experiments by Yan et al. (2014) indicated that hydrochar can be 

easily formed into dense pellets without an additional binding agent. The sample 

temperature was maintained at 140 °C during the pelletizing process. The results showed 

that the density of the pellet mass and the corresponding volumetric energy density 

increased with the HTC temperature. It is reported by Bach and Skreiberg (2016) that 

since hydrothermal carbonization does not affect the nature of lignin, hydrochar is more 

compressible than raw biomass, and the pellets have increased mechanical strength. 

At the same time, several researchers have reported on the inverse relation of HTC 

reaction temperature and the strength of the pellets at high carbonization temperatures. In 

order to evaluate the possible changes of pellet quality during logistic procedures, tests 
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on compression strength and pellet durability were performed and reported by Kambo 

and Dutta (2014). It was shown in their study that while at lower temperatures (between 

190 and 225 °C), the durability of pellets with reaction temperature, at higher 

temperatures the durability decreased (became even lower than that of untreated 

biomass). Fine particles that were produced in significant amounts at a high HTC 

temperature had a tendency to shatter into a powder with external impact. The 

compressive strength of pellets had a similar relation to the reaction temperature. Reza et 

al. (2012) report that the measured ultimate compressive strength of pellets (which is the 

maximum load that a pellet can sustain without any crack) produced from hydrothermally 

carbonized loblolly pine chips decreased with the increasing HTC temperature: it was 2 

times lower for the pellet after HTC at 260 °C than for the pellet from untreated wood. 

Reza et al. also mention that the higher content of lignin resulted in excessive brittleness 

of hydrochar pellets.  

2.6.4 Moisture absorption 

The equilibrium moisture content (EMC) can be applied for the evaluation of the 

hydrophobicity of material. In lignocellulosic biomass, water can be absorbed into the 

cell walls and hydrogen-bonded to the hydroxyl groups of the cell wall components. 

Depolymerisation of biomass components during torrefaction, which leads to the 

breakdown of the hydroxyl groups makes the biomass more hydrophobic (Bergman et 

al., 2005b). Materials with a limited ability to absorb water can be stored over a long time 

with low risk of biological deterioration. In addition, this decreases the expenses on 

transportation since less moisture is transported along with the biomass. Yan et al. (2009) 

made a research on the EMC of loblolly pine after torrefaction at 250 – 300 °C. The 

results proved that the treated biomass was more hydrophobic: at the relative humidity 

(RH) of 84%, EMC was reduced from 16% in the raw biomass to 9%.  

Pellets from torrefied biomass also indicate a relatively low tendency to absorb water. In 

the moisture uptake tests by Bergman (2005), TOP pellets had rather hydrophobic nature. 

After being immersed in water for a period of 15 hours, torrefied pellets did not 

disintegrate and showed relatively little water uptake (7 – 20% depending on the reaction 

conditions). The results presented by Verhoeff et al. (2011) showed distinctly that a 

higher degree of torrefaction resulted in stronger hydrophobic behavior. 

Similarly to torrefaction, hydrothermal carbonization of biomass results in partial 

removal of hydroxyl groups of the cell components through dehydration reactions (Bach 

& Skreiberg, 2016). Because of that, the capability of biomass to absorb water was 

significantly reduced after the treatment. A research group at the University of Nevada 

performed a wide range of tests with hydrothermally treated loblolly pine. The results 

showed weather-resistant properties of biomass after HTC that favoured long-time 

storage and overseas transportation. In the experiments reported by Acharjee et al. (2011), 

the equilibrium moisture of raw and treated materials was measured at different humidity 

levels ranging from 11% to 85% at 30 °C. It was found that the EMC of hydrochars 



2 Literature review 

 

38 

decreased with the increasing reaction temperature: the EMC of untreated pine was 15.6% 

at the relative humidity of 84%, while the material after HTC at 260 °C had a moisture 

content only 5.3%. Besides, the biomass after hydrothermal carbonization exhibited 

stronger hydrophobic behavior than after torrefaction: torrefied pine samples had an EMC 

of 8.7% after pre-treatment at 300 °C (at the same level of humidity). The pellets from 

hydrothermally carbonized loblolly pine showed rather similar results: at RH 84%, the 

EMC value for the raw wood pellets was 17.7% and it improved to 4.7% after the HTC 

process at 260 °C (Reza et al., 2012). Another important observation was that the presence 

of fungi was observed after 17 – 18 days in the raw biomass pellet and after 20 – 21 days 

in the hydrochar pellets treated at 200 °C. No signs of biological activity, however, were 

noticed in the pellets from hydrothermally treated samples at higher temperatures (230 

and 260 °C). Reza et al. assumed that the higher lignin content for these samples may 

have limited the growth of fungi. Another possibility is that the presence of 

hemicelluloses and/or aqueous solubles may facilitate fungus growth after treatment at 

lower temperatures. Quite a similar tendency with moisture absorption was found in the 

experiments presented by Bach et al. (2014). Significantly improved equilibrium 

moisture content was indicated after HTC treatment of spruce and birch at 225 °C and for 

30 minutes: 8.6% and 8.9%, respectively, compared to 21.4% and 20.3% for untreated 

species. 

Kambo et al. (2014) noted that the removal of hemicelluloses during HTC had the biggest 

impact on the hydrophobicity of hydrochar. In order to evaluate the water resistance of 

the pellets, both untreated wood and hydrochar pellets were immersed in water for 2 

hours. The untreated miscanthus pellets showed quite rapid separation into fine particles 

already within the first 15 – 20 s. The hydrochar pellets produced at 190 °C kept their 

shape for 5 min and those at 225 °C for 30 min. The pellets obtained after treatment at 

260 °C remained solid during the whole 2 hours. The tests after immersion in water 

showed that pellets from raw miscanthus had an EMC of 80.9%, while after HTC at 260 

°C the EMC was 18.6%. Reza et al. (2012) report that after full immersion in water after 

HTC treatment at 200 °C the pellets kept their shape for 15 min, and after treatment at 

230 °C they were intact for 2 days, while the hydrochar pellets produced at 260 °C were 

able to withstand the longest period of continuous immersion (longer than one week). 

The limited capacity of moisture uptake after hydrothermal carbonization of biomass 

brings a significant operational advantage for industrial applications of HTC. Hydrochar 

leaves the process in a mixture with liquid process products, and therefore it should be 

dried before further utilization. As a rule, mechanical dewatering of slurries (sludges, 

paper pulp) results in a final moisture content of 70 – 75% and requires additional thermal 

drying. It is reported by Kambo and Dutta (2015) that hydrochar can be dewatered to the 

moisture content of less than 50% only by means of mechanical compression. Hence, the 

energy consumption for drying can be noticeably lower in that case. 
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3 Biomass properties with focus on thermochemical 

conversion  

3.1 General overview 

As mentioned above, combustion, pyrolysis and gasification are the most common 

thermochemical methods to convert feedstock to energy or chemicals. The main 

difference between the processes is the quantity of the oxidizing agent, resulting in 

variations of progressing chemical reactions, and consequently the distribution and 

composition of the final products. In addition, the characteristics of biomass affect the 

process performance to a great extent. Comprehensive assessment of both the chemical 

and physical properties of biomass is essential for the evaluation of the potential of certain 

biomass feedstock with respect to the considered methods. As a rule, this involves 

determination of the energy content, ash and chemical composition, and proximate and 

ultimate analyses together with thermogravimetric analysis of the fuel. The results of the 

evaluation of nine lignocellulosic biomasses widely available in Brazil are presented in 

this work, and they help to assess the effect of differences in the chemical structure on 

the character of biomass decomposition.     

Renewable energy plays an important role in Brazil. During the last decades, electricity 

generation from renewable sources has gained increased attention. With hydroelectric 

power plants covering a significant share of the demand, the recent climate changes 

resulting in lower rainfall indexes have indicated notable vulnerability of energy system 

in the case of decreased water availability in the reservoirs. Under these circumstances, 

alternative energy sources have been started to develop in the country’s energy mix. 

Considering the wide variation of forest and agricultural residues in Brazil, as well as the 

land available for forest planting, biomass applications can be rather beneficial. In recent 

years, scientific and technological development have resulted in enhanced productivity 

and improvements of the wood quality. The demands of the pulp and paper industry, 

wood processing and energy production sectors have led to a significant growth of planted 

forests, and consequently availability of biomass (Colodette et al., 2014).   

In the current work, the most common woody and non-woody biomass species in Brazil 

are investigated. As the available information about these species is rather sparse, the 

obtained results can be used for the evaluation of the applicability of these biomass 

materials for various energy production pathways. Five samples of eucalyptus wood chips 

derived from different clones at commercial harvesting (E-U1×U2, E-U2×C1, E-G1×GL, 

E-DG×C1, E-GL), bamboo (BB), elephant grass (EG), sugar cane bagasse (SCB) from 

the industrial residues of ethanol and sugar mills, and dwarf coconut husks (DCH) were 

collected from the state of Minas Gerais (Brazil) and used as test samples. Detailed 

information of the performed tests can be found in Publication I.  
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3.2 Results of proximate and ultimate analyses 

The results of heating values, proximate and ultimate analyses are summarized in Table 

5. On the whole, the obtained values for all the studied species are relatively similar. 

Carbon and oxygen represent the major chemical constituents for all considered 

biomasses. Even though the herbaceous materials (sugarcane bagasse and elephant grass) 

indicate the highest values of nitrogen and sulfur among others, the obtained levels are 

small (especially compared to coal) and do not compromise the energy use of these 

species.  

With regard to the proximate analysis results, all the studied species indicate quite high 

levels of volatiles (69.2 − 79.7%) and low ash content (0.1 − 6.7%). Herbaceous 

biomasses together with bamboo and coconut husk show much higher ash content in 

comparison with the eucalyptus clones due to the ash-forming nutrients uptake by grasses 

and fruits during their growing period (Vassilev et al., 2010). The values for H/C and O/C 

atomic ratios vary within a narrow range in the studied biomasses. The relationship 

between these two indicators and the energy content of the fuel discussed above is 

supported by the presented results: the lower values correspond to higher levels of HHV. 

 
Table 5. Proximate and ultimate analyses and higher heating values of the studied biomasses. 

Sample E-U1×U2 E-U2×C1 E-G1×GL E-DG×C1 E-GL SCB EG BB DCH 

Ultimate analysis [wt%, dry ash free basis] 

C 48.75 49.39 49.29 48.97 49.50 50.57 51.39 52.48 53.56 

H 5.93 5.96 5.91 5.88 5.90 6.05 5.77 5.92 5.78 

O 45.21 44.54 44.68 45.05 44.49 42.55 42.23 41.47 40.42 

N 0.09 0.08 0.09 0.08 0.09 0.73 0.53 0.09 0.21 

S 0.03 0.03 0.03 0.03 0.02 0.10 0.08 0.05 0.04 

H/C 1.45 1.44 1.43 1.43 1.42 1.43 1.34 1.34 1.29 

O/C 0.70 0.68 0.68 0.69 0.67 0.63 0.62 0.59 0.57 

Proximate analysis [wt%] 

MC 10.53 9.03 13.18 11.05 12.33 11.86 10.18 9.09 10.24 

AC 0.19 0.25 0.10 0.19 0.21 6.74 4.48 2.04 1.16 

VM 78.02 79.72 75.21 76.36 75.27 70.42 69.20 70.91 74.76 

FC 11.26 11.0 11.52 12.41 12.19 10.98 16.14 17.96 13.84 

Heating value [MJ/kg, dry basis] 

HHV 18.5 18.7 18.1 18.4 18.6 19.1 18.6 19.6 19.9 

C: carbon; H: hydrogen; O: oxygen; N: nitrogen; S: sulfur; MC: moisture content; AC: ash 

content; VM: volatile matter; FC: fixed carbon; HHV: higher heating value; E-U1×U2, E-U2×C1, 

E-G1×GL, E-DG×C1, E-GL: eucalyptus wood chips; SCB: sugar cane bagasse; EG: elephant 

grass; BB: bamboo; DCH: dwarf coconut husks. 
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3.3 Evaluation of chemical composition  

As discussed above, the decomposition character of biomass components depends 

significantly on their structural characteristics. Therefore, knowledge of the chemical 

component content helps to assess the possible decomposition behavior of the fuel 

preliminarily on the basis of the nature of the pure components. This approach can be 

applied for fuel classification, and an example of this is presented in Figure 6. Plotting 

the relative values between the sum of hemicelluloses and extractives and the sum of 

cellulose and extractives to the lignin content make it possible  to present the differences 

between the studied materials graphically. The analysis of the relationship between the 

lignocellulosic components of the biomasses revealed differences between the 

herbaceous species (sugarcane bagasse and elephant grass) and the majority of the 

considered samples. These are the two biomasses with the highest content of 

hemicellulose and extractives and the lowest lignin percentage. The coconut husk 

indicated the lowest value of cellulose and the highest lignin content in the studied 

materials. Most of the eucalyptus samples had relatively the same chemical composition, 

except for Eucalyptus globulus (E-GL) that had the highest cellulose percentage among 

all the considered biomasses and the lowest lignin content in the eucalyptus samples. 

More details about the results of chemical composition can be found in Publication I. 

 
                              

 

 

 

 

 

 

 

 

 

Figure 6. Relative chemical composition of the studied biomasses; 

Hem.- hemicellulose; Cel. –cellulose; Ext. – extractives; Lig. – lignin;         

E-U1×U2, E-U2×C1, E-G1×GL, E-DG×C1, E-GL: eucalyptus wood chips; SCB: sugar cane 

bagasse; EG: elephant grass; BB: bamboo; DCH: dwarf coconut husks. 

3.4 Thermogravimetric tests 

Thermogravimetric analysis (TGA) presents one of the most common ways to analyse 

pyrolysis kinetics and product yields. In this method, biomass is heated in an inert 

atmosphere and a thermobalance is used to monitor the changes of sample weight with 

time and temperature. The obtained mass loss curve characterizes the decomposition 

processes that occur in the material during heating. In order to evaluate even small 

changes taking place during the testing, the first derivative of mass loss in time is 

generally calculated. Figure 7 illustrates the obtained differential thermogravimetric 
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(DTG) curves for the studied biomasses as a function of temperature at the heating rate 

of 25 °C/min.  

 

Figure 7. DTG dynamic of the evaluated biomass species heated at 25 °C/min.  

E-U1×U2, E-U2×C1, E-G1×GL, E-DG×C1, E-GL: eucalyptus wood chips; SCB: sugar cane 

bagasse; EG: elephant grass; BB: bamboo; DCH: dwarf coconut husks. 

On the basis of the derived data, the decomposition process could be generally divided 

into the following reaction zones: dehydration reactions below 120 °C when the moisture 

was evaporated, hemicellulose decomposition between 200 and 330 °C, and finally, 

cellulose degradation at 340 – 430 °C. These decomposition processes were represented 

by peaks at DTG curves and followed by a so-called passive pyrolysis zone characterized 

by lignin volatilization and a relatively slight change in mass loss. The devolatilization of 

extractives took place within the same temperature range as that of hemicelluloses and 

partially cellulose. It can be noted that the decomposition behavior of bamboo, elephant 

grass and to a lesser extent sugarcane bagasse differed notably from the rest of the 

biomasses: the peak representing the degradation of hemicelluloses was completely or 

partly merged with the cellulose peak. Higher alkali metals content (particularly 

potassium) in these samples can have been the main reason of such behavior: potassium 

acts as a catalyst of decomposition, lowering the initial temperature of the component 

degradation.  

The extent and intensity of decomposition are determined by the lignocellulosic 

composition of the feedstock. Figure 8 illustrates the obtained dependencies between the 

original content of hemicelluloses and cellulose and the heights of the corresponding 

peaks of the DTG curves for the different samples. The height of the hemicellulose 

decomposition peak (the shoulder of the DTG curve (-dX/dt)sh) correlates with the content 

of the hemicelluloses: sugar cane bagasse with the highest percentage of hemicelluloses 

has the highest peak, while the height for the other biomasses decreases with the lowering 

hemicellulose content (Figure 8a). At the same time, the intensity of decomposition can 

be also affected by some additional factors: while the hemicellulose content for 

eucalyptus samples E-DG×C1 and E-U2×C1 is almost the same, the height of the 

decomposition peak differs notably. Even though knowledge on the hemicellulose 
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content can give some general prediction on future decomposition behavior, co-current 

decomposition processes, such as extractive and lignin degradation, should also be taken 

into account. In the same way, a similar tendency between the cellulose content and the 

peak height (-dX/dt)peak can be noticed in the studied biomasses (Figure 8b). The 

eucalyptus samples with the highest content of cellulose show the most intensive 

decomposition, while the dwarf coconut with the lowest levels of cellulose has the 

smallest mass loss changes among the studied biomasses. 

 

Figure 8. Content of hemicelluloses against the peak of their decomposition (a), and cellulose 

content against the peak of its decomposition (b) obtained for biomasses heated at 25 °C/min. E-

U1×U2, E-U2×C1, E-G1×GL, E-DG×C1, E-GL: eucalyptus wood chips; SCB: sugar cane 

bagasse; EG: elephant grass; BB: bamboo; DCH: dwarf coconut husks 
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4 Effect of process parameters on mass and energy yields 

4.1 Previous studies 

The detailed reaction mechanism for biomass feedstock during the HTC process is not 

completely understood yet. Published research mostly reports on the influence of process 

parameters on pre-treated solids. The main part of recent studies concentrates on 

hydrothermal treatment of a wide variety of by-products: coconut fiber and eucalyptus 

leaves (Liu & Balasubramanian, 2012), empty fruit bunches of palm (Parshetti et al., 

2013), rice hulls and sugarcane bagasse (Hoekman et al., 2012), sunflower stem and 

walnut shell (Román et al., 2012), agricultural residues (Oliveira et al., 2013), barley 

(Sevilla et al., 2011), wheat straw  (Funke et al., 2013), and waste materials: food waste 

and packaging materials (Li et al., 2013), digestate (Funke et al., 2013) and municipal 

solid waste (Lu et al., 2012). Deciduous wood has also been investigated by several 

groups of researchers: beech by Tremel et al. (2012), bamboo by Schneider et al. (2011), 

poplar wood by Erlach et al. (2012), eucalyptus by Sevilla et al. (2011), miscanthus by 

Kambo and Dutta (2015), and birch by Bach et al. (2013). The research on coniferous 

wood has been limited to a few species: loblolly pine (Yan et al., 2014), white fir/Jeffrey 

pine and juniper (Hoekman et al., 2012) and spruce (Bach et al., 2013). The differences 

in the chemical structure that exist between biomasses lead to certain variations in 

reactivity and decomposition behavior during thermal pre-treatment. For this reason, 

more experimental data is required to predict the mass and energy yields of coniferous 

wood biomass during HTC.  

The majority of HTC research examines the effect of reaction temperature and residence 

time as the main determining factors in biomass decomposition. The process temperatures 

in most studies are within a typical range of 180 – 250 °C. The applied residence times 

range from a few minutes (Yan et al., 2014) to days (Román et al., 2012), but as a rule, 

the feedstock is treated from 30 min to several hours. Besides the factors mentioned 

above, the ratio between feedstock material and water has a certain influence on the 

carbonization degree: the effect of solids concentration during HTC has been studied by 

Kambo and Dutta (2015), Lynam et al. (2014), Mäkelä et al. (2015), and Román et al. 

(2012).  

Only a few researchers have tried to evaluate the significance of the reaction parameters 

on the process outputs with mathematical models (Bach et al., 2013) or statistical 

evaluation (Mäkelä et al., 2015). Bach et al. (2013) applied the method of multiple 

variable regression to combine experimental data into models for the HTC treatment of 

spruce and birch. The developed second-order polynomial models take the effect of 

temperature and residence time into account. Mäkelä et al. (2015) have constructed 

regression models in order to assess the significance of the process parameters on the 

process output. 
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Several studies report on comparison between hydrothermal carbonization and 

torrefaction pre-treatment of biomass (Bach et al., 2013; Kambo & Dutta, 2014; Yan et 

al., 2009). Investigation of product mass and energy distribution during these processes 

is critically important for the evaluation of their potential in possible applications. Even 

though both pre-treatment processes produce solid fuel with improved properties, HTC 

results in more significant structural changes of biomass and higher energy density.   

4.2 Experimental approach 

Experimental investigation on hydrothermal carbonization and torrefaction of coniferous 

biomass was performed in the laboratory facilities of Lappeenranta University of 

Technology (Finland). The effect of operation parameters on the HTC process was 

studied and compared to torrefaction results of the same feedstock material. The 

experimental device was designed to investigate different processes within one bench-

scale system by utilizing changeable inner reactors in a shared device infrastructure. 

The heat demand for the processes was provided by a heating jacket. The heater consisted 

of electric resistance wire elements surrounded by ceramic fiber insulation and an outer 

steel cover. National Instruments LabVIEW-software was utilized for device control and 

the measurement of operating parameters. The required temperature level inside the 

reactor during the desired period was maintained with a proportional-integral-derivative 

(PID) controller. Compressed air or bottled gases (O2, N2 and CO2) provided the feed gas 

supply to the process if necessary. The composition of the gas leaving the reactor could 

be analyzed as wet with Gasmet FTIR DX4000 or dry (with moisture removal) Thermo 

60i or Servomex 5200 MP analyzers. 

4.2.1 HTC experiments 

Hydrothermal carbonization experiments were performed in a closed, stainless steel tube 

reactor, presented in Figure 9. The batch reactor with approximately 1 l inner volume 

(705 mm height and 42 mm inner diameter) had a flange connection at the top and screw 

closing at the bottom. The temperature inside the tube was monitored with two 

thermocouples (at 245 mm and 645 mm from the top). An additional thermocouple 

measured the temperature of the outer surface of the reactor. A pressure sensor and a 

pressure relief valve (set point pressure 40 bar, maximum temperature 300 °C) were 

installed for the pressure measurements and safety. 
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Figure 9. HTC experimental unit. 1) pressure sensor; 2) safety valve; 3) thermocouples; 4) 

sampling valve; 5) reactor tube; 6) insulation; 7) heater; 8) thermocouples. 

 

For each experiment, a pre-weighed sample of coniferous wood chips from pine and 

logging residues was dispersed in water and stirred manually. Three sets of HTC reaction 

parameters were tested in a typical temperature range (Table 6). Water-to-biomass mass 

ratios of 6:1 (approximately 50 g of fuel and 300 ml of water) and 8:1 (approximately 50 

g of fuel and 400 ml of water) were applied.  

Table 6. HTC reaction parameters. 

Reaction temperature T [°C] 180 – 250  

Residence time t [h] 3 6 3 

Water-to-biomass ratio r [-] 6 6 8 

 

At the end of each experiment, the carbonized wood and liquid products were collected 

and then separated by vacuum filtration by using a Büchner funnel with a Whatman glass 

microfiber filter paper (grade GF/A). Hydrochar was subsequently dried overnight in the 

oven at the temperature of 105±2 °C. All tests were performed at least twice, and the 

average values were chosen. Both raw and carbonized biomass samples were 



4 Effect of process parameters on mass and energy yields 

 

48 

characterized by proximate analysis and heating value measurements in accordance with 

standard procedures. The hydrochar samples were named as HTC-t-r, where t denotes the 

residence time and r denotes the water-to-biomass ratio. More detailed information about 

the procedures and the results of the proximate analysis can be found in Publication II.  

4.2.2 Torrefaction experiments 

A quartz glass tube with a sintered grid in the middle was used for the torrefaction tests 

of biomass. Figure 10 presents the layout of the device with infrastructure configuration. 

Inert atmosphere was provided with constant gas flow of nitrogen to the reactor, 

maintained during the experiments by Bronkhorst mass flow controllers. Two 

thermocouples measured the temperature above and below the grid. 

For the torrefaction experiments, about 7 g of biomass was introduced into the reactor 

and nitrogen was blown through the reactor for several minutes to purge the oxygen out 

of the system. In order to investigate high temperature torrefaction, the sample was then 

heated up and kept for 30 minutes at the desired temperature level in the range of 240 - 

300 °C. 

 

Figure 10. Torrefaction experimental unit. 
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4.3 Results and comparison of the processes  

4.3.1 Effect of process parameters during HTC of biomass 

As discussed above, the decomposition processes taking place during hydrothermal 

carbonization result in certain changes in the feedstock material. Figure 11 presents dried 

hydrochar samples from HTC experiments with varying reaction parameters. The wood 

color changes significantly with the increase of process severity: at a higher temperature 

and longer residence time. 

 

Figure 11. Hydrochar samples at different reaction conditions. 

 

The extent of feedstock decomposition during the pre-treatment process can be evaluated 

with mass yield (MY). Mass yield [%] is defined with Eq. (1): 
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𝑀𝑌 =  
𝑚𝑐ℎ𝑎𝑟

𝑚𝑤𝑜𝑜𝑑
∙ 100%     (1) 

where 𝑚𝑐ℎ𝑎𝑟 and 𝑚𝑤𝑜𝑜𝑑 are the dry mass of hydrochar and original biomass, 

respectively.  

The experimental results made it possible to describe the dependence of mass yield from 

the studied reaction parameters. The method of minimizing the residual sums of squares 

(RSS) was used for obtaining the coefficients for the correlation curves. This standard 

mathematical procedure helps to find the best-fitting curve to a given number of data 

points by minimizing the sum of the squares of the errors between the curve and the data 

points. The following correlation can be used for mass yield prediction:  

𝑀𝑌 =  100 − 4.08(𝑇 − 150)0.337𝑡0.214𝑟0.306  (2) 

Figure 12 presents the resulting mass yields after HTC tests, together with corresponding 

correlation curves. 

 

Figure 12. Hydrochar mass yield: experimental results and correlation curves (Eq. 2). 

 

Reaction temperature is the primary factor that determines the extent of decomposition: 

the temperature increase from 180 °C to 250 °C reduces the mass yield on average by 

20%. Lower feedstock concentration leads to a slight increase of solid mass loss, which 

can be explained by a greater effect of water in the hydrolysis reaction (Román et al., 

2012). As for the effect of residence time, a longer reaction time resulted in more 

complete carbonization, and consequently, lower mass yield: the mass yields of 

hydrochar after 6 hours residence time were approximately 9% lower than after 3 hours. 
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The biggest growth of hydrochar energy content corresponded to the highest reaction 

temperatures for all three sets of experimental parameters: the HHV of hydrochar at 250 

°C was approximately 40% higher than the heating value of the original feedstock. More 

information about the energy content measurements for hydrochar samples can be found 

in Publication II. 

The energy yield (EY) of the HTC process was calculated with Eq. (3): 

𝐸𝑌 = 𝑀𝑌 ∙  
𝐻𝐻𝑉𝑐ℎ𝑎𝑟

𝐻𝐻𝑉𝑤𝑜𝑜𝑑
     (3) 

where 𝐻𝐻𝑉𝑐ℎ𝑎𝑟 and 𝐻𝐻𝑉𝑤𝑜𝑜𝑑 [MJ/kg] are the higher heating values of hydrochar and the 

original biomass on the dry basis.  

In the same way, the dependency of energy yield from process parameters was described 

with correlation (Eq. (4)). Obtained by minimizing the RSS, the coefficients provided 

quite accurate results for energy yield prediction in the range of studied reaction 

parameters. The experimental results and correlation curves are illustrated in Figure 13. 

𝐸𝑌 =  100 − 5.63(𝑇 − 150)0.062𝑡0.285𝑟0.441  (4) 

 

Figure 13. Hydrochar energy yield: experimental results and correlation curves (Eq. 4). 
 

The energy yield of the process was affected by two factors: mass loss and heating value 

growth of hydrochar. With temperature increase, these factors almost balanced each other 

out, resulting in only slight decrease of energy yield within the studied temperature range. 

At the same time, the intensification of decomposition reactions due to longer reaction 

time and higher ratio between water and biomass led to a more noticeable mass loss and 
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heating value increase, and consequently, energy yield decrease. Over the range of the 

studied parameters, the increase of residence time resulted in more complete 

carbonization of the feedstock material, and therefore the energy yield for the HTC-6h-6 

hydrochar samples was the lowest. Averaged over the temperature range, the energy 

yields for HTC-3h-6, HTC-3h-8 and HTC-6h-6 were 78%, 75% and 73%, respectively.  

The applicability of the derived correlations is limited to the region of the studied reaction 

parameters. Additional processes that can take place outside these conditions may have a 

significant effect on the decomposition processes, thus decreasing the credibility of the 

obtained correlations. Moreover, the nature of the feedstock material determines the 

character of the observed processes, and the accuracy of the results in the case of different 

feedstock is limited. 

4.3.2 Effect of process parameters during biomass torrefaction 

To compare the performance of HTC and torrefaction processes, the mass and energy 

yields during torrefaction were calculated with Eqs. (1) and (3). The dependency of mass 

and energy yields [%] from the temperature during the torrefaction of coniferous wood 

chips can be described with the following equations (coefficients have been obtained with 

the Nelder-Mead simplex algorithm): 

𝑀𝑌 = 100 − 0.0118(𝑇 − 174.7)1.644   (5) 

𝐸𝑌 =  100 − 0.0157(𝑇 − 170.1)1.548   (6) 

Figure 14 presents the experimental results and correlation curves for the experiments 

with coniferous wood chips. 

 

 

 

 

 
 

 

 

 

 

Figure 14. Experimental mass and energy yields during torrefaction, together with correlation 

curves (Eq. (5) and (6)).  
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Similarly to the HTC process, the reaction temperature mostly determines the extent of 

decomposition. Within the range of the investigated process parameters, hydrothermal 

carbonization led to more complete biomass decomposition compared to torrefaction. 

Torrefaction resulted in more moderate rates of energy densification: with maximum 

increase of heating value of 6% after the treatment at 300 °C. The mass yield decreased 

from 88% to 67% over the studied temperatures, while the energy yield under the 

influence of decreasing mass yield varied correspondingly from 88% to 70%. It should 

be noted that the process conditions define the mass and energy distribution for pre-

treated material. The published results on solid product mass and energy yields are quite 

diverse. Different settings of reaction parameters and feedstock characteristics can result 

in different values of energy densification during both processes. 

4.4 Modeling of mass and energy yields during torrefaction 

During torrefaction, the original feedstock decomposes into a volatile fraction and 

torrefied solids. The mass and energy distribution between the products depends on the 

reaction conditions and the properties of the original material. Without knowledge of the 

exact chemical compounds and their formation enthalpies, a detailed energy analysis was 

considered unfeasible. In addition, a significant amount of published data on gaseous and 

solid products is incomplete or has very large margins of error. As a result, in the absence 

of better data, the torrefaction model in this work uses the heat of reaction in accounting 

for the exothermic or endothermic nature of the process. Within the modeling 

assumptions, the available energy of feedstock dry matter and heat of reaction was 

divided between available energy of the solid and gaseous torrefaction products: 

�̇�𝑤𝑜𝑜𝑑(𝐿𝐻𝑉𝑤𝑜𝑜𝑑 + ℎ𝑟𝑒𝑎𝑐𝑡) =  �̇�𝑡𝑜𝑟𝑟𝑒𝐿𝐻𝑉𝑡𝑜𝑟𝑟𝑒 + �̇�𝑔𝑎𝑠𝐿𝐻𝑉𝑔𝑎𝑠 (7) 

where ℎ𝑟𝑒𝑎𝑐𝑡 is the heat of reaction,  �̇�𝑤𝑜𝑜𝑑, �̇�𝑡𝑜𝑟𝑟𝑒 and �̇�𝑔𝑎𝑠 are the mass flows of 

biomass dry matter, torrefied product and torrefaction gas; 𝐿𝐻𝑉𝑡𝑜𝑟𝑟𝑒 and 𝐿𝐻𝑉𝑔𝑎𝑠 are the 

lower heating values of the solid product and torrefaction gas, respectively. 

The mass yield, gas heating value, and heat of reaction of the torrefied product were 

estimated on the basis of published experimental results, and the heating value of the solid 

product was then solved by using Eq. (7). The wide variation of the process parameters 

and different measurement approaches brought some uncertainties for accurate evaluation 

of the mass and energy balances of torrefaction. The experimental results for birch, pine 

and logging residues from the studies of Pach et al. ( 2002) and Phanphanich and Mani 

(2011) were used to obtain the correlation curve for mass yield [-] (Eq. (8). The 

coefficients for the equation were calculated by minimizing the RSS. The experimental 

dependence of mass loss from reaction temperature for selected biomass materials during 

torrefaction, together with the predicted by correlation values are illustrated in Figure 15. 

The correlation appears to be an adequate approximation for the mass yield during the 

torrefaction of typical Scandinavian forest biomasses at >30 min residence time and 

varying reaction temperatures between 200 and 300 °C. 
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𝑀𝑌 =
�̇�𝑔𝑎𝑠

�̇�𝑤𝑜𝑜𝑑
= 1 − 4.47 ∙ 10−4(𝑇 − 190)1.46  (8) 

 

 
Figure 15. Mass loss as a function of torrefaction temperature. The correlation curve has been 

derived from Eq. (8). 

 

The available data on the heat of torrefaction reaction suffers from a high degree of 

uncertainty and is partly contradictory. In the current model, a conservative estimate for 

the heat of reaction was set at the level of -500 kJ/kgfeed,dry. Published experimental results 

(Prins, Ptasinski, & Janssen, 2006a; Prins, Ptasinski, & Janssen, 2006b) on a gaseous 

product from willow and larch torrefaction were used to predict the heating value of the 

torrefaction gas. The resulting correlation curve for 𝐿𝐻𝑉𝑔𝑎𝑠 [MJ/kg] presented in Figure 

16, together with experimental values can be expressed with the following equation: 

𝐿𝐻𝑉𝑔𝑎𝑠 =  2 + 5.28 ∙ 10−5(𝑇 − 190)2.49  (9) 
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Figure 16. Experimental values for a lower heating value of torrefaction gas from (Prins, 

Ptasinski, & Janssen, 2006a; Prins, Ptasinski, & Janssen, 2006b) and resulting correlation curve 

(Eq. (9)).  

 

The energy yield on the LHV basis can be defined similarly to Eq. (3): 

𝐸𝑌 = 𝑀𝑌 ∙  
𝐿𝐻𝑉𝑡𝑜𝑟𝑟𝑒

𝐿𝐻𝑉𝑤𝑜𝑜𝑑
     (10) 

where 𝐿𝐻𝑉𝑡𝑜𝑟𝑟𝑒 and 𝐿𝐻𝑉𝑤𝑜𝑜𝑑 [MJ/kg] are the lower heating values of torrefied and 

original biomass on the dry basis.  

The results are plotted as a function of torrefaction temperature together with 

experimental data from Pach et al. (2002) and Phanphanich and Mani (2011) in Figure 

17. The correlation for the energy yield obtained from the model appears to be reasonably 

close to the published results.  
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Figure 17. Model-based energy yield as a function of torrefaction temperature. 

4.5 Heat demand of the torrefaction unit 

IPSEpro process simulation software was used to model the torrefaction process. The 

software provides a possibility to develop new process components on the basis of mass 

and energy balances in addition to already existing standard elements. The developed 

model of torrefaction equipment consisted of three components: a dryer, the torrefaction 

reactor itself, and a cooler for the solid product. Indirect heating and cooling were 

assumed, allowing the use of any energy stream with sufficient temperature for heat 

supply. Figure 18 shows a schematic diagram of the developed model. 

 

Figure 18. Torrefaction unit model. 

 

Precise modeling of heat consumption during torrefaction is quite problematic for several 

reasons: in particular due to poorly known variations of the specific heat of wood after 

pre-treatment, uncertainty about reaction heat during torrefaction, and the magnitude of 

heat losses. Due to the lack of available data on heat demand from currently operated 
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torrefaction units, certain modeling assumptions had to be applied. Before torrefaction, 

the feedstock material is usually dried: the moisture content of the biomass after the dryer 

was assumed to be 10% (wet basis). The dryer type was not specified, but a belt dryer 

would enable flexibility in the heat source and allow the use of low-temperature energy 

sources. The heat to the dryer can be supplied by flue gas, hot water or low-pressure 

steam. Specific heat consumption of 1.2 kWh/kgH2O_evap was considered to represent a 

conservative estimate for belt dryer heat consumption (Fagernäs et al., 2010).  The dried 

biomass at temperature of 60 °C was then directed to the torrefaction reactor. It was 

assumed that the moisture content would remain constant up to 100 °C, and at that point, 

all moisture would be evaporated.  

The net heat consumption of the torrefaction reactor was divided into five separate parts: 

1) sensible heat of moist wood temperature change (up to 100 °C); 2) latent heat of 

remaining evaporation; 3) sensible heat of dry wood and water vapor (from 100 °C to the 

reaction temperature); 4) heat of torrefaction reaction; and 5) heat losses (10% of total 

heat requirement). Details of the required heat calculations can be found in Publication 

IV. 

The required heat of the torrefaction process and available energy recovery within the 

range of reaction temperatures are presented in Figure 19. Even though torrefaction 

requires a higher temperature than drying, the total heat demand of the dryer is much 

higher due to energy-consuming water evaporation. It should also be noted that while at 

low reaction temperatures the process is a net consumer of energy, the gas stream volume 

and the heating value grow rapidly with the torrefaction severity increase and exceed the 

process heat demand at 300 °C. Figure 19 does not represent the energy balance: the 

energy input from the feedstock and the outgoing energy flow of biochar are not shown. 

The increasing amount of energy recovered with the gas originates from the solid biomass 

stream through the reactor. 

 
Figure 19. Torrefaction process energy demand and recovery (1 kg/s feedstock with moisture 

content of 50%). 
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5 Integration of the torrefaction process and a CHP plant 

5.1 Integration of biomass pre-treatment processes 

A large number of recent papers have evaluated the different integration possibilities of 

biomass conversion processes with other industrial cycles, forming so-called 

polygeneration systems. Biomass pre-treatment techniques can be combined with already 

existing industrial plants to improve their overall energy efficiency and economic 

performance in comparison with stand-alone operation. The energy efficiency can be 

increased by complete or partial heat recovery between the integrated systems, while the 

generation of additional high-value products makes it possible to enhance the profitability 

of the system. 

Combined production of heat and power at CHP plants is known as an efficient and 

proven technology. Integration of biomass pre-treatment with CHP plants can potentially 

fulfill the energy demand of these processes and simultaneously increase the power 

generation and operating hours of the plant itself. It should be noted that co-generation 

plants usually follow the demands of the district heating network. In the Northern Europe 

region, the demand for district heating varies quite significantly within a year: with the 

maximum peak during the heating season in winter and minimum load in summer months. 

Because of this, municipal CHP plants are forced to operate at part load for a considerable 

part of the year, and are generally shut down during the non-heating season. Such a pattern 

limits the annual operation and resulting power generation of the plant considerably. On 

the other hand, the available boiler capacity at reduced-load conditions can be utilized 

efficiently for heat integration options. Under these circumstances, the integration covers 

the heat demand of the biomass pre-treatment process while increasing the capacity 

utilization of the CHP boiler.  

The integration of biomass gasification and an existing CHP plant has been evaluated in 

several studies (e.g. Difs et al., 2010; Fahlén & Ahlgren, 2009). It has been found that 

integration increases electricity generation and thus results in a higher power-to-heat ratio 

than a conventionally operated CHP. Economic evaluation has proved that the combined 

plant can be profitable at certain price relations between biomass and fossil fuels in a 

short-time perspective. 

Starfelt et al. (2012) have investigated the operating revenues in terms of electricity, heat 

and ethanol production for cellulosic ethanol production integrated with a CHP plant. 

They noticed that such an integrated system benefits not only from additional production 

of ethanol but also from improved overall system efficiency of the polygeneration plant. 

The simulation results showed that integration increases the annual operation of the CHP 

plant, leading to higher power generation.  

The integration of hydrothermal carbonization and wood pelletizing processes with a 

CHP plant has been studied by Erlach et al. (2011). With accepted economic assumptions, 



5 Integration of the torrefaction process and a CHP plant 60 

the cost of HTC pellets from biodegradable waste (zero cost of feedstock) can be 

comparable to the cost of conventional wood pellets.  

The possibilities of pellet production integration with a CHP plant have been studied by 

Song et al. (2011), Song et al. (2012) and Wahlund et al. (2002) with the main outcomes 

of the annual increase of operational hours and power generation, reduction of CO2 

emissions and additional economic benefits due to increased use of available biomass. 

Song et al. (2011) report on a reduction of total production cost and the share of raw 

material costs in the case of integrated pellet production and an existing CHP plant. 

The energy efficiency of torrefaction integration with a biomass-fired 120 MWth CHP 

plant has been evaluated by Håkansson et al. (2010). The results proved that the overall 

efficiency of the integrated system was increased by the effective utilization of low-value 

heat. In another study, the integration of an existing CHP plant and a torrefaction reactor 

was investigated (Starfelt et al., 2015). Two integration schemes (flue gases and steam) 

were developed to replace coal in one of the CHP boilers (with shares of 25%, 50%, 75% 

or 100%). The results showed the possibility of heat integration without compromising 

the heat or power generation. It was also found in economic and sensitivity analyses that 

the additional cost for integrating a torrefaction reactor is sufficiently low under the 

accepted assumptions, making the integrated system profitable. At the same time, such 

factors as renewable electricity certificates, cost for emission allowances, electricity and 

feedstock prices are dominant in the profitability of the process. 

Kohl et al. (2013) present a comprehensive energetic and environmental evaluation of 

retrofit-integration schemes of biomass pre-treatment processes (fast pyrolysis, 

torrefaction pellet and wood pellet production) and a CHP plant. Simulation results 

showed that the integration makes it possible  to extend the annual operation of the plant 

with the subsequent increase of district heating and upgraded biomass output. In 

comparison with stand-alone operation, the integration options reduce CO2 emissions and 

result in significant fuel savings. On the other hand, the additional power consumption of 

the pre-treatment equipment decreases the annual power output by up to 7%. Wood pellet 

production showed the highest results in energetic and environmental evaluation. The 

considered integration scenarios were subsequently evaluated with exergoeconomic 

analysis presented by Kohl et al. (2015). The resulting values for exergetic efficiencies 

showed a similar trend as primary energy efficiencies, with the highest value for wood 

pellet production. Economic analysis showed that the profitability of all the studied 

systems were determined mostly by the feedstock cost, while the investment and 

operation costs had a rather small share of the total annual production cost. In the frames 

of accepted assumptions, the integration of CHP with fast pyrolysis of biomass offers the 

highest profitability, followed by wood pelletizing and torrefied wood pellet production 

(which reduces the profit over the stand-alone operation of the CHP plant). 

A major part of previous research of torrefaction integration with CHP plants concentrates 

on the analysis of possible benefits and general evaluation of the energetic or 

environmental performance of polygeneration plants. Knowledge of the impact of various 
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integration scenarios on the torrefaction process and the CHP plant is rather limited. At 

the same time, the heat required for the torrefaction process can be provided by various 

energy streams, and the thermodynamic performance of different integration schemes can 

vary significantly. Therefore, the evaluation of the impact of various integration scenarios 

on integration with a CHP plant should be investigated. Moreover, the size and operation 

mode of the CHP plant determine the available heat that can be used for the needs of 

torrefaction. The effect of these factors has not received proper attention yet and should 

be assessed further. In the current work, a study on different integration concepts and the 

effect of plant size on the thermodynamic performance of a CHP-torrefaction 

polygeneration system is presented.  

5.2 CHP plant models 

Two CHP plants were considered for the integration analysis: a large-scale biomass-fired 

plant with a 385 MW circulating fluidized bed (CFB) boiler and a condensing turbine 

(Plant A), and a smaller biomass-fired backpressure plant with a 29 MW bubbling 

fluidized bed (BFB) boiler (Plant B). Both plants were modelled with IPSEpro software 

(Figure 20 and Figure 21) on the basis of their actual operating performance. The main 

parameters of the plants at full-load operation at design point are presented in Table 7. 

Table 7. Main characteristics of CHP plants at full load design point. 

Category Parameter Plant A Plant B 

Net production 

Electricity 

District heat 

Process heat 

103 MW 

110 MW 

120 MW 

8 MW 

20.0 MW 

- 

Boiler 

Type 

Thermal output 

Stack temperature 

CFB 

385 MW 

150 °C 

BFB 

29 MW 

150 °C 

Turbine 

Inlet steam 

Back pressure (DH) 

Condenser pressure 

Extractions 

110 bar / 550 °C 

0.4 bar 

50 mbar 

50*/16.5/10/4.5 bar(a) 

90 bar / 500 °C 

0.8 bar 

n/a 

59*/8.5 bar(a) 

Main losses 

Boiler 

Condenser 

Auxiliary power 

55 MW 

37 MW 

8.1 MW 

4.3 MW 

n/a 

0.60 MW 

* To obtain high-pressure steam for torrefaction, it is assumed that extraction can be created in 

the settling chamber after the partial admission control stage at the turbine inlet.  

The assumption for the operation mode of Plant A was to run the plant at full boiler load, 

while the condensing tail would utilize all remaining steam after steam extraction for the 

fulfilment of thermal load. As for Plant B, the integration possibilities were evaluated in 

the context of the reduced DH demand (spring/autumn season) when the torrefaction heat 

requirements can be fulfilled with available free boiler capacity. In the current model, a 

case of 60% district heat load (12 MWth) at 90/50 ºC temperature level represents typical 
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reduced-load conditions. The considered changes of the performance of the plant 

components in off-design conditions are explained in Publication IV. 

 

Figure 20. Design case model for Plant A. 

 

 

Figure 21. Design case model for Plant B. 
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5.3 Integration options 

The thermodynamic performance of six different integration schemes (Table 8) were 

investigated and compared with non-integrated operation of the CHP plant and 

torrefaction unit (Case 0). In Case 0, the heat demand of the torrefier and dryer was 

covered by flue gases from the combustion of torrefaction gas and additional fuel. For all 

cases, the power consumption of the torrefaction process was assumed to be 200 

kW/�̇�𝐻2𝑂𝑒𝑣𝑎𝑝
 in the dryer, 50 kW∙ �̇�𝑖𝑛 in the torrefier, and 200 kW∙ �̇�𝑓𝑒𝑒𝑑 for the power 

consumption of other components.  

Table 8. Heat sources for torrefaction process units. 

 
Heat source for the section 

Torrefaction Drying 

Case 1 saturated water from the drum water after the torrefier  

Case 2 saturated water from the drum flue gases after air preheater 

Case 3 flue gases after the superheater flue gases after the torrefier 

Case 4 flue gases after the superheater backpressure steam 

Case 5 steam extraction from the HP turbine backpressure steam 

Case 6 steam extraction from the HP turbine steam after the torrefier 

 

The following assumptions were used for the integration cases: 

 heat from the torrefied biomass cooling is used for the preheating of combustion air; 

 torrefaction gas is co-fired in the boiler together with biomass; 

 torrefaction heat losses are independent of the heating media used; 

 CHP plant live steam pressure is fixed at the design level; 

 constant mass flow of solid biomass to torrefaction is assumed (10 kg/s for Plant A 

and 1 kg/s for Plant B integration cases). 

The performance of the studied models were evaluated with trigeneration efficiency in 

LHV terms [%]: 
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where Pgen is the generated power; ΣPpump is the electric power consumed by pumps in 

the steam cycle (feed water and condensate pumps); ΣPaux is the power consumed by 

other plant equipment (fans, fuel and ash handling, etc.); QDH is the district heating load; 

Qprocess is the process heat; fueltotm _
  is the total mass flow of boiler solid fuel and 

torrefaction feedstock.  
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5.4 Effect of integration on plant performance 

The differences in the operation modes for the studied CHP plants result in significantly 

different effects of integration. Figure 22 presents the impact of torrefaction temperature 

on fuel consumption for the studied cases. Since Plant A is operated at full load, co-firing 

of torrefaction gas makes it possible to substitute a share of boiler fuel in the case of 

integration. Covering the heat demand of the dryer by the heat of flue gases leads to the 

highest decrease of fuel consumption among the integration cases compared to the non-

integrated case: correspondingly 7.5% and 6.1% for Cases 2 and 3 at 300 °C torrefaction 

temperature. The decreased heat transfer in the air preheater is not sufficient to maintain 

the necessary level of combustion air temperature, and for this reason, a steam coil with 

an increased heat transfer area is used in these cases to complete the required pre-heating. 

As a result of the lower heat transfer rate in the air-preheater, the fuel mass flow rate to 

the boiler decreases. Other cases exhibit virtually identical results within the studied 

temperature range (with approximately 5% increase in fuel economy at the highest 

torrefaction temperature).  

As for Plant B, the increase of boiler capacity to cover the heat demand of the torrefier 

and dryer leads to a fuel consumption increase for the integration cases in comparison 

with the design case. Similarly to the integration options of Plant A, cases that use the 

heat of flue gases behave noticeably differently from the other cases. Maintaining the 

combustion air temperature at the required level in Cases 2 and 3 increases the steam 

mass flow through the steam coil. As a result, the mass flow of live steam and the boiler 

fuel to produce it are forced to increase also.  

For both large and small CHP plants, the boiler fuel consumption reduces with 

torrefaction temperature increase: a higher torrefaction temperature leads to a higher 

energy content of torrefaction gas, and consequently, a greater share of substitution (the 

increase of the heat consumption of the torrefaction reactor is rather negligible in 

comparison). 

(a) (b) 

  
 

Figure 22. Solid fuel consumption for Plant A (a) and Plant B (b) integration cases. 
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The integration scenario determines to a great extent the power generation of the 

considered integration option, while the torrefaction temperature has a limited influence. 

Averaged over the temperature range, the net power output at different integration cases 

for both plants is presented in Figure 23. The power production of Plant A is reduced 

when torrefaction is introduced, as the heat demand of torrefaction either decreases the 

steam production or some of the generated steam is extracted before the expansion. In 

cases that use backpressure steam for the dryer (Cases 4 and 5), boiler steam production 

is relatively close to the design value, and the reduction of power output is the lowest in 

these two cases. Higher consumption of steam in steam coils at Cases 2 and 3 results in 

the highest loss of net power output.  

 

With regard to Plant B, the available free capacity of the boiler makes it possible to 

increase the power output for almost all integration cases. In order to fulfill the higher 

demand for steam mass flow to air preheating, steam mass flow through the turbine, and 

as a result, the net electricity output increase significantly in Cases 2 and 3 (43% and 51% 

higher than in the design case). In Case 6, meeting the heat demand of the dryer and 

torrefier with high pressure steam results in a loss of generation power (the net power 

output is 5.1% lower than the design value).        

(a) (b) 

  
 

Figure 23. Net power output averaged over the torrefaction temperature range (200 – 300 ºC) for 

Plant A (a) and Plant B (b) integration cases. 

 

Figure 24 illustrates the effect of the chosen integration scheme and torrefaction 

temperature on the efficiency of feedstock conversion into useful energy streams. As far 

as Plant A is concerned, the trigeneration efficiency for all integration options is notably 

higher than in Case 0: the integration makes it possible to use the available low-value heat 

that is otherwise simply lost in the condenser, effectively. At high temperatures, however, 

due to the considerable decrease of torrefied biomass mass flow, the trigeneration 

efficiency curves for all cases slope downwards. Case 5 with the highest power generation 

level has the highest trigeneration efficiency.  

For Plant B, the impact of the increased fuel mass flow exceeds the effect of greater power 

generation, and as a result, the trigeneration efficiency for most of the cases (except for 

Case 1) is lower than for the reference Case 0. The efficiency changes in a relatively 

narrow range with the torrefaction temperature. The increased amount of steam for air 
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preheating in Cases 2 and 3 leads to higher steam mass flow through the turbine. As this 

would increase district heat production above the specified 12 MWth, an auxiliary cooler 

to dump the excess heat from the DH network needs to be applied. As a consequence of 

this additional heat loss in the energy balance, the trigeneration efficiency is the lowest 

for these cases.  

(a) (b) 

  

Figure 24. Trigeneration efficiency for Plant A (a) and Plant B (b) integration cases calculated 

with Eq. (11). 

5.5 Operational analysis of torrefaction integration 

The operation of a CHP plant follows generally the demand of district heating, and varies 

quite significantly during the year. The annual heat demand of the DH network depends 

strongly on the climate conditions and the character of heat consumers. In Northern 

Europe, the district heating network should provide both the maximum (peak) winter load 

and minimum non-heating period load (10% or less of the peak load). In most cases, CHP 

plants fulfil the base heat load with the design capacity of 40 - 60% of the peak DH load. 

Under these circumstances, the plants operate at part load for most of the year. Besides 

the changes of the heat output, the required DH supply temperature, the temperature of 

combustion air, moisture, and the temperature of fuel are also subjected to seasonal 

changes.  

In order to consider the operational changes during the year, a multiperiod model of 

typical DH demand duration curve for Finland, together with annual variations of fuel 

quality and ambient conditions is applied in this work. The performance of three 

integration concepts with the backpressure CHP plant presented in Publication IV are 

evaluated together with stand-alone and co-located plants in terms of the proposed 

assumptions. 

5.5.1 Multiperiod model 

In the current work, a typical Finnish DH demand curve of a small municipality is 

represented by 35 MWth peak winter load and linear approximation between 20 MWth 

heat load at 1800 hours and 2.6 MWth minimum load during the non-heating season.  
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A model of a small-scale backpressure CHP plant with maximum and minimum district 

heating loads of 20 MWth and 8 MWth, correspondingly, and generation output of 8 MWel 

at full load is applied. The plant operates 1800 hours at full load with the total annual 

operating time of 6000 hours. The annual variation of district heat demand, as well as the 

heat and electricity output of the CHP plant are illustrated in Figure 25. Details of seasonal 

changes at the model load points are explained in Paper V.  

 

Figure 25. DH load duration curve, DH production and electricity generation of the CHP 

plant with corresponding multiperiod approximations DH CHP_mod and Pel_mod. 

5.5.2 Annual production and consumption 

The operational parameters of the torrefaction unit were set at the temperature of 250 °C 

and 30 min residence time; the resulting mass and energy yields of MY = 82.7% and EY 

= 92.5%, and biocoal heating values of LHVdry = 21.8 MJ/kg and HHVdry = 23.0 MJ/kg. 

The torrefied pellet production was set on the level of 5 t/h (or 1.39 kg/s) for all scenarios. 

Three integration concepts from Publication IV were considered: Case 1 (water from the 

drum), Case 5 (high-pressure steam for the torrefier and low-pressure steam for the dryer) 

and Case 6 (high pressure steam for the torrefier and the dryer). The integrated cases were 

compared to a separate CHP plant and torrefaction unit co-located at the same site (Case 

0). A biomass-fired stoker boiler supplied the heat to the torrefaction plant in Case 0. The 

operating period for the co-located torrefaction reactor was 8000 hours, while the 

operating hours of the integrated cases corresponded to the CHP plant operation.  

The main operating strategy for the integration cases was to fulfill the DH demand and 

the heat consumption of the torrefaction unit at any given load, while electricity 

generation was not controlled. During the part-load operation of the CHP plant, certain 

process parameters of the CHP cycle became limiting factors for the plant operation. The 
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minimum boiler furnace temperature was assumed to be at the level of 700 °C to assure 

a sufficient combustion rate. Another boundary parameter was the stack temperature of 

flue gases that was maintained higher or equal of 135 °C to avoid low temperature 

corrosion of the condensed acid compounds in the flue gases. All modeling assumptions 

of the part-load operation of the considered CHP plant are described in the work of Saari 

et al. (2016).  

Within the frames of the applied limitations and capacity levels, Case 1 cannot be 

operated during full-load periods at the required torrefaction output. In this integration 

concept, covering the torrefaction heat demand with the heat of drum water from the 

boiler cycle hampers the performance of the boiler significantly, especially during high 

district heating demand. The reduced capacity of the torrefaction unit may improve this 

integration scenario, but in the current work, in order to have comparative analysis 

between the schemes, only two other integration concepts (Cases 5 and 6) are considered. 

Figure 26 presents the electricity and district heating output levels within a year together 

with the boiler fuel input in the models.  

 

 
Figure 26. DH load duration curve, annual district heat and power production of the CHP plant 

together with boiler fuel consumption (CHP and stoker boiler in Case 0). The dashed lines refer 

to Case 0 values. 

 

For the integrated cases, the heat demand of the dryer (ranging from 9.6 MWth in winter 

to 3.7 MWth in summer time) presents a significant share in the overall energy balance. 

At low loads, the furnace temperature becomes the main limiting factor for the operation 

of the boiler: the minimum operating point of district heat output (6.4 MWth) for Case 6 

corresponding to the furnace temperature limit (700 °C) was reached at 7085 h 

operational time. If the dryer heat requirement is covered with low-pressure steam before 

the DH condenser (Case 5), the boiler operation is less affected and the boiler output, and 

consequently the live steam mass flow through the turbine are increased. As a result of 

the performance increase of the boiler at part loads, the operation time of the integration 
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plant can be prolonged over the stand-alone CHP plant more significantly: Case 5 

operates 7470 h with the minimum district heating load point of 4 MWth. 

During full-load periods, the integration with torrefaction reduces the net power output 

highly for both integrated scenarios. At the same time, for a significant part of the year, 

the generated power in Case 5 is significantly higher than in the co-located plants due to 

the utilization of the free capacity of the boiler. As for fuel consumption, the increased 

live steam mass flow through the turbine requires higher fuel mass flow to the boiler for 

this integration concept. The differences in the boiler fuel input between Case 6 and Case 

0 become rather pronounced during full-load operation and reduced-load periods (after 

6000 h). For a significant part of the year, the difference is considerably small (Figure 26, 

dashed lines for comparison). 

The efficiencies of feedstock conversion into energy streams for the considered cases are 

evaluated with trigeneration efficiencies. In addition to trigeneration efficiency in LHV 

terms (Eq. (11)), the efficiency in HHV terms is calculated with Eq. (12). Table 9 

summarizes the annual production and consumption of various energy streams together 

with trigeneration efficiencies for the considered models. 
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where Eel,net is the net annual energy production of electricity, QDH is the district heating 

output, Qtorre,HHV, Qf,HHV and Qfeed,HHV are the energy (on HHV basis) of produced biocoal, 

wood chips input in the boiler and the torrefaction feedstock, respectively. 

Table 9. Annual energy inputs and outputs of separate CHP and torrefaction plants, co-located 

plants (Case 0) and two integration options. 

Case CHP Torrefaction Case 0 Case 5 Case 6 

Fuel input      
CHP boiler fuel Qf,BFB [GWhLHV] 157.27 - 157.27 209.01 191.85 

Torre stoker boiler Qf,S [GWhLHV] - 51.39 51.39 - - 

Torre feed Qfeed,LHV [GWhLHV] - 230.57 230.57 214.66 203.29 

Total Qchips,HHV [GWhHHV] 193.59 342.69 536.28 516.79 482.80 

Total Qchips,LHV [GWhLHV] 157.27 281.96 439.24 423.67 395.14 

Other energy products       

Net electricity Eel,net [GWh]  38.96 -6.58 32.38 30.35 18.85 

Sold electricity Eel,s [GWh]  38.96 0 33.96 31.68 20.22 

Purchased electricity Eel,p [GWh]  0 6.58 1.59 1.33 1.37 

District heat output QDH [GWh] 94.80 0 94.80 103.47 101.80 

Biocoal output Qbc,HHV[GWhHHV] 0 255.79 255.79 238.71 226.53 

Biocoal output Qbc,LHV [GWhLHV] 0 242.35 242.35 226.30 214.63 

Trigeneration efficiency      

LHV [%]  85.05 83.62 84.13 85.00 84.85 

HHV [%]   69.09 72.72 71.41 72.09 71.91 
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Even though the total fuel input for all integrated cases is much higher than in the case of 

the CHP plant solely, the generation of biocoal as an additional revenue stream and 

possible growth in power and heat production can make the integration schemes 

beneficial. The biocoal output, together with electricity and DH generation are the highest 

in Case 5 due to the longest operating time among the integrated cases. The stand-alone 

CHP plant has higher efficiency in terms of LHV than the other models. However, as the 

feedstock for torrefaction is not burned, the loss with the latent heat of biomass moisture 

decreases and the trigeneration efficiencies in terms of HHV for the integrated cases are 

higher than for the stand-alone CHP plant.  
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6 Economic analysis of torrefaction integration 

6.1 Total capital investment 

As torrefaction technology is a developing one, estimation of the investment costs of the 

equipment has some uncertainties due to the limited information available. Table 10 

summarizes the cost data for the considered plants, and the details of calculation can be 

found in Paper V.  

Table 10. Total capital investment calculation for the studied cases (the values are in millions of 

Euros). 

    CHP Torrefaction Case 0 Case 5 Case 6 

Purchased equipment 

cost 

Torrefaction unit  - 3.0 3.0 2.7 2.7 

Stoker boiler  - 1.8 1.8 - - 

CHP  5.8 - 5.8 5.8 5.8 
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Direct                               

costs 

Total module cost 16.6 12.5 29.1 23.2 23.2 

Offsite cost  2.6 2.1 4.7 3.8 3.8 

 19.2 14.6 33.8 27.0 27.0 

Indirect costs 

Engineering 0.7 0.6 1.3 1.0 1.0 

Start-up 0.6 0.5 1.1 0.8 0.8 

 1.27 1.05 2.3 1.9 1.9 

Contractor's fee 1.0 0.8 1.8 1.4 1.4 

Contingencies 2.0 1.6 3.6 2.9 2.9 

 23.5 18.0 41.5 33.2 33.2 

Working capital 3.5 2.7 6.2 5.0 5.0 

Total capital investment 27.1 20.7 47.7 38.1 38.1 

 

Equipment modifications between the integrated cases are assumed negligible, and their 

investment costs are thus identical. The integration of torrefaction and CHP requires 20% 

less capital investment than co-located plants. The equipment cost for the torrefaction 

unit presents 32% of the total purchased equipment cost of the integrated plant and results 

in about 40% higher capital investments of the integrates over the stand-alone CHP plant. 

6.2 Profitability evaluation 

The profitability of the considered cases was evaluated with three grading metrics - net 

present value (NPV), internal rate of return (IRR) and payback period (PBP). Three 

electricity price scenarios (high, medium and low) were assumed for the market price of 

electricity sold. In addition, the effect of the total capital investment level of the studied 

cases on profitability was investigated at three levels: base level (TCI value from Table 

10), optimistic (-25% of the base scenario) and pessimistic (+25% of the base scenario). 

Table 11 presents the values of the parameters for economical assessment when they are 

not treated as variables in the current study. 
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Table 11. Values of economic parameters when not treated as variables in the analysis. 

Parameter Value Energy product Price 

Maximum annual operating time t [h] 8000 Wood chip price cf [€/MWhLHV] 20 

Interest rate i [%] 10 Sold electricity price (high) cel,s [€/MWh] 77 

Plant economic lifetime n [y] 25 Sold electricity price (medium) cel,s [€/MWh] 44 

Annual O&M cost ratio for CHP plant 

rO&M,CHP [%] 
4 

Sold electricity price (low) cel,s [€/MWh] 21 

Purchased electricity price cel,p [€/MWh] 100 

Annual O&M cost ratio for 

torrefaction unit rO&M,Torre [%] 
6 

District heat price cDH [€/MWh] 60 

Biocoal pellet price cbc [€/MWhLHV] 40 

 

The NPV of a project is found as the total sum of the present worth of future cash flows 

during the economic lifetime of the project of n years discounted at an interest rate of i, 

subtracting the value of total capital investment TCI:  
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where the annual energy streams E and Q are those shown in Table 9 with corresponding 

prices c.  

The internal rate of return is calculated with Eq. (13) by solving it iteratively for such 

interest i that the NPV becomes zero. The PBP is found similarly by setting the NPV to 

zero, and solving for the number of years n. 

The annual operating and maintenance cost CO&M is determined as a fraction rO&M of the 

total capital investments. For a small-scale biomass-fired CHP plant the value for 

rO&M,CHP = 4% is assumed. As torrefaction is currently a developing technology, a slightly 

higher O&M fraction of rO&M,Torre = 6% is set in the current study. The combined value 

of the cost for operating and maintenance CO&M is calculated with the mean value of rO&M 

weighted with the fractions of the purchased equipment cost of CHP and torrefaction unit: 
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6.3 Economic results and discussion 

The effect of the interest rate on the annual net cash flow for the considered cases was 

also investigated (Table 12). The investment amortization was calculated as the equal 

annual payments within the economic lifetime of the project at three values of interest 

rate (15%, 10% and 5%). The share of sold electricity was calculated with the medium 

price of 44 €/MWh. With the high interest rates of 15% and 10%, the stand-alone 

torrefaction reactor is unprofitable. On the other hand, the more realistic interest rate of 

5% improves the performance of all the studied cases, and even the stand-alone 

torrefaction unit becomes profitable. With regard to the integrated cases, the highest 

growth of cash flow is observed in Case 5: a 62% increase of net cash flow over the co-
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located plants. Integration Case 6 results in more moderate changes: the cash flow is 39% 

higher than in Case 0 (i = 5%). At the baseline interest rate of 10%, the integration options 

increase the annual cash flow by 8 – 10 times compared to the stand-alone CHP plant. 

With the higher level of interest rate (15%), only Case 5 results in a positive annual cash 

flow value, thus making this integration concept more advantageous than the stand-alone 

CHP plant or co-location.   

Table 12. Annual cash flows of the studied cases (the values are in millions of Euros). 

 
CHP Torrefaction Case 0 Case 1 Case 5 Case 6 

Investment amortization (i = 15%) -3.22 -3.20 -6.42 -4.91 -4.91 -4.91 

Investment amortization (i = 10%)  -2.29 -2.28 -4.57 -3.50 -3.50 -3.50 

Investment amortization (i = 5%)  -1.48 -1.47 -2.95 -2.25 -2.25 -2.25 

Operation and maintenance  -0.83 -1.65 -2.07 -1.49 -1.49 -1.49 

Boiler fuel  -3.15 -1.19 -4.34 -4.21 -4.74 -4.21 

Torrefaction feedstock  0 -4.61 -4.61 -3.77 -4.25 -3.76 

Purchased electricity  0 -0.65 -0.16 0 0 0 

Sold electricity  1.71 0 1.50 1.53 2.15 1.56 

Sold district heat  5.69 0 5.69 5.94 6.19 5.93 

Sold biocoal  0 9.74 9.74 8.01 9.01 7.99 

     Annual net cash flow (i = 15%)  0.20 -1.57 -0.68 1.10 1.96 1.11 

  Annual net cash flow (i = 10%)  1.13 -0.65 1.17 2.51 3.37 2.53 

Annual net cash flow (i = 5%)  1.95 0.16 2.80 3.75 4.61 3.77 

 

The results of IRR, NPV and PBP calculations in terms of concerned economic scenarios 

are presented in Figure 27. The colors of the lines characterize the variation of TCI, while 

the sold electricity levels are indicated by the line patterns. Integration improves the 

profitability in all the considered schemes over the co-located plants. Case 5 shows the 

best results within all three investigated metrics for profitability evaluation due to its 

longer operating time and the resulting growth of electricity and DH production. 
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Figure 27. Studied cases compared in terms of IRR, NPV and PBP. The line color indicates the 

investment cost scenario (green – optimistic, black – base and red - pessimistic). The line pattern 

depicts the price level of sold electricity. 

 

The primary economic factors that define the profitability of the scenario were identified 

with sensitivity analysis of the project IRR. Figure 28 illustrates the change of IRR value 

from the variation (with ±20% change) of a certain range of parameters at the baseline 

investment cost and medium electricity price assumptions.  
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Figure 28. Sensitivity analysis of IRR with ±20% change of parameters.  

 

The value of the IRR of the stand-alone torrefaction unit is particularly sensitive to the 

price of wood chips, while the investment cost is the second important factor that defines 

profitability. Variations of the purchased electricity price and O&M costs change the IRR 

value in a quite narrow range (within the limits of 2%). With regard to the CHP plant, 

profitability is mainly defined by the district heating price and the capital investment cost. 

While the district heat constitutes the major product, the effect of the sold electricity price 

appears to be rather limited. The impact of feedstock price variation is considerably 

smaller compared to the torrefaction plant due to the higher conversion efficiency of the 

generated products.  

The integrated cases display quite similar results: the investment cost followed by the 

feedstock and district heat price indicate the highest influence on the profitability of the 

project. This dependency is relatively comparable to the case of co-located plants. During 

full-load periods, a slight effect of the purchased electricity price can be observed due to 

the covering of the power demand of the plant by purchased electricity. The IRR value of 

Case 5 (with the highest power generation among the integration cases), is more sensible 

to the sold electricity price than that of the others.  
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7 Conclusions 

This section provides the main conclusions and discusses the scientific contribution of 

the thesis and published papers to the stated research objectives. Sources of uncertainties 

and perspectives for future research are also presented. 

7.1 Concluding remarks 

Answers to the research questions presented in the beginning of the thesis are summarized 

below.  

Q1. What is the effect of the chemical composition of biomass on its thermal behavior? 

Decomposition of biomass material during thermal conversion is significantly influenced 

by the reaction parameters, as well as the chemical composition of the feedstock. 

Therefore, comprehensive knowledge of the chemical structure of the biomass is a critical 

factor for the optimal selection of the most suitable conversion technology. The results of 

thermogravimetric analysis in Publication I indicated strong correlation between 

cellulose and hemicellulose contents and pyrolysis behavior: a higher percentage in the 

original material intensified thermal degradation. Pyrolysis studies also showed a notable 

effect of alkali metals that can modify the character of thermal decomposition: an 

increased potassium content in herbaceous feedstocks reduced the decomposition 

temperatures of the main lignocellulosic polymers.  

Q2. How to predict the mass and energy yields during HTC and torrefaction and to model 

industrial-scale processes? 

The improvement of the fuel properties of biomass with respect to energy production is 

required due to problems associated with the quality of untreated biomass. Hydrothermal 

carbonization and torrefaction present two possible ways to increase the potential of 

biomass: the feedstock is converted into a value-added product with a higher energy 

content and improved characteristics.  

Experimental research on hydrothermal carbonization of coniferous wood is currently 

limited. The existing differences in chemical composition and the resulting thermal 

decomposition behavior variations between coniferous and deciduous wood species can 

be quite notable. In Publication II, the effect of the main process parameters on mass and 

energy yields during hydrothermal carbonization of coniferous wood chips was 

investigated. The research confirmed the dominant role of the process temperature in the 

decomposition reactions. At the same time, the analysis of experimental data revealed the 

significance of other reaction parameters – the residence time and the ratio between 

biomass and water – the roles of which are usually underestimated and their effect is not 

well studied. It was found that within the frames of the investigated parameters, lower 

feedstock concentration intensifies biomass decomposition during HTC, followed by the 

effect of a longer residence time. 
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The reaction temperature is the main influencing factor in the torrefaction process. 

Torrefaction tests with the same feedstock material described in Publication III showed 

less intensive decomposition of biomass, and consequently, lower energy densification 

rates than with HTC within the reaction parameters selected for the work. The 

experimental data from the HTC and torrefaction tests was analyzed analytically. The 

obtained. Obtained mathematical correlations can be used for predicting the mass and 

energy yields of coniferous woody biomass within the region of the studied reaction 

temperaturesparameters. This knowledge contributes to better understanding of the 

processes and can be used for process modeling as well as for optimization and integration 

with other processes. 

In Publication IV, a torrefaction unit model (torrefier and dryer) was developed on the 

basis of available literature for torrefaction, representing the typical Scandinavian woody 

biomasses (pine, spruce, birch, and mixed-species logging residues). Mass and energy 

balances, together with the heat demand for each stage of the process were modeled to 

enable subsequent study of the integration possibilities at an industrial-scale unit. 

Q3. How does the heat integration of CHP and torrefaction affect the operation of the 

integrated plant?  

The overall efficiency of the torrefaction process can be increased by integration with the 

heat source. Publication IV investigated the heat integration possibilities of torrefaction 

and a combined heat and power plant. As a novelty, the effect on the performance of the 

integrated plant was evaluated with six different scenarios of heat integration in the range 

of typical torrefaction temperatures. Several combinations of available energy streams 

(hot water from the drum, flue gases from the boiler, and steam from the turbine) were 

evaluated for covering the torrefaction demand. The analysis revealed that due to the 

rather high heat demand of the dryer (in comparison with the torrefaction reactor itself), 

the integration schemes that utilize the heat of flue gases to fulfill the heat demand require 

additional attention to assure the necessary level of combustion air preheating. 

Q4. What are the effects of the operating mode of the CHP plant and the torrefaction 

conditions on the operation of the integrated plant?  

The amount of available low-grade heat within the CHP plant cycle depends on the plant 

size and operation. In order to assess the impact of the operation mode of the CHP plant 

on the integration potential, two different-sized co-generation plants were studied in 

Publication IV: a condensing plant at full boiler load (385 MWth output) and a back-

pressure plant at reduced district heating load conditions (12 MWth output). The 

simulation results indicated a diverse effect of integration on the performance of the CHP 

plants operated under different regimes. Integration with the CHP plant operating at full 

boiler load decreased the fuel consumption of the boiler due to torrefaction gas co-firing, 

but the electricity generation was also reduced in comparison with stand-alone operation 

because of the heat demand of the torrefaction unit. With regard to the smaller 

backpressure plant operated at reduced load, the use of available boiler capacity would 
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make it possible  to produce more electricity in the case of integration, but this would 

result in increased fuel consumption.  

As for the impact of torrefaction conditions, it was found for all the considered schemes

that a higher torrefaction temperature resulted in a greater share of fuel that could be 

substituted with torrefaction gas. The overall efficiency of the feedstock conversion into 

valuable energy streams could be increased in the case of a condensing plant at full boiler 

load: from 76.5% of the stand-alone plant to maximum 80.3% with heat integration. The 

main reasons were the minimization of the heat loss of the plant in the condenser with 

redirection of the available low-value energy streams for the torrefaction and increase of 

the fuel economy due to the torrefaction gas co-firing. The efficiency of a majority of the 

integration scenarios for the backpressure plant was rather comparable with a stand-alone 

plant with the exception for the cases that used the heat of flue gases. 

Thermodynamic analysis showed significant differences in the effects of torrefaction 

integration with the CHP plant at different operational modes. Therefore, in order to 

evaluate the potential of heat integration in detail, the effect of seasonally varied operation 

characteristics of a backpressure CHP plant was analyzed with a developed multiperiod 

model in Publication V. A typical cogeneration plant follows the district heating demand

during the year and operates at part load most of the time. As a result, the torrefaction 

unit in the case of integration would act as an additional and relatively constant heat 

consumer, allowing the CHP plant to stay in operation during the reduced DH load.  

The heat requirement of torrefaction was covered with the integration concepts deemed

promising by previous analysis: drum water, live steam and low-pressure steam and live 

steam solely. Operational analysis of the case utilizing the heat of drum water showed

that with the considered torrefaction and CHP plant capacities, it could be operated during

full-load periods: both torrefaction heat demand and district heating cannot be covered 

with the capacity of the CHP plant. As for the other cases, fulfilling the heat demand of

the dryer by low-pressure steam before the condenser would lead to certain benefits in 

the plant performance: with increased live steam mass flow through the turbine, the power

output would be increased over the stand-alone CHP plant. On the whole, the results 

proved that the impact of the heat integration of the torrefaction process to the CHP plant

would be particularly strong concerning the heat demand of the drying stage.

Consequently, this heat demand should be covered with energy streams that would affect 

the operation of the CHP plant to a minimal extent.  

Q5. What are the main economic factors affecting the profitability of the integrated plant? 

The economic analysis presented in Publication V showed that the heat integration of 

the torrefaction process with a CHP plant can be economically profitable in co-located 

plants. While co-location results in certain benefits for feedstock logistics, storage and

handling, the integration increases the operating hours and results in additional revenues 

from increased power production and sale of torrefied wood. The integration options 

require approximately 40% more capital investment than a stand-alone CHP plant. On 
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the other hand, the integration needs 20% less investments than co-located torrefaction 

and CHP plants, resulting in higher efficiencies. All the considered integrated cases, 

together with the stand-alone torrefaction unit became profitable at the assumptions of a 

5% interest rate and biocoal price of 40 €/MWh. The results proved that the integration 

case with the longest operating time would result in higher values of profitability than the 

other options, both integrated and co-located. Investment cost and feedstock price as the 

main economic drivers influence the profitability of the integrated options, while the 

profitability of the stand-alone torrefaction unit is particularly sensitive to the price of 

feedstock. The obtained results confirm the importance of detailed operational and 

economic analyses in order to evaluate the potential and choose the most suitable 

configuration option for integration.  

7.2 Scientific contribution 

Biomass torrefaction and hydrothermal carbonization are relatively new and currently 

developing technologies that require wider knowledge and experience to increase their 

potential use. The experimental results of the hydrothermal carbonization tests presented 

in the thesis revealed the effects of reaction temperature, biomass concentration in water-

biomass mixture and the residence time on the process. The impact of the latter 

parameters has generally been underestimated in the literature compared to the effect of 

temperature. The analysis of the experimental data showed that even though temperature 

largely determines the extent of biomass decomposition, these two process parameters 

also affect the energy yield of the treatment: lower feedstock concentration in the mixture 

and longer residence time lead to intensification of the decomposition during HTC and 

higher energy content in the resulting solids. 

The mathematical correlations for the mass and energy yields of Scandinavian woody 

biomass during torrefaction and HTC presented in the work may be used for process 

modeling. The correlations can be used for predicting the process outcomes from the point 

of view of energy with reasonable accuracy within the limits of typical reaction 

temperatures. The work provides a detailed study on the effect of the integration of the 

developed torrefaction reactor model and a CHP plant. As a novelty, several possible 

combinations of energy streams for fulfilling the heat demand of the dryer and torrefier 

itself were evaluated. Two biomass-fired CHP plants were considered: a large-scale 

condensing plant at full boiler load and a small-scale backpressure plant at reduced district 

heating load. The analysis of the effect of the integration scenarios and the operation mode 

of the CHP plant on the thermodynamic performance of the integrated plant showed 

diverse results. While the available boiler capacity in the case of a smaller plant makes it 

possible to increase power generation in the case of integration, the overall (trigeneration) 

efficiency for most of the cases changes insignificantly compared to non-integrated 

operation. In the case of full-load plant operation, integration decreases the consumption 

of the main boiler fuel due to co-firing of the torrefaction gas and helps to utilize low-

pressure steam, increasing the trigeneration efficiency of the integrated plant notably.          
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The thesis contains also extended operational and economic analyses for three most 

promising integration concepts of a small backpressure CHP plant and torrefaction. The 

scenarios were evaluated in terms of annual variation of the DH load and the ambient 

conditions with the developed multiperiod model. The analysis revealed that under the 

assumptions, only cases that use steam for fulfilling the torrefaction demand can be 

operated throughout the year without compromising the DH output. This indicates the 

importance of detailed operational analysis of any integration scenario, considering all 

influencing factors. Another finding was that covering the rather significant heat demand 

of the dryer with low-pressure steam (compared to the heat consumption of the torrefier) 

provides noticeable benefits for the performance of the integration plant by allowing an 

increase of the power generation and annual operation of the plant.    

While the energy efficiencies of the studied integration cases were rather comparable with 

the stand-alone co-generation plant, the possibility to prolong the annual operation of the 

CHP plant would bring significant economic benefits. The torrefaction unit would act as 

an additional and relatively constant heat consumer, enabling longer operation of the CHP 

plant during reduced DH load periods. Under these circumstances, the economic analysis 

indicated a considerable increase of the cash flows in the case of integration over co-

located plants. In addition, the sensitivity analysis of the IRR presented in the work 

assessed the major economic factors forming the profitability of the plants: the 

profitability of the integration plants is mostly influenced by the investment cost and 

wood chip price, while the stand-alone torrefaction plant is particularly sensitive to wood 

chip price.          

7.3 Sources of uncertainties and future research 

The dependencies between the process parameters and the product yields during 

hydrothermal carbonization and torrefaction obtained in this study on the basis of 

experimental results and literature data are valid for the studied conditions. Considering 

the wide variety of biomasses, certain and sometimes significant differences in the 

chemical structure exist even within one type of biomass, and the development of a model 

that would predict the thermal decomposition of all possible coniferous biomasses is 

naturally a rather challenging task. At the same time, detailed characterization of several 

different coniferous biomasses and comparison of their properties can be highly 

beneficial for understanding and predicting the decomposition processes during pre-

treatments. Additional factors, such as the heating rate, particle size, and special chemical 

additives in the case of HTC, also affect the process behavior to a certain degree and 

should be investigated in more detail. 

In this thesis, the modeling of the torrefaction reactor was based on assumptions that result 

in some level of uncertainty. Precise evaluation of the heat consumption of the 

torrefaction is relatively difficult at the current level of process development: the limited 

amount of available data from industrial-scale operating units complicates the 

confirmation of the assumptions applied in the laboratory-scale experiments. Accurate 
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prediction of the process behavior in a larger scale is only possible with data from real 

plant operation. With respect to the integration potential, this study  investigated the effect 

of torrefaction integration on two different-sized CHP plants. The size and operating 

mode of the plant determine the amount of available energy sources for heat integration. 

Thus, the ratio between the capacities of the torrefaction unit and the CHP plant should 

be studied more, as the operation of the CHP plant is particularly sensitive to this aspect 

in the case of heat integration.   

The obtained results and conclusions on the economical attractiveness of the considered 

integration scenarios are valid within the assumed conditions in this work. The price 

levels for the dominant factors in the profitability of  the integrated plant– the investment 

costs for the torrefaction unit and the price of the feedstock material – were selected on 

the basis of the current technology state and the economic situation. The development of 

torrefaction technology in near future will most probably reduce the cost of the 

equipment. As for the cost of feedstock, certain changes may take place in the form of 

government incentives for bioenergy promotion that are hard to predict and take into 

account. Above all, the assessment of the market potential for such new commodity as 

torrefied biomass is challenging. Since one of the most suitable applications for torrefied 

biomass is substitution of coal at coal-fired plants, government support for the 

substitution of fossil fuels and the price levels for coal will affect the economic potential 

of the integrated torrefaction-CHP plant.  

In addition to the presented assessment, environmental evaluation of the integration 

schemes could be performed in the future to bring valuable information about the 

potential of torrefaction. Life cycle assessment of the substitution of coal with torrefied 

biomass produced at an integrated plant would help to allocate the most significant 

environmental impacts within the considered scenarios. Moreover, the effect of possible 

alternatives of the environmental incentives on the profitability and potential of integrated 

plants could be investigated.      
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ABSTRACT: Concerns about climate change and other issues mostly related to the reduction of fossil fuel usage have increased
the demand for renewable energy sources. The possibility of using lignocellulosic biomass for energy generation is gaining
interest in many countries worldwide. The current paper presents the analysis of physicochemical characteristics of nine
lignocellulosic biomasses: five types of eucalyptus wood chips, sugar cane bagasse, elephant grass, bamboo, and coconut husk.
Selection of a thermal conversion technology depends on the knowledge of important biomass characteristics in relation to
thermal conversion: density and productivity, proximate and ultimate analysis, heating value, ash and polysaccharides
composition, and thermogravimetric analysis. With regard to the annual energy potential and density, it was suggested that
Eucalyptus urophylla (Flores IP) × E. urophylla (Timor) and bamboo have the greatest potential for energy application, which
reduces transport and storage costs. Moreover, the eucalyptus has desirable characteristics in thermal conversion processes: low
ash content that results in lesser damage to the equipment and low content of sulfur and nitrogen that leads to better
environmental performance and product quality. The obtained information could be used as a basis for a more comprehensive
database of biomass properties that will help to evaluate various biomasses with respect to the renewable energy potential.

1. INTRODUCTION

The composition of raw biomass depends on various factors,
such as plant species, part of plant, growth processes, soil type,
growing region and fertilizer treatment, etc. Biomass materials
can be divided into four main types, namely, woody plants,
herbaceous plants/grasses, aquatic plants, and manures. Woody
biomass, such as eucalyptus, is widely and quite efficiently used
as a feedstock for Brazilian pulp and steel industries. At the
same time, eucalyptus is a relatively expensive option, and
alternative sources (e.g., grasses) are being investigated. High
productivity plants such as elephant grass (30−45 bone dry t
ha−1 yr−1) could potentially supply biomass at a low cost to
meet the current demand needed for energy production.1

The objective of this study was to conduct the analysis of
physicochemical characteristics of nine types of important
lignocellulosic biomasses widely available in Brazil, including
five types of eucalyptus wood chips derived from different
clones, sugar cane bagasse (industrial residues of ethanol and
sugar mills), elephant grass, bamboo, and fibers of coconut fruit
(husk). These results are useful for individuals and institutions
who are considering using Brazilian biomass for thermochem-
ical conversion because the data studied in this manuscript is
not readily available in the literature to assess potential crop
variability and the full range of important properties.
1.1. Main Commercial Planted Biomass in Brazil. The

current study focuses on most common Brazilian woody and
nonwoody biomass species.
1.1.1. Woody Species. The eucalyptus plantations owned by

the Brazilian pulp and paper industry (1.8 million ha) represent
the largest industrial eucalyptus plantation base in the world.
These include plantations with the highest growth rates and

lowest production cost, which were achieved after many years
of genetic improvements. The Brazilian steel industry owns
more than 1 million ha of eucalyptus plantations used for
charcoal (pig iron) production. At the same time, in Brazil, a
significant amount of land is still available for expanding the
eucalyptus forest for bioenergy use.2

The coconut tree or coconut palm is an agricultural crop
widely spread out through the tropics. In Brazil, coconut
plantations are found mainly along the coast throughout the
northeastern and southeastern parts of the country. Brazilian
coconut production in 2011 was 1.9 billion fruit, with a total
plantation area of 270 000 ha, of which it is estimated that 20%
are represented by the variety of dwarf coconut, 10% by hybrid
coconut, and 70% by giant coconut.3 The dwarf coconut is the
variety of coconut that is more commercially used in Brazil, and
according to Embrapa3 more than 57 000 ha of this species are
planted in Brazil. Under good conditions, a pure stand of dwarf
coconut palms should annually produce at least 130 nuts per
palm, or 120 000 nuts per hectare. Most coconut fruit
processing generates residue (fibrous parts) which after
removing the solids for shredded coconut and coconut water
accounts for 35% of the fruit mass. Moreover, the coconut husk
is constituted of 30% fiber and 70% pitch material.4 Since only
a small part of the available coconut material is currently
utilized, alternative outlets, such as energy applications, are
attracting increasing interest.
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Bamboo represents another wood type widespread in Brazil.
There are over 1200 species of bamboo in the world, which are
typically associated with tropical and subtropical forests and are
found natively on every continent except Europe.5 Brazil has
the greatest diversity with about 34 genera and 232 species of
which about 204 are endemic.6 Calderoń and Soderstrom5 have
divided bamboos into two groups, Bambuseae bamboos (or
timber) and Olyreae (or herbaceous). The Dendrocalamus
giganteus also known as Giant Bamboo studied in current work
is one of the largest bamboo trees in the world (reaching
heights of 30−40 m).
1.1.2. Nonwoody Species. Sugar cane plant, a worldwide

commodity, first emerged from Oceania (New Guinea) and
Asia (mainly India and China). It is basically composed of the
stalkformed by several nodes, which are made up of fibers
(cellulose, hemicelluloses, and lignin), sugar (sucrose, fructose,
and lactose), and the leafgreen leaf and dry leaf sheaths,
commonly called straw. In Brazil, ethanol fuel is produced from
sugar cane which can be harvested mechanically using
harvesting machines or manually; the straw that surrounds
the base of the plant is removed (and in most cases burnt), and
the stalk is cut. The sugar cane stalk is then crushed and ground
in mills and power plants extracting the juice that serves as raw
material for ethanol production. The bagasse from the grinding
is burned to produce the electricity used by the plant and for
export to the grid. The sugar cane grown for ethanol and sugar
production represents about 1% of the Brazilian arable land, or
about 9.5 million ha (representing 600 million tons of
processed sugar cane per year) .7

Elephant grass (Pennisetum purpureum, Schumach) originates
from Africa and is one of the most important and widespread
species of grass in all tropical and subtropical regions of the
world. This grass is an important source of food for livestock,
principally for feeding dairy cattle. Elephant grass has the ability
to produce from 30−50 t of dry matter per hectare per year in
regions with abundant and well-distributed rain throughout the
year.1 It has been considered as an alternative source of energy
due its low cost, high fiber content, and potential for two
harvests per year.
1.2. Main Characteristics of Biomass for Thermo-

chemical Conversion Processes. Direct combustion, gas-
ification, and pyrolysis present the most common and available
for thermochemical conversionof biomass. In general terms,
gasification is applied to convert solid material into gas phase by
partial oxidation with generation of gases (CO, H2, CH4, and
traces of other hydrocarbons), ash, char, tar, and other minor
contaminants. Tar and char are the result of incomplete
conversion of biomass, and the gasification temperature needs
to be high enough (above 750−1000 °C) for the steam
reforming and water−gas reactions to be favorable.8,9

Combustion is similar to the gasification process in which
fuel can be completely oxidized and converted to hot flue gases.
Pyrolysis is a thermal decomposition of biomass components
that starts at 350−550 °C and goes up to 700−800 °C in the
absence of air/oxygen.10 Depending on the operating
condition, pyrolysis can be classified into three main categories:
conversional, fast, and flash pyrolysis.
The choice of the most suitable solid fuel is influenced by the

thermochemical conversion process specific features.8 At the
same time, the inherent properties of the biomass are essential
in choosing the conversion process depending on subsequent
processing difficulties that might arise.11

The main biomass properties considered important for
thermochemical conversion are the following: productivity,
density, moisture content, elemental composition, heating
value, proportions of fixed carbon to volatile matter, ash/
residue content, alkali metal content, and cellulose/lignin ratio.
Density, productivity, and energy potential of biomass are

important parameters for analysis of the viability of
thermochemical conversion processes. Biomass density and
calorific value can influence economic and logistic consid-
erations, such as shipping, handling, and storage costs.11

Elemental composition of both feedstock material and ash
provides important information for prediction of thermochem-
ical conversions.12,13 Higher ash content contributes to
reducing the heating value of the material because the minerals
do not have energy value in thermochemical conversion
processes. The reaction of alkali metals with silica to form
alkali silicates that melt or soften at low temperatures results in
a sticky and mobile liquid phase; the reaction of alkali metals
with sulfur forms alkali sulfates, which fouls heat transfer
surfaces and may lead to operational problems during the
thermochemical conversion process. These problems are
aggravated by the presence of chlorine being a major factor
in sticky ash formation.14

Another important characteristic of biomass is its composi-
tion in terms of the plants̀ structural chemical compounds. The
dried biomass is generally composed of about 40−60%
cellulose which forms the skeletal structure of the plant and
is composed of glucose molecules joined linearly. It also
contains 15−30% hemicelluloses, which is a polymer similar to
cellulose, but with heterogeneous branched chains composed
mainly of: xylose, glucose, mannose, galactose, arabinose, and
others. Finally, it has from 20 to 35% lignin, a polymer
completely different from cellulose and hemicelluloses, and is
composed of a three-dimensional polymer which has irregular
phenyl-propane units operating in the cell walls as a support
material.10,11 Structural components that form plant cell
(cellulose, hemicelluloses, and lignin) illustrate quite different
decomposition behavior during thermal treatments.9 As a
result, knowledge of lignocellulosic components content for a
specific biomass type is essential for comprehensive under-
standing and control of biomass treatment.

2. METHODOLOGY
Five eucalyptus clones wood samples from commercial harvesting at
seventh year growth, bamboo and elephant grass (150 days old), sugar
cane from the industrial residues of ethanol and sugar mills, and
coconuts husks were collected from the state of Minas Gerais in
southeast of Brazil and used as the test samples. The biomass samples
were divided into representative specimens by quartering on a flat
surface. In this process, the samples were thoroughly mixed and then
sectioned into four approximately equal quarters. Opposite quarters
were then combined, and the process was repeated until sufficiently
small specimens were obtained for each analytical technique. The
samples were chipped, mixed, and screened to produce the particles
sizes below 0.42 mm, according to SCAN-CM 40:94 procedures.15

After that, the biomasses were dried to about 15% moisture and stored
in large plastic bags.

The measurements for basic density were performed according to
SCAN CM-43:95 standard procedures.16 The biomass productivity
was calculated using the medium annual increase (MAI) and basic
density, by the simple relation: biomass productivity (ton ha−1 yr−1) =
MAI (m3 ha−1 yr−1) × basic density (t m−3).

The proximate analysis aims to quantify the moisture, volatiles
(condensable and noncondensable), fixed carbon, and ash contained in
a biomass sample. According to the standard EN 14774-217 for
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moisture analysis, biomass samples were weighed in dry containers and
then kept in the oven at a temperature of 105 ± 2 °C for a certain
period of time until biomass mass remained constant. For the volatile
matter analysis, samples were prepared and placed in a muffle furnace
at a temperature of 900 °C for 7 min, according to standard EN
15148.18 According to standard EN 14775,19 ash content is
determined from the mass of the inorganic residue remaining after
heating the biomass sample in air under controlled conditions of time
to a temperature of 550 ± 10 °C.
The ultimate analysis shows the content of five major elements:

carbon (C), oxygen (O), hydrogen (H), nitrogen (N), and sulfur (S)
in the organic phase. Content of these elements was measured using a
TruSpec Micro - Leco Instruments 628 Series C/H/N elemental
analyzer with oxygen and sulfur module. All measurements were
repeated in triplicate and a mean value corrected for moisture content
is reported.
The higher heating value (HHV) of biomass samples was

determined by combustion of the sample under specific conditions
in a bomb calorimeter (Parr 6300 Calorimeter) according to DIN
51900-120 and Biomass energy potential (GJ/ha/yr) = MAI (m3 ha−1

yr−1) × basic density (t m−3) × HHV (GJ t−1).
The analyses of ash with respect to contents of silica, chloride, iron,

copper, manganese, potassium, calcium, and magnesium were carried
out directly on raw sawdust in accordance with standard methods for
the examination of water and wastewater (2000) by atomic absorption
spectrophotometer, PerkinElmer - AA Analyst 200 series, except for
chloride, which was determined according to Tappi T256 cm-07
standard procedure.21

Chemical composition of studied biomass samples was evaluated
within the following procedure. The total extractives were determined
in three steps, an extraction in ethanol toluene (1:2), an extraction in
ethanol and a hot water extraction, according to T204 cm-97 standard
procedures.22 The content of biomass extractable in acetone was
determined according to TAPPI T280 pm-99 standard procedure.23 In
order to determine biomass main cell wall components, a 200 g sample
of extractive free biomass (TAPPI T204 cm-97)22 was conditioned in a
temperature and humidity controlled room (23 ± 1 °C, 50 ± 2% RH)
until an equilibrium moisture was achieved (∼10%). The contents of
uronic acids, acetyl groups and sugars (glucans, mannans, galactans,
xylans, and arabinans) in the extractives-free biomass were determined
according to Scott (1979),24 Solar et al. (1987)25 and Wallis et al.
(1996),26 respectively. On the same extractives-free wood sample, the
content was determined of acid insoluble lignin, acid soluble lignin,
and lignin syringyl/guaiacyl (S/G) according to the TAPPI T 222 om-
97 standard procedure.27

Thermogravimetric analysis was applied to study the trans-
formations of chemical components when the biomass is subjected
to a heat treatment in an inert atmosphere (pyrolysis). Tests were
performed using a TGA analyzer (SHIMADZU DTG60 Series), by
heating a typical sample mass of 6 mg in a purge of nitrogen (100 mL
min−1), at heating rates of 5, 15, and 25 K min−1 with final
temperature at 1173 K.

3. RESULTS AND DISCUSSION

3.1. Density, Productivity, and Energy Potential of
Biomass. The basic density, productivity, and energy potential
data of the biomass samples are shown in Table 1.
The eucalyptus wood samples presented a high value of basic

density (504−610 kg m−3) in relation to the grass species,
expect for the bamboo sample that also showed a high value.
Sugar cane bagasse (SCB) had the lowest basic energy density
(131 kg m−3) of all tested species.
The energy performance of each species can be evaluated by

combining the amount of biomass produced per unit area with
its heating value (HHV). The results show that the potential
energy production of biomass ranges from 67.1 to 801.0 GJ
ha−1 yr−1. The result is mainly determined by the potential of
Brazilian energy farming that is the result of land availability

and biomass productivity. The greatest potential of energy
production were calculated for the E. urophylla (Flores IP) × E.
urophylla (Timor) (E-U1xU2) and Bamboo (BB) (801.0 and
785.0 GJ ha−1 yr−1), and the lowest values were calculated for
the sugar cane bagasse (SCB) and dwarf coconut husk (DCH)
(229.2 and 67.1 GJ ha−1 yr−1). However, the energy value of
SCB and DCH should not be underestimated, since these
materials are agro-industrial waste.

3.2. Heating Value, Proximate, and Ultimate Analysis.
Table 2 includes the results of proximate analysis, ultimate, and
heating values of the biomass collected. It was observed that the
woody and nonwoody species have high levels of volatile
matter (69.20−79.72%) and low ash content (0.10−6.74%),
which are typical values for biomass coming from wood and
agricultural waste. In terms of ash, that is, total minerals in the
biomass of different compositions, the species SCB, EG, and
BB showed more significant levels. However, these samples had
very low levels of ash when compared, for example, to the
Brazilian coal.
In Table 2 it can be observed that all samples have quite low

moisture content, with the E. grandis (Cof fs Harbour) × E.
globulus (R) (B3) having the highest moisture contents, 13 and
18%, respectively. The fixed carbon content for sugar cane
bagasse (SCB) stood at 17.96%, consistent with published
values. For the elephant grass (EG), the fixed carbon content
was found to be 16.14%, while 16.55% and 14.66% were
reported by Assis et al. (2014)28 and Braga et al. (2014),29

respectively. For the several eucalypt clones, the fixed carbon
content mentioned in the literature is approximately 12%,8

similar to the value found in this study.
According to Nogueira and Lora (2003)30 fuels with high

fixed carbon content and low levels of volatile materials tend to
burn more slowly, requiring longer residence time in the
thermochemical equipment compared to fuels with a low fixed
carbon content.
As for the heating value, Table 2 shows mean values of about

18.7 MJ kg−1 for all species, wherein the highest values found
were from the biomasses SCB, BB, and DCH. The heating
value is directly related to the fixed carbon content and is
associated with volatile and ash content. Given these relation-

Table 1. Basic Density, Productivity and Energy Potential of
the Biomass Samples

sample
code sample

basic
density
(kg m−3)

productivity
(ton ha−1

yr−1)

energy
potential
(GJ ha−1

yr−1)

E-U1xU2 E. urophylla (Flores IP)
× E. urophylla (Timor)

504 43.335 801.0

E-U2xC1 E. urophylla (Timor)
× E. camaldulensis
(VM1)

547 29.635 553.5

E-G1xGL E. grandis (Cof fs
Harbour) × E. globulus
(R)

530 20.835 376.5

E-DGxC1 [E. dunnii (R) × E.
grandis (R)]
× E. camaldulensis
(VM1)

500 36.335 667.9

E-GL Eucalytous globulus 618 20.036 372.0

SCB sugar cane bagasse 131 12.035 229.2

EG elephant grass (Penisetum
purpureum)

216 32.037 595.2

BB bamboo (Bambusea
gigantea)

610 40.036 785.0

DCH dwarf coconut husk 348 3.3738 67.1
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ships, it was noted that, although the EG biomass has a high
fixed carbon content, it did not maintain the expected
relationship and presented the lowest volatile content and
higher ash content, which reduces the heating value of this
biomass.
For the studied biomasses, the main constituent is carbon

(48.75−53.56%, dry basis). For eucalyptus, regardless of the
type, the elemental composition on a dry basis showed
approximately 0.09% of nitrogen, 49.29% of carbon, 5.91% of
hydrogen, 44.68% of oxygen, and 0.03% of sulfur.
The presence of nitrogen in the composition of biomass

results in the formation of nitrogen oxides after thermochem-
ical conversion process. All the nitrogen oxides enhance the
greenhouse effect; thus minimal amounts of nitrogen are
desirable in thermochemical processes. In addition, the
nitrogen content does not present a positive relationship with
the heating value. Therefore, low nitrogen values found for all
eucalyptus species imply a smaller amount of nitrogen released
into the environment after thermochemical conversion. The
highest levels of nitrogen were found for the species SCB, EG,
and DCH (0.21−0.73%), but these values do not compromise
the energy use of these species.
The contents of sulfur observed in the elemental

composition of biomass were very low (0.03−0.1%), which is
an advantage when using these species in thermochemical
processes. Low sulfur values are always desired because sulfur
oxides are strong pollutants. Generally, the S content in
biomass varies in the interval of 0.01−2.3% and normally
decreases in the order: animal biomass > contaminated
biomass> herbaceous and agricultural residue > herbaceous
and agricultural grass > woody biomass. This order is the same
for N and indicates the close association of both N and S.12

As for the content of oxygen, the highest values were
observed in the species E-U1xU2 (45.21%) and E-DGxGL
(45.05%), and the lowest values in the species BB (40.42%)
and DCH (40.42%). For thermochemical conversion processes,
knowing the ratios of H/C and O/C is more important than
only H, O, and C contents separately. In most cases, biomasses
are characterized by larger O/C and H/C ratios compared to
fossil fuels, such as coals (Figure 1). Cellulose is the most
oxygenated and saturated constituent of wood (H/C and O/C
ratios equal to 1.8 and 0.9 respectively), while lignin is the most

unsaturated (H/C and O/C ratios equal to 1.2 and 0.35
respectively). For the studied samples, a higher H/C ratio
(1.42−1.45) and O/C (0.67−0.70) can be observed in the
samples of eucalyptus and sugar cane bagasse (H/C = 1.43 and
O/C = 0.63). The sample of coconut husk showed the lowest
values (H/C = 1.29 and O/C = 0.57). Comparison of biomass
with fossil fuels, such as coal, shows clearly that the higher
proportion of oxygen and hydrogen, compared with carbon,
reduces the heating value of the fuel, because energy found in
carbon−oxygen and carbon−hydrogen bonds is lower than
carbon−carbon bonds.11 The high values of the atomic H/C
ratio for all samples agree with the high volatile content found
by proximate analysis (69.2−79.72%). The values obtained for
these parameters are relatively similar to those reported for
Eucalyptus globules bark in the literature31 and for other biomass
species such as bamboo and sugar cane bagasse.32,33

The Van krevelen diagram has now been used by a number
of research groups and can be used in the prediction of different
properties, such as higher heating value, and potentially in
predicting lignin. However, other parameters, such as volatile
matter or fixed carbon, slightly correlate, because these
parameters may be influenced by ash content (and metal
composition) ash as described later.

3.3. Chemical Composition. Table 3 shows the complete
chemical characterization of the biomass species.

Table 2. Heating Value, Proximate, and Ultimate Analysisa

sample code

E-U1xU2 E-U2xC1 E-G1xGL E-DGxC1 E-GL SCG EG BB DCH

Ultimate Analysis (% mass, dry ash free basis)
N 0.09 0.08 0.09 0.08 0.09 0.73 0.53 0.09 0.21
C 48.75 49.39 49.29 48.97 49.50 50.57 51.39 52.48 53.56
H 5.93 5.96 5.91 5.88 5.90 6.05 5.77 5.92 5.78
S 0.03 0.03 0.03 0.03 0.02 0.10 0.08 0.05 0.04
O 45.21 44.54 44.68 45.05 44.49 42.55 42.23 41.47 40.42
H/C 1.45 1.44 1.43 1.43 1.42 1.43 1.34 1.34 1.29
O/C 0.70 0.68 0.68 0.69 0.67 0.63 0.62 0.59 0.57

Proximate Analysis (% mass)
M 10.53 9.03 13.18 11.05 12.33 11.86 10.18 9.09 10.24
ash 0.19 0.25 0.10 0.19 0.21 6.74 4.48 2.04 1.16
V 78.02 79.72 75.21 76.36 75.27 70.42 69.20 70.91 74.76
FC 11.26 11.0 11.52 12.41 12.19 10.98 16.14 17.96 13.84

Heating Value (MJ/kg)
HHV 18.5 18.7 18.1 18.4 18.6 19.1 18.6 19.6 19.9

aM − moisture; V − volatiles; FC − fixed carbon; HHV − higher heating value.

Figure 1. Van Krevelen diagram for lignin, cellulose, and studied
biomass samples.
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In the sugar cane bagasse (SCB), a lower lignin content
(21.4%) was found, whereas E. urophylla (Timor) × E.
camaldulensis (VM1) (E-U2xC1) showed a higher lignin
content (32%). Eucalyptus globulus (E-GL) showed significantly
higher amounts of cellulose contents (52.9%), while coconout
husk (DCH) showed the lowest value (35.1%). E-GL and SCB
were found to have the highest total-carbohydrate content
(69.7 and 70.7%, respectively), whereas the DCH had the
lowest content (52.6%). The other six species had similar
carbohydrate contents at approximately 63%.
Analysis of the matrix polysaccharides in each extracted

biomass sample consistently showed the presence of xylans,
arabinans, mannans, and galactans. Xylans were the most
predominant hemicelluloses in all samples ranging from 11%
(E-DGxGL) to 24.8% (SCB). However, the amount of others
noncellulosic derived sugar were relatively low in all sample.
The total extractive content for the species analyzed ranged

from 1.9 to 15.0%. As can be seen in Table 3, SCB and EG
species showed the highest levels of total extractives.
Furthermore, these species have high levels of total sugar
(70.7 and 65.8%, respectively), lower lignin content (21.4 and
23.9%, respectively), and lower densities (131 and 216 kg m−3,
respectively).
The chemical composition can be used as a method of

classification of fuel. In this approach the classification
considers that the biomass behavior can be predicted based
on knowledge of the pure component behavior. This type of
classification is shown in Figure 2 for all samples. Figure 2
shows a relationship between components of the chemical
composition of the samples, wherein the species in the top
right-hand corner (SCB and EG) would have low lignin
concentrations. This may be used as an indicator of the

tendency to form low levels of volatile and of high reactivity.
However, because of the influence of the minerals present, this
was not observed.
When the lignin content was compared with an ash content

(dry basis), there was a clear inverse relationship such that as
lignin content increased, ash content decreased. This is a
consequence of samples biology. For example, eucalyptus
contained more lignin and less metal than the sugar cane
bagasse and elephant grass. Lignification provides the plant
with mechanical strength and the ability to withstand aggressive
environmental conditions. This is less important for the grass,
where the accumulation of metals was more pronounced.
Further, extractive and ash content was directly proportional,

Table 3. Chemical Composition of the Biomass Species Evaluateda

sample code

E-U1xU2 E-U2xC1 E-G1xGL E-DGxC1 E-GL SCG EG BB DCH

Polysaccharides (% mass)
glucans 47.9 47.1 47.8 48.2 52.9 41.8 47.4 47.9 35.1
xylans 12.2 11.1 14.6 11.0 12.9 24.8 16.6 13.5 15.3
galactans 0.8 1.2 1.0 1.2 2.1 0.9 0.6 0.4 0.4
mannans 0.8 1.1 0.8 0.9 0.8 0.9 0.0 0.1 0.9
arabinans 0.2 0.2 0.3 0.3 0.3 2.3 1.3 0.7 0.9
total sugar 62.0 60.8 64.5 61.6 69.0 70.7 65.8 62.6 52.6

Uronic Acids (% mass)
3.9 4.1 4.1 4.1 2.0 1.5 1.6 1.2 3.2

Acetyl Group (% mass)
2.2 2.0 3.1 1.8 1.5 3.0 2.5 2.9 2.9

Lignin (% mass)
S/G 3.0 2.8 3.6 2.9 4.1 1.0 1.1 1.2 1.3
insoluble lignin 27.0 27.2 22.8 26.9 24.0 19.5 21.1 26.8 31,7
soluble lignin 4.5 4.8 5.2 4,8 3.1 1.9 2.8 0.8 1.4
total lignin 31.5 32.0 28.0 31.7 27.1 21.4 23.9 27.6 33.1

Chloride (mg kg−1)
260 328 446 701 417 340 663 111 529

Ash (% mass)
0.10 0.19 0.18 0.14 0.20 2.31 6.01 1.10 0.85

Extractives (% mass)
in acetone 1.7 1.1 1.2 0.9 3.8 3.2 3.9 2.6 0.8
total 3.6 3.4 2.8 1.9 5.4 15.0 14.8 7.8 3.3

Total
99.6 99.0 99.7 99.3 99.8 99.0 99.8 95.8 92.9

aAll properties are reported on an extractive-free basis, except for extractives and ash contents, which are expressed on a dry biomass basis.

Figure 2. Plot based on chemical composition of samples.
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such that, as extractive increased, ash content increased (Table
3).
3.4. Metal Concentrations. Table 4 shows the metal

concentrations of the biomass species, i.e., the metal mass in
relation to mass of biomass in nature. Potassium, calcium, and
magnesium were present in higher levels in the ashes, and
manganese, iron, copper appeared in small quantities. With
regard to the silica content in the studied biomasses, SiO2 was
not measured for eucalyptus samples because it is present in
very low contents. High SiO2 contents were identified in
samples EG (1.5%) and SCB (1.44%).
3.5. TGA and DTG Experiments. The TG and DTG

curves of all biomass are shown in Figures 3 and 4 where

characteristic curves of pyrolysis can be observed. This type of
characterization of biomass is useful for several reasons
including understanding the reactivity of a biomass but also
the char and volatile forming tendency.
A quite marked similarity can be observed between the TG

and DTG curves of woody species and marked differences with
nonwoody species, which may be associated with chemical
composition of species. In this study, a subset of points was
used as presented in Figure 5, wherein mass loss (X%) and the
derivative of mass loss (dX/dt) curves obtained during the
pyrolysis of E-U1xU2 under inert atmosphere at a heating rate
of 25 K min−1 are shown. According to this Figure during
thermal degradation of E-U1xU2, two distinct pyrolysis zones
were observed. After the loss of water stage, there was a sharp
drop in the mass loss of the samples up to Toffset (the
extrapolated offset temperature of the (−dX/dt) curves). This

region corresponds to the active pyrolysis zone. The second
pyrolysis zone is characterized by a slight change in mass loss
curves; it was referred to as the passive stage.
The analysis of the curve of the mass loss rate shows that

during the active pyrolysis zone two different peaks appear that
can be associated with degradation of hemicelluloses and
cellulose, respectively. Given the first peak or a shoulder,
(−dX/dt)sh and Tsh are the characteristics overall maximum of
the hemicelluloses decomposition rate and the corresponding
temperature, respectively. Furthermore, (−dX/dt)peak and Tpeak
are the characteristics overall maximum of the mass loss rate
and the corresponding temperature, respectively.

Table 4. Metal Concentrations of the Biomass Species Evaluateda

sample code

E-U1xU2 E-U2xC1 E-G1xGL E-DGxC1 E-GL SCG EG BB DCH

Metals (mg kg−1)
Cu 0.8 0.7 0.6 0.9 2.4 2.3 8.8 2.1 2.4
Fe 15.5 12.3 19.5 10.6 9.8 163 11.2 10.7 178
Ca 307 384 525 263 323 431 423 456 488
Mn 9.5 16.0 18.9 11.2 48.0 30.3 11.1 21.2 2.5
Mg 81.2 146 129 128 282 686 490 548 519
K 194 265 450 252 248 3185 21194 32478 1282

Silica (%)
SiO2 BDL BDL BDL BDL BDL 1.44 1.5 0.30 0.30

aBDL, below detectable limit.

Figure 3. TG dynamic of the biomass species evaluated (25 K/min).

Figure 4. DTG dynamic of the biomass species evaluated (25 K
min−1).

Figure 5. Characteristics of the pyrolysis of E-U1xU2 heated at 25 K
min−1.
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A summary of the thermogravimetric properties of the
samples is given in Table 5. The first weight loss appears at a
temperature below 442 K for all samples due to evaporation of
water. The temperatures for the onset of active pyrolysis occurs
in a range between 486 and 509 K and range of temperatures
for the conclusion of active pyrolysis is 617−704 K for the
samples. A noticeable feature of TGA data are that the
hemicelluloses peak merges with the cellulose peak in the EG
and BB (Samples with higher potassium content).
The characteristic temperatures, Tsh and Tpeak, presented

higher values as heating rate increased. This effect indicates that
it takes some time to transmit heat from the surface to the
interior of the biomass and release volatiles from the interior to
the particle surface, then the pyrolysis process may exhibit a
temperature delay with the higher heating rate.
The composition of each sample is different, and, therefore,

the thermogravimetric properties at same heating rate are also
different. Figure 6 shows the relationship between residual
weight after pyrolysis of biomass and fixed carbon plus ash
obtained from the approximate analysis. A good relationship
was observed between the results of the two methodologies,
and the small quantitative variations found may be associated
with the different experimental conditions laid down in the
adopted techniques.
The relationship between the amount of hemicelluloses in

the samples against the height of the shoulder ((−dX/dt)sh) in
the active pyrolysis characteristic is shown in Figure 7a, and the
relationship between the amount of celluloses in the samples
against the height of the peak ((−dX/dt)peak) in the active
pyrolysis is shown in Figure 7b. These results confirm that

cellulose and hemicelluloses amounts affect biomass thermal
degradation.
A lower conversion temperature is observed in EG and BB

than in other species. In addition, higher rates could be
observed for EG, E-G1xGL, and BB (Table 5). This behavior
can be attributed to the higher proportion of alkali metal in
species EG and BB, particularly K. The influence of the
potassium content in pyrolysis is illustrated in Figure 8. It was
clear from these plots that the alkali metal content of the
biomass fuel has a significant effect on the volatile release

Table 5. Thermogravimetric Properties of the Samplesa

thermogravimetric properties of the samples

sample rate (K min−1) Thc (K) Tsh (K) −(dX/dt)sh (%/s) Xsh (%) Tpeak (K) −(dX/dt)peak (%/s) Xpeak (%) Toffset (K) Xoffset (%)

E-U1xU2 5 497.9 553.6 0.035 75.0 626.6 0.096 31.2 651.9 16.6
15 497.9 575.5 0.102 76.8 645.8 0.265 36.4 680 21.1
25 497.9 590.3 0.167 75.2 658.7 0.394 35.9 701.7 18.8

E-U2xC1 5 509.1 555.3 0.034 77.1 624.7 0.097 33.4 649.2 18.1
15 505.9 576.6 0.101 79.0 646.9 0.265 36.1 678.3 19.5
25 505.9 592.2 0.165 76.5 657.4 0.403 37.8 697 19.7

E-G1xGL 5 504 552.9 0.033 76.0 624.3 0.099 32.3 648.1 17.7
15 508.8 575 0.099 80.4 644.9 0.276 37.3 677.3 19.9
25 508.7 591.6 0.164 75.6 656.1 0.409 37.4 696.1 19.2

E-DGxC1 5 501.3 554.2 0.032 77.5 622.8 0.097 36.1 647.3 21.7
15 507.3 580 0.097 75.4 644.8 0.261 36.1 677.3 19.4
25 509.2 596.1 0.133 75.9 657.6 0.377 40.1 704.8 20.7

E-GL 5 503.2 555 0.033 74.4 612.6 0.093 40.8 671.6 18.5
15 498.5 576.4 0.096 73.7 637.9 0.252 36.9 673.5 19.7
25 498.5 589.2 0.162 75.3 649.1 0.395 39.1 693.4 21.2

SGB 5 499.1 567.9 0.041 72.2 611 0.090 41.1 637.2 26.2
15 498.9 591.5 0.124 70.1 632.4 0.246 41.6 664.8 28.9
25 498.8 601.3 0.207 69.3 642.6 0.370 42.5 682.6 25.8

EG 5 492 NM NM NM 589.4 0.084 49.6 617.3 35.2
15 494.3 NM NM NM 609.1 0.244 50.5 641.5 35.7
25 493.1 NM NM NM 616.9 0.387 53.9 660.4 35.4

BB 5 488.2 NM NM NM 583.1 0.075 49.6 627.9 35.8
15 486.7 NM NM NM 613.1 0.374 58.1 671.4 35.4
25 486.7 NM NM NM 613.1 0.367 56.9 668.2 35.1

DCH 5 496.8 553 0.035 75.6 615.9 0.073 42.7 643.8 29.5
15 504.3 572.2 0.104 77.1 635 0.205 45.4 673.3 30.2
25 495.4 584.4 0.175 76.3 646 0.318 45.5 690.4 29.2

aNM, It cannot be measured.

Figure 6. Residual mass (%) after pyrolysis (at 25 K min−1) of biomass
and fixed carbon plus ash (%) obtained from the approximate analysis.
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during the pyrolysis of the samples; there was a negative
relationship. This suggests that the potassium increases the char
formation as well as lowering the temperature of degradation.
According to Jones et al. (2014),34 the uncatalysed process
favors the generation of sugar-type monomers from the
carbohydrates, but the presence of potassium changes the
mechanism to one that involves ring cracking causing gases to
polymerize to char. Consequently, the addition of potassium to
biomass pyrolysis aids the production of charcoal. Thus, the
effect of potassium on the pyrolysis mechanism and the
influence of that would have to be included in any complete
prediction scheme. This helps in the prediction of the quality
and quantity of bioproducts in a larger scale process. Also these
results indicated that potassium composition affects the
biomass thermal temperature (Figure 8-b).
3.6. Thermochemical Conversion and Biomass Prop-

erties. When dry biomass is obtainable, enhancement in the
many conversion processes for fuel production is available or
under development. Knowing the biomass characteristics is
important in order to understand its influence on the
thermochemical conversion process. The following section
describes the effects of the main evaluated biomass properties
on the quantity and composition of the product and its
impurities from combustion, gasification, and pyrolysis and on
the economic and operational parameters:

• First, from the annual energy potential, it is shown that the
E. urophylla (Flores IP) × E. urophylla (Timor) has the greatest
economic potential for energy application followed by bamboo
and then by the other species of Eucalyptus. The density of E-
U1xU2 and BB is relatively high, which reduces transport and
storage costs.
• In fast pyrolysis for liquid production, biomass is rapidly

heated to a high temperature, very short vapor residence time
and rapid cooling of vapors. Consequence of high ash content
is secondary cracking of vapors and reducing liquid yield and
liquid quality.10 Moreover, the presence of inorganic com-
pounds such as K favors the formation of char.31 The high K
content of species EG and BB makes them undesirable as
feedstock for fast pyrolysis process.
• Generally the gasification requires a feedstock with less

than 5% ash content, preferably less the 2%, in order to prevent
the formation of clinkers. Accordingly, the SCB and EG species
are least suitable for the gasification of the evaluated biomass.
• Because of the aromatic content of lignin, it degrades

slowly on heating and contributes to a major fraction of the
char and tar formation.11 However, pyrolysis of biomass with a
high percentage of lignin can produce bio-oil with lower oxygen
content and therefore a higher energy density.10 In this sense,
the eucalyptus and coconut husk are more suitable for the bio-
oil production of the evaluated biomass.

Figure 7. (a) A plot of hemicellulose content against the (−dX/dt)sh and (b) a plot of cellulose content against the (−dX/dt)peak (at 25 K min−1).

Figure 8. (a) A plot of K content (mg kg1−) against the mass lost during the TG analysis (in ash-free basis) and (b) relationship between the Tpeak of
cellulose against K contents of samples (at 25 K min−1).
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• Most species contain very little sulfur (<0.1%), which,
during gasification and combustion, is converted to H2S and
SO2, and fast pyrolysis. Because of the low sulfur content in the
evaluated biomass, as compared to coal, the gas sulfur content
in the product is low enough to meet the needs of most
applications. But for a few applications, such as methanol
synthesis, even a low sulfur of gas level can irreversibly
inactivate the catalysts. Fuel cells and some fast pyrolysis
catalysts are also sensitive to sulfur. In this sense, SCB and EG
species, which have the highest content of sulfur, are the least
qualified feedstock. Additionally, these species also showed the
highest nitrogen content.
A comprehensive data table showing the inherent properties

of each biomass and ranking its potential use in the various
thermochemical conversion processes has not been found in
the literature due to the complexity of the relationship of the
characteristic and the processes. However, building a database
that can analyze and establish the relationships between the
various characteristics of the biomass and the thermochemical
conversion processes is now possible.

4. CONCLUSIONS

The understanding of the biomass thermal behavior, properties,
and their environmental impact in the long term represents an
important factor for the development of renewable energy
applications. For this reason, we have characterized the most
common species of Brazilian biomasses. In general, the
proximate and ultimate analysis showed relatively similar values
between studied species. Only sugar cane bagasse and elephant
grass were distinguished with significantly higher values for
fixed carbon content. With regard to the annual energy
potential and density, it was suggested that the E. urophylla
(Flores IP) × E. urophylla (Timor) and bamboo have the
greatest potential for energy application, which reduces
transport and storage costs. Moreover, the eucalyptus has
desirable characteristics in thermal conversion processes: low
ash content that results in lesser damage to the equipment and
low content of sulfur and nitrogen that lead to better
environmental performance and product quality.
Finally, the TG and DTG curves of all biomass characteristic

curves of pyrolysis could be observed. The research confirms
that other constituents, such as mineral matter, modify the
thermal behavior of the main components. Potassium catalyzed
pyrolysis resulted in increased char yields and reduced
degradation temperatures. The result of proximate analysis on
samples can be used to predict the product yield produced
during pyrolysis.
The data demonstrate significant diversity in composition

among studied species that will be important in selecting
candidates for the development of feedstocks for thermal
conversion processes.
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(25) Solar, R.; Kacĭk, F. Simple semimicro method for determination
of O-acetyl groups in wood and related materials. Nord. Pulp Pap. Res.
J. 1987, 2 (4), 139−141.
(26) Wallis, A. F. A.; Wearne, R. H.; Wright, P. J. Chemical analysis
of polysaccharides in plantation eucalypt woods and pulps. Appita J.
1996, 49 (4), 258−262.
(27) TAPPI Standard Methods. Acid-Insoluble Lignin in Wood and
Pulp, T222 om-11; Technical Association of the Pulp and Paper
Industry,: Atlanta, GA, USA, 2011.
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a b s t r a c t

Hydrothermal carbonization of biomass presents a promising way to improve fuel characteristics of
biomass without preliminary drying. In this process, feedstock is subjected to heating with water at tem-
peratures between 180 and 250 ◦C during a certain period of time. This paper investigates the effect of
process conditions (temperature, time, and the ratio between biomass and water) on the hydrothermal
carbonization of coniferous biomass. Three sets of experiments were carried out with coniferous wood
chips. Mass and energy yields together with proximate analysis measurements were used for the car-
bonization process evaluation. Dependencies of hydrochar mass and energy yields from the operation
parameters could be described with mathematical correlations.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The use of biomass fuels is currently quite intensively promoted
as one way of reducing carbon dioxide emissions. Wood and other
forms of biomass present a perspective source to substitute conven-
tional fossil fuels with zero net CO2 emissions [1,2]. Using biomass
as fuel is associated with certain difficulties, however, the het-
erogeneity of properties, low density, poor grindability, relatively
high moisture content, and hydrophilic behavior – all these factors
increase the cost of biomass applications [2–7].

Hydrothermal carbonization (HTC) is a relatively recent tech-
nology that offers the benefits of converting the biomass into
homogenous lignite-like material. In this process, biomass in a
mixture with water is kept during a certain period of time in a
closed vessel in the temperature range of 180–250 ◦C (pressure
corresponding saturated values) [2,8–12]. The reaction tempera-
ture, residence time, and water-to-biomass (w/b) mass ratio are
reported to be the main factors to determine the rate of wood com-
ponents decomposition [2,11,12]. Several reaction mechanisms are
involved in biomass decomposition during HTC, such as hydrolysis,
dehydration, decarboxylation, polymerization, and aromatization.
Components of lignocellulosic biomass (lignin, hemicellulose, and
cellulose) become less stable with the presence of water under
saturated conditions [2,4,13].

∗ Corresponding author. Tel.: +358 469067661.
E-mail address: Ekaterina.Sermyagina@lut.fi (E. Sermyagina).

Solids (hydrochar), aqueous solution, and some amount of gases
(about 10% by mass of feedstock) are generated during the HTC
process. Hydrochar presents the main product of the process. In
comparison with the feedstock, hydrochar is charactarized by the
increased carbon content [4,7,8,10], higher homogeneity, better
grindability, and hydrophobic behavior [4,5,11,14]. These improved
product characteristics together with the independence from feed-
stock moisture make the HTC process a promising technology for
enhancing biomass fuel properties. Besides the utilization for heat
and power production, hydrochar may find other potential appli-
cations: for example, soil fertilizer, catalyst, energy storage, or
absorbent [13,15].

Recent studies mostly report on HTC activities with decidous
wood (beech [14], poplar [11,16], bamboo [6]), herbaceous biomass
(agricultural residues [17], sunflower stem [2], wheat [18], and bar-
ley straw [10]) as well as with non-lignocellulosic materials (algae
[12,19], MSW [20], packaging materials [21], and digestate [18]).
So far, the results on the hydrothermal carbonization of coniferous
biomass are limited to experiments with loblolly pine [4,19] and
white fir/Jeffrey pine (Tahoe mix) [5].

Coniferous and deciduous wood have certain differences in the
chemical composition and amount of lignocellulosic components
[22,23]. During hydrothermal carbonization, hemicellulose as the
most reactive wood cell fraction is mainly affected. At the same
time, previous research indicated that in coniferous wood, this
component is mannan-based, while deciduous species are rich with
more reactive xylan-containing fractions. For this reason, the reac-
tivity of hemicelluloses and decomposition character together with
distribution and characteristics of resulting products noticeably

http://dx.doi.org/10.1016/j.jaap.2015.03.012
0165-2370/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. Milled wood chips for experiments.

differ between coniferous and deciduous wood [9,22,23]. There-
fore, previously published results on the deciduous wood
decomposition during HTC could not be directly applied for conif-
erous species. The main objective of this work was to gather more
experimental data on the hydrothermal carbonization of conifer-
ous wood. Wood chips and hydrochar samples were characterized
by proximate analysis measurements. The influence of process
parameters (temperature, time, and water-to-biomass ratio) on
hydrochar mass and energy yields was evaluated and described
with mathematical correlations.

2. Materials and methods

2.1. Feedstock material

Wood chips from coniferous species presented by pine and
different logging residues were collected locally (Lappeenranta,
Finland) and used for experiments. The material was milled to the
particle size of 1 cm in length on average and air dried. Before the
experiments, biomass was kept in plastic bags at room tempera-
ture. Fig. 1 presents an example of feedstock material.

2.2. HTC reactor

Hydrothermal carbonization was performed in a batch reactor
designed and constructed at Lappeenranta University of Tech-
nology (Lappeenranta, Finland). The 1 l reactor is comprised of a
stainless steel tube with a flange connection at the top part and
screw closing at the bottom (Fig. 2). Heat to the process was pro-
vided by a controllable 10 kW electric heater coil surrounding the
reactor tube. The experimental unit was covered by a thick insula-
tion layer and outer steel sheet.

Two thermocouples were used to monitor the temperatures at
the lower and upper zones of the reactor (at 245 mm and 645 mm
from the top). Pressure sensor and pressure relief valve were set
at the top of the unit. The required temperature level inside the
reactor during the desired period of time was maintained with
a proportional-integral-derivative (PID) controller. Data from the
temperature and pressure sensors was recorded automatically
every 2 s.

2.3. Experimental procedure

In the current work, three sets of HTC experiments were per-
formed. Water-to-biomass mass ratios of 6:1 (approximately 50 g
of fuel and 300 ml of water) and 8:1 (approximately 50 g of wood
and 400 ml of water) were tested. Residence times of three and six
hours were used in the experiments. The reaction temperature was
varied in the range of 180–250 ◦C. The principle biomass compo-
nents became more reactive under the saturated conditions within

Fig. 2. HTC experimental unit, where (1) safety valve (set point pressure 40 bar,
maximum temperature 300 ◦C); (2) reactor tube; (3) insulation; (4) thermocouples;
(5) sampling valve (maximum temperature 315 ◦C, maximum pressure 215 bar); (6)
pressure sensor; (7) heater.

this temperature range: not only hemicellulose that is completely
decomposed around 230 ◦C, but also typically more stable cellulose
and lignin reacted partially at this temperature [7,9].

For each experiment, a pre-weighted sample of biomass was
dispersed in water and stirred manually. At the end of the experi-
ment, the carbonized wood and liquid products were collected and
then separated by vacuum filtration using the Büchner funnel with
a Whatman glass microfiber filter paper (grade GF/A). Hydrochar
was subsequently dried overnight in the oven at a temperature of
105 ± 2 ◦C. All tests were performed at least twice, and the average
values were chosen. Liquid and gaseous product analysis was not
included in the scope of the current work.

Hydrochar samples were named in accordance with the opera-
tion parameters as HTC-t-r, where t denotes the reaction time and
r denotes the w/b ratio.
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2.4. Analytical methods

Both raw and carbonized biomasses were characterized by prox-
imate analysis and heating value measurements in accordance with
standard procedures. Each sample was analyzed at least twice, and
the average value was utilized.

According to the standard SFS EN 14775:2009 [24], the percent-
age of ash in solid biofuel could be found as a mass of the inorganic
residual after heating the biomass in air under controlled time and
temperature conditions (550 ◦C at the maximum). The procedure
for defining volatile matter is described in the standard SFS EN
15148:2009 [25]. Biomass sample mass loses after maintaining the
sample for seven minutes at the temperature of 900 ± 10 ◦C without
contact with air refers to volatiles. The moisture was determined
with the moisture meter Sartorius 7093.

The higher heating value was measured with the Parr 6400
calorimeter. Fuel samples were ground to powder and pelletized
with a pellet press before being placed in the calorimeter.

3. Results and discussion

3.1. Biomass characterization

Dried hydrochar samples from the experiments with the w/b
ratio of six and the residence time of six hours are presented in
Fig. 3. The color of wood changes significantly with the process tem-
perature increase: from light brown at lower temperatures to dark
brown/black at higher temperatures. This color change presents a
visual demonstration of substantial changes in wood cell compo-
nents [10,27].

The results of proximate analysis and higher heating values for
wood chips before and after HTC tests are presented in Table 1. Ini-
tially, feedstock material has a relatively high fraction of volatiles
and low ash content. Such values are quite typical for woody
biomass [26]. Hydrothermal carbonization significantly decreases
the moisture content of biomass due to the decomposition of lig-
nocellulosic components [9,27]: the moisture of the hydrochar
samples from all experiments is on average 80% lower than the
original value. During the HTC process, some part of the ash form-
ing minerals are dissolved in the water [19,28], and this results in
the decrease of hydrochar ash content at low reaction tempera-
tures (for hydrochars at 180 ◦C, the ash content is around 0.24%).
At the same time, with the carbonization rate increase, a higher
amount of ash remains in the hydrochar: the ash contents for HTC-
3h-6, HTC-6h-6, and HTC-3h-8 at 250 ◦C are 0.59%, 0.77%, and 1.07%,
respectively. Obtained experimental results are quite consistent
with the published data [2,27,29].

The reactions of decomposition during HTC resulted in the loss
of volatile compounds with a simultaneous increase in the fixed

carbon content. Biomass loses more volatiles with higher temper-
atures and longer residence times: the hydrochar volatile content
in the case of HTC-6h-6 at 250 ◦C is 45.2% (almost half of the initial
value). Conversely, the fixed carbon content increases with tem-
perature as volatiles are removed: biomass samples after HTC at
250 ◦C have approximately six times higher fixed carbon contents
than the feedstock material.

In the experiments with walnut shell and sunflower stem by
Román et al. [2], the difference in the residence time (20–45 h)
appears to have no effect on the process products distribution. This
can be explained by relatively long residence times that ensure
complete hemicellulose and significant cellulose decomposition.
Current results show that all investigated process parameters have
an influence on the carbonization rate within the studied limits.

3.2. Mass and energy yields of hydrochar

3.2.1. Hydrochar mass yield
The mass yield (MY) [–] was defines as:

MY = masshydrochar

massbiomass
(1)

where masshydrochar [kg] is the dry mass of hydrochar and
massbiomass [kg] is the dry mass of biomass used for the experiment.

A number of different equation forms were trialled to describe
the obtained results for the mass yield. The following correlation
with the constants calculated by minimizing the residual sums of
squares (RSS) demonstrated the most accurate results:

MY = 1 − 0.04079(T − 150)0.337t0.2142r0.3055 (2)

where T [◦C] is the process temperature, t [h] is the residence time,
and r [–] is the w/b ratio.

Fig. 4 illustrates the experimental results together with the
correlation curves for the hydrochar mass yield. The tendencies
observed are quite consistent with the published data for conifer-
ous biomass [4,5]. The increase of reaction temperature leads to a
significant decrease of solid yield: for all three experimental sets,
increasing the temperature from 180 ◦C to 250 ◦C reduced the mass
yield on average by 20%. A higher water-to-biomass ratio causes a
relatively slight increase of solid mass loss, which can be due to the
greater effect of water in the hydrolysis reaction [2]. Within the
investigated parameters, longer residence times resulted in more
complete carbonization and, as a consequence, lower mass yields,
hydrochar energy yield.

Fig. 5 illustrates the effect of process parameters modifica-
tions on the heating value of hydrochar. The biggest growth of
energy content corresponds to the highest reaction temperatures
for all three series of experiments: hydrochar heating value is

Fig. 3. Hydrochar samples (reaction time = 6 h, w/b ratio = 6).
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Table 1
Proximate analysis and heating values for hydrochar samples and wood chips.

Time [h]/water/biomass ratio [–] Reaction temperature [◦C]

180 200 220 240 250

3/6 M [%] 1.00 2.55 2.45 1.90 2.45
VM [%] 79.03 70.45 61.01 54.70 49.94
A [%] 0.24 0.28 0.45 0.71 0.59
FC [%] 19.73 26.72 36.10 42.69 47.02
HHVdry [MJ/kg] 21.95 23.89 25.66 27.17 27.94

6/6 M [%] 1.20 1.20 1.90 1.95 1.75
VM [%] 71.71 61.40 57.04 49.84 44.18
A [%] 0.22 0.88 0.58 0.64 0.77
FC [%] 26.86 36.52 40.48 47.58 53.30
HHVdry [MJ/kg] 23.18 24.74 26.40 28.00 28.81

3/8 M [%] 1.20 1.20 1.55 1.75 2.10
VM [%] 72.93 68.83 60.27 51.51 45.19
A [%] 0.27 0.32 0.50 0.47 1.07
FC [%] 25.61 29.64 37.68 46.27 51.64
HHVdry [MJ/kg] 22.73 24.47 25.79 27.38 28.36

Feedstock M [%] 8.00
VM [%] 82.60
A [%] 0.74
FC [%] 8.66
HHVdry [MJ/kg] 20.52

M: moisture; VM: volatile matter; A: ash; FC: fixed carbon; HHVdry: higher heating value on dry basis.

Fig. 4. Hydrochar mass yield: experimental results and correlation curves (Eq. (2)).

Fig. 5. Relative increase of hydrochar heating value.

approximately 40% higher at 250 ◦C than the initial one. Such value
is consistent with the results reported in literature [2,5,8,9].

The hydrochar energy yield (EY) [–] was calculated with Eq. (3):

EY = MY × HHVout

HHVin
(3)

where HHVout [MJ/kg] is the higher heating value of hydrochar (dry
basis) and HHVin [MJ/kg] is the higher heating value of biomass (dry
basis).

The following correlation was used to describe the experimental
results for energy yield with satisfactory accuracy (the constants
were calculated by minimizing the RSS):

EY = 1 − 0.05632 (T − 150)0.062t0.2846r0.4405 (4)

The experimental results and corresponding correlation curves
for hydrochar energy yield are presented in Fig. 6. As can be
expected, the correlation for the energy yield resembles the cor-
relation for the hydrochar mass yield from Eq. (2). This implies
that the mechanisms of feedstock mass loss and hydrochar energy
densification during HTC have the similar character but somewhat
different rates.

From the analysis of derived correlations for mass and energy
yields, the temperature of 150 ◦C seems to show the lower

Fig. 6. Hydrochar energy yield: experimental results and correlation curves (Eq.
(4)).
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Table 2
Mass and energy yields for different biomasses subjected to HTC treatment.

Feedstock material T [◦C] t [h] w/b ratio [–] MY [–] EY [–] Reference

Coniferous wood chips 220 3 6:1 0.63 0.78 Current study
Loblolly pine 230 1.3 5:1 0.71 0.80 [9]
Tahoe mix 215 0.5 8:1 0.69 0.76 [5]
Beech 210 3 7:1 0.68 0.81 [28]
Bamboo 220 6 30:1 0.45 0.77 [6]
Walnut shell 230 20 20:1 0.36 0.50 [2]
Sugarcane bagasse 215 0.5 8:1 0.64 0.68 [5]

T: temperature; t: time; w/b ratio: water to biomass ratio; MY: mass yield; EY:
energy yield.

temperature limit for components degradation reactions which
occur during HTC of wood chips. Starting with this tempera-
ture, biomass components start to decompose; and with higher
temperatures, hydrochar mass loss and heating value growth is
intensifying. As a result of the simultaneous action of these two
factors almost balancing each other, the energy yield reduces only
slightly with temperature.

At the same time, the variations of the residence time and w/b
ratio influence the hydrochar energy yield. Averaged over the tem-
perature range, the energy yields for HTC-3h-6, HTC-6h-6, and
HTC-3h-8 are 78%, 73%, and 75%, respectively. Similar tendencies
are reported in literature [2,19]. A higher amount of water in case
of HTC-3h-8 resulted in hydrolysis reactions’ intensification [2] in
comparison with HTC-3h-6. The enhancement of decomposition
reactions leads to a more significant mass loss and heating value
increase, and the energy yield decreases, as a consequence. With
regard to the reaction time influence, over the range of studied
parameters, longer residence time resulted in a more complete
carbonization of the feedstock material. Hydrochar samples HTC-
6h-6 within all studied temperatures have the strongest effect on
the mass yield decrease and growth of hydrochar energy content.
Under these circumstances, the energy yield values for the resi-
dence time of six hours are the lowest among the investigated
process parameter sets. Nevertheless, the influence of the residence
time during HTC could become negligible in case of a sufficiently
long treatment (as it was previously mentioned for the experiments
by Román et al. [2]).

Table 2 summarizes the published results of HTC treatments
at temperatures 210–230 ◦C for several biomass materials. The
hydrothermally carbonized biomass mass yield varies from 36% to
71% of its original weight. Higher values correspond to wood species
(loblolly pine, Tahoe mix and beech), while processing of biomass
residuals (such as walnut shell) indicated quite high levels of mass
loss. Differences in conversion rates could be seen for energy yield
as well: from 81% for deciduous beech to 50% for hydrochar from
walnut shell. Even though the operational settings applied in pre-
sented experiments vary significantly, especially with respect to
residence time (from 30 min to 20 h) and mass ratio between water
and biomass (from as low as 3% of biomass in the mixture to 20%),
yields of hydrochar are mostly determined by biomass type.

4. Conclusions

Hydrothermal carbonization converts biomass into a value-
added product with improved fuel properties. The process takes
place in hot saturated water, and as a consequence, biomass with a
high moisture content could be used as a feedstock without pre-
liminary drying. Additionally, biomass components become less
stable with the presence of water under saturated conditions, and
the decomposition occurs more intensively. As a result, feedstock
loses volatile compounds while the fixed carbon content signifi-
cantly increases in the solid product. The resulting hydrochar is a

more homogeneous and brittle material with the decreased ability
of absorbing moisture.

The current work presents the results of hydrothermal car-
bonization of wood chips. Published experimental data on
coniferous biomass HTC treatment is somewhat scarce, and the
influence of the reaction temperature, residence time, and ratio
between water and biomass on the energy densification and solid
product yield was evaluated for the first time. The process temper-
ature in the range of 180–250 ◦C significantly affects the process
performance. The mass yield of hydrochar noticeably decreases
with temperature: biomass loses on average 20% more mass at
250 ◦C than at 180 ◦C. The heating value of hydrochar can be
increased by 36–40% at the highest temperature level. Within the
investigated parameters, both the residence time and the mass ratio
between water and biomass have a certain effect on the hydrochar
yield and heating value. Higher carbonization rates are achieved
with bigger quantities of water, as a consequence of hydrolysis
reaction intensification. As a result of more complete biomass com-
ponent decomposition, longer residence time leads to a higher mass
loss and stronger increase of heating value of hydrochar. For all
experimental sets, a considerable decrease of mass yield with the
reaction temperatures leads to slightly a descending character of
energy yield with the intensification of carbonization: the values
are varying from 78% to 73% on average.

In this study, the dependencies of mass and energy yields on
the process parameters were expressed with mathematical corre-
lations. The derived equations have a similar form with only the
coefficients varying since both characteristics are naturally deter-
mined by the same process of carbonization. The obtained data
could be applied for the process modelling, subsequent optimiza-
tion, and integration with other processes.
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ABSTRACT: Fuel properties of woody biomass could be significantly improved with several pre-treatment 
technologies. This paper presents the results of experimental comparison of hydrothermal carbonization and 
torrefaction processes for coniferous wood chips. Hydrothermal carbonization was performed within the typical 
reaction temperatures 180 – 250 °C during six hours. In torrefaction tests, the biomass was kept in an inert 
atmosphere for 30 minutes at temperatures 240 - 300 °C. Mass and energy yields of pre-treated biomass were 
calculated for all experimental sets. Within the limits of selected operation parameters, HTC demonstrated more 
intensive decomposition of feedstock comparing to torrefaction, and with higher mass losses resulted in lower 
values of energy yields than in case of torrefaction. Keywords: biomass; pre-treatment; energy densification.  
 
 

1 INTRODUCTION 
 
The pursuit to overcome the environmental 
problems together with depletion of fossil fuel 
sources broaden the range of available 
technologies for energy generation [1-3]. Bioenergy 
presents rather attractive alternative to substitute 
the fossil fuels: produce energy and vehicle fuels as 
well as various chemicals from renewable sources. 
According to the statement of European Union (EU) 
Commission [4], biomass, particularly wood and 
wood by-products, is expected to be the main 
contributor to the renewable energy targets 
determined by EU Renewable Energy Directive [5].  
  Among EU Member States, Finland with 
around 73% of land covered by forest is among the 
leaders in utilizing bioenergy, mainly represented 
by woody fuels [6]. The share of renewables in 
gross final consumption of energy in Finland 
accounted for 32.2% in 2010 [7] with target of 
increasing up to 38% to 2020 [8]. The largest share 
of wood-based fuels (wood chips and forestry by-
products) use is concentrated in combined heat and 
power production (68%), followed by district heating 
(22%) and domestic use (10%) [9]. 
  Heat and electrical energy could be 
produced from biomass through thermo-chemical 
treatments, in most cases, combustion and 
gasification [1]. However, untreated woody biomass 
is hardly competitive with fossil fuels. A relatively 
high moisture content, low energy density, poor 
grindability and heterogeneity of chemical and 
physical properties – these properties increase 
transport and handling costs for biomass fuels [10-
15]. Several pre-treatment steps could be applied to 
improve fuel characteristics and increase potential 
of applications for biomass, namely: co-firing in 
coal-fired power plants and gasification [16-21]. 
Current work compares two promising technologies 
for biomass upgrading: hydrothermal carbonization 

(HTC) and torrefaction.  
  In hydrothermal carbonization, biomass is 
heated for several hours in a mixture with water at 
the temperatures 180 – 250 °C [10, 22-26]. 
Generated pressures correspond to saturated 
values. Reaction temperature together with 
residence time and a ratio between water and 
biomass are the main factors determine the rate of 
carbonization of feedstock material [10, 25, 26]. As 
for torrefaction, this treatment is presented by slow 
heating of biomass in an inert atmosphere. Typical 
reaction temperatures are ranging from 200 °C to 
300 °C [13, 16, 17, 23]. The reaction temperature 
and time strongly influence the process 
performance [17]. Additionally to solid product, the 
process produces a combustible gas as a side 
product [16, 17]. 
  Both pre-treatments result in certain 
structural changes in main components of woody 
biomass (hemicellulose, cellulose and lignin). 
Generated solid materials, usually referred as 
hydrochar in case of HTC and torrefied wood in 
case of torrefaction, gain some similar properties: 
solids are more brittle, hydrophobic, homogeneous 
and have higher energy density in comparison with 
feedstock [11-14, 16, 17, 22, 25]. Reaction 
mechanisms of decomposition during HTC and 
torrefaction follow the similar pathways [11]. 
Hemicellulose is mainly decomposed as the most 
reactive component, followed by partial 
depolymerization and decomposition of cellulose 
and thermal softening of lignin [16, 27, 28]. It is 
reported that these processes in case of torrefaction 
become more pronounced at temperatures higher 
than 250 °C [17, 19]. In case of HTC, hydrolysis of 
hemicellulose and cellulose to monosaccharides is 
reported to be a dominant reaction accompanied by 
dehydration, decarboxylation and aromatization. In 
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addition, lignocellulosic components become more 
reactive in the presence of water under saturated 
conditions: hemicellulose is easily hydrolyzed 
already at 200 °C, and the decomposition of more 
stable cellulose already occur at lower than in 
torrefaction temperature range (230 – 260 °C) [10-
12, 23, 29].  
  Results of torrefaction treatment for some 
coniferous species are currently available in 
literature: larch [19], pine [16, 18, 23, 30], spruce 
[15, 16, 31], logging residue chips [30] and fuel tree 
chips [15]. As for HTC, the experiments with 
coniferous wood are currently limited to pine [23, 
32] and white fir/Jeffrey pine mix [21]. Certain 
structural differences in wood cell components for 
deciduous and coniferous wood lead to different 
character of their decomposition [16, 17]. 
Consequently, as far as coniferous wood is 
concerned, more knowledge is needed for 
comprehensive evaluation of these pre-treatment 
steps. The feedstock material was subjected to the 
treatments under typical reaction conditions, and 
mass and energy yields for pretreated solids were 
calculated. The aim of current study is to compare 
the capability of hydrothermal carbonization and 
torrefaction for energy densification of coniferous 
wood chips.  
 

2 MATERIALS AND METHODS  
2.1 Feedstock material 
Wood chips from pine and logging residues 
collected locally (Lappeenranta, Finland) were used 
for experiments. The feedstock material was milled 
to the particle size of 1 cm in length on average and 
air dried. Before the experiments biomass was kept 
in plastic bags at room temperature 

 

 
Figure 1. HTC experimental unit, where 1) safety 
valve (set point pressure 40 bar, maximum 
temperature 300 °C); 2) reactor tube; 3) insulation; 
4) thermocouples; 5) sampling valve (maximum 
temperature 315 °C, maximum pressure 215 bar); 
6) pressure sensor; 7) heater.

2.2 HTC reactor and procedure 
Hydrothermal carbonization was carried out in a 
tubular reactor (Figure 1) designed and constructed 
at Lappeenranta University of Technology. The 
reactor is made from a stainless steel tube of 1 l 
inner volume with a flange connection at the top part 
and screw closing at the bottom. Experimental unit 
was indirectly heated by a 10 kW electric heater 
coil, and protected from undesirable heat losses by 
thick insulation layer. Thermocouples measured the 
temperature inside the reactor. Pressure sensor 
and pressure relief valve were installed at the top of 
the unit. The required temperature level inside the 
reactor during desired period of time was 
maintained with proportional-integral-derivative 
(PID) controller.  
  In current HTC experiments, approximately 
50 g of biomass was dispersed in 300 ml of water, 
stirred manually, and then loaded into the reactor. 
In literature, the residence time varies from 30 min 
[32-34] for non-lignocellulosic materials to several 
hours [20, 22, 24, 25, 35, 36] for lignocellulosic. In 

current work, residence time of six hours was 
chosen to  
ensure the complete carbonization. After cooling to 
room temperature, the hydrochar and liquid product 
were collected and separated by vacuum filtration 
using the Büchner funnel with Whatman glass 
microfiber filter paper (grade GF/A). Hydrochar was 
subsequently dried overnight in the oven at a 
temperature of 105±2 °C and kept in plastic bags 
for further analysis. All tests were performed at least 
twice and the average value was chosen. Liquid 
and gaseous products analysis was not included in 
the scope of the current work. 
  Hydrochar samples were named in 
accordance with the process temperature as HTC-
T, where T denotes the reaction temperature. 
 

2.3 Torrefaction reactor and 
procedure 
For torrefaction experiments, the vertical quartz 
glass tube with the grid in the middle was used 
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Figure 2. Instrumentation diagram of torrefaction reactor. 

 
 
instead of steel reactor described above. Figure 2 
presents the instrumentation diagram for torrefaction 
installation.  
  In order to obtain an inert atmosphere during 
experiments, constant gas flow of nitrogen (0.5 l/min) 
was introduced at the bottom part of reactor and 
maintained by Bronkhorst mass flow controllers 
during the experiments. Torrefaction gas  
passed through the filter and cooler and could be then 
directed to gas analyzer (Thermo 60i or Servomex 
5200 MP) for gas composition analysis (gas analysis 
was not included in a scope of current work). The 
temperature distribution was monitored with two 
thermocouples above and below the grid. Required 
temperature inside the reactor was maintained with 
PID controller on necessary level during the desired 
period of time. 
  For torrefaction experiments, about 7 g of 
biomass was introduced into the reactor and the 
nitrogen was blown through the reactor for several 
minutes to purge the oxygen out of the system. In 
order to investigate high temperature torrefaction, 
sample was then heated up to the desired 
temperature in the typical range of 240 °C and 300 °C 
[17, 19]. The residence time at reaction temperature 
was set on the level of 30 minutes. Residence time 
was chosen on the basis of published results [16, 30, 
31]. Gaseous products analysis was not included in 
this work. Torrefied biomass samples were named 
according to the process parameters as Torre-T, 
where T denotes the reaction temperature. 

3 ANALYTICAL METHODS 
Untreated biomass was characterized by proximate 
analysis according to standard procedures. The 
heating values of both raw and pre-treated biomass 
samples were measured. Each sample was analyzed 
at least twice, and the average value was chosen.  
  

3.1 Proximate analysis 
According to the standard SFS EN 14775:2009 [37], 
the percentage of ash in solid biofuel could be found 
as a mass of inorganic residual after heating the 
sample to temperature 550 °C in air under controlled 
time and temperature conditions. The mass loss of 
biomass sample after keeping at the temperature of 
900 ± 10 °C during seven minutes without contact with 
air refers to volatiles [38]. The moisture was 
determined with the moisture meter Sartorius 7093. 
Fixed carbon content was then calculated as a 
difference between 100% and sum of the percentages 
of moisture, volatile matter and ash content. 
 

3.2 Heating value 
Higher heating value was measured with the Parr 
6400 calorimeter in accordance with standard [39]. 
Fuel sample (approximately 0.5 g) was ground to 
powder and pelletized with a pellet press. Sample 
pellet is then placed in a nickel crucible and ignited by 
a pure cotton fuse. The temperature increase in the 
water jacket that surrounds the calorimeter is used for 
the higher heating value calculation. 
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4 RESULTS AND DISCUSSION 
4.1 Biomass characterization 
The results of proximate analysis and the higher 
heating value for feedstock material are presented in 
Table 1. High volatiles content and low ash content 
are quite typical for woody biomass [1, 40, 41].  
 
Table 1. Proximate analysis and heating value (on dry 
basis) for wood chips. 
 

Mate-
rial 

Proximate analysis [wt%] 
Heating 

value 
[MJ/kg]dry 

Mois-
ture 

Ash 
Vola-
tiles 

Fixed 
carbon 

HHV 

Wood 
chips 

8,00 0,74 82,6 8,66 20,52 

 

4.2 Mass and energy yields 
The following equations for mass yield (MY) [%], 
energy yield (EY) [%] and energy densification ratio 
(ER) [-] were used in this study for analysis of 
experimental results: 

MY =  
𝑚solidsout

𝑚solids𝑖𝑛
∙ 100%     (1) 

 

ER =  
HHVfuel.out

HHVfuel.in
      (2) 

 
EY =  MY ∙ ER       (3) 

where msolids_in [kg] is the dry mass of feedstock used 
for the experiment, msolids_out [kg] is the dry mass of 
pre-treated biomass after the experiment, 
HHVfuel.out [MJ/kg] is the higher heating value of pre-
treated wood (dry basis), HHVfuel.in [MJ/kg] is the 
higher heating value of feedstock material (dry basis). 
  Hydrochar samples after treatment at the 
highest temperature (250 °C) had dark black color, 
while biomass after torrefaction at 300 °C had certain 
amount of brown color the particles. This color change 
difference implies that hydrothermal carbonization 
treatment within studied process parameters resulted 
in more complete decomposition of biomass 
components in comparison with torrefaction.  
Resulting mass and energy yields together with 
relative increase of higher heating value for biomass 
after treatments are presented in the Table 2. 
  The reaction temperature has a notably 
strong effect on biomass decomposition in both pre-
treatment techniques: higher mass losses of 
feedstock material occur with temperature increase. 
Mass yield for HTC varies from 67.16% at the lower 
temperature limit to 51.85% at the higher one. Such 
numbers are quite typical for HTC treatment of 
coniferous wood species [21, 23]. In case of 
torrefaction, the mass yield decreases from 88.33% to 
66.62% over studied temperatures. The tendency is 
consistent with available literature for coniferous 
biomass torrefaction [23, 30, 31].  

 
Table 2. Results of hydrothermal carbonization and 
torrefaction of coniferous wood chips. 
 

Pre-treatment 
Sample 
name 

MY 
[%] 

ER 
[-] 

EY 
[%] 

Hydrothermal 
carbonization 

HTC-180 67,16 1,13 75,88 

HTC-200 60,18 1,21 72,54 

HTC-220 56,91 1,29 73,22 

HTC-240 52,83 1,36 72,08 

HTC-250 51,85 1,40 72,79 

Torrefaction 

Torre-240 88,33 1,00 88,13 

Torre-260 82,45 1,01 83,42 

Torre-280 75,52 1,03 77,89 

Torre-300 66,62 1,06 70,35 

 
  Hydrothermal carbonization significantly 
increases biomass energy content: the higher heating 
value of hydrochar at 250 °C is 40% higher than 
feedstock material. Relatively the same values are 
reported in [21, 23]. Within the range of investigated 
parameters, torrefaction results in more moderate 
rates of energy densification: with 6% heating value 
increase after the treatment at 300 °C. The tendency 
observed is consistent with some published materials 
for coniferous biomass [15]. Differences in process 
conditions and feedstock materials result in 
somewhat higher values for energy densification that 
could be found in works of [18, 23, 30]. 
  Energy yield value is influenced by two factors 
acting inversely with temperature growth: decreasing 
mass yield and increasing energy densification ratio. 
In case of hydrothermal carbonization, these two 
factors are almost balanced each other, and for this 
reason, the energy yield decreases slightly with 
temperature: the average value over the temperature 
range is 73.3%. Quite comparable results are 
presented for loblolly pine in [23, 32]. As for the 
torrefaction, under the influence of decreasing mass 
yield, the energy yield value varies from 88.13% at 
240 °C to 70.35% at 300 °C. Such tendency is 
consistent with the published data for coniferous 
biomass [15, 16, 30, 31].  
  Within the range of investigated parameters, 
hydrothermal carbonization resulted in higher extent 
of biomass decomposition (more significant mass 
losses and increase of heating value) comparing to 
torrefaction. At the same time, torrefaction treatment 
with studied settings leads to a higher energy yields. 
On the other hand, it should be noted that the process 
conditions define to a considerable extent the 
performance of the process. In experiments published 
by Wei et al. [23], reaction times were significantly 
different than in current study (80 min for torrefaction, 
and around 5 min for HTC), and as a result, 
hydrothermal carbonization demonstrated the higher 
values of energy yields (with somewhat lower mass 
losses) than torrefaction (with higher increase of 
heating value).  
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5 CONCLUSIONS 
Bioenergy has a significant potential to increase the 
share of renewables in energy generation. Several 
pre-treatment technologies could be applied for 
solving certain problems associated with wood-based 
fuels. Torrefaction and hydrothermal carbonization 
are two promising pathways that imply to thermal 
treatment of biomass to improve the fuel properties. 
Decomposition of wood cell components that take 
place during these processes, converts the biomass 
into a value-added product: it becomes more brittle, 
the ability to absorb moisture is decreased while the 
energy content is increased.  
  In the current work, two pre-treatment 
technologies for coniferous wood chips are 
compared. In hydrothermal carbonization 
experiments, biomass in a mixture with water was 
treated during six hours within the temperature range 
between 180 – 250 °C. The decomposition reactions 
are intensified with temperature increase: mass yield 
of hydrochar varies between 67.2% and 51.9% at 
lower and higher temperature limits correspondingly. 
Torrefaction of wood chips during 30 minutes in 
absence of oxygen resulted in somewhat smaller 
mass losses: with mass yields of 88.3% at 240 °C and 
66.6% at 300 °C. The relative increase of the heating 
value of treated biomass at the highest temperature 
in case of torrefaction is 6%, while the hydrochar 
heating value is 40% higher than the initial one. So, 
within the limits of selected reaction parameters, 
hydrothermal carbonization shows higher energy 
densification rates and more intensive decomposition 
of feedstock in comparison with torrefaction. At the 
same time, higher mass losses resulted in lower 
values of energy yields than in case of torrefaction: 
averaged over the temperature range, the energy 
yields for hydrothermal carbonization and torrefaction 
are 73.3% and 79.9%, respectively.  
  The results presented in this study confirm 
that hydrothermal carbonization and torrefaction 
could considerably increase the energy content of 
coniferous biomass. The process settings determine 
the extent of decomposition reactions occur during 
both processes and, as a consequence, the 
properties of pre-treated biomass. Optimal selection 
of reaction parameters defines the efficiency of 
biomass treatment. However, the overall efficiency of 
the process will be influenced by integration 
possibilities with other processes together with 
feedstock properties, and should be further 
investigated.  
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� Torrefaction process is modelled on the basis of mass and energy balances.
� Models for two biomass fired CHP plants were developed.
� Six scenarios of torrefaction integration into CHP plant were applied.
� Fuel consumption, power output and trigeneration efficiency were evaluated.
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a b s t r a c t

An important factor for industrial-scale implementation of torrefaction – a thermal pre-treatment tech-
nology that enhances the fuel characteristics of biomass – is the requirement for a low-cost source of heat
energy. Significant benefits can be achieved if torrefaction is integrated with a large heat producer. To
study this possibility, a new model for the energy and mass balances of the torrefaction process was
developed on the basis of available experimental data. The torrefaction model was then integrated into
steam power plant simulations, and the performance of different integration schemes was evaluated. To
investigate the effect of plant size and operating mode, the same configurations were studied for both
large and small combined heat and power (CHP) plants. Large plant operates at full boiler load, and cap-
turing a portion of heat from the plant reduces the power output for all integration cases. At the same
time, higher trigeneration efficiencies in comparison with non-integrated case together with fuel con-
sumption decrease due to torrefaction gas co-firing indicate that integration of torrefaction and CHP plant
at full load could be beneficial. In case of small plant, free boiler capacity at reduced-load conditions
allows to cover the torrefaction heat demand and simultaneously increase the electricity generation
for almost all integration cases. Trigeneration efficiency is changing within a relatively narrow range
for most of the cases, while the solid fuel consumption is higher than in design case. This work shows
that integration method together with process temperature and plant operation mode are the important
factors that could have an effect on CHP plant integration with torrefaction process.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many different types of biomass are available, for example, agri-
cultural residues, herbaceous crops and the material most com-
monly used in industry, woody biomass. Wood has a number of
properties that make it suitable for energy production; the com-
paratively high energy content, the low demand for fertilizers
and herbicides, and the high yield per land area [1]. On the other
hand, wood as such has several shortcomings, for example, low

density, high moisture content, a hydrophilic nature, poor grind-
ability and inconsistent quality. These characteristics increase
transport, storage and handling costs, limiting possible applica-
tions [2]. Torrefaction, also known as roasting or mild pyrolysis,
is a form of thermochemical treatment that improves some of
the unfavourable properties of biomass as a fuel. In the torrefaction
process, biomass is heated in an inert atmosphere at 200–300 �C,
losing mass and energy with the gas produced. The remaining solid
product is more brittle and hydrophobic than the original material
[1–3], and subsequent pelletizing of the torrefied wood yields a
product with high energy density. Several studies have reported
positive results on the technical and economic feasibility of

http://dx.doi.org/10.1016/j.apenergy.2015.03.102
0306-2619/� 2015 Elsevier Ltd. All rights reserved.
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torrefied pellet production [4–6]. Small-scale pellet combustion for
heating, entrained-flow gasification, replacement of coal or co-fir-
ing in coal-fired power plants have all been proposed as potential
uses for torrefied pellets [1,5–7].

Woody biomass is a quite important commodity, and its role
increases in many spheres worldwide. The global solid biofuel
trade, consisting mainly of forest wood biomass, experienced a
nearly sixfold growth from 56 to 300 PJ annually in the decade
2000–2010 [8]. According to the International Energy Agency
‘BLUE Map’ scenario, to attain a clean yet competitive energy sup-
ply, biomass use for energy would have to increase threefold by
2050 compared with levels in 2005 [9]. The European Union is pro-
moting the use of renewable energy, including biomass, and is
encouraging a decrease in primary energy consumption through
improved efficiency in energy generation, transmission and end-
use. Directive 2012/27/EU offers comprehensive measures for
reaching the EU’s 20% energy efficiency target by 2020 [10]. Solid
biofuel with improved properties can substitute a higher share of
coal in coal-fired plants: while a co-firing rate of less than 20% of
energy content is currently assumed feasible for untreated biomass
in coal-fired plants, torrefied biomass can replace more than 50% of
the coal fuel [11,12]. Optimal heat integration of biomass conver-
sion into power production thus offers a potentially valuable
approach that can contribute considerably to meeting goals for
the energy supply of the future.

The torrefaction process requires heat for both drying of the
biomass and the torrefaction itself. In addition to the torrefied bio-
mass, the process produces a fuel gas stream as a side product and
waste heat from cooling of the torrefied solid product. A biomass-
fired combined heat and power (CHP) plant is in many ways an
excellent candidate for integration with the torrefaction process
as the feedstock logistics, storage and handling facilities already
exist, and potential heat sources and sinks for heating and cooling
needs are available.

A number of studies of polygeneration systems that integrate
CHP plants with various biomass conversion technologies have
been published. Studies have found benefits in integrating ethanol
production [13–17], gasification [18–20] or pelletization [21] with
existing CHP plants. Kohl et al. [22] compared pelletization, tor-
refaction and pelletization, and fast pyrolysis integrated with a
CHP plant, concluding that energy efficiency improved as a result
of the increased yearly boiler workload in comparison with
stand-alone operation.

Reported data on combining torrefaction with CHP plants is,
however, limited. An investigation of an integration case with a
120 MWth CHP has been presented by Håkansson et al. [23]. In
another study, Li et al. [24] investigated the potential and effects
of co-firing torrefied biomass in a coal-fired boiler. The impacts of
various integration concepts of the CHP plant and torrefaction pro-
cess have, however, not been studied in detail. In addition, the ques-
tion of CHP plant size has not received proper attention. Research on
the most favourable economic and technical integration concept is
of considerable interest since the results are applicable also to cur-
rently operating plants. In view of the significant consumption of
woody biomass by the pulp and paper industry, e.g. in the Nordic
area, the development and integration of torrefaction into the CHP
cycle is deemed to have an essential potential.

The aim of this study is to investigate different integration con-
cepts and the effect of plant size on the thermodynamic perfor-
mance of a CHP-torrefaction polygeneration system. A mass and
energy balance model is created to predict solid- and gas-phase
mass yields and heating values on the basis of published experi-
mental data on the torrefaction of typical Scandinavian wood bio-
masses (pine, spruce, birch, and mixed-species logging residues).
Development of the models is described and results of simulation
of the integration scenarios are presented.

2. Modelling of torrefaction

2.1. Model development

IPSEpro process simulation software [25] was used to investi-
gate integration of the torrefaction process into CHP plants. The
software does not offer a ready-made torrefaction process model,
but does provide standard CHP plant components and includes a
model development kit to design new process components to com-
plement the standard component library.

The industrial-type torrefaction equipment considered consists
of three parts: a dryer, torrefaction reactor, and cooler for the solid
product. Indirect heating and cooling are assumed, but detailed
component operation is not considered. The gas-phase product is
directed to combustion, e.g., in a boiler or furnace. Fig. 1 shows a
schematic diagram of the developed model.

2.2. Torrefaction products

The main components of wood are three polymeric structures:
hemicellulose, cellulose and lignin, of which mainly hemicellulose
is affected by torrefaction. Torrefaction occurs at a temperature
range of 200. . .300 �C. At temperatures below 250 �C, hemi-
cellulose devolatilization and carbonization are limited, but at
higher temperatures, decomposition of all the main components
becomes extensive as lignin and cellulose also begin limited
devolatilization below 300 �C [26]. Mass loss increases with time,
but based on experiments with willow, beech and spruce, the rate
of mass loss slows down considerably after the first 20 to 30 min
[27,28].

Solid product mass and energy yields of 70% and 90%, respec-
tively, for a 30% increase in LHV are often quoted, citing the report
by Bergman et al. [6], but somewhat lower energy retention
appears more common in most experiments with European woods.
The results are quite diverse, ranging from 95.1% and 96.5% (wil-
low, [31]) to 52% and 71% (pine, [30]) for mass and energy yields,
respectively. Fig. 2 summarizes a selection of published yields from
torrefaction experiments with pine [30,32], birch [32], spruce [29],
willow [31], wood briquettes [33], and logging residues [30].

The torrefaction model used in this study is based on an
assumption that the sum of the available energy of feedstock dry
matter and heat of reaction is divided between available heats of
the gaseous and solid products:

_md LHVd þ hreactð Þ ¼ _mgLHVg þ _mtorrLHV torr ð1Þ

where hreact [kJ/kg] is the heat of reaction; _md, _mg and _mtorr [kg/s]
are the mass flows of feedstock dry matter, torrefaction gas and

Fig. 1. Torrefaction process model in IPSEpro software.
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torrefied biomass; LHVd, LHVg and LHVtorr [MJ/kg] are their lower
heating values correspondingly.

Available data on the parameters of interest – mass yield, gas-
eous product heating value, and solid product heating value – suf-
fer from being somewhat limited and from being dispersed among
references using different assumptions, measurement approaches,
and experimental parameters.

To close the energy balance, solid product mass yield, gas heat-
ing value, and heat of reaction were estimated on the basis of pub-
lished experimental results. Solid product heating value was then
solved using Eq. (1). This approach was considered necessary,
because being roughly an order of magnitude less than the solid
product heating value, the gas-phase heating value would other-
wise be subject to potentially very large relative errors from com-
paratively uncertain solid product LHV estimates.

The mass yield M [�], or ratio of solid product to feedstock dry
fraction, was determined from the correlation expressed in Eq. (2).

M ¼ mtorr

md
¼ 1� a Ttorr � T inið Þb ð2Þ

The constants a = 4.47�10�4, b = 1.46 and temperature Tini = 190 �C
were obtained with data from [31,30] by minimizing the residual

sums of squares. The resulting curve and the initial data on which
it was based are shown in Fig. 3.

Although softwood is known to be less reactive than hardwood,
due to differences in the hemicellulose structure [27,34], the data
in Fig. 3 is too limited to clearly demonstrate this. Difference in
the torrefaction time, 30 min by Phanphanich and Mani [30] and
1–3 h by Pach et al. [31], appears to have little effect. This can be
explained by the low heat conductivity of wood, meaning the tem-
perature inside a chip changes slowly, and the fact that the mass
loss rate slows after the first 20–30 min. Logging residues appear
slightly more reactive than wood, possibly due to the higher ash
content and thus greater presence of catalytic components.
Overall, the correlation appears to be an adequate approximation
for the mass yield of typical Scandinavian forest biomasses at
>30 min residence time and varying temperatures.

Prins et al. [3] and Prins [35] published experimental results for
the gas-phase product for willow and larch, as well as some non-
woody biomasses. These results were used in the thermochemical
model by Bates and Ghoniem [36]. For use in this study, the data
given in [3] and [35] pose some difficulties. Firstly, mass balances
were not closed; the unknown rate of the missing mass leaves a
significant uncertainty for the comparatively small mass fraction
in the gas phase. Secondly, only the true gas-phase components
are considered, but in industrial equipment solids and tar are likely
to be transported out of the reactor as dust and droplets with the
gas stream. These components may have heating values an order
of magnitude greater than the gas, and may have a notable effect
on the total heating value transported with the gas flow.

In the absence of more accurate information, the data for woody
biomasses (larch and willow, approximately 10% moisture) from
[3] and [35] were used to obtain a simple curve fit for the heating
value of the torrefaction gas, shown in Eq. (3) and Fig. 4. Due to the
limitations in material library of the IPSEpro software, this gas flow
was simulated as a mixture of carbon dioxide, methane and water
vapour, providing the lower heating value.

LHVTG ¼ 2:00þ 5:28 � 10�5 � ðTtorr � 190�CÞ2:49 ð3Þ

Data on the heat of reaction of wood decomposition during tor-
refaction also suffer from a high degree of uncertainty and are
partly contradictory. Bergman [4] suggests that reaction enthalpy
will be within ±1% of feedstock heating value, while Prins et al.
[3] measured endothermic reaction enthalpies of 87 ± 400 kJ/kg
for willow when torrefied for 30 min at 260 �C, and 124 ± 449 kJ/
kg for 10 min of torrefaction at 300 �C [34]. The stated uncertainty
range, however, ignores the uncertainty resulting from failure to
close the mass balances.

Recent research suggests that torrefaction reactions can be con-
sidered a two-stage process. The first stage consumes oxygen from
the hemicellulose (and at higher temperatures from the cellulose)

Fig. 2. Mass and energy yields for torrefaction of different wood biomasses
[31,30,32,29,33]. The lines represent the increase in torrefied product heating value
LHVtorr relative to untreated feed LHVut (both dry, ash-free).

Fig. 3. Mass loss as a function of torrefaction temperature. Correlation curve
represents Eq. (2).

Fig. 4. Lower heating value of torrefaction gas as a function of torrefaction
temperature. Experimental data from [3,33], correlation curve represents Eq. (3).
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with clearly exothermic reactions. In the following stage, both
endo- and exothermic reactions are present [37,38].

Bates and Ghoniem [36] used a two-step model with three
correlations to estimate the higher heating value (HHV).
Regardless of the HHV correlation and torrefaction temperature,
the first step reaction enthalpy always remained exothermic. The
second step reaction enthalpy varied from 300 kJ/kg endothermic
to �200 kJ/kg exothermic at 200 �C, depending on HHV correlation,
and from �50 kJ/kg exothermic to �550 kJ/kg exothermic at
300 �C.

Ohliger et al. [39] measured heat of reaction in beech torrefac-
tion. Results with 10% moisture beech ranged from 0. . . + 150 kJ/kg
endothermic to �150. . .0 kJ/kg exothermic, with the more exother-
mic reactions coinciding mostly with the highest mass losses, i.e.
long time and/or high temperature. High moisture content caused
more endothermic reactions, probably due to vapour flow flushing
the volatiles needed in the exothermic second-stage reactions from
the reactor [38]. Results of van der Stelt [37] also indicate a trend
towards increasingly exothermic behaviour at increasing tempera-
tures, although the results of 1.5 MJ/kg endothermic to �1.2 MJ/kg
exothermic had significant uncertainty from the mass balance not
being closed. Experimental co-torrefaction of hemicellulose, cellu-
lose and lignin for 60 min by Chen and Kuo [38] indicated the
opposite behaviour, with net exothermic reactions at 230 �C, less
exothermic reactions at 260 �C, and even slightly endothermic
reactions at 290 �C. Recently, Peduzzi et al. [40] estimated the heat
of reaction for unspecified wood biomass at 250 �C as �170 kJ/kg
exothermic, and Basu et al. [41] found a heat of reaction of
�360 kJ/kg for poplar wood at unspecified temperature.

Although there appears a tendency for torrefaction to exhibit
slightly exothermic heat of reaction more often than not, the data
were considered too dispersed and contradictory to serve as a basis
for a model that could predict accurately the change of heat of
reaction as a function of temperature. A constant �500 kJ/kgfeed,dry

heat of reaction, considered a conservative estimate for determin-
ing the solid product energy yield, was used in the model. The
resulting energy yield and solid matter heating value behaviour
appear reasonably close to published results. The relative change
of solid product dry fraction LHV (energy ratio ER [�]) and energy
yield E [�], defined as in Eqs. (4) and (5)

ER ¼ LHV torr

LHVd
ð4Þ

E ¼ ER �mtorr

md
ð5Þ

are plotted as a function of torrefaction temperature together with
experimental data from Refs. [31,30] in Fig. 5.

The experimental results used for torrefaction modelling in cur-
rent study are derived from laboratory-scale units. The various
sizes and shapes of feedstock material together with inevitable
impurities would affect the reaction kinetics in case of industrial-
scale operation, Medik et al. [42] found that this effect is weaker
than influence of temperature and residence time. The results of
several studies indicate that larger particles would react slower
[43], however, with sufficient reaction time these differences in
behaviour become less pronounced [41,42]. Consequently, it was
suggested that within the framework of existing limitations, the
torrefaction model developed in current work could be applied to
industrial-scale units.

2.3. Torrefaction heat requirement

Before torrefaction, the feedstock is typically dried to a mois-
ture content of approximately 10% [4,22]. Drying consumes most
of the heat required for the whole torrefaction process. The dryer
type is not specified in the model, but a belt dryer would enable
flexibility in selecting the heat source and would allow use of fairly
low-temperature sources [44]. A specific heat consumption of
1.2 kW h/kgH2O_evaporated, considered to represent a typical or con-
servative estimate for belt dryer heat consumption [44,45], was
assumed. Dryer heat can be supplied by flue gas, hot water, or
low pressure steam.

From dried biomass storage the biomass feed is assumed to
enter the torrefaction reactor at a temperature of 60 �C and mois-
ture of 10%. The feed is then torrefied by heating it to the specified
reaction temperature and maintaining the temperature for a suffi-
ciently long period, typically 30–60 min. Indirect heating of the
biomass was assumed in this study, allowing the use of any flow
at a sufficient temperature for heat supply. Although torrefaction
requires a higher temperature than drying, the total heat demand
of torrefaction is much lower.

As industrial torrefaction reactors are not yet common equip-
ment with known typical heat consumption rates, a model-based
approximation had to be used. Accurate modelling of the heat con-
sumption in torrefaction is challenging for several reasons, in par-
ticular because of variations in the specific heat of the wood, the
heat of the reaction during torrefaction, and the magnitude of heat
losses.

The model used in this study assumes that moisture content
remains constant up to 100 �C, at which point all moisture is
evaporated. The net heat consumption UTORR [kW] in the torrefac-
tion reactor can be considered to consist of five separate parts: (1)
sensible heat of moist wood temperature change, U<100�C [kW]; (2)
latent heat of remaining evaporation, Uevap [kW]; (3) sensible heat

Fig. 5. Model-based solid product energy ratio (Eq. (4)) and energy yield (Eq. (5)) compared to experimental results from [31,30].
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of dry wood and water vapour, U100�C-Torr [kW]; (4) heat of reaction
in torrefaction, Ureact [kW], and (5) heat losses, Uloss [kW]. The sen-
sible heats are obtained from Eqs. (6) and (7):

U<100 �C ¼ _mfeed�cp;<100�C 100 �C� T feed;in
� �

ð6Þ
U100�Torr ¼ _mfeed Ttorr � 100ð Þ 1�MCfeedð Þ�cp;dry þMCfeed�cp;vapour

� �
ð7Þ

where MCfeed is the moisture content of the feedstock.
The specific heat of wood has a strong dependence on tempera-

ture [46], but shows little [47] or no dependence [48] on the wood
species. Moisture also affects the specific heat. Part of the moisture
is not free liquid in the cells but bound to the fibres. As a result, the
net specific heat of moist wood is greater than the weighted sum of
dry and water components [48]. Decomposition of wood begins at
approximately 150 �C, affecting the cp [39]. The specific heat of
moist wood �cp;<100 �C [kJ/kg K] was estimated from a correlation
by TenWolde [49] as cited in [50]

�cp;<100 �C ¼
�cp;dry;<100 �C þ 4:19MCdb

1þMCdb

þMCdb 0:02355T � 1:32MCdb � 6:191
� �

ð8Þ

where MCdb [�] is the fractional dry basis moisture content and T
[K] is the average temperature. The dry wood specific heat
�cp;dry;<100 �C [kJ/kg K] is obtained from

�cp;dry;<100 ¼ 0:1031þ 0:003867 � T ð9Þ

The specific heat of water vapour is assumed to be 1.95 kJ/kg K. The
correlation in Eq. (9) is valid for dry wood up to 147 �C, from which
point onwards wood decomposition begins [39]. Other correlations
for dry wood cp also exist, up to a maximum of 177 �C, for example
those by Skaar [51], Koch [52], and Gupta et al. [53]. All suggest lin-
ear dependence to absolute temperature. Harada et al. [54] presents
a linear correlation up to 260 �C. This correlation, however, differs
significantly from the others. At 147 �C all correlations are within
0.25 kJ/kg K, but when extrapolated to torrefaction temperatures
the range increases to almost 0.57 kJ/kg K at 300 �C.

Ohliger et al. [39] considered taking the cp above 147 �C to be
either that of char or an average of that of char and extrapolated
wood cp. However, char has a much lower cp than wood, and given
the relatively short duration of the heating phase, in this paper the
properties were assumed to be much closer to those of wood than
char. In the absence of a more accurate model, Eq. (9), yielding low-
est cp of the compared correlations, with the exception of that of
Harada [54], was used also in the range of 147 �C < T < 300 �C, with
the knowledge that considerable errors may thus be introduced.

The heat required for the evaporation of the last moisture from
the wood was calculated from

Uevap ¼ _mfeedMCfeedhfg ð10Þ

where a value of of hfg = 2260 kJ/kg, corresponding to the latent
heat of evaporation of free water at 100 �C, was assumed, ignoring
the effect of bound moisture. The error thus introduced was
assumed to be small and most likely of opposite direction compared
to the error caused by the extrapolation of dry wood cp.

Although the bulk of published data indicates somewhat
exothermic heat of reaction, which was also assumed for determin-
ing the solid product heating value, the data can still be considered
varied and sometimes contradictory. To avoid an overly optimistic
estimate of the heating benefit from the exothermicity of the reac-
tions, hreact was thus assumed to be zero when determining the
heating requirement.

Some heat losses from the reactor are inevitable during the pro-
cess. However, without considering the design of the reactor, it is
hard to evaluate them properly. In current model this loss was
assumed to be 10% of the total heat requirement.

Fig. 6 shows the total heat consumption of torrefaction reactor
at three different temperatures and 10% moisture feedstock at a
temperature of 60 �C. The heat consumption of drying the chips
from 50% to 10% is also indicated for comparison. It is evident from
the figure that water evaporation accounts for the vast majority of
the energy demand in torrefaction, most of it in the dryer.

The heat requirement and energy recovery available from the
torrefaction process are illustrated in Fig. 7. While at low tempera-
tures the process is a clear net consumer of energy, as torrefaction
severity increases, the gas stream volume and heating value
increase rapidly, reaching the process heat need at 300 �C. The sen-
sible heat recovered from the process is negligible in comparison.

3. Integration of torrefaction and cogeneration plants

3.1. CHP plant models

Two different CHP plants were considered for the integration
analysis: a large-scale biomass fired plant with a 385 MW circulat-
ing fluidized bed (CFB) boiler and a condensing turbine [55],
henceforth referred to as Plant A, and a smaller biomass fired back-
pressure plant with a 29 MW bubbling fluidized bed (BFB) boiler
[56] (Plant B). Both plants are based on actual operating industrial
plants and their performance has been modelled using IPSEpro
software. They are assumed to run on the basis of required heat
demand; integration of torrefaction will thus affect only electricity
production and fuel consumption.

Plant A produces 103 MW electricity and 110 MW district heat
at 90/50 �C supply/return temperature levels during the three
month winter peak. In addition, 120 MW of process steam is sup-
plied continuously for industrial purposes at 16.5 bar(a), 10 bar(a)
and 4.5 bar(a) pressures. This type of plant is usually built to pro-
duce electricity. So, the assumption used for choosing the opera-
tion type for Plant A tries to run at maximum steam load while
operating. As the plant tries to run at full boiler load, the condens-
ing tail takes whatever steam remains after the steam extractions
for thermal load fulfilment.

Plant B is an example of a small CHP plant that is typically uti-
lized, e.g. in central Europe, to increase small-scale heat and power
production from biomass. At full load it produces 7.9 MW electric-
ity and 20.0 MW district heat. A different scenario is considered
with this plant because this kind of plant is typically built to fulfil
district heating demand. When the heat load of a backpressure
plant is decreased (spring/autumn season), the steam flow through

Fig. 6. Heat consumption of dryer and torrefier at three torrefaction temperatures
[�C].
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the turbine and therefore electricity output are inevitably reduced.
Under these circumstances, an additional heat consumer in the
form of a torrefaction plant can increase the electricity output by
using the available free boiler capacity. In this study, a case of
60% district heat load (12 MW) at 90/50 �C temperature level was
chosen to represent typical reduced-load conditions.

The main plant parameters at full load design point operation
are summarized in Table 1; schematic diagrams of the design cases
are shown in Figs. 8 and 9. For the wood chips used both as boiler
fuel and torrefaction feedstock, a moisture content of MC = 50%
and lower heating value of 18.8 MJ/kg on a dry basis were assumed
based on data from Alakangas [57]. For both cases, the torrefied
solid fuel could be either used internally, processed further in the
plant, for example, by pelletizing, or sold on the market as torrefied
chips; the scope of this study was limited to the integration of the
torrefaction and CHP processes.

The boiler for both cases is modelled using four components:
the furnace, including the steam drum, followed by a series of
three heat exchangers in the flue gas flow direction, representing
the superheater, economizer and air preheater. Heat transfer rate
U [kW] in the three heat exchangers is determined from

U ¼ GDT lm ð11Þ

where the conductance G [kW/K] is the product of the overall heat
transfer coefficient U [kW/m2 K] and heat transfer area A [m2], and
DTlm [K] is the logarithmic temperature difference. Table 2 lists the
values for design point conductance G of the main heat transfer sur-
faces for both plants.

Component performance changes in off-design conditions. In
this study, variations in turbine and pump isentropic efficiencies
were assumed to remain small and not considered. In the boiler,
the conductances G of the superheater, economizer and air pre-
heater are assumed to change in proportion to relative gas flow
change [58]:

G ¼ G0
_mFG

_mFG;0

� �0:6

ð12Þ

where _mFG is the flue gas mass flow rate, with subscript 0 referring
to the design point.

A steam coil air preheater is used to prevent flue gases from
cooling below 150 �C. In some cases, the stack temperature may
increase slightly above 150 �C. Full superheat can be maintained
by reducing the water injection to superheater in most cases, but
in some situations, especially with the smaller plant at part load,
the live steam temperature will inevitably be slightly reduced.

With reduced loads, the auxiliary power consumption Paux also
drops. Part-load Paux is estimated from:

Paux ¼ 0:5þ 0:25
_mFG

_mFG;0
þ 0:25

_mFW

_mFW;0

� �
Paux;0 ð13Þ

where _mFW is the feed water flow rate, with subscript 0 referring to
the design point.

3.2. Integration options

The heat required for the torrefaction process can be provided
by various streams, such as hot water, flue gases from the boiler,
or steam from the turbine. The thermodynamic performances of
six different integration schemes (Table 3) were investigated.
Case 0 represents a non-integrated operation of the CHP plant
and torrefaction unit and was used as a reference point for com-
parison. In Case 0, the heat demand of the torrefier and dryer
was supplied by flue gases from the combustion of torrefaction
gas and additional fuel. In all cases studied, power consumption
of the torrefaction process was assumed to be 200 kW= _mH2O;evap

in the dryer, 50 kW � _min in the torrefier, and 200 kW � _mfeed for
the total sum of power consumption of other components.

In Cases 1 and 2, the water from the boiler drum is returned
back to the steam-water system after supplying heat for the tor-
refaction process units. The temperature of the exhaust gases after
the dryer for Cases 2 and 3 was set at 150 �C. In Case 4, flue gases
are returned back to the boiler after the torrefier. Condensate from
the dryer in Cases 4, 5 and 6 is mixed to the main condensate flow
before the deaerator.

Fig. 7. Energy required and recovery of torrefaction process (1 kg/s feedstock with wet basis moisture content of 50%).

Table 1
Main characteristics of CHP plants at full load design point.

Category Parameter Plant A Plant B

Net production Electricity 103 MW 7.9 MW
District heat 110 MW 20.0 MW
Process heat 120 MW –

Boiler Type CFB BFB
Thermal output 385 MW 29 MW
Stack temperature 150 �C 150 �C

Turbine Inlet steam 110 bar/550 �C 90 bar/500 �C
Back pressure (DH) 0.4 bar 0.8 bar
Condenser pressure 50 mbar n/a
Extractions 50a/16.5/10/4.5 bar(a) 59a/8.5 bar(a)

Main losses Boiler 55 MW 4.3 MW
Condenser 37 MW n/a
Auxiliary power 8.1 MW 0.60 MW

a To obtain high-pressure steam for torrefaction, it is assumed that an extraction
can be created in the settling chamber after the partial admission control stage at
the turbine inlet.
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Fig. 8. Design case model for Plant A.

Fig. 9. Design case model for Plant B.
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The following assumptions were applied to all cases:

� Heat from the torrefied biomass cooling is used for combustion
air preheating.
� For all integration cases the torrefaction gas is co-fired in the

boiler together with biomass.
� Torrefaction heat losses are independent of the heating media

used.
� Live steam pressure is fixed at the design level.
� Constant mass flow of solid biomass to torrefaction is assumed

(10 kg/s for Plant A and 1 kg/s for Plant B integration cases).

To compare the performance of the considered schemes, the tri-
generation efficiency [%] was calculated:

gtrig ¼
ðPgen �

P
Ppump �

P
PauxÞ þ ðQ DH þ Q processÞ þ _mtorr � LHV torr

_mtot fuel � LHV fuel

� 100%

ð14Þ

where Pgen is the power at the generator terminals [MW]; RPpump is
the electric power consumed by the pumps in the steam cycle (feed
water pump and condensate pump) [MW]; RPaux is the power used
by other plant equipment (fans, fuel and ash handling, etc.); QDH is
the district heating load [MW]; Qprocess is the process heat [MW];
_mtorr [kg/s] is the mass flow rate of torrefied fuel; _mtot fuel [kg/s] is

the combined mass flow rate of boiler solid fuel and torrefaction
feedstock; and LHVfuel and LHVtorr are the lower heating values of
untreated and torrefied solids respectively [MJ/kg].

3.3. Simulation results and discussion

Fig. 10 illustrates solid fuel consumption as a function of tor-
refaction temperature for the studied integration cases. The solid
fuel consumption reduces with increasing torrefaction tempera-
ture for both the large and the small CHP plant. This result is as
expected since the higher the torrefaction temperature the greater
is the mass loss at torrefaction. Thus, both the heating value and
the mass flow rate of the torrefaction gases to the boilers increase
with increased torrefaction temperature. As a result, a larger share
of solid fuel can be substituted in the boiler. The increase in tor-
refaction reactor heat consumption (about 40% more for the high-
est temperature level than for the lowest one) is negligible in
comparison.

When the boiler of Plant A is operated at full load, increasing
the share of torrefaction gas that is co-fired leads to growing econ-
omy of the main solid fuel use (Fig. 10(a)). In Cases 2 and 3, the
relatively high heat demand of the dryer is covered by the heat
of flue gases. Under these circumstances, the heat of flue gasses
is not sufficient to maintain the necessary level of combustion air
preheating in air-preheater. The steam coil with increased heat
transfer area is used to fulfil the required air preheating. As a result
of decreased heat transfer rate of air-preheater, the fuel mass flow
rate to the boiler decreases. Case 2 demonstrates the highest
decrease in fuel consumption among the integration cases: a
7.5% increase in fuel economy for the 300 �C torrefaction tempera-
ture in comparison with the non-integrated case. Case 3 achieves a
6.1% increase in fuel economy at the same conditions. Cases 1, 4, 5
and 6 exhibit virtually identical numbers within the studied tem-
perature range (from 0.2% at the lowest temperature level to
5.4% increase in fuel economy at the highest temperature).

With regard to Plant B, the solid fuel consumption for all
integration cases is higher in comparison with the design case
(Fig. 10(b)). Similarly to integration options for Plant A, Cases 2
and 3, where heat from flue gasses is captured to torrefaction,
behave noticeably differently from the other cases. Maintaining
the combustion air temperature at the required level in these
two cases leads to increased steam mass flow through the steam
coil. As a result, mass flow of live steam and boiler fuel to produce
it also increase. At the lowest temperature level, Cases 1, 4, 5 and 6
have fuel consumption that is 12% – 17% higher than the design
values, and the fuel consumption gets relatively close to the design
case consumption at 300 �C. Whereas cases 2 and 3 have an aver-
age increase of 38.1% and 46.1% respectively.

Power generation for both plants varies slightly with torrefac-
tion temperature. The way of integration, however, has a rather
strong effect. Averaged over the temperature range, the net power
output at different integration cases for both plants is presented in
Fig. 11. The power production of the larger Plant A is reduced when
torrefaction is introduced, since the torrefaction heat demand
either decreases steam production, or some of the generated steam
needs to be extracted before expansion to condenser pressure.
Heat that is taken from the boiler for torrefaction reduces the live
steam mass flow to the turbine in Cases 1, 2 and 3, and as a conse-
quence, electricity output is decreased: respectively 9.4%, 11% and
10%, compared to electricity production in the non-integrated
plant. Another factor is the necessary level of air preheating that
needs to be maintained by the steam coil in Cases 2 and 3.
Higher consumption of steam results in a bigger loss of net power
output for these two cases. In Cases 4 and 5, the boiler steam pro-
duction is relatively close to the design value, and steam energy
from the final expansion to condenser pressure is only lost due
to torrefaction. Therefore, the reduction in power output is lowest
in these two cases: correspondingly, 3.2% and 1.1% lower in com-
parison with the base Case 0.

A quite different situation is observed with the smaller Plant B
integration options. The available free capacity of the boiler allows
increase in power output for almost all integration cases. In order
to fulfil the higher demand for steam mass flow to air preheating,
steam mass flow through the turbine and, as a result, net electricity
output increase significantly in Cases 2 and 3 (43.4% and 50.7%
more than in the design case). In Case 6, meeting the heat demand
of the dryer and torrefier with high pressure steam results in a loss
of generation power. For this reason, the net power output for this
case is 5.1% lower than the design value.

The impact of the chosen integration scheme and torrefaction
temperature on trigeneration efficiency (Eq. (13)) is presented in
Fig. 12. The amount of low-value heat that is produced and basi-
cally lost in the condenser decreases in Plant A quite significantly
in all integration cases in comparison with the design case. As a

Table 2
Heat transfer surface conductance [kW/K] of boilers at design point.

Heat transfer surface Plant A Plant B

Steam generator 260 n/a
Superheater 420 26
Economizer 500 32
Air preheater 640 34
Steam coil air preheater 20 5

Table 3
Heat sources for torrefaction process units.

Case Heat source for section

Torrefaction Drying

Case 1 Saturated water from the drum Water after the torrefier
Case 2 Saturated water from the drum Flue gases after air preheater
Case 3 Flue gases after the superheater Flue gases after the torrefier
Case 4 Flue gases after the superheater Backpressure steam
Case 5 Steam extraction from the HP turbine Backpressure steam
Case 6 Steam extraction from the HP turbine Steam after the torrefier
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consequence of the reduction of this loss in the overall plant bal-
ance, the trigeneration efficiency for all integration options is nota-
bly higher than in Case 0 (Fig. 12(a)). However, with the
considerable decrease of torrefied fuel mass flow at high tempera-
tures, trigeneration efficiency curves for all cases slope down-
wards. Of the integration options studied, Case 5 has the highest
efficiency: on average 5.2% higher than the design case.

In Plant B, the impact of the increased fuel mass flow exceeds
the effect of greater power generation; as a consequence, the tri-
generation efficiency for most of the cases is lower than for the
reference Case 0 (Fig. 12 (b)). The efficiency changes within a rela-
tively narrow range close to the design level for most of the cases
studied (from 0.4% loss on average for Cases 4, 5 and 6 to 0.9%
increase for Case 1). For Cases 2 and 3, the increased amount of

Fig. 10. Solid fuel consumption for Plant A (a) and Plant B (b) integration cases.

Fig. 11. Net power output averaged over torrefaction temperature range (200–300 �C) for Plant A (a) and Plant B (b) integration cases.

Fig. 12. Trigeneration efficiency for Plant A (a) and Plant B (b) integration cases calculated with Eq. (14).
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steam for air preheating leads to higher steam mass flow through
the turbine. Since this would increase the district heat production
above the specified 12 MW, an auxiliary cooler to dump the excess
heat from the DH network needed to be utilized in these cases. As a
consequence of this additional heat loss in the energy balance of
the plant, the lowest values for trigeneration efficiency are found
in Cases 2 and 3: 9.7% and 12.2% lower than in the design case.

4. Conclusions

In order to investigate the effect of torrefaction process on
power plant cycle, a torrefaction model was developed and then
integrated with models of two different-sized CHP plants. The first
plant represented a typical large-scale plant operated at full boiler
load, while the second model was a smaller backpressure plant
operated mostly at a reduced district heating load. Six integration
concepts were implemented for both plants and the performance
of the integrated plants was evaluated within the typical range of
torrefaction temperatures.

The operation assumptions used in this work led to quite differ-
ent results for the studied integration options. With the larger
plant, maintaining maximum boiler output and simultaneous co-
firing of torrefaction gas decreases fuel consumption and power
output with torrefaction temperature increase. As for the smaller
boiler at partial load operation, the fuel consumption was some-
what higher than in the design case, while increased steam flow
led to additional electricity output. The efficiency of the feedstock
conversion into useful energy streams (trigeneration efficiency) is
determined mostly by the type of integration and differs only
slightly with torrefaction temperature. The trigeneration efficiency
for all integration options with the first plant is higher than for the
non-integrated case. As for the second plant, the effect of the
integration is relatively low for most of the studied cases. For both
plants, the integration cases that used the heat of flue gases for tor-
refaction performed quite differently than the other studied sce-
narios: capture of a certain amount of heat from flue gases
resulted in additional consumption of steam for the combustion
air preheating.

The results of the simulations indicate the diverse effect of the
various integration scenarios on the performance of CHP plants
operated under different regimes. As expected, torrefaction
parameters have an effect on integration performance: at higher
torrefaction temperatures, a larger share of fuel can be substituted
with torrefaction gas. Based on the analysis presented in this study,
it can be concluded that the potential of integration of torrefaction
with a cogeneration plant is highly dependent on the operation
characteristics of both the CHP plant and the torrefaction process
and each particular case requires individual evaluation from the
point of view of both reduction in fuel consumption and additional
cost analysis.
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a b s t r a c t

Biomass torrefaction is a pre-treatment technology with high potential to convert biomass into a valuable
commodity. The heat integration of torrefaction and combined heat and power (CHP) plant was investi-
gated in previous work (Sermyagina et al., 2015). The aim of the present study is to assess possible eco-
nomic benefits from integration. Three most promising integration concepts from the previous work
were studied in terms of seasonal operational changes of district heating demand and varying ambient
conditions. The performance of two integration concepts were evaluated together with stand-alone
and co-located plants. The integration leads to a higher utilization of the CHP boiler capacity during
part-load operation, possible increase of the operation time and growth of electricity generation as a
result. The total efficiencies of the integrated cases (around 72% in higher heating value terms) are
slightly higher than the stand-alone CHP plant (69%) or the co-located option (71%). The integration
requires 40% more capital investments than the stand-alone CHP. On the other hand, the total capital
investments of the integration cases are 20% lower than in co-located plants, and a profitability evalua-
tion shows that lower investment costs may make integration schemes advantageous over the non-
integrated plants. Feedstock price and investment costs are the main economic drivers affecting the prof-
itability of the integrated options. An integration case which uses back pressure steam to account for the
torrefaction heat demand showed the highest profitability due to a longer annual operating time, result-
ing in a growth of electricity and DH production over the stand-alone CHP plant.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Modern society depends on materials and products that have
been historically produced from fossil fuels. At the same time,
the concept of sustainability in various industrial spheres is
attracting increasing attention, especially considering the growing
environmental concerns associated with fossil fuel combustion.
Under these circumstances, the demand for efficient utilization of
renewable sources is increasing. Biomass can be efficiently used

for the production of various commodities, such as vehicle fuels
(e.g. bioethanol and biodiesel), chemicals and plastics, fertilizers
and pharmaceuticals as well as for energy generation [1,2]. The
complete recovery of different by-products and wastes from agri-
culture and industry along with the utilization of other biomass
sources has a significant potential for substituting traditional fossil
fuels.

Biomass-based combined heat and power (CHP) production or
co-generation is a proven technology that can be effectively
applied for local biomass feedstocks. Simultaneously, despite the
positive environmental and potential economic benefits, the
untreated woody biomass as a fuel is associated with certain prob-
lems: heterogeneous nature, poor grindability, relatively high
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moisture content and low bulk density [3,4]. Torrefaction is a ther-
mal pre-treatment process to convert raw biomass into more
homogeneous and with subsequent pelletizing energy-dense prod-
uct. In torrefaction, the feedstock is heated slowly (<50 �C/min) to
the reaction temperature, typically 200–300 �C, under atmospheric
pressure in the absence of oxygen [4–6].

The torrefied biomass (biocoal) with improved properties can
be then co-fired with pulverized coal. Torrefaction thus makes it
possible to increase the use of biomass in coal-fired boilers, reduc-
ing greenhouse gas (GHG) emissions and making the energy pro-
duction more sustainable [7–9]. Even though there is still limited
amount of available related data from industrial applications, the
research in this area shows that co-firing of torrefied biomass with
coal allows a significant reduction of CO2 emissions without a
major penalty in boiler efficiency [7,10]. Torrefied pellets also have
certain advantages in comparison with traditional wood pellets
considering not only their physical properties and energy content
but also the gas emissions from combustion. McNamee et al. [11]
evaluated the life-cycle GHG emissions of several supply chains
for torrefied pine and reported that torrefaction could allow to pro-
duce lower GHG emissions per output energy content, compared to
conventional wood pellets. In another study [12], the gas emissions
from the combustion of a range of fuels (torrefied spruce, peat,
biomass/coal blend and two coals) were investigated. The results
indicated the lowest levels of NOx and CO emissions for the tor-
refied wood briquettes among all the studied fuel samples and a
significant reduction (approx. 40%) of particulate emissions from
combustion of torrefied wood compared to the source material.

The integration of biomass pre-treatment processes with indus-
trial systems can lead to benefits through more efficient utilization
of the available mass and energy streams. Various integration pos-
sibilities of biomass conversion processes with CHP plants or other
industrial processes have been evaluated recently. Technical, eco-
nomic and environmental benefits of integration of the biomass
gasification into CHP based district heating (DH) system have been

reported in [13,14]. The combination of cellulosic bioethanol pro-
duction and a CHP plant may help to increase the operating hours,
resulting in an increased power generation and improved overall
system efficiency [15]. Opportunities for integrating pellet produc-
tion and a CHP plant have been also intensively studied in [16–18]
with the main outcomes of annual power production growth, sig-
nificant reduction of CO2 emissions and additional economic ben-
efits from pellets trade obtained. The integration of torrefaction
within a CHP plant can potentially cover the energy requirements
of the torrefaction process and simultaneously increase the power
generation and annual operating hours of plant as well as generate
the valuable product for sale. Starfelt et al. [19] investigated the
advantages of a combined system of torrefaction and CHP that cov-
ers the energy demand of the torrefaction reactor and keeps the
heat and power generation at required levels. Possibilities of co-
location of torrefaction facilities with coal-fired power plants and
corn ethanol plants were evaluated in [20]. Kohl et al. [21] com-
pared the energetic and environmental performance of the
retrofit-integration schemes of a CHP plant and three biomass
pre-treatment processes (fast pyrolysis, torrefied pellets and wood
pellets production).

Typically, the annual operation of a CHP plant follows the pat-
tern of seasonally varying district heat demand [21]. In addition
to quantitative changes in the DH demand, the required DH supply
temperature, temperature of combustion air, and the moisture and
temperature of the boiler fuel vary during the year. Despite the
aforementioned issues, the CHP plant operating parameters are
often calculated only at design point to evaluate the possibilities
of integration [14,17,20,22]. Some researchers investigated the
effect of part-load operation on the performance of integration
schemes [16,21,23,24]. At the same time, the comprehensive eval-
uation of the integration scheme is only possible when all the sea-
sonal changes of operational conditions along with the
characteristic features of the CHP plant at part load are taken into
account.

Nomenclature

c energy price [€/MW h]
E energy [MJ]
HHV higher heating value [MJ/kg]
i interest rate [%]
LHV lower heating value [MJ/kg]
MC biomass moisture content [%]
n plant economic lifetime [y]
Q heat [MJ]
r ratio of annual operation and maintenance cost to total

capital investment [–]
t time [h]

Greek letters
a scaling factor [–]
g efficiency [%]
R sum

Abbreviations
CBM bare module cost
CEPCI Chemical Engineering Plant Cost Index
CHP combined heat and power
DH district heat
EU European Union
EY energy yield

FCI fixed capital investment
GHG greenhouse gas
IRR internal rate of return
MY mass yield
NPV net present value
PBP payback period
PEC purchased equipment cost
TCI total capital investment
USD United States dollar

Subscripts
b boiler
bc biocoal
chips total fuel input
dry dry basis
el electricity
f boiler fuel
feed torrefaction feedstock
net net
O&M operation and maintenance
p purchased
s sold
wet wet basis

E. Sermyagina et al. / Applied Energy 183 (2016) 88–99 89



In a previous study [25], six integration concepts of torrefaction
and a CHP plant were assessed within the typical range of torrefac-
tion temperatures. The effect of the plant configuration and avail-
able boiler capacity on the thermodynamic performance of the
integrated plants were evaluated by simulating the integration of
torrefaction with two different CHP plants. The performance of
both plants was evaluated only in one specific operation mode.
In order to expand the evaluation to cover the seasonal operational
changes, a multiperiod model was implemented to approximate
the DH demand duration curve and to consider the annual varia-
tions of the fuel quality and ambient conditions in the present
paper.

In Northern Europe co-generation plants are often backpressure
steam plants for producing mainly district heat. Consequently, the
plant annual operation time and corresponding power generation
are limited by the DH network demand. The integration of this type
of plant with torrefaction process allows utilizing the available
plant capacity for a longer period to lower DH loads, thus increas-
ing the annual production and thereby investment profitability. At
the same time, fulfilling the heat demand of torrefaction without
compromising the required thermal output can become problem-
atic during the cold period of the year. Therefore, the changes of
the plant operational parameters have to be taken into account
for a proper and detailed evaluation of different integration
schemes. On the basis of the results from the previous work, the
current study evaluates the operability of the three most promising
integration schemes in terms of varying the DH loads and ambient
conditions.

In addition to the operational analysis, the present work evalu-
ates the overall economic performance of the chosen alternatives
of torrefaction integration into CHP plant. Considering a relatively
high uncertainty of future energy prices, emission trading schemes
and government support and taxes, the accurate prediction of prof-
itability for new energy technologies can be challenging. At the
same time, even preliminary assessment of these factors brings
valuable information for determining technology potential. In the
work, the integration cases together with stand-alone options are
compared in terms of payback period (PBP), net present value
(NPV) and internal rate of return (IRR) using three scenarios for
electricity market prices and investment costs for the plants. The
annual net cash flow for the considered cases is calculated at vary-
ing interest rate values. A sensitivity analysis for the internal rate
of return is performed to determine the main economic factors
influencing the profitability of each scenario.

2. Studied cases

CHP plants in district heating systems are typically base load
plants; in Finland, as an example of a northern EU country, they
are typically sized to cover approximately 40–60% of the peak
DH load. The CHP plant can usually operate down to 40–50% part
load [26]. The annual heat consumption and heat load duration
curve of a DH demand strongly depends on the climate and can
vary significantly from region to region. In addition, the types of
heat consumers determine the DH load curve. The district heating
systems in Northern Europe must be able to cover both winter
peak load (usually a relatively short period), and minimum load
(ca. 10% or less of the peak load) during the non-heating season
[26]. Generally, the heat production of base load CHP plants
accounts for at least 4000. . .5000 annual full-load operating hours
and covers approximately 80% of the total heat demand. Auxiliary
hot water boilers are usually operated to provide the heat to the
DH network outside the limits of the CHP plant operation, i.e. at
peak load and when the demand is less than the minimum load
of the CHP plant.

Table 1 summarizes the main characteristics of the wood-fired
CHP plant considered for the integration options. The small-scale
co-generation backpressure plant has maximum and minimum
district heating loads of 20 MW and 8 MW correspondingly, and
a power generation of 8 MWel at full load. In the following, the
evaluated models are described briefly; more detailed description
of the part-load modeling can be found from Ref. [27].

The torrefaction unit operational parameters are set to a tem-
perature of 250 �C and 30 min of residence time. The resulting
mass and energy yields are MY = 82.7% and EY = 92.5%, and the bio-
coal heating values of LHVdry = 21.8 MJ/kg and HHVdry = 23.0 MJ/
kg. Modeling assumptions and further details on torrefaction unit
simulation can be found in a previous study [25]. The electricity
consumption of the biocoal pelletizing process (the pellet press is
not presented in the process diagrams) is assumed to be 180 kJ/
kg [28].

Three different integration concepts from the previous work
[25] are considered: Case 1, Case 5 and Case 6. All cases are
designed for torrefied pellet production at a rate of 5 t/h
(1.39 kg/s). The process flow diagrams are presented in Fig. 1.
The integrated cases are compared to the separate CHP plant and
torrefaction unit co-located at the same site (Case 0). In this case,
the heat demand of torrefaction is covered with a stoker boiler
having an efficiency of gb = 82%. Co-location of the considered pro-
cesses will result in benefits for feedstock logistics, storage and
handling even if the units themselves are not integrated.

For the integrated cases, the operating strategy is to fulfil com-
pletely the DH demand at any given load while maintaining also
full-rate torrefaction, leaving electricity generation as a free vari-
able. During part-load operation of the CHP plant certain operation
parameters of the CHP cycle become limiting factors for the plant
operation. The minimum boiler furnace temperature is set as
700 �C to maintain efficient combustion. Another boundary param-
eter is the stack temperature of flue gases, which is maintained
higher or equal to 135 �C in order to avoid low temperature corro-
sion caused by flue gas condensation.

2.1. Multiperiod model

A multiperiod DH load model has been used in some earlier
studies, such as Savola [29] and Kohl et al. [21,24]. In the current
work, a typical Finnish DH demand curve of a small municipality
is represented by 35 MW peak winter load with a linear approxi-
mation between a 20 MW heat load at 1800 h and 2.6 MW mini-
mum load during the non-heating season. The annual district
heating production amounts to 4740 full-load hours. The consid-
ered CHP plant operates 1800 h at full load with total annual oper-
ating time of 6000 h.

In order to consider the annual variation in heat load in the DH
network and ambient conditions, a multiperiod approach is devel-
oped. The CHP plant DH load is modeled with two full-load periods
(P1 and P2) which differ only in their DH temperatures and ambi-
ent conditions. These periods are then followed by a steady reduc-
tion of load by 4 MW intervals (from P3 to P6) until the summer
low-load period P7 and minimum-load period P8.

Table 1
CHP plant main characteristics.

Parameter Full load Minimum load

Net power output 8.0 MW 2.0 MW
District heating output 20.0 MW 8.0 MW
Total (CHP) efficiency 85% 83%
Live steam parameters 90 bar/500 �C 90 bar/450 �C
Furnace temperature 900 �C 700 �C
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The ambient temperature data is based on 30-year monthly
average temperatures gathered by the Finnish Meteorological
Institute [30] for city Jyväskylä (central Finland). The temperature
of the boiler fuel and torrefaction feedstock is set equal to the aver-
age ambient temperature of each period. The combustion air tem-
perature, taken from the boiler room, is assumed to be 20 �C higher
than ambient temperature. The district heating water output and
return temperatures are based on the temperature levels from
[26]. The seasonal changes of wood chips quality is affected by
their moisture levels that typically increase towards the winter.
The main characteristics for each load point level within the mul-
tiperiod model are summarized in Table 2. The annual variation of
district heat demand as well as the heat and electricity production
is illustrated in Fig. 2.

3. Annual production and consumption

The integration schemes require heat and electricity from the
CHP plant. At the same time, by increasing the operating hours it
is possible to obtain revenues from higher power production by
means of supplementary heat consumer – the torrefaction unit.
The biocoal production capacity of the torrefaction unit is set at
30.3 MWLHV throughout whole the operating period: 8000 h in
Case 0, and equal to the CHP operating hours in the integrated
cases. The torrefaction feedstock rate increases from 27.8 to
30.0 MWLHV as the feedstock moisture reduces from 55% (in win-
ter) to 40% (in summer).

Under the assumptions considered in the present work, Case 1
cannot be operated during winter months with the required tor-
refaction output. In this integration scenario, the heat of drum
water for the torrefaction needs is taken straight from the boiler
cycle, hampering remarkably the boiler performance, especially
during high district heating demand. Because of this, the following
analysis is concentrated on two other integration cases.

Fig. 3 presents the multiperiod model approximation of the
obtained electricity and DH output levels produced within a year.
The variation of boiler fuel input (including the stoker boiler in
Case 0) together with the DH heat demand curve is also shown.

For the integrated cases, the heat demand of the dryer (ranging
from 9.6 MW in winter to 3.7 MW in summer) presents a signifi-
cant share in the overall balance of the considered CHP plant. At
low loads, the flue gas temperatures decrease and start to approach
the lower limit. The minimum operating point of 6.4 MW district
heat output for Case 6 corresponding to the furnace temperature
limit (700 �C) is reached at 7085 h operational time. When the heat
requirement of the dryer is covered with low pressure steam
before the DH condenser (Case 5), the steam flow through the tur-
bine and consequently the boiler output are increased. Due to this
further increase of the boiler load, the operating time of Case 5
integrated plant is prolonged to 7470 h corresponding to 4 MW
district heat output.

The boiler fuel input for Case 6 differs clearly from Case 0 during
full load and reduced-load periods (after 6000 h). At the same time,
during a significant part of the year, the difference is very small

Fig. 1. Process flow diagrams of the co-located CHP and torrefaction units (Case 0) and three integrates (Case 1: saturated water from the drum for torrefier and drier; Case 5:
live steam for torrefier and low pressure steam for drier; Case 6: live steam for torrefier and steam after torrefier to the drier).
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(compare to the dashed lines Fig. 3). Case 5 shows a different pat-
tern: covering the heat demand of the dryer with low pressure
steam yields a clear increase of power generation from approxi-
mately 3000 h onwards, and thus also requires more boiler fuel

input. At the full-load periods, however, the integration with tor-
refaction reduces the net power output of both integrated scenar-
ios to approximately zero (in fact, slightly negative). This is due to
the need to bypass most of the boiler steam production through
the reduction valve to the torrefaction plant dryer and the district
heat condenser to maintain both torrefaction and necessary DH
output. The very small remaining power output is exceeded by
the combined power consumption of the torrefaction plant and
the auxiliary systems of the CHP plant.

Table 3 summarizes the overall figures of annual net production
and consumption of various energy streams. The sold and pur-
chased electricity is separated for the purposes of further economic
analysis, since these have different prices. The trigeneration effi-
ciencies of the plants are evaluated with Eqs. (1) and (2). The
results are presented in Table 3. The values are calculated in both
lower heating value (LHV) and higher heating value (HHV) terms
from the net annual energy production of electricity Eel,net, district
heating QDH and biocoal Qbc, and the wood chips input as boiler
fuel Qf and torrefaction feedstock Qfeed:

gLHV ¼
Eel;net þ QDH þ Qbc;LHV

Q feed;LHV þ Q f;LHV
ð1Þ

Table 2
Summary of the load points and their duration during the year in the multiperiod model.

Parameter P0 P1 P2 P3 P4 P5 P6 P7 P8

Time
Period duration [h] 0 240 1560 1400 1400 1400 1400 490 870
Cumulative at end [h] 0 240 1800 3200 4600 6000 7400 7890 8760

Load and production
Mean heat load [MW] 35 30 22.5 18 14 10 6 4 2.6
CHP heat output [MW] 20 20 20 18 14 10 8 0 0

Temperatures
Ambient [�C] �20 �10 �5 0 5 10 12 15 15
Makeup water [�C] 5 5 5 5 10 10 10 10 10
DH water supply [�C] 105 90 85 80 75 75 75 75 75
DH water return [�C] 60 50 50 50 45 45 45 45 45

Fuel
MCwet [%] 55 55 55 50 50 45 45 40 40
Temperature [�C] �20 �10 �5 0 5 10 12 15 15
LHVwet [MJ/kg] 7.43 7.43 7.43 8.53 8.53 9.62 9.62 10.72 10.72

MCwet: moisture content on wet basis; LHVwet: lower heating value on wet basis

Fig. 2. DH load duration curve, DH production and electricity generation of the CHP
plant with corresponding multiperiod approximations DH CHP_mod and Pel_mod.

Fig. 3. DH load duration curve, annual district heat and power production of the CHP plant together with boiler fuel consumption (CHP and stoker boiler in Case 0) using the
multiperiod model. Dashed lines in Cases 5 and 6 refer to Case 0 values.
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gHHV ¼
Eel;net þ QDH þ Qbc;HHV

Q feed;HHV þ Q f ;HHV
ð2Þ

As can be expected, the total fuel input for the integrated cases
is much higher than in the case of CHP plant. At the same time, the
generation of an additional revenue stream through biocoal and
the possible growth in power and heat production can make the
integration schemes beneficial. The biocoal output along with the
electricity and DH generation are the largest in Case 5 due to the
longest plant operating time among all the other integrated cases.
The stand-alone co-generation plant has higher efficiency in LHV
terms than the stand-alone torrefaction case and any of the consid-
ered integrates. Nevertheless, since the feedstock for torrefaction is
not burned except for the gaseous product from the torrefaction
reactor, the loss with latent heat of biomass moisture decreases
and the differences in trigeneration efficiencies in HHV terms of
the integrated cases are relatively small. Even though the co-
location of CHP and torrefaction plants (Case 0) is more advanta-
geous in LHV terms than the stand-alone operation of torrefaction,
the integration scenarios show better efficiencies in both LHV and
HHV terms.

Fig. 4 illustrates the distribution of the relative fractions of the
annual outgoing energy streams from the studied processes. The
generated products are presented in blue-green tones, while the
energy losses are coloured in orange-brown. The overall rating of
the considered factors are quite similar for all the studied cases
with the main differences in the products’ share distribution
between integrated and co-located cases. Biocoal takes the highest
share among the outgoing streams, followed by district heating
load and electricity production. DH production and power genera-
tion are gaining a slightly higher share in the case of integration.
Among the losses, the heat demand of the dryer and the boiler
losses are the largest. The heat consumption of torrefaction unit

itself and electromechanical losses of the plant are relatively small
within the balance. The main variations of the balance among the
integrated options are connected to the plant operation time dur-
ing the year, and the absolute amount of energy produced or lost
will be determined by the annual performance. At the same time,
the relative fractions of energy streams give an overall distribution
between energy products and process losses for the integrated
cases.

The variation of the trigeneration efficiencies in LHV and HHV
terms within the operating time is shown in Fig. 5a. As it can be
seen, the efficiencies of the considered integrated schemes are vir-
tually the same. Certain alterations between stand-alone CHP, co-
located plants and integration cases can be explained by varying
levels of energy inputs and outputs which were mentioned earlier.
The part-load operation with the higher electricity generation and
the longer operating time make the differences between the inte-
grated cases and CHP plant more pronounced. Closer to the mini-
mum DH loads, efficiency of the CHP plant starts to reduce, while
integration cases are still able to use more of the available boiler
capacity, and maintain better efficiency. The operation of the co-
located plants (Case 0) at the minimum load periods is determined
only by the performance of the torrefaction unit with the stoker
boiler. As a result, the HHV efficiency increases stepwise at
6000 h. This change proceeds more smoothly in the case of the
LHV efficiency, since the difference between its value for the CHP
plant at low loads and the torrefaction unit is quite small.

Fig. 5b represents the annual variations of boiler losses as one of
the major loss components changing within a year. The lower effi-
ciency of the stoker boiler results in slightly increased boiler loss in
Case 0 compared to the integrated cases. The operating period
between 6000 h and 8000 h for the co-located plants is associated
solely with the loss from the stoker boiler as the CHP boiler is not

Table 3
Annual energy inputs and outputs of separate CHP and torrefaction plants, co-located plants (Case 0), and two integration options.

Case CHP Torrefaction Case 0 Case 5 Case 6

Fuel input
CHP boiler fuel Qf,BFB [GW hLHV] 157.27 – 157.27 209.01 191.85
Stoker boiler Qf,S [GW hLHV] – 51.39 51.39 – –
Torre feedstock Qfeed,LHV [GW hLHV] – 230.57 230.57 214.66 203.29
Total Qchips,HHV [GW hHHV] 193.59 342.69 536.28 516.79 482.80
Total Qchips,LHV [GW hLHV] 157.27 281.96 439.24 423.67 395.14

Energy products
Net electricity Eel,net [GW h] 38.96 �6.58 32.38 30.35 18.85
Sold electricity Eel,s [GW h] 38.96 0 33.96 31.68 20.22
Purchased electricity Eel,p [GW h] 0 6.58 1.59 1.33 1.37
District heat output QDH [GW h] 94.80 0 94.80 103.47 101.80
Biocoal output Qbc,HHV[GW hHHV] 0 255.79 255.79 238.71 226.53
Biocoal output Qbc,LHV [GW hLHV] 0 242.35 242.35 226.30 214.63

Trigeneration efficiency
gLHV [%] 85.05 83.62 84.13 85.00 84.85
gHHV [%] 69.09 72.72 71.41 72.09 71.91

Fig. 4. Outgoing energy flows as fractions of plant annual operation.
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used. The shutdown of the CHP boiler results in a step decrease of
the boiler loss curve at 6000 h. Both graphs at Fig. 5 illustrate and
underline the importance of considering the operational conditions
throughout the year, since these result in significant seasonal vari-
ation of plant performance.

4. Economic analysis

4.1. Total capital investment

The equipment of the integration plants was sized on the basis
of the maximum capacity obtained from the simulation results and
increased by overdesign factors. Typical values of overdesign fac-
tors (1.1–1.2) allow to mitigate design uncertainties and possible
alterations of the operating performance [31].

The cost of purchased equipment (PEC) was calculated by
means of cost indexes and scaling factors. Cost indexes are used
to predict the costs of materials and equipment based on historical
cost data. The Chemical Engineering Plant Cost Index (CEPCI) was
applied to make a general estimate of the processing equipment
investment [31]. All prices were converted from year y to the base
year 2014 Euro; the cost data given in US dollars (USD) was con-
verted to Euro with the average annual exchange rate in the year
of interest [32]:

Cost€;2014 ¼ CostUSD;y
CEPCI2014
CEPCIy

€y
USDy

ð3Þ

If the cost for the particular operational capacity or size of the
equipment is not available, it can be approximated on the basis
of available cost data for the similar equipment of another capac-
ity. The scaling factors allow to estimate the cost of an item a
(Costa) of capacity Xa on the basis of the available data (Costb) for
the equipment of the same type but different size or capacity
(Xb) [28,33]:

Costa ¼ Costb
Xa

Xb

� �a

ð4Þ

where a is the equipment-specific scaling factor, and X is the capac-
ity of the item.

Since torrefaction is a developing technology, the estimation of
the equipment investment costs has some uncertainties due to the
limited available information. In the present work, the equipment
cost data for biomass processing (torrefaction reactor, pellet press,
wood chips dryer and conveyor) was taken from a specific vendor

information presented in [28]. The cost for standard equipment
(e.g., heat exchangers) was taken from available literature
[28,34]. The purchased cost of the CHP plant was evaluated from
available data: [35] for the boiler; [36] for the turbine and genera-
tor; [31,33] for other equipment. The torrefaction stand-alone
plant equipment assets along with the total module costs (CBM)
are listed in Table 4.

The total module cost of equipment consists of the sum of the
PEC and other cost factors directly related to the erection of the
purchased equipment (i.e. instrumentation and controls, equip-
ment erection and construction expenses, piping and electrical
equipment and materials). If no item specific data is available,
the ratio CBM/PEC was assumed to be 2.88 for the CHP plant com-
ponents and 2.46 for the torrefaction plant as suggested in [37].

In order to calculate the total capital investments (TCI) of the
studied integrated and stand-alone cases, the fixed capital invest-
ment (FCI) costs and working capital should be evaluated. The off-
site costs (45% of PEC) summarize the cost for land, ancillary
buildings, site development and utilities. The total module cost
together with offsite costs are the direct costs. Start-up expenses
(10% of PEC) cover the cost of possible start-up changes in materials
and equipment and the loss of income before reaching the maxi-
mum design capacity. The expenses on engineering and construc-
tion design together with purchasing, procurement and
construction supervision are addressed as the engineering and
supervision cost component (12% of PEC). Start-up and engineering
cost factors contribute to the indirect costs category. Contractor’s
fee is implemented as 5% of the indirect and direct costs. The con-
tingencies (10% of indirect and direct costs) take into account the
expenses on unpredictable circumstances (e.g. strikes, price
changes, storms, floods, errors in estimations). The sum of the
aforementioned cost factors represents the fixed capital investment
category which covers all the capital required for the installed
equipment together with all auxiliaries. The working capital for
the industrial plant (15% of FCI) estimates the total amount of
money needed above the fixed capital to start the plant up and to
operate until the moment of receiving the first income. The final
value of the total capital investments consists of the working and
fixed capital. The aforementioned assumptions for the total capital
investment component calculations were taken from the literature
[31,33]. Table 5 summarizes the cost data for the considered plants.

The investment cost for torrefaction reactors published in the
literature varies widely depending on the reactor type and other
auxiliary equipment. Several selected facilities presented in [38]
give a range of costs from 1.4 M€/(t/h) to 4.5 M€/(t/h) with annual

Fig. 5. Variation of efficiency and boiler losses as a function of cumulative operating time for the different cases.
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capacities of 10–70 kt/a of torrefied biomass. The specific TCI cost
for the reactor considered in the current work is at the level of
4 M€/(t/h) within the mentioned limits. The differences between
the equipment of the integrated cases are assumed to be negligible
and their investment costs are thus identical. The integration of
torrefaction and CHP requires 20% less capital investment than
co-located plants. The torrefaction unit represents 32% of the total
purchased equipment cost of the integrated plant and results in
approximately 40% higher capital investments of the integrates
over the stand-alone CHP plant.

4.2. Profitability evaluation

The most commonly used methods for profitability evaluation -
net present value (NPV), internal rate of return (IRR) and payback
period (PBP) - are used for the economical assessment of the con-
sidered integration schemes at three different price assumption
scenarios. Among the methods, NPV and IRR are usually applied
for project evaluation.

Different electricity price scenarios (high, medium and low)
were set for the market price of sold electricity on the basis of a
report ordered by the Finnish Ministry of Employment and Econ-
omy [39]. Table 6 summarizes the values of the parameters when
they were not treated as variables for economical evaluation
applied in current study.

Considered co-located and integrated scenarios have the
incoming cash flows from the sold products: electricity, district
heat and biochar. The outgoing cash flows are represented by
the expenses on the boiler fuel and torrefaction feedstock,
purchased electricity and the operation and maintenance cost.
Assuming no residual value for the investment, the NPV of a pro-
ject is determined as the total sum of the present worth of future
cash flows during the project economic life time of n years
discounted at an interest rate of i, subtracting the value of total
capital investment TCI:

NPV ¼ ð1þ iÞn � 1
i � ð1þ iÞn

Eel;scel;s þ QDHcDH þ Qbc;LHVcbc � Q chips;LHVcf
�

� Eel;pcel;p � CO&M
�
� TCI ð5Þ

where the annual energy streams E and Q are shown in Table 3 and
the corresponding prices c.

The internal rate of return is calculated with Eq. (5) by solving it
iteratively for such interest i that the NPV becomes zero. The PBP is
found similarly by setting the NPV to zero in Eq. (5), and solving for
the number of years n.

The annual operation and maintenance cost CO&M is determined
as a fraction rO&M of the total capital investments. For a small-scale
biomass-fired CHP plant the value for rO&M,CHP = 4% was assumed
based on another investigation [40]. Since the torrefaction is a
developing technology, slightly higher O&M fraction of rO&M,

Torre = 6% was set in the current study. The overall cost for the
operation and maintenance in all scenarios should include the

Table 6
Values of parameters (when not treated as variables in the economic analysis).

Parameter Value Energy product Price

Maximum annual operating
time t [h]

8000 Wood chips price cf [€/
MW hLHV]

20

Interest rate i [%] 10 Sold electricity price
(high) cel,s [€/MW h]

77

Plant economic life time n [y] 25 Sold electricity price
(medium) cel,s [€/MW h]

44

Annual O&M cost ratio for CHP
plant rO&M,CHP [%]

4 Sold electricity price
(low) cel,s [€/MW h]

21

Purchased electricity
price cel,p [€/MW h]

100

Annual O&M cost ratio for
torrefaction unit rO&M,Torre [%]

6 District heat price cDH [€/
MW h]

60

Biocoal pellets price cbc
[€/MW hLHV]

40

Table 5
Total capital investment calculation for studied cases. All numbers in millions of euros.

CHP Torrefaction Case 0 Case 5 Case 6

Purchased equipment cost Torrefaction unit – 3.0 3.0 2.7 2.7
Stoker boiler – 1.8 1.8 – –
CHP 5.8 – 5.8 5.8 5.8

Fixed-capital investment

Direct costs Total module cost 16.6 12.5 29.1 23.2 23.2
Offsite cost 2.6 2.1 4.7 3.8 3.8
R 19.2 14.6 33.8 27.0 27.0

Indirect costs Engineering 0.7 0.6 1.3 1.0 1.0
Start-up 0.6 0.5 1.1 0.8 0.8
R 1.27 1.05 2.3 1.9 1.9

Contractor’s fee 1.0 0.8 1.8 1.4 1.4
Contingencies 2.0 1.6 3.6 2.9 2.9
R 23.5 18.0 41.5 33.2 33.2

Working capital 3.5 2.7 6.2 5.0 5.0
Total capital investment 27.1 20.7 47.7 38.1 38.1

Table 4
Total module cost for torrefaction unit equipment.

Equipment Specification Capacity CBM [M€] Source

Torrefaction reactor Moving bed reactor 6.4 t/h 2.2 [6,28]
Biomass dryer Belt dryer 7075 kgH2Oev/h 2.7 [28]
Biomass feeding and storage Wood conveyor and storage 18.4 t/h 0.7 [28]
Stoker boiler Biomass fired boiler 10 MWth 5.2 [40]
Biocoal cooler Air-cooled heat exchanger 18 m2 0.2 [28,31]
Pellet press and handling Pellet press including conditioning 4.9 t/h 1.1 [28]
Biocoal storage/handling Pellet storage 4.9 t/h 0.5 [28]
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corresponding expenses of the CHP plant and torrefaction, thus the
combined value of the cost for operation and maintenance CO&M
was applied. The value was calculated with the mean rO&M
weighted with the fractions of the purchased equipment cost of
the CHP plant and torrefaction unit:

CO&M ¼ rO&M;CHP
PECCHP

PECCHPþTorre
þ rO&M;Torre

PECTorre

PECCHPþTorre

� �
� TCI ð6Þ

Table 7 summarizes the annual cash flows for the considered
cases in conditions of the investment amortization in equal annual
payments within the project economic life time. Sold electricity is
calculated with medium price of 44€/MW h. The relation between
interest rate value (15%, 10% and 5%) and annual net cash flow was
investigated. With the interest rates of 15% and 10%, the stand-
alone torrefaction reactor is unprofitable. On the other hand, inter-
est rate of 5% improves the performance of all studied cases, and
even the stand-alone torrefaction unit becomes profitable. Among
the integrated cases, the highest cash flow is observed in Case 5
yielding 62% increase of the net cash flow over the co-located
plants. The integration Case 6 results in more moderate changes:
cash flow is 39% higher than that of Case 0 (i = 5%). At the baseline
interest rate of 10%, the integration options increase the annual
cash flow by 8–11 times compared to the stand-alone CHP plant.
With the higher level of interest rate (15%), only Case 5 results in
positive annual cash flow value, thus making this integration
option more beneficial than the stand-alone CHP plant or simple
co-location.

Three different scenarios for the total capital investment of the
studied cases are investigated: base level (TCI value from Table 5),
optimistic (�25% from the base scenario) and pessimistic (+25%
from the base scenario). The main results of IRR, NPV and PBP cal-
culation in terms of concerned economic scenarios are illustrated
in Fig. 6. In addition to the variation of the TCI (characterized by
lines’ colours), the effect of three different price levels of sold elec-
tricity is considered (indicated by the different line patterns).

As could be expected, the integration Case 5 shows the best
results within all three investigated metrics for profitability evalu-
ation due to its longer operating time and increased electricity and
DH production. Compared to Case 0, both studied integration
options improve the profitability in all considered schemes.

The main economic drivers which have an impact on the project
performance can be identified from their effect on the internal rate
of return. A sensitivity analysis of the project IRR to the range of
parameters (with ±20% change) is presented in Fig. 7 with baseline
investment costs and medium electricity cost assumptions.

The IRR of the stand-alone torrefaction unit is particularly sen-
sitive to the price of wood chips. The investment cost is the second
important factor which defines the profitability. The changes in
other two parameters - purchased electricity price and O&M costs

- result in variations of the IRR in a quite narrow range (2%). The
profitability of CHP plant is mainly defined by the district heat
price and the capital investment cost. While district heat consti-
tutes the main product, the effect of sold electricity price appears
to be limited. The electricity price is likely to be far more volatile
than any of the other prices. The variation of 20% is a relatively
large for most of the parameters, but the electricity price can in fact
be subjected to uncertainties of even several times greater magni-
tude. The effect of the wood chips price is considerably smaller in
comparison with the torrefaction plant due to the higher conver-
sion efficiency of the generated products.

The integrated cases show practically identical results. The
effect of the investment cost followed by the feedstock and district
heat prices cause the highest impact on the project profitability.
This dependence is relatively similar to the case of co-located
plants (Case 0). The small effect of the purchased electricity price
is a result of the need to augment the CHP plant’s own production
with purchased electricity to cover the total plant power demand
during full-load periods. The IRR in Case 5 with the highest power
generation among all the integration cases is slightly more sensible
to the sold electricity price than in Cases 0 and 6 due to the
increased power generation.

5. Summary and conclusions

This study has shown that the heat integration of a torrefaction
process into a CHP cycle could be economically profitable over the
co-located plants under certain circumstances. While the previous
investigation revealed important benefits of the integration with
CHP at reduced district heating load, the analysis of the integrated
cases considering seasonal operational changes brings a more com-
plete understanding of the annual operation for each scenario. The
typical backpressure CHP plant that was analysed in the present
work fulfils the district heating demand and, as a result, follows
all the annual variations of the DH network (both qualitative and
quantitative). The operational analysis of the current study takes
into account all major changes that affect the plants performance
in order to evaluate the potential of possible integration.

Three scenarios to cover the heat requirements of a torrefaction
unit (30.3 MWLHV production capacity) were initially evaluated:
drum water (Case 1), live steam and low pressure steam (Case 5)
and only live steam (Case 6). The analysis showed that integration
options using live steam to cover the torrefaction demand have sig-
nificant benefits. Within the frames of the considered capacity
levels and the limitations for the plant operation, the integrated
scenario of Case 1 cannot be operated during full-load periods.
Reducing the capacity of the torrefaction unit may result into cer-
tain improvements, but for purpose of keeping the cases compara-
ble, only Cases 5 and 6 were considered in the current work.

Table 7
Annual cash flows of different cases.

CHP Torrefaction Case 0 Case 5 Case 6

Investment amortization (i = 15%) [M€] �4.19 �3.20 �7.39 �5.90 �5.90
Investment amortization (i = 10%) [M€] �2.98 �2.28 �5.26 �4.20 �4.20
Investment amortization (i = 5%) [M€] �1.92 �1.47 �3.39 �2.71 �2.71
Operation and maintenance [M€] �1.08 �1.65 �2.32 �1.75 �1.75
Boiler fuel [M€] �3.15 �1.03 �4.17 �4.18 �3.84
Torrefaction feedstock [M€] 0 �4.61 �4.61 �4.29 �4.07
Purchased electricity [M€] 0 �0.66 �0.16 �0.13 �0.14
Sold electricity [M€] 1.71 0 1.49 1.39 0.89
Sold district heat [M€] 5.69 0 5.69 6.21 6.11
Sold biocoal [M€] 0 9.69 9.69 9.05 8.59

Annual net cash flow (i = 15%) [M€] �1.01 �1.46 �1.78 0.40 �0.11
Annual net cash flow (i = 10%) [M€] 0.19 �0.54 0.35 2.10 1.59
Annual net cash flow (i = 5%) [M€] 1.25 0.27 2.22 3.59 3.09
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The energy efficiencies of the integrated cases are comparable
with those of a stand-alone co-generation plant: in this respect,
integration offers no clear benefits. The possibility to increase the
annual operation of the CHP plant, on the other hand, makes inte-
gration advantageous over the stand-alone operation or the simple
co-location of the plants. For both integrated cases studied in this
work, the torrefaction unit acts as an additional and relatively con-
stant heat consumer, thus enabling the CHP plant to operate at a
lower DH load than would be possible otherwise. This allows the
annual operation time and district heat output be increased. Fulfill-
ing the significant heat demand of the dryer by low pressure steam

provides the important benefits to the plant overall performance:
with increased live steam mass flow through the turbine, the elec-
trical power output is higher than in case of the stand-alone CHP
plant at all load points except full load, when the turbine has to
be mostly bypassed.

The economic assessment indicated that the share of the tor-
refaction equipment in the total purchased equipment cost of inte-
grated plant accounts for approximately 30%. On the whole, the
integration options require about a 40% more capital investment
than a stand-alone CHP plant. The torrefaction products should
thus bring a significant additional revenue from the sale to justify

Fig. 6. Studied cases compared in terms of IRR, NPV and PBP. Line colour indicates the investment cost scenario (green – optimistic, black – base and red – pessimistic). Line
pattern corresponds to the price level of sold electricity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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this investment. On the other hand, the integration options need
ca. 20% less investments than co-located torrefaction and CHP
plants. The relation between interest rate value and annual net
cash flow for all studied cases was investigated. The integration
options result into an annual cash flow increase by 8–11 times over
the stand-alone CHP plant with the baseline interest rate of 10%
and biocoal price of 40€/MW h. With a more realistic value of 5%
interest rate, all integrated cases together with stand-alone tor-
refaction unit become profitable.

The profitability was evaluated with three commonly applied
methods: net present value, internal rate of return and payback
period. Different scenarios for sold electricity price and total
investment cost helped to obtain a comprehensive assessment of
the integrated options within different economic situations. The
integration case with the longest operation time (Case 5) resulted
into higher values of profitability in contrast to the other options:
both integration and co-located. The investment cost and the wood
chips price are the main economic factors influencing the prof-
itability of the integrated options, while the IRR value of the
stand-alone torrefaction unit is particularly sensitive to the price
of wood chips.

The results confirm the importance of a detailed operational
and economic analysis in order to evaluate the future potential
of the torrefaction integration and to choose the most suitable con-
figuration. Sustainable and economically efficient combination of
the torrefaction process and co-generation plant has a lot of poten-
tial. Modeling and comprehensive analysis of available data from
the pilot plants and other torrefaction facilities are necessary and
important steps towards the development of torrefaction, and
implementing it into real applications. The analysis of the present
paper provides a basis for further more detailed evaluation that can
be done for any existing co-generation plant of similar type. At the
same time, the relatively high uncertainties over the future energy
prices for electricity, district heat and biocoal make accurate eval-
uation of the economic perspectives difficult. The market price for
electricity is subject to fluctuations due to a number of factors,
such as renewable energy subsidies, and changes in the level of
supply and demand. The investment costs for the torrefaction unit
equipment are expected to decrease in the near future as this tech-
nology becomes more commercial. It was found from the opera-
tional analysis that the integration of torrefaction with a
combined heat and power plant can be advantageous, particularly
when using live steam for the high-temperature demand of

torrefaction, and the lower-grade heat in the form of backpressure
steam to fulfil the significant demand of the drier. The effect of tor-
refaction on a CHP plant is clearly determined by the torrefaction
unit capacity, and more detailed investigation is necessary for
the determination of the optimum size.

References

[1] Dahlquist E. An overview of thermal biomass conversion technologies. CRC
Press; 2013. p. 1–3.

[2] McKendry P. Energy production from biomass (Part 2): conversion
technologies. Bioresour Technol 2002;83(5):47–54. http://dx.doi.org/
10.1016/S0960-8524(01)00119-5.

[3] Demirbas A. Combustion characteristics of different biomass fuels. Prog Energy
Combust Sci 2004;30:219–30. http://dx.doi.org/10.1016/j.pecs.2003.10.004.

[4] Verhoeff F, Adell A, Boersma AR, Pels JR, Lensselink J, Kiel JHA, et al. TorTech:
torrefaction technology for the production of solid bioenergy carriers from
biomass and waste. ECN biomass, coal and environmental research, Petten, the
Netherlands. Tech Rep ECN-E-11-039; July 2011.

[5] Yan W, Acharjee TC, Coronella CJ, Vásquez VR. Thermal pretreatment of
lignocellulosic biomass. Environ Progr Sustain Energy 2009;28:435–40.

[6] Bergman PCA, Boersma AR, Zwart RWR, Kiel JHA. Torrefaction for biomass co-
firing in existing coal-fired power stations ‘‘BIOCOAL”. ECN, Petten, the
Netherlands. Tech Rep ECN-C-05-013; July 2005.

[7] Li J, Brzdekiewicz A, Yang W, Blasiak W. Co-firing based on biomass
torrefaction in a pulverized coal boiler with aim of 100% fuel switching. Appl
Energy 2012;99(11):344–54. http://dx.doi.org/10.1016/j.
apenergy.2012.05.046.

[8] Kihedu J. Torrefaction and combustion of ligno-cellulosic biomass. Energy
Procedia 2015;75:162–7. http://dx.doi.org/10.1016/j.egypro.2015.07.273.

[9] Chen W, Huang M, Chang J, Chen C. Torrefaction operation and optimization of
microalga residue for energy densification and utilization. Appl Energy
2015;154(9/15):622–30. http://dx.doi.org/10.1016/j.apenergy.2015.05.068.

[10] Koppejan J, Sokhansanj S, Melin S, Madrali S. Status overview of torrefaction
technologies. Enschede (the Netherlands): IEA Bioenergy; 2012 [online].

[11] McNamee P, Adams PWR, McManus MC, Dooley B, Darvell LI, Williams A, et al.
An assessment of the torrefaction of North American pine and life cycle
greenhouse gas emissions. Energy Convers Manage 2016;113(4/1):177–88.
http://dx.doi.org/10.1016/j.enconman.2016.01.006.

[12] Mitchell EJS, Lea-Langton AR, Jones JM, Williams A, Layden P, Johnson R, et al.
The impact of fuel properties on the emissions from the combustion of
biomass and other solid fuels in a fixed bed domestic stove. Fuel Process
Technol 2016;142(2):115–23. http://dx.doi.org/10.1016/j.fuproc.2015.09.031.

[13] Difs K, Wetterlund E, Trygg L, Söderström M. Biomass gasification
opportunities in a district heating system. Biomass Bioenergy 2010;34
(5):637–51. http://dx.doi.org/10.1016/j.biombioe.2010.01.007.

[14] Fahlén E, Ahlgren EO. Assessment of integration of different biomass
gasification alternatives in a district-heating system. Energy 2009;34
(12):2184–95. http://dx.doi.org/10.1016/j.energy.2008.10.018.

[15] Starfelt F, Daianova L, Yan J, Thorin E, Dotzauer E. The impact of lignocellulosic
ethanol yields in polygeneration with district heating – a case study. Appl
Energy 2012;92(4):791–9. http://dx.doi.org/10.1016/j.apenergy.2011.08.031.

Fig. 7. Sensitivity analysis of IRR with ±20% change of parameters.

98 E. Sermyagina et al. / Applied Energy 183 (2016) 88–99



[16] Wahlund B, Yan J, Westermark M. A total energy system of fuel upgrading by
drying biomass feedstock for cogeneration: a case study of Skellefteå
bioenergy combine. Biomass Bioenergy 2002;23(10):271–81. http://dx.doi.
org/10.1016/S0961-9534(02)00055-7.

[17] Song H, Starfelt F, Daianova L, Yan J. Influence of drying process on the
biomass-based polygeneration system of bioethanol, power and heat. Appl
Energy 2012;90(2):32–7. http://dx.doi.org/10.1016/j.apenergy.2011.02.019.

[18] Song H, Dotzauer E, Thorin E, Yan J. Annual performance analysis and
comparison of pellet production integrated with an existing combined heat
and power plant. Bioresour Technol 2011;102(5):6317–25. http://dx.doi.org/
10.1016/j.biortech.2011.02.042.

[19] Starfelt F, Aparicio ET, Li H, Dotzauer E. Integration of torrefaction in CHP
plants – a case study. Energy Convers Manage 2015;90(1/15):427–35. http://
dx.doi.org/10.1016/j.enconman.2014.11.019.

[20] Tiffany DG, Lee WF, Morey V, Kaliyan N. Economic analysis of biomass
torrefaction plants integrated with corn ethanol plants and coal-fired power
plants. Adv Energy Res 2013;1:127–46. http://dx.doi.org/10.12989/
eri.2013.1.2.127.

[21] Kohl T, Laukkanen T, Järvinen M, Fogelholm C. Energetic and environmental
performance of three biomass upgrading processes integrated with a CHP
plant. Appl Energy 2013;107(7):124–34. http://dx.doi.org/10.1016/j.
apenergy.2013.02.021.

[22] Eriksson G, Kjellström B. Assessment of combined heat and power (CHP)
integrated with wood-based ethanol production. Appl Energy 2010;87
(12):3632–41. http://dx.doi.org/10.1016/j.apenergy.2010.06.012.

[23] Starfelt F, Thorin E, Dotzauer E, Yan J. Performance evaluation of adding
ethanol production into an existing combined heat and power plant. Bioresour
Technol 2010;101(1):613–8. http://dx.doi.org/10.1016/j.biortech.2009.07.087.

[24] Kohl T, Laukkanen TP, Järvinen MP. Integration of biomass fast pyrolysis and
precedent feedstock steam drying with a municipal combined heat and power
plant. Biomass Bioenergy 2014;71(12):413–30. http://dx.doi.org/10.1016/j.
biombioe.2014.09.014.

[25] Sermyagina E, Saari J, Zakeri B, Kaikko J, Vakkilainen E. Effect of heat
integration method and torrefaction temperature on the performance of an
integrated CHP-torrefaction plant. Appl Energy 2015;149:24–34. http://dx.doi.
org/10.1016/j.apenergy.2015.03.102.

[26] Koskelainen L, Saarela R, Sipilä K. Kaukolämmön käsikirja (in Finnish)/
Handbook of district heating. Energiateollisuus ry (Assoc Finnish Energy Ind)
2006.

[27] Saari J, Sermyagina E, Kaikko J, Vakkilainen E, Sergeev V. Integration of
hydrothermal carbonization and a CHP plant: effect of integration method and
carbonization temperature on plant performance. Bioresour Technol
[submitted for publication 29.08.2016].

[28] Erlach B. Biomass upgrading technologies for carbon-neutral and carbon-
negative electricity generation: techno-economic analysis of hydrothermal
carbonization and comparison with wood pelletizing, torrefaction and
anaerobic digestion. Doctoral thesis. TU Berlin (Germany); 2014.

[29] Savola T, Tveit T, Fogelholm C. A MINLP model including the pressure levels
and multiperiods for CHP process optimisation. Appl Therm Eng 2007;27
(8):1857–67. http://dx.doi.org/10.1016/j.applthermaleng.2007.01.002.

[30] Finnish Meteorological Institute; 2016. Available: http://en.ilmatieteenlaitos.
fi/.

[31] Peters MS, Timmerhaus KD, West RE. Plant design and economics for chemical
engineers. New York: McGraw-Hill Publishing Company; 2003.

[32] PACIFIC Exchange Rate Service. Available: http://fx.sauder.ubc.ca/data.html.
[33] Sinnott RK. Chemical engineering design. 4th ed. Oxford: Elsevier

Butterworth-Heinemann; 2005.
[34] Foster Wheeler. CFB engineering manual. Foster Wheeler; 2006.
[35] US Environmental Protection Agency (EPA). Biomass combined heat and

power catalog of technologies; 2007.
[36] Darrow K, Tidball R, Wang J, Hampson A. Catalog of CHP technologies. US

Environmental Protection Agency; 2015. Accessed online at: http://www.
epa.gov/chp/technologies.html.
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