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Abstract 

Biomass-based reducing agents have a potential to substitute fossil reducing agents in the steel 

industry. However, the industrial use of biomass-based reducing agents is currently in an early stage 

of development and has not yet been considered as a means to reduce fossil CO2 emissions, even 

though the use of fossil-based reducing agents for the iron and steel making cause the highest share 

of CO2 emissions. This master thesis presents a techno-economic analysis of a 10 MW biochar 

production plant integrated with sponge iron production in Höganäs. In this study, a steady-state 

process model was developed, where state-of-the-art research and development in biochar 

production for increased biochar yield was applied and adapted, using the principle of bio-oil recycle. 

The developed process model was used to evaluate the biochar production plant, in terms of 

conversion efficiency, production costs and CO2 emissions, for different process configurations. The 

results show that bio-oil recycle with 20 wt.% bio-oil increases the energy yield of biochar with 14%. 

However, it was found that bio-oil recycle increases the required heat input of pyrolysis which led to 

reduced plant efficiency with 4%-units and increased biochar production costs of 500-1000 SEK/ton 

biochar. It was found that system integration with Höganäs can reduce the production cost of 

biochar from over 5000 SEK/ton to under 2000 SEK/ton, where the most significant integration 

aspect was flue gas integration. The sensitivity analysis showed that the cost of biomass feedstock 

and total capital investment were the most sensitive input parameters. It was found that system 

integration with Höganäs was essential to achieve production costs of biochar below the price of 

fossil reducing agents. It was also found that co-produced bio-oil becomes a main product, essential 

for the economic performance of the biochar plant, even though the intended main product was the 

biochar. 

 

 

 

 

  



 
 

Sammanfattning  

Biomassabaserade reduktionsmedel har en potential att ersätta fossila reduktionsmedel i 

stålindustrin. Den industriella användningen av biomassabaserade reduktionsmedel är emellertid i 

ett tidigt utvecklingsstadium och har ännu inte ansetts vara en möjlighet för att minska fossila CO2-

utsläpp, trots att användningen av fossilbaserade reduktionsmedel för järn- och ståltillverkningen 

orsakar den högsta andelen koldioxidutsläpp. I detta examensarbete utförs en tekno-ekonomisk 

analys för en 10 MW produktionsanläggning för biokol integrerad med Höganäs järnsvampprocess. I 

denna studie utvecklades en steady-state processmodell där den senaste forskningen och 

utvecklingen inom biokolproduktion för ökat utbyte av biokol applicerades och anpassades genom 

att använda recirkulation av bio-olja. Den utvecklade processmodellen användes för att utvärdera 

biokolsanläggningen, gällande omvandlingseffektivitet, produktionskostnader och koldioxidutsläpp, 

för olika processkonfigurationer. Resultaten visade att recirkulation med 20 viktprocent bioolja ökar 

energiutbytet av biokol med 14%. Det visade sig däremot att recirkulation av bioolja ökar 

värmebehovet för pyrolysen, vilket ledde till minskad totalverkningsgrad för anläggningen med  

4%-enheter och ökade produktionskostnader för biokol med 500–1000 SEK/ton biokol. Det 

konstaterades även att systemintegration med Höganäs kan minska produktionskostnaden för biokol 

från över 5000 SEK/ton till under 2000 SEK/ton, där den viktigaste integrationsaspekten visade sig 

vara rökgasintegration. Känslighetsanalysen visade att kostnaden för biomassa och den totala 

kapitalinvesteringen var de känsligaste ingångsparametrarna. Det konstaterades att 

systemintegration med Höganäs var avgörande för att uppnå produktionskostnader för biokol under 

priset på fossila reduktionsmedel. Det konstaterades också att samproducerad bioolja blir en 

huvudprodukt som är avgörande för biokolsanläggningens ekonomiska prestanda, även om den 

avsedda huvudprodukten var biokol. 
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1 Introduction  
Höganäs AB produces steel and iron powders primarily for the powder metallurgy industry (PM). The 

Höganäs Sponge Iron process is one of the major production processes used for iron powders. Here a 

solid-state reduction of iron ore concentrate with a mixture of coke, anthracite, and limestone is 

used to produce sponge iron units that are processed further to saleable iron powder products. The 

reduction takes place in tunnel kilns at temperatures of up to 1200°C. Heat for this process is 

supplied with both combustion of natural gas and post-combustion of CO product gases released 

during the reduction process. This process uses fossil-based coal, leading to high carbon dioxide (CO2) 

emissions. 180,000 tons of CO2, or 50% of Höganäs total global CO2 emissions, comes from the 

sponge iron process.  

With allowances for greenhouse gas emissions becoming costlier, and customers becoming more 

conscious about the environmental impact of their products, it is necessary for Höganäs to 

investigate non-fossil alternatives for their production processes. An ongoing project, Probiostål, 

aims to reduce the greenhouse gas emissions by producing clean syngas from biomass using the 

WoodRoll© process. The process includes pyrolysis of the biomass as well as gasification, with the 

possibility to co-produce biochar for utilization as a reducing agent in the sponge iron process. The 

WoodRoll© plant is currently under construction and is planned to start producing syngas in 2018, 

however focus is currently more on the syngas rather than co-producing biochar. Therefore, Höganäs 

wants to improve their knowledge regarding the production of biochar for utilization in their 

reduction mix, and learn how a biochar production plant can be integrated with the Höganäs sponge 

iron production. 

1.1 Background  
The steel industry relies on high-quality fossil fuels and their impact on the climate and energy sector 

is becoming more and more recognized. Therefore, the Swedish Energy Agency (Energimyndigheten) 

and Jernkontoret initialized a research programme in 2013 called JoSEn (Järn- och stålindustrins 

energianvändning), with the long-term aim of ensuring a competitive steel production, with climate 

effective products. JoSEn lead to a collaboration between Höganäs, Cortus Energy and the Royal 

Institute of Technology (KTH) with a new project called PROBIOSTÅL. The goal of PROBIOSTÅL was to 

produce high-quality fuels from biomass to replace fossil fuels in the metallurgic industry, and to 

show that it is possible to replace fossil fuels with renewable biomass-based fuels. The chosen 

technology for producing these renewable fuels was the Cortus WoodRoll© process. During the pre-

study of the project, different alternatives were discussed. Producing syngas from biomass to replace 

natural gas, separating hydrogen gas from the syngas to replace current hydrogen produced from 

natural gas, and finally producing a biochar product, intended for utilization as a reducing agent in 

the sponge iron process (Pettersson et al. 2016). 

Experiments with utilizing biochar as a reducing agent for the sponge iron process have been 

performed at Höganäs, and results have shown that it is possible to use blends with biomass based 

biochar in their reduction mix, replacing some of the fossil reduction agents. However, for evaluation 

during the PROBIOSTÅL project, it was decided that no biochar would be taken from the process and 

focus was directed entirely at the produced syngas (Pettersson et al. 2016). 
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1.2 Höganäs AB 
The company of Höganäs AB was founded in 1797 as a result of the clay- and carbon rich deposits 

that were found around Höganäs in southern Sweden. The earliest origin was the coal mine 

established by Gustav IV Adolf in 1797 which was the main natural resource utilized until 1832 when 

a ceramic factory was founded alongside the coal mine. The ceramic factory produced refractory and 

acid resistant kitchenware, lead-glazed earthenware and salt glazed pottery (Nationalencyklopedin, 

2018).  

The coal found in the Höganäs region was of low quality as a fuel, however it was found useful for 

utilization in the production of sponge iron by reduction of magnetite ore concentrate. The sponge 

iron process was created in 1910 by Sven Emil Sieurin, and is a solid-state reduction process with a 

fine iron powder as the end product (Nationalencyklopedin, 2018). Today the sponge iron process 

continues to produce metal powders for the powder metallurgy (PM) industry. PM is used to 

produce components such as cogs for gears or connecting rods. The main advantage with PM is that 

complex parts can be mass produced rapidly in a cost-efficient way, with relatively high quality and 

no material wastes, in comparison to component manufacture using machining (Carlström, n.d). 

Höganäs also produces metal powders from scrap metal using a process-route including electric arc 

furnace melting and high-pressure water jets to atomize the metal into fine particles. For this process 

to work efficiently, selectivity of selected scrap metal is critical, as the metal powder can be 

contaminated from scrap impurities (Carlström, n.d). 

1.3 Decarbonization of the steel industry 
The iron and steel industry is a fundamental industrial sector, which influences both global growth 

and economy. The demand for steel production is expected to increase by a factor of 1.5 by the year 

2050 compared to current levels, due to a growing population. Steel production is one of the most 

energy- and carbon intense sectors, accounting for up to 20% of the annual industrial energy use and 

an estimated 6.7% of the total world CO2 emissions, 2.3 billion tons in 2007. Furthermore, it has been 

estimated that this figure will increase to 3 billion tons by 2050 (Mousa et al. 2016). To combat 

increasing CO2 emissions, the European Union (EU) has developed policies aimed at a low-carbon 

economy, with the goal of reducing the emissions of greenhouse gases to 80% below the levels of 

1990, by 2050. The important milestones towards this goal are to decrease emissions with 40% by 

2030, and 60% by 2040 (Suopajärvi et al. 2018). This is an ambitious goal and according to a study 

conducted by Pardo and Moya (2015) the possible CO2 emission cuts by 2030 for the iron and steel 

industry amounts to 14-21%, compared to 2010. This is considering that the competitiveness of the 

European steel sector is maintained. To achieve these emission cuts, development of current 

technologies combined with new innovative technologies are necessary. Other factors affecting the 

potential emission cuts are the future price of fuel, energy, and CO2 allowances (Pardo and Moya, 

2015; Suopajärvi et al. 2018). Other studies have shown that the EU-goal of 80% emissions cuts by 

2050 is far too ambitious. According to an economic scenario, the specific CO2 emissions of the steel 

sector could decrease with around 15% by 2050, in comparison to 2010. The highest achievable 

specific CO2 reduction potential amounts to 57% by 2050, compared to 2010, this is assumed that all 

blast furnaces are equipped with carbon capture and storage, as well as top gas recycling to improve 

the efficiency of utilized coke (Suopajärvi et al. 2018).  
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The possibility to use biomass as a means to reduce CO2 emissions has been raised in recent years. 

Advantages with implementing biomass is that there is no net increase of direct CO2 emissions, since 

emitted CO2 is captured during the growing phase of the biomass. Even though the use of fossil-

based reducing agents for the iron and steel making cause the highest share of CO2 emissions, 

biomass-derived reductants have not been considered together with other drastic means to reduce 

CO2 emissions, i.e. carbon storage and capture and top gas recycling (Mousa et al. 2016). According 

to Suopajärvi et al. (2018), the main reason for this might be that “there is a lack of knowledge 

concerning the full potential of biomass-based fuels in metallurgical applications including reachable 

CO2 emission reduction”. The potential to produce different types of biomass-derived reductants are 

promising, as expressed by Suopajärvi et al. (2013), that “current conversion technologies make it 

possible to produce solid, liquid and gaseous biomass-based reducing agents with physical and 

chemical properties similar to the fossil-based ones”. 

1.4 Aim and objectives 
The aim of this master thesis is to investigate the possibilities to produce biomass based reducing 

agents in a biochar production plant integrated with the Höganäs steel mill, for substitution of fossil 

reducing agents at Höganäs. 

Specific objectives are to: 

▪ Develop a process model of a biochar plant integrated with the Höganäs sponge iron 

production 

▪ Evaluate the possibility to increase the biochar yield by applying current state-of-the-art 

research and development 

▪ Determine which integration opportunities that exist for a biochar plant at Höganäs and 

evaluate their impact on e.g. production cost of biochar.  

▪ Evaluate the impact of different process configurations on e.g. the energy balance, 

conversion efficiency, production costs, and CO2 emission performance.  

1.5 Limitations 
This thesis has the following limitations:  

▪ No detailed schematics of the developed process model is presented, only the main 

processes are included in a block-diagram. 

▪ Economic evaluation is performed based on Swedish conditions. Capital investment costs are 

however estimated based on numerous facilities world-wide. 

1.6 Report disposition  
Chapter 2 describes the background to this thesis where a briefing of relevant background 

information, theory and literature is provided. In chapter 3, all input data and development of the 

process model is found, alongside parameters for the techno-economic evaluation. Chapter 4 covers 

results and discussion of the developed model described in chapter 3. Conclusions are given in 

chapter 5. 
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2 Background 
This chapter covers relevant background information regarding the Höganäs process, reducing 

agents in steelmaking and thermochemical conversion of biomass.   

2.1 Höganäs sponge iron process 
The production process for sponge iron is illustrated in Figure 1. First, the reduction mix (containing 

coke, anthracite and limestone) and magnetite ore are dried to reduce moisture content. Next, the 

reduction mix is crushed to finer particles and is furthermore screened to ensure that it fulfills the 

satisfactory quality. The magnetite ore undergoes a magnetic separation after the dryer to remove 

non-ferromagnetic material. Next step is the packing stage, where reduction mix and magnetite ore 

are charged in ceramic tubes. Charging is done in discrete concentric layers, with the reduction mix 

as the inner core and outside layer, and with the magnetite ore in-between. After charging is 

completed, the ceramic tubes are fed into tunnel kilns for the reduction phase of sponge iron powder 

production. The tunnel kilns consist of three different zones, pre-heating, firing, and cooling zone, 

with the highest temperature reaching approximately 1200°C in the firing zone. Heat for the tunnel 

kilns is supplied via combustion of natural gas and post-combustion of CO product gases released 

during the reduction process (Carlström, n.d). 

After the reduction phase is completed, the ceramic tubes are emptied and the resulting sponge iron 

tube is discharged for further treatment. The next step is a course crushing of the sponge iron, 

followed by an intermediate storage in a silo. Next the sponge iron is crushed into even finer 

particles and undergoes a second magnetic separation and screening to ensure and verify its quality. 

After the iron powder has been verified to have the right properties and size distribution it is 

transported to a belt furnace for the annealing process. The annealing, at a temperature of around 

800-1000°C, removes excess oxygen and gives the powder its desired properties. Heat for annealing 

is also provided with natural gas (Carlström, n.d). 
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Figure 1. Overall view of the sponge iron process at Höganäs, from raw material to finished iron powder (Carlström, n.d).  
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2.1.1 Chemical reactions in the tunnel kilns during sponge iron making 

The fundamentals of reducing iron magnetite to pure iron are important in order to understand the 

process, and how it could be affected by alteration of the reducing agent. The reduction process can 

be generally described with different chemical reactions which is described in this section based on 

previous work by Hernebrant (2015). 
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When the reduction mixture enters the tunnel kilns, the temperature is initially low. During this first 

part, volatile hydrocarbons are released. As temperature increases further, coal begins to oxidize and 

the following reaction occurs  

𝐶 + 𝑂2 → 𝐶𝑂2    (2.1) 

Next, formed CO2 first start reacting with the anthracite in the reduction mixture, this is due to the 

higher reactivity of anthracite compared to coke. As the temperature is increased, the coke in the 

reduction mixture also start reacting with the CO2, forming carbon monoxide (CO). 

𝐶𝑂2 + 𝐶 ↔ 2 𝐶𝑂    (2.2) 

The resulting CO is used to reduce the magnetite ore concentrate (Fe3O4) in two chemical reactions. 

The first reaction occurs at around 650°C, reducing the Fe3O4 into wüstite (FeO). 

𝐹𝑒3𝑂4 + 𝐶𝑂 ↔ 3 𝐹𝑒𝑂 + 𝐶𝑂2   (2.3) 

As temperature approaches 1000°C, wüstite further reacts with remaining CO, forming sponge iron 

with 98% iron contents, and CO2. 

𝐹𝑒𝑂 + 𝐶𝑂 ↔ 𝐹𝑒 + 𝐶𝑂2    (2.4) 

Excess CO is combusted, thus acting as an additional heat source for the tunnel kiln according to the 

following reaction 

2 𝐶𝑂 + 𝑂2 ↔ 2 𝐶𝑂2     (2.5) 

Reduction of the magnetite ore concentrate, according to equation (2.3) and (2.4), requires a large 

input of energy, otherwise reactions would not be sustained since the overall reaction is 

endothermic. After the reduction process is completed, resulting iron must be kept from oxidizing. 

This is achieved by having an excess amount of coke in the reduction mix. This creates a protective 

atmosphere of CO once the iron reaches the cooling zone of the tunnel kiln. Having excess anthracite 

would not give this effect, since all the anthracite is consumed before the cooling zone, due to its 

high reactivity. 

2.2 Metallurgical reduction agents 
This section gives a brief overview of the main properties of metallurgical coke, anthracite and 

biochar. 

2.2.1 Coke  

Coke is a necessary component for the reduction of iron ore, containing iron oxides, to pure iron. It is 

used in both direct reduction processes, as well as in blast furnaces as reducing agent. Coke is usually 

produced from certain types of bituminous coals, commonly having a carbon content of 60-80%. 

Volatile gases such as hydrogen, bound water, sulfur, phosphor and air constitute the remainder of 

the bituminous coals elementary composition. Bituminous coals are hard and black and have a 

relatively low grade of mineral impurities, and have the right chemical and physical properties for the 

coking process. The quality demands on coke are strict, and include the coke strength, stability, 

hardness and the reactivity of produced coke (Suopajärvi et al. 2018). To convert bituminous coal 

into coke, thermochemical conversion is used. The coal is heated to high temperatures, up to  
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1100 °C, in the absence of air (pyrolysis), leading to the removal of volatile gases and bound water in 

the coal, thus increasing the relative carbon content (Bell, 2017). The coal undergoes several phases 

during the heating. The most significant phase is the metaplastic phase, where most of the moisture 

is evaporated from the coal and it is during this phase the plasticity of coal comes to effect. Plasticity 

of the coke is important for the removal of gases and for the re-solidification of the coke after the 

coking process. It also determines the strength of the coke product. Heating beyond the metaplastic 

phase, a cracking process occurs where tars are evaporated (Coaltech, 2017). The result of the coking 

process is a coking coal which is a porous, hard, and grey material suitable for the reduction of iron 

oxides, see figure 2 for a comparison of the bituminous coal before and after coking.  

 

Figure 2. Comparison between bituminous coal before and after the coking process (Kumar, 2015).  

2.2.2 Anthracite 

Anthracite is the purest, and most energy dense type of fossil coal, with high fixed carbon content of 

around 80-95% and low sulfur- and nitrogen content, < 1%. It is estimated that around 1% of world 

coal reserves is anthracite, and relatively few countries around the world mine it (Lyons, 2017). 

Unlike bituminous coal, anthracite does not hold any of the coking properties e.g. plasticity. For the 

Höganäs sponge iron process, the high energy density and reactivity of anthracite is  

required for a timely reduction of iron magnetite ore. The high energy density is essential to 

physically fit enough reducing agent in the ceramic capsules, and the reactivity is important to 

initialize the reduction (Hernebrant, 2015). 

2.2.3 Biochar 

In comparison to coke produced from fossil coal, biochar produced from slow pyrolysis is a highly 

reactive and a very porous type of coal, with a low energy density (Hernebrant, 2015) and with none 

of the coking properties. Therefore, it is difficult to replace coke, made from bituminous coals for 

metallurgical purpose, with biochar, as the biochar would be consumed too rapidly, leading to an 

incomplete reduction of the iron ore. However, the properties of biochar and anthracite are more 

similar when it comes to the reactivity. Energy density of biochar is too low for complete substitution 

of anthracite, but a blend of anthracite and biochar is possible (Hernebrant, 2015).  

In Table 1, a comparison between anthracite, coke and biochar from pyrolysis at 550°C is shown. 

Comparing biochar and anthracite, it is possible to produce biochar with some properties like that of 

fossil reducing agents with a pyrolysis temperature of 550°C. 
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Table 1. Shows a comparison of the properties for anthracite, coke and biochar from slow pyrolysis at 550°C. Data from 
(Hernebrant, 2015; Jonsson, 2016; Lyons, 2017). 

Property Anthracite Coke Biochar 550°C 

Moisture 5-15% 2-4% 3 - 5 % 

Ash 10-20% 10% 2 - 3 % 

Volatiles ~5% 1-3% 6 - 14 % 

Fixed Carbon 80-95% 85-88% 78 - 88 % 

 

2.3 Thermochemical conversion of biomass 
The different routes for thermochemical conversion of a biomass feedstock are summarized in Figure 

3. It is evident that reaction atmosphere is the key difference between the different conversion 

technologies (combustion, gasification, pyrolysis). Since slow pyrolysis has biochar as the main 

product, a longer description of slow pyrolysis is given. 

 

Figure 3. The main routes for thermochemical conversion of biomass. Only the main products for each process is shown. 

2.3.1 Combustion 

Combustion is the most basic form of thermochemical conversion and has been known since the 

discovery of fire. In combustion, the resulting energy flow is simply the high temperature heat 

released. This process requires excess air to ensure complete combustion of biomass. The adiabatic 

temperature of the combustion flame can exceed 2000°C (Babrauskas, 2006). Combustion of 

biomass is today widely used for heat- and power generation.  

2.3.2 Gasification 

A typical gasification process uses partial amounts of air, together with CO2 or steam to achieve 

incomplete combustion of biomass. During this process, the combustible biomass produces 

combustible gases, mainly being hydrogen gas (H2) and CO, a gas commonly referred to as syngas. 

Gasification is an energy intense process because of high temperatures required for syngas 

formation. Temperatures can range from 480-1650°C (Global syngas, n.d).  
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2.3.3 Slow pyrolysis 

Thermal conversion of biomass using pyrolysis dates back thousands of years, to the ancient 

Egyptians who used pyrolysis to provide tar for their caulking boats (Balat et al. 2009). Pyrolysis has 

also been used historically to produce biochar for heating and metallurgical purposes. During 

pyrolysis, biomass is heated in the absence of air, causing it to thermally decompose into a large 

number of products. The products of pyrolysis are generally divided into bio-oil, biochar and non-

condensable pyrolysis gases, where the main product for slow pyrolysis is the biochar. The 

relationship between the relative formation of these products are strongly dependent on process 

conditions, such as heating rate, particle size, pyrolysis temperature, pressure, alkali content, 

residence time in the vapor phase and the pretreatment temperature (Neves et al. 2011). There are 

many more factors that govern the pyrolysis process, making it difficult to fully predict the complex 

reactions occurring during conversion (Neves et al. 2011). However there has been a lot of published 

work on pyrolysis, where studies regarding pyrolysis modelling deal with the complexity of pyrolysis 

by limiting the model to only consider the final stoichiometry of pyrolyzed fuel (Thunman et al. 2001; 

Neves et al. 2011). Studies on yields of pyrolysis products, elemental composition and heating value 

under different pyrolysis conditions have been done recently (Garcia Nunez et al. 2017) and new 

research aims at increasing the yield of biochar during pyrolysis (Phounglamcheik et al. 2017). Figure 

4 shows slow pyrolysis with heating rate of 5°C/min and 50°C/min, respectively. It is also shown at 

what temperatures biomass moisture evaporates and when hemicellulose, cellulose and lignin start 

to break down. 

 

Figure 4. Thermal decomposition of a biomass particle as a function of reaction temperature and two different heating rates 
(Umeki, 2018).  

2.3.3.1 Bio-oil recycle for increased biochar yield 

A recent study conducted by Phounglamcheik et al. 2017 is aiming towards increasing biochar yield 

while maintaining biochar quality, i.e. high heating value and carbon content, and low inorganic 

content. A graphical illustration of the purpose of their study can be seen in Figure 5. As the pyrolysis 

temperature is increased, the quality of the produced biochar also increases, while the biochar yield 

decreases (Phounglamcheik et al. 2017; Demirbas, 2004). High pyrolysis temperatures also cause the 

loss of inorganic material, which is especially favorable for some types of biomass, i.e. forest residues 

(Thy et al. 2006; Phounglamcheik et al. 2017). However, this causes a trade-off between the yield and 

quality of biochar, and since economic performance is dependent on the biochar yield, efforts have 
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been made to increase biochar yield while maintaining biochar quality. In their study, 

Phounglamcheik et al. primarily investigated what effect bio-oil recycle had on the pyrolysis of wood 

chips. Furthermore, they also investigated the effect of using CO2 instead of N2 as reaction media in 

the pyrolysis reactor (Phounglamcheik et al. 2017). 

 

 

Figure 5. Biochar quality (carbon content, reduced inorganic content) versus biochar yield depending on temperature, as 
well as graphical illustration of the aim of the study by Phounglamcheik et al. (2017). 

For the experiments by Phounglamcheik et al., pyrolysis was carried out in a macro-thermal 

gravimetric apparatus, and the mass decay of the biomass particle was measured every two seconds 

during the trials. Two different heating conditions were used; isothermal, and slow pyrolysis. For the 

isothermal condition, the reactor was pre-heated to reaction temperature, causing a rapid heating of 

the sample. The sample was heated until the mass became stable and was then moved to the cooling 

zone. Slow pyrolysis trials were performed by placing the sample into the reactor at room 

temperature, then the reactor was gradually heated to reaction temperature at a heating rate of 

3°C/min. Just before reaching the reaction temperature, the sample was removed and put into the 

cooling zone (Phounglamcheik et al. 2017).  

The biomass types used in the experiments were debarked woodchips of Norway spruce and birch. 

Woodchips were coated with a certain amount of bio-oil at room temperature prior to the 

experiments. Bio-oil used was represented as fast pyrolysis oil, and was bought externally to avoid 

deviations in quality (Phounglamcheik et al. 2017). The elementary composition of biomass and bio-

oil is given in Table 2, along with the elementary composition and biochar yield for different pyrolysis 

temperatures. 
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Table 2. Elemental composition of bio-oil and dry spruce, as well as biochar elemental composition and biochar yield for 
different pyrolysis temperatures, with or without bio-oil coated wood chips. Results are based on isothermal heating of the 
wood chip. Ash content is 0.4 wt.% of dry spruce (Phounglamcheik et al. 2017). 

  
Carbon wt.% 

 
Hydrogen wt.% 

 
Oxygen wt.% 

Biochar yield 
dry spruce 
wt.%  

Biochar yield 
(20% bio-oil) 
wt.% 

Dry spruce 49.5 6.1 42.8 - - 

Bio-oil 55.4 6.6 37.9 - - 

Biochar 300°C 72.5 4.5 19.7 37.7 46.1 

Biochar 340°C 74.1 4.4 18.7 33.6 40.8 

Biochar 400°C 75.7 3.6 17.3 26.8 32.4 

Biochar 450°C 78.3 3.4 14.8 24.7 28.8 

Biochar 500°C 84.0 3.0 9.4 22.5 25.2 

Biochar 550°C 87.4 2.6 6.5 20.7 23.6 

Biochar 600°C 89.7 2.3 5.3 18.5 20.7 

Biochar 700°C 90.3 1.6 3.4 17.9 19.3 
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3 Methodology and input data  
This chapter describes the development and modeling of a process model for a biochar plant 

integrated with the Höganäs sponge iron production. Details on the system modeling of the 

developed process model is performed in chapter 3.1.4, where the mass- and energy balances of the 

different key processes are performed for the development of a steady-state, Excel-based process 

model. Furthermore, mass and energy balances are calculated for six different cases, covering 

different levels of system integration and different process configurations. These cases are then 

evaluated regarding product yields, production cost of biochar, conversion- and plant efficiency and 

CO2 emission performance. This chapter also includes input data and assumptions required for the 

techno-economic evaluation.  

3.1 Process model with and without bio-oil recycle 
Figure 6 shows a block schedule of the developed process configuration, based on the principle of 

bio-oil recycle by Phounglamcheik et al. (2017) as described in section 2.3.3.1. The block diagram 

covers the key processes and mass flows.  

Incoming wet biomass is dried with flue gases from the combustion of the pyrolysis product gas, and 

some bio-oil. The dryer is fitted with an additional air supply, as the flue gases alone may not be able 

to absorb all the moisture from the biomass. Furthermore, the temperature of flue gases to the 

biomass dryer can be regulated by the additional air.  

Next, dried biomass moves to the bio-oil coating step, where the dry biomass is coated with recycled 

bio-oil before entering the pyrolysis reactor. Biomass coated with bio-oil then enters the pyrolysis 

reactor, and the resulting products; pyrolytic gas, bio-oil, and biochar is formed. Some nitrogen is 

added to provide a quenching environment for the pyrolysis. Sensible heat in biochar cannot be 

recovered, while the heat from bio-oil and pyrolysis gas can be recovered in the condenser with 

cooling water. After the condenser, pyrolytic gas and bio-oil is co-fired with air, in order to provide 

heat for the pyrolysis and drying. A supply of natural gas is also included in the combustion, as this is 

required during start-up of the pyrolysis plant, until the process can be self-sustained with produced 

gas and bio-oil. 
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Figure 6. Block diagram for the developed pyrolysis plant, using the principle of bio-oil recycle. Including the different key 
processes and mass flows. 

To evaluate the effect of bio-oil recycle, an additional process configuration is produced as shown in 

Figure 7. Here, no bio-oil is recycled and dry biomass enters the pyrolysis directly. The purpose of this 

configuration is to evaluate the overall system consequences of bio-oil recycle. Since more mass 

enters the pyrolysis reactor, heat of pyrolysis increases. This in turn means that more bio-oil must be 

combusted in order to cover this additional heat requirement. Furthermore, the cooling requirement 

in the condenser increases, while the chemical energy output of biochar decreases due to lower 

yield.  

 

Figure 7. Block diagram for the pyrolysis process, without bio-oil recycle for increased biochar yield. Including the different 
key processes and mass flows. 
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3.2 System integration aspects 
The pyrolysis process offers some opportunities for system integration with the Höganäs plant as 

well as the surrounding energy system, these are shown in Figure 8. The term system integration 

includes integration of material streams, energy flows, equipment etc. The identified integration 

opportunities are  

1. Utilization of biochar as a reducing agent in sponge iron making 

2. Using heat recovery to provide heat to the Höganäs Energy district heating system 

3. Using flue gases from Höganäs to provide heat to the biomass dryer 

4. Internal bio-oil combustion in the tunnel kilns  

5. Internal bio-oil combustion in the Höganäs Energy district heating system 

6. Staff integration with the Höganäs sponge iron making  

Höganäs Energy is the local energy supplier, owner of the district heating system.  

 

 

Figure 8. Block diagram of the pyrolysis process with included system integration opportunities. Bio-oil coating step is 
optional. 

3.2.1 Biochar 

Resulting biochar from pyrolysis is assumed to be used as a substitute for a fraction of the fossil 

reduction agents in the sponge iron process. This leads to reduced costs for purchasing fossil 

reduction agents, and also reduced fossil CO2 emissions as each carbon atom in the biochar 

originates from a renewable biomass source.  

3.2.2 District heating 

System integration can be performed by replacing bio-oil currently used in the district heating 

system, with pyrolysis bio-oil. Currently, Höganäs Energy uses around 10 GWh bio-oil annually in 

their district heating system. Besides replacing bio-oil, it is also possible to reduce the current bio-oil 

combustion. This can be done by utilizing the heat from the pyrolysis condenser, to provide an 
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additional heat source for the district heating system. According to Höganäs AB, there is sufficient 

load on the district heating system such that all heat from the condenser can be utilized to replace 

currently combusted bio-oil 2500 hours per year.  

3.2.3 Flue gases  

Biomass drying is an energy intense process, which produces a gaseous flow, usually with low 

temperature and high moisture content. Thus, the heat after drying cannot be utilized effectively and 

it leaves the process as an energy loss. However, since Höganäs has several energy intense processes, 

resulting in energy rich flue gases appropriate for biomass drying, a potential for integrating these 

energy streams with the pyrolysis plant exists. Currently, flue gases from the tunnel kilns are used for 

the district heating system, and could therefore only be utilized when there is no/low load on the 

district heating system.  

Flue gases from the iron ore dryer offer a potential integration opportunity with the pyrolysis plant. 

These flue gases are currently not utilized, and it might be possible to integrate them with the 

biomass dryer to improve economic performance and energy efficiency due to less internal 

combustion of bio-oil to power the dryer. Calculations for this case assumes that there is 1 MW of 

useful energy in the flue gases from Höganäs. In reality, the actual energy flow is higher since it 

needs to leave the dryer with a high enough enthalpy level, and since heat losses are present.    

3.2.4 Bio-oil to tunnel kilns 

Bio-oil from pyrolysis contains a large part of total energy output from biomass, and therefore it 

could potentially be beneficial to utilize the bio-oil internally at Höganäs. Currently, natural gas is 

used for heating the process in the tunnel kilns, but Höganäs has successfully used fuel oils 

previously. Thus, it is assumed that natural gas can be replaced with bio-oil from pyrolysis.  

3.2.5 Staffing 

To run a continuous industrial process, a number of shifts is required to cover the 24/7 operation. For 

example, a minimum of five shift teams and one manager would likely be required for operation. 

However, in most industries, each shift team consists of at least two people due to safety concerns. 

Generally, one person must always be available in the control room, and therefore two people are 

required if something needs attention in the process. Therefore, an additional integration aspect 

with the pyrolysis plant is that current personnel responsible for the operation of the sponge iron 

process could also be given the task to monitor the pyrolysis plant from the same control room. 

Therefore, it can be assumed that only one additional worker per shift is required. This would mean 

that six workers (five process operators and one manager), instead of eleven workers (ten process 

operators and one manager), are required compared to the stand-alone pyrolysis plant.   
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3.3 Cases to evaluate 
Based on the system integration aspects, there exists a wide variety of possible configurations for the 

pyrolysis plant; bio-oil combustion in tunnel kilns, bio-oil to replace current bio-oil for the district 

heating system, using flue gases from Höganäs to power the biomass dryer, using waste heat from 

the pyrolysis condenser to provide heat to the district heating, having shared staff with the sponge 

iron process, and finally recycling of bio-oil to increase the biochar yield. These six 

configuration/integration aspects mean that there is a total of 64 possible configurations. However, 

most of these cases are uninteresting and very similar to one another. Therefore, six different 

configurations have been chosen for evaluation, shown in Table 3.  

The first four cases are used to evaluate the impact of system integration with Höganäs or as a stand-

alone plant, alongside the impact of bio-oil recycle.  Case 5 is included to show the impact of flue gas 

integration with Höganäs, and case 6 is used to evaluate the impact of utilizing the bio-oil internally 

in the tunnel kilns, as opposed to selling the excess bio-oil in case 1-5.  

Table 3. Studied system configurations and integration aspects for six different cases. Filled box means that the specific 
integration/configuration aspect is enabled and empty box means that it is disabled. Case 1: Integration and recycle. Case 2: 

Integration, no recycle. Case 3: No integration, and recycle. Case 4: No integration, no recycle. Case 5: Integration, no 
recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no recycle. 

Case number: 1 2 3 4 5 6 

Bio-oil combustion in tunnel kilns       

Bio-oil to district heating       

Flue gases to biomass dryer       

Waste heat to district heating       

Shared staff       

Bio-oil recycle       

 

3.3.1 Evaluation for individual integration aspects 

Cases 1-6 are fully evaluated, in terms of technical results (mass and energy balance) alongside 

economic results and sensitivity analysis. To evaluate the economic viability of each integration 

aspect individually, biochar production cost is calculated for each of the five integration aspects. 

3.4 System modelling 
Development of a system model for the production of biochar is presented in this section. The 

chosen concept is based on research results by Phounglamcheik et al. (2017) which has been 

described previously in section 2.3.3.1 and 3.1. The idea is to coat the incoming biomass with bio-oil 

from the pyrolysis process, to increase the biochar yield. To be able to use the pyrolysis lab results by 

Phounglamcheik et al., the assumption that their results are directly applicable as data inputs in the 

developed system model was made.  

Full details on the system modelling are available in Appendix 1, this section gives a more 

comprehensive briefing of modelling parameters and how the system modelling is performed. 

3.4.1 Biomass input 

Raw biomass input, as received (ar) biomass, mainly consists of carbon, hydrogen, oxygen, ash and 

moisture as shown in Figure 9. The moisture content of incoming biomass is assumed to be 40 wt.% 

ar. Ash- and C, H, O content is taken from the wood chips used in research by Phounglamcheik et al., 
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and is given in table 2. Higher heating value of dry wood chips is 19.72 MJ/kg (Phounglamcheik et al., 

2017). The biomass energy input is set at 10 MW on HHV-basis, this is based on the size of the Cortus 

WoodRoll© gasification plant currently under construction in Höganäs.  

 

 

Figure 9. A visual representation of the key elemental composition of as-received biomass. The relative size of the different 
elements is only illustrative.  

3.4.2 Dryer 

The purpose of the biomass dryer is to reduce the moisture content of the as-received (ar) biomass. 

Figure 10 shows the key elemental composition of the biomass after the dryer, where dry ash-free 

biomass (daf) only includes the C, H, O composition of biomass. Dry biomass includes daf biomass 

and ash content of biomass, and biomass after dryer includes the dry biomass and the moisture 

content after drying (ad). The moisture content after the dryer is assumed to be 5 wt.% ad.  

 

Figure 10. Definition of included elements in the different notations of biomass (after dryer, dry biomass, dry ash-free 
biomass). The relative size of the various elements is only illustrative 

The ideal heat requirement for drying the biomass is calculated as the sum of latent heat of 

evaporation for the biomass moisture, and the heat to bring the input biomass to the drying 

temperature. Total heat requirement is then calculated by assuming a drying efficiency of 90%.
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3.4.3 Bio-oil coating 

Recirculated pyrolysis bio-oil from the pyrolysis gas condenser is used for bio-oil coating of incoming 

biomass after the dryer. 20 wt.% of coated biomass is going to be bio-oil after the bio-oil coating 

step, this figure is used based on research results from Phounglamcheik et al. (2017) where a lot of 

data exists for 20 wt.% coating.  

3.4.4 Pyrolysis 

Modelling of the pyrolysis is a vital part of the process model since it, to a large extent, determine 

the performance of the process, particularly in terms of energy balance and product yields. Yield of 

pyrolytic products from the daf part of input biomass is calculated by adapting an empirical study by 

Neves et al. (2011). Furthermore, to be able to model the pyrolysis of bio-oil coated biomass, the 

model is adapted with numerous assumptions in order to handle the different components (daf 

biomass, bio-oil, moisture content, ash). 

3.4.4.1 Predicting pyrolysis products 

Modelling of pyrolysis of biomass particles can be difficult due to the numerous variables affecting 

the process, i.e. temperature, heating rate, particle size among others. Nevertheless, efforts have 

been made to derive empirical models based on the results of a collection of literature data. Neves et 

al. Has concluded that it is possible to describe the general trend of pyrolysis products, with relatively 

limited input data. In their work, major quantities of literature data on biomass pyrolysis were 

collected; this data was analyzed and normalized to ensure that the model would cover a wide range 

of pyrolysis conditions, and for the model to be able to handle a variety of biomasses. The results 

from their study showed that the model can be used to predict the yield of different volatile species, 

tar, and pyrolytic water with reasonable accuracy (Neves et al. 2011).  

It is assumed that dry biomass thermally decomposes into biochar, CO, CO2, H2, CH4, H2O, tar, and a 

fraction of light, non-condensable hydrocarbons, here lumped together as CxHy. However, literature 

studies state that the most frequently reported light hydrocarbons (besides CH4) are C2, or in some 

cases C3 species. The formation of pyrolysis products from daf biomass is defined according to 

equation (3.1). 

Dry Biomass →  Biochar + CO + CO2 + H2 + H2O + CH4 + CxHy + Tar  (3.1) 

Figure 11 shows how the pyrolysis model by Neves et al. is used here to determine the yields of 

different pyrolysis species. The required inputs are the pyrolysis temperature, C, H, O composition of 

parent fuel and biochar, and biochar yield.  

 

Figure 11. Schematic overview of how the pyrolysis model is utilized to determine pyrolysis products from dry ash-free 
biomass. 
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To be able to model the pyrolysis of bio-oil coated biomass, a number of assumptions and input data 

are required as well as to account for aspects included in the work of Phounglamcheik et al. (2017): 

▪ Pyrolysis temperature of 550°C 

▪ Biomass ash follows with the biochar 

▪ Biomass moisture follows with the bio-oil 

▪ Biochar yield from daf biomass from Phounglamcheik et al. (see Table 2) 

▪ Biochar yield from recycled bio-oil is calculated with data from Phounglamcheik et al. (see 

Table 2) 

▪ Recycled bio-oil which is not converted into biochar is assumed to follow with the bio-oil.  

▪ Nitrogen consumption assumed to be 0.025 kg/kg daf biomass (Gunarathne, 2016).  

3.4.4.2 Energy balance 

The overall energy balance of the pyrolysis is illustrated in Figure 12, where enthalpy is used to 

include chemical energy and sensible- and latent heat. Input energy is the pyrolysis heat input, and 

chemical energy in bio-oil and biomass. Energy output is the enthalpy of pyrolytic gas, char and bio-

oil as well as the pyrolysis heat loss. HHV of bio-oil is calculated with the energy balance. 

 

Figure 12. Shows the energy balance of the pyrolysis process, with input- and output energy streams. Both chemical (HHV), 
latent, and sensible heat of pyrolysis products is considered. Relative size of energy flows is only illustrative.  
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The following assumptions and conditions apply for the pyrolysis energy balance. 

▪ Pyrolysis heat input: 1.5 MJ/kg dry input biomass and dry part of input bio-oil (tar), (Yang et 

al. 2013) 

▪ Pyrolysis heat input: for the moisture in biomass and bio-oil, heat input requirement is 

calculated as the ideal heat to evaporate the moisture and superheat it to peak pyrolysis 

temperature 

▪ Pyrolysis heat losses calculated by assuming a thermal energy efficiency of 90% for the 

pyrolysis (Akinola, 2016).  

▪ Higher heating value (HHV) of produced biochar is 33.22 MJ/kg (Phounglamcheik et al. 2017) 

▪ Sensible heat of biochar and pyrolysis gas is calculated with a specific heat capacity of: 2 and 

1.15 kJ/kg∙K respectively  

▪ Sensible- and latent heat of bio-oil is calculated with a specific heat capacity of 2.5 kJ/kg∙K 

and a latent heat of 610 kJ/kg (Goteti, 2010) 

3.4.5 Combustion 

Pyrolysis gas and bio-oil are co-combusted to provide heat for the pyrolysis process. Specifically, 

drying and pyrolysis requires a lot of input energy, and this section quantifies the heat obtainable 

from the combustion of pyrolysis gas. Stoichiometry is used to calculate the flue gas composition. 

Energy released is calculated as 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = (𝐻𝑐 ∙ 𝜂𝑐) ∙ (1 − 𝜂𝑐,𝑙𝑜𝑠𝑠)  (3.2) 

Where 𝐻𝑐  is the chemical energy in the bio-oil or pyrolysis gas (LHV) and 𝜂𝑐 is the combustion 

efficiency, and is commonly quite high and is assumed to be 99%. 𝜂𝑐,𝑙𝑜𝑠𝑠 is the flue gas heat loss from 

the combustion chamber, and is assumed to be 10%. Efficiencies are assumed to be the same for 

both bio-oil combustion and pyrolysis gas combustion. LHV is used to calculate the energy in flue 

gases after combustion, since formed water vapor remains in vapor state after the biomass dryer.  

3.4.5.1 Flue gases 

Mean specific heat of the flue gases is calculated with the CO2/H2O ratio and the temperature of flue 

gases. An iterative process is required to calculate the flue gas temperature, since the specific heat of 

flue gas is dependent on the temperature. Temperature is guessed using a goal-seek function in 

excel, until the guess corresponds to the calculated temperature. Flue gas temperature is calculated 

using the enthalpy, with reference temperature 0°C. 

𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =
𝑒𝑛𝑡𝑎𝑙𝑝ℎ𝑦 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 (𝐿𝐻𝑉 𝑏𝑎𝑠𝑖𝑠)

𝑚𝑒𝑎𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 
   (3.3) 

For case 1, 2, and 6 where flue gases from Höganäs are used to provide heat for the biomass dryer, 

temperature of flue gases exiting the pyrolysis reactor is set to 180°C. This is to ensure proper heat 

transfer from the flue gases. The temperature of flue gases after the dryer is not calculated for case 

1, 2 and 6, since heat for drying is provided from the flue gases from Höganäs, which are assumed to 

satisfy the full energy demand for the biomass dryer. For case 3, 4 and 5, where bio-oil combustion is 

used to fuel the biomass dryer, temperature of exiting flue gases from the biomass dryer is set at 

105°C. This is to avoid any condensation in the dryer.  
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3.4.6 Condenser 

The condenser is used to separate the gaseous pyrolysis products from the bio-oil. To quantify the 

cooling requirement, the pyrolysis energy balance can be used to calculate sensible, and latent heat 

of dry bio-oil, water in bio-oil and pyrolysis gas. Temperature after the condenser is assumed to be 

80°C to ensure proper condensation of tar and water into bio-oil. The pyrolytic gas composition after 

the condenser is assumed to be CO, CO2, H2, CH4, CxHy as described in section 3.4.4.1.  

Furthermore, the condenser is assumed to be ideal and all heat released goes to the cooling water. 

3.4.7 Other modelling parameters 

Other parameters required in the pyrolysis model are electricity consumption and the availability of 

the pyrolysis plant. Electricity consumption is roughly estimated based on the electricity 

consumption of the Cortus WoodRoll© plant. Availability is assumed.  

▪ Continuous electricity 200 kW (Gunarathne, 2016). 

▪ Availability of 90% (7884 hours of annual operation) 

3.5 Efficiency evaluation 
The overall efficiency of the pyrolysis plant can be calculated with the total energy input, and useful 

energy outputs. Energy outputs are the chemical energy in the biochar (HHV), chemical energy in the 

bio-oil (HHV), and heat from the condenser that can be utilized for the district heating system, for the 

cases where this is applicable. Energy inputs are the chemical energy in biomass (HHV), electricity 

required to power the processes, and the flue gases from Höganäs, for the cases where this applies.   

𝑃𝑙𝑎𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑏𝑖𝑜𝑐ℎ𝑎𝑟+𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑏𝑖𝑜−𝑜𝑖𝑙+𝐻𝑒𝑎𝑡 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟

𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑖𝑛𝑝𝑢𝑡 𝑏𝑜𝑚𝑎𝑠𝑠+𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑖𝑛𝑝𝑢𝑡+ℎ𝑒𝑎𝑡 𝑓𝑟𝑜𝑚 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠
   (3.4) 

However, the heat released in the condenser can only be utilized when there is a district heating 

demand. Thus, the plant efficiency varies over the seasons. Therefore, a mean plant efficiency can be 

calculated by using the yearly energy inputs and outputs with equation (3.4)  

The biochar efficiency conversion efficiency is calculated with the output chemical energy in biochar, 

and chemical energy in input biomass (on HHV basis) according to: 

𝐵𝑖𝑜𝑐ℎ𝑎𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑏𝑖𝑜𝑐ℎ𝑎𝑟

𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑖𝑛𝑝𝑢𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
  (3.5) 

3.6 CO2 emission cuts  
The potential CO2 emission cuts are summarized in Table 4. Here two different system boundaries 

are used, one directly at the Höganäs facility, where only substitution of fossil reduction agents with 

biochar and substitution of natural gas with bio-oil (where applicable) affects the CO2 emissions at 

the Höganäs site. This is by assuming that emissions from the net increase in electricity usage can be 

neglected. 

With a broader system boundary, covering the entirety of Sweden it is possible to estimate the 

potential system CO2 reduction. For this case, it is assumed that sold bio-oil and bio-oil replaced in 

the Höganäs district heating system, ultimately replaces a heavy fuel oil (net increase of bio-oil to the 

market leads to the corresponding decrease in heavy fuel oil combustion). It is also assumed that the 

emissions from the net increase in electricity usage can be neglected.  
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Table 4. Shows how the CO2 emissions is affected by the pyrolysis plant, both at Höganäs and nationally. 

Parameter Value Unit System boundary Reference 

Biochar 3.2 ton CO2/ton Höganäs&National - 

Bio-oil to tunnel kilns 0.248 ton CO2/MWh Höganäs (Naturvårdsverket, 2017) 

Bio-oil to district 
heating 

0.295 ton CO2/MWh National (Naturvårdsverket, 2017) 

Sold bio-oil 0.295 ton CO2/MWh National (Naturvårdsverket, 2017) 

Heat to district 
heating 

0.295 ton CO2/MWh National (Naturvårdsverket, 2017) 

Net electricity change 0 ton CO2/MWh Höganäs&National - 

 

3.7 Economic evaluation 
This section covers the economic parameters and assumptions required to perform the economic 

evaluation. 

3.7.1 Investment cost 

Estimating the capital investment (CAPEX) accurately during the pre-feasibility phase is relatively 

complicated. It is possible to provide estimations with reasonable accuracy if data for all the 

equipment costs can be found. However, in this report, no detailed schematics over the pyrolysis 

plant are developed, and thus it is not possible to find the CAPEX based on process equipment. 

Therefore, CAPEX is estimated as an order-of magnitude by looking at other similar facilities using 

slow pyrolysis. Table 5, adapted from Shackley et al. (2011), shows the capital cost for several 

facilities, both existing and from other techno-economic evaluations. The table shows a broad 

variety, regarding the capacity of the pyrolysis plant, based on the yearly feed of input biomass 

expressed in dry tons. Capacities between 12 - 730 kton dry biomass are included in Table 5. As a 

reference, a 10 MW (input biomass, HHV) plant as developed in this report, has a yearly input of 14.4 

kton dry biomass. 

Table 5. Total capital costs for different pyrolysis plants and studies using slow pyrolysis, adapted from Shackley et al. 
(2011). 

Studies Yearly feed 
(kton dry 
biomass) 

Biomass input 
(MW, HHV) 

Total capital cost 
(Unit, Currency, 

year) 

Reference 

Iowa State University 730 506 132 M, USD (2010) (Tristan, 2010) 

Hinode-cho, Tokyo 231 160 55.5 M, USD (2007) (Shackley et al. 2011) 

McCarl et al. 63.6 44.1 14.2 M, USD (2007) (McCarl et al. 2009) 

UKBRC large-scale 168 117 41.3 M, USD (2007) (Shackley et al. 2011) 

UKBRC medium-scale 14.5 10.0 8.0 M, USD (2007) (Shackley et al. 2011) 

Future ECO AB 125 86.7 250 M, SEK (2018) (Future eco, 2018) 

Cortus Energy 12 8.3 80 M, SEK (2018) (Folkelid, 2018) 

 

The capital cost for the pyrolysis plant needs to be rescaled, so that the capital cost for a specific dry-

feed capacity can be calculated. This method is called the cost-to-capacity method (Shabani, 2006), 

which can be expressed with the general formula   
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𝐶2 = 𝐶1 ∙ (
𝑄2

𝑄1
)
𝑛

   (3.7) 

C2 = Capex for plant 2 with the capacity Q2 

C1 = Capex for plant 1 with the capacity Q1 

Q2 =Capacity of plant 2 

Q2 =Capacity of plant 1 

n = scaling factor for plant 1 and 2  

The scaling factor in equation (3.7) is generally in the range 0.6-0.8.   

Capital costs shown in Table 5 are given in different currencies, and are from different years. To 

account for inflation, the chemical engineering plant cost index (CEPCI) is used to convert the costs to 

the cost level of 2017. This is performed with the following formula 

𝐶𝑜𝑠𝑡 2017 = 𝐶𝑜𝑠𝑡 𝑦𝑒𝑎𝑟 𝑥 ∙
𝐶𝐸𝑃𝐶𝐼𝑥

𝐶𝐸𝑃𝐶𝐼2017
   (3.8) 

Where x is the specific year. When the cost level of 2017 has been calculated, costs expressed in EUR 

is converted to SEK with the exchange rate 9.64 (2017). Costs in USD is converted to SEK with the 

exchange rate 8.55 (2017).  

Using equation (3.7) -(3.8), with a scaling factor of 0.7 and given exchange rates for the different 

pyrolysis plants in Table 5, the capital costs for a 14 kton dry biomass pyrolysis plant is determined to 

be in the range 45-90 MSEK. With this range of capital costs, and the fact that the Cortus plant has an 

estimated cost of approximately 80 MSEK, it is assumed that CAPEX is 75 MSEK. 

3.7.1.1 Capital cost and depreciation 

The cost of capital and depreciation of pyrolysis plant cost is calculated by annualizing the costs over 

the life expectancy of pyrolysis plant. Capital- and depreciation costs can then be calculated as 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑎𝑛𝑑 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 = 𝐶𝐴𝑃𝐸𝑋 ∙
𝑅𝐼∙(1+𝑅𝐼)𝐿𝑒

((1+𝑅𝐼)𝐿𝑒−1)
   (3.9) 

𝐿𝑒 = Economic life expectancy of pyrolysis plant 

RI = Real interest rate 

CAPEX = Pyrolysis plant capital investment 

3.7.2 Operational costs  

The operational costs (OPEX) for the pyrolysis plant consist of fixed and variable operational costs. 

The fixed costs are assumed to be staffing, maintenance and capital cost, variable costs are the cost 

of biomass and the costs of electricity and nitrogen. Input parameters for estimating OPEX of the 

pyrolysis plant is summarized in Table 6. The real interest rate is relatively low at 4%,  

since the pyrolysis plant is assumed to be a strategic investment. 
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Table 6.  Assumptions and input data for evaluation of the operational costs. 

Parameter Value Unit Comments Reference 

CAPEX 75 MSEK 
See section 

3.7.1 
- 

Economic life 
expectancy 

15 Years - - 

Real interest rate 4% - - (Robinson, 2018) 

Biomass  200 SEK/MWh 
Including 

transportation 
(Energimyndigheten, 2017) 

Staffing 500 000 SEK/staff 
6 staff for case 
1,2,5,6. 11 staff 

for case 3,4. 
- 

Electricity 380 SEK/MWh - (Robinson, 2018) 

Nitrogen 260 SEK/ton - (Robinson, 2018) 

Maintenance 2% SEK 
% of Capex 

(SEK) 
- 

 

3.7.3 Revenues and cost savings 

The pyrolysis plant produces different energy flows and products which leads to costs savings and 

revenues. These are necessary to quantify in order to calculate the production cost of biochar. Table 

7 shows the input data to calculate cost savings and revenues. These include bio-oil from pyrolysis 

and heat from pyrolysis condenser to replace current bio-oil in the district heating, bio-oil sales, 

replacing natural gas with bio-oil from pyrolysis in the tunnel kilns, and cost savings in CO2 

allowances. 

Table 7. Assumptions and input data for calculating revenues and cost savings. 

Parameter Value Unit Comment Reference 

Bio-oil, and heat to 
district heating 

600 SEK/MWh 
Replacing current bio-oil 

(Hydén, 2018) 

Bio-oil sales 
500 SEK/MWh 

Revenue 
(Energimyndigheten, 

2016) 

Bio-oil to tunnel kilns 270 SEK/MWh Replacing natural gas (Hydén, 2018) 

CO2 allowances 125 SEK/ton 
For replaced natural gas 

and fossil reduction 
agents 

(Hydén, 2018) 
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3.7.4 Biochar production cost 

Production costs of biochar (SEK/ton) can be calculated with the OPEX, capital costs and 

depreciation, and produced biochar on an annual basis as: 

𝐵𝑖𝑜𝑐ℎ𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 =
𝑂𝑃𝐸𝑋+𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑎𝑛𝑑 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠−𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠−𝐶𝑜𝑠𝑡 𝑠𝑎𝑣𝑖𝑛𝑔𝑠

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑖𝑜𝑐ℎ𝑎𝑟
 (3.10) 

3.8 Sensitivity analysis  
Numerous assumptions have been made to estimate the production cost of biochar, such as the 

biomass price, capital and depreciation costs, availability of pyrolysis plant and the bio-oil price. 

Therefore, a sensitivity analysis is performed for these various parameters in order to determine 

what effect these parameters have on the biochar production cost. Table 8. summarizes the 

parameters and the intervals that are analyzed in the sensitivity analysis. 

Table 8. Describes the parameters that are analyzed in the sensitivity analysis and their respective interval. 

Varied parameter Interval Unit 

Biomass price 150 - 300 SEK/MWh 

Bio-oil sales price 400, 500, 600 SEK/MWh 

CAPEX -50% to +100% SEK 

Real interest rate 4% and 8% -  

Availability 3000-8500 hours/year 
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4 Results and discussion 
Results from the techno-economic evaluation are presented and discussed in this chapter. Results 

are in the form of mass- and energy balances, efficiency, CO2 emission performance, production costs 

and sensitivity analysis of input parameters. For results given by the different cases, see section 3.3 

for full case description.  

4.1 Mass and energy balance 
The mass and energy balance for the different cases are presented in this section.  

4.1.1 Case 1 – Integration and bio-oil recycle 

The mass balance for case 1 is shown in Figure 13. It can be noted that the mass flow of excess bio-oil 

amounts to almost double the biochar flow. This configuration maximizes the biochar yield; however, 

this causes the bio-oil combustion to increase since the heat input of pyrolysis increases. 

Furthermore, over 4500 kg/h air is required for the combustion of bio-oil and pyrolysis gas to provide 

heat, and a heat transfer medium for the pyrolysis process. Also, with bio-oil recycle, more cooling 

water is required. The mass flow of cooling water amounts to 17,900 kg/h. 

 

Figure 13. Mass balance for case 1, bio-oil recycle and system integration. Mass flow of flue gas from Höganäs excluded 
from mass balance. 

The energy balance for case 1 is shown in Figure 14. Heat losses from the dryer are not really 

representative, because of the assumption that 1 MW of flue gases from Höganäs is “useful energy”. 

The actual energy content of the flue gases would be higher to account for heat losses, ensuring 

proper heat transfer and enthalpy levels of exiting gas. It can also be noted, that even though the 

mass flow of excess bio-oil was almost double that of biochar, the resulting energy flow of biochar 

and bio-oil is almost the same at roughly 4 MW. This is because of the low heating value of bio-oil. 

The other integration aspect for this case is the district heating. The Excess heat from the condenser 

amounts to 1.04 MW. 
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Figure 14. Energy balance for case 1, with bio-oil recycle, flue gas, and district heating integration with Höganäs. Chemical 
energy on HHV-basis. 

4.1.2 Case 2 – Integration, no bio-oil recycle 

The overall mass balance for the system configuration of case 2 is shown in Figure 15. Compared to 

Case 1, around half the amount of bio-oil is combusted to provide heat for the pyrolysis; this causes 

an increase in excess bio-oil. Excess bio-oil also increases because no bio-oil is converted into 

biochar, 387 kg/h biochar is produced in this case, compared to 441 kg/h with bio-oil recycle. 

Furthermore, the mass flow of cooling water for the district heating system decrease, due to less hot 

gas and tar from the pyrolysis unit. Nitrogen consumption and yield of pyrolysis gas is the same, since 

it is based on the mass of incoming daf biomass.  

 

Figure 15. Mass balance for case 2, no bio-oil recycle. Flue gas, and district heating integration with Höganäs. Mass flow of 
flue gas from Höganäs excluded from mass balance. 

Energy balance for case 2 is shown in Figure 16. Major difference between the energy balance in case 

1 and 2 is the energy outputs of bio-char, bio-oil and district heating. The cause of this is the lower 

bio-oil combustion, as was shown in the mass balance. Furthermore, the energy output of biochar 
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decreases with almost 14%, while excess bio-oil increases with nearly 22% compared to case 1. The 

heat losses during combustion and pyrolysis also decrease in this case, since losses are calculated as 

percentages of input energy. 

 

Figure 16. Energy balance of case 2, without bio-oil recycle and with flue gas, and district heating integration with Höganäs. 
Chemical energy on HHV-basis. 

4.1.3 Case 3 – No integration, bio-oil recycle  

The mass balance for the non-integrated pyrolysis process is shown in Figure 17. Compared to the 

mass flows of case 1, where flue gases are used for drying, it is evident that large amounts of bio-oil 

are required for combustion in case 3, to cover both the heat demand of the pyrolysis and of the 

biomass dryer. The yields from pyrolysis are the same as in case 1. This is since the pyrolysis model is 

not affected by the change in process configuration. The utilization of bio-oil, however, differs a lot, 

causing mass flow of air and flue gas to increase to more than double compared to case 1.  

 

Figure 17. Mass balance for case 3, with bio-oil recycle and no system integration. 

Figure 18 shows the energy balance for case 3. Yields from pyrolysis are equal to case 1, with bio-oil 

recycle. The major difference between the energy balances of case 1, 2 and 3 is the energy output of 

bio-oil, which is around 50% lower compared to case 2. Large quantities of bio-oil must be 

combusted in order to substitute the 1 MW heat to the biomass dryer in case 1 and 2. However, it 
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can be noted that more than 1 MW of extra bio-oil is combusted compared to case 1. The cause of 

this is the increasing heat losses from combustion and pyrolysis, as well as the heat losses from the 

dryer. Increasing flue gas losses from the dryer can be explained with the increasing mass flow of flue 

gas to the dryer, which causes an increase in low-enthalpy flue gases leaving the dryer. The heat 

losses from combustion may seem a bit high, since the combustion efficiency is 0.99 and heat losses 

are assumed to be just 10%. However as mentioned in the energy balance for the combustion, LHV is 

used to calculate the flue gas heat, while the input bio-oil and pyrolysis gas are in terms of HHV. 

Thus, the latent heat of water vapor is included as heat loss for the combustion. This effect is most 

significant in this case, since bio-oil combustion forms large quantities of water vapor. 

 

Figure 18. Shows the energy balance for case 3, with bio-oil recycle and no system integration. Chemical energy on HHV-
basis. 

4.1.4 Case 4 – No integration, no bio-oil recycle 

Mass balance for case 4 is shown in Figure 19. In comparison to case 3, less bio-oil is combusted, less 

cooling water for condensation is required, and the biochar yield decreases. 

Comparing all cases, it is evident that the amounts of pyrolysis gas, wet biomass, dry biomass, and 

nitrogen are the same for all cases. The outputs from the pyrolysis process are only affected by 

changes in the C, H, O composition of output biochar and input biomass, pyrolysis temperature, mass 

of incoming biomass, or by changing the yield of biochar.  
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Figure 19. Mass balance for case 4, no bio-oil recycle and no system integration.  

A significant difference between the combustion heat losses of case 3 and 4 is shown in the energy 

balance for case 4 in Figure 20. As discussed in the energy balance of case 3, this is because of the 

high water content of bio-oil, since flue gas heat after combustion is calculated with LHV, while input 

bio-oil is in terms of HHV. Excess bio-oil is lower compared to the two integrated cases, but higher 

than case 3.  

 

 

Figure 20. Energy balance for case 4, no system integration and without bio-oil recycle. Chemical energy on HHV-basis. 

4.1.5 Case 5-6 

The mass and energy balance of case 5 (Integration, no bio-oil recycle, no flue gases to dryer) is equal 

to that of case 4, since only the utilization of the waste heat from the condenser, and how the bio-oil 

is used differs. Case 6 (Integration and internal combustion of bio-oil, no bio-oil recycle.) has the 

same mass and energy balance as case 2, since the only difference here is that the bio-oil is 

combusted internally in the tunnel kilns instead of being sold or replace bio-oil in the district heating.   
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4.2 Annual energy balance 
The annual energy balance of cases 1-6 is shown in Figure 21. As shown in the Sankey diagrams in the 

previous sections, the biochar energy output only depends on the bio-oil recycle. Electricity 

consumption is assumed to be the same for all cases, and amounts to 1.6 GWh. Heat delivery to the 

district heating system is highest for case 1 with bio-oil recycle, and amounts to 2.6 GWh annually. 

For case 2 this number decreases to 1.9 GWh.  The annual energy balance of case 5 is equal to case 4, 

except for the district heating. Case 6 is identical to case 2. It is seen that for most cases, the energy 

content of the produced bio-oil is higher than or roughly equal to that of biochar, except for case 3 

where the internal combustion of bio-oil is the highest. 

 

 

Figure 21. Annual energy balance for cases 1-6, (HHV-basis). Case 1: Integration and bio-oil recycle. Case 2: Integration, no 
bio-oil recycle. Case 3: No integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. Case 5: Integration, no bio-oil 
recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no bio-oil recycle.  
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4.3 Plant and biochar efficiency 
The plant energy efficiency is calculated on an annual basis and is shown together with the biochar 

conversion efficiency in Figure 22. Biochar efficiency is calculated only on basis of input biomass and 

varies between almost 36% without bio-oil recycle and almost 41% with bio-oil recycle. Plant 

efficiency is highest for case 2 (and 6), amounting to almost 80%. However, as the efficiency is 

calculated as all useful energy outputs divided by the energy inputs, and the input energy of flue gas 

from Höganäs only accounts for the “usable” part of the energy, the efficiency may be a bit 

overestimated. Nevertheless, it is clear that when comparing case 2 with case 1, where bio-oil recycle 

is used, the efficiency drops with 4%-units. The effect of flue gas integration for the biomass dryer is 

evident when comparing case 5 and case 2, where the plant efficiency increases with 7%-units when 

using the flue gases. Case 3 has the lowest plant efficiency, since the total energy outputs are low.  

 

Figure 22. Plant energy efficiency (HHV-basis) and biochar efficiency (HHV-basis) of cases 1-6. Case 1: Integration and bio-oil 
recycle. Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. 
Case 5: Integration, no bio-oil recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no bio-
oil recycle. 

4.4 CO2 Emissions  
The potential CO2 reduction for cases 1-6 are shown in Figure 23. CO2 reduction is equal between 

cases 1 and 3 and also equal between cases 2, 4 and 5. The difference between these two CO2 

reduction levels depends on if bio-oil recycle is used, since the substitution of standard fossil 

reduction agents with biochar is the only cause for the reduction. The figure amounts to around 

9 800 ton/year without bio-oil recycle (cases 2, 4, 5 and 6) and 11 000 ton with bio-oil recycle (cases 

1 and 3). Case 6 stands out when it comes to the CO2 reduction potential. For case 6, no bio-oil 

recycle is used and the CO2 reduction from biochar is the same at 9800 ton/year. However, in this 

case, it is assumed that excess produced bio-oil replaces natural gas combustion in the tunnel kilns, 

which leads to additional CO2 reductions of 6400 ton/year.  
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Figure 23. Reduced CO2 emissions at Höganäs site for cases 1-6. Case 1: Integration and bio-oil recycle. Case 2: Integration, 
no bio-oil recycle. Case 3: No integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. Case 5: Integration, no bio-oil 

recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no bio-oil recycle. 

The highest achievable CO2 reduction potential is shown in Figure 24 for cases 1-6. Here, the system 

boundary is on a national scale and it is assumed that all biochar is utilized at Höganäs, replacing 

standard fossil reduction agents. Furthermore, bio-oil is assumed to replace fossil heavy fuel oils; this 

includes replacing the imported bio-oil currently used in Höganäs district heating, since that bio-oil in 

turn can be sold to another customer and thereby can replace their fossil heavy fuel oil. Replacing 

fossil heavy fuel oil leads to higher CO2 reduction than replacing natural gas; this is the cause of 

higher CO2 reductions when modelling a national system border for case 2 (>21 kton) compared  

to case 6 (<19 kton).  

The amounts shown in Figure 24 are only an indication of the highest achievable CO2 reduction. In 

practice, market parameters regulate if the bio-oil is going to replace fossil heavy fuel oil, or if it will 

be sold or utilized for other purposes elsewhere. Though, this analysis does show the potential of this 

type of pyrolysis plant. Furthermore, around half of the potential national CO2 reduction connected 

to the pyrolysis plant is located at the Höganäs site because of the utilization of biochar.  
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Figure 24. Highest CO2 reduction achievable on a national scale for the pyrolysis plant, if bio-oil replaces fossil heavy fuel oils 
when sold, for cases 1-6. Case 1: Integration and bio-oil recycle. Case 2: Integration, no bio-oil recycle. Case 3: No 

integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. Case 5: Integration, no bio-oil recycle, no flue gases to 
dryer. Case 6: Integration and internal combustion of bio-oil, no bio-oil recycle. 

4.5 Production cost  
Figure 25 shows annual revenues/cost savings- and costs for the pyrolysis plant for cases 1-6, along 

with the resulting production cost of biochar. It is clear that case 2 has the lowest production cost at 

around 1600 SEK/ton biochar. While case 3 has the highest production cost, amounting to over 5000 

SEK/ton biochar. It is clear that bio-oil recycle increases the production cost of biochar, when 

comparing case 1 with case 2, and case 3 with case 4, where the only difference is the recycling of 

bio-oil. The most significant cost component is the biomass, followed by capital costs. Staffing is 

about as significant as capital costs for case 3 and 4 without staff integration. For case 1, 2, 5 and 6, 

staffing costs are about half that of the capital costs. Electricity and nitrogen have minor impacts on 

the production cost, while maintenance is more than double that of electricity and nitrogen costs. 

For the revenues and cost savings, it is evident that the bio-oil has the biggest impact on production 

costs for all cases. Comparing case 6 and case 2, the same amount of bio-oil is produced, but it is 

clear that the revenues of bio-oil sales in case 2 are larger than costs savings in reduced natural gas 

combustion in case 6. Cost savings from CO2 allowances are relatively minor for all cases, as well as 

heat delivered from the pyrolysis condenser for case 1, 2, 5 and 6. Bio-oil delivered to the district 

heating system has a relatively large impact on production costs in case 1, 2, 5 and 6. This is mainly 

because a large portion of produced bio-oil goes to the district heating.  
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Figure 25. Annual production cost of biochar for the pyrolysis plant divided into the different revenue and cost components 
for cases 1-6. Case 1: Integration and bio-oil recycle. Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil 
recycle. Case 4: Integration, no bio-oil recycle. Case 5: Integration, no bio-oil recycle, no flue gases to dryer. Case 6: 
Integration and internal combustion of bio-oil, no bio-oil recycle. 

4.5.1 Integration aspects 

Figure 26 shows how the individual integration aspects affect the production cost of biochar. Here, 

no bio-oil recycle is assumed and all other parameters are the same as in the base-case.   

For the shared staff integration, the reason it causes such a large decrease in the production cost as 

shown in Figure 26, is because of the relatively small size of the plant. Staffing costs would be roughly 

the same even if the plant was twice as big, since the same level of 24/7 supervision is required. 

Implementation of shared staff integration should be relatively easy, since the only requirement is to 

have a common control room and educate current staff.  

 

Using waste heat in the district heating system decreases the production cost of biochar with around 

400 SEK/ton as shown in Figure 26. The cause of this is decreased combustion of purchased bio-oil in 

the district heating system when it is replaced with bio-oil from pyrolysis. This integration aspect 

would also likely be relatively easy to implement, since the only process involved is heat exchanging. 

In comparison to replacing current bio-oil in the district heating with bio-oil from pyrolysis, process 

equipment such as piping and storage would likely require replacement to handle a new fuel source. 

Furthermore, replacing current bio-oil with bio-oil from pyrolysis decreases the production cost of 

biochar slightly less compared to using waste heat from the pyrolysis condenser. 

Using waste heat from the biomass dryer causes the highest decrease in biochar production cost, 

amounting to almost 2000 SEK/ton as shown in Figure 26. The cause of this is that less bio-oil is 

combusted internally, since energy to the biomass dryer is supplied with the flue gas integration with 

Höganäs. This means an increase in produced bio-oil and therefore increased revenues, causing a 

decrease in production cost of biochar. The economic advantages are evident from Figure 26. 

However, flue gas pipes can be expensive and the possibilities for an actual implementation of flue 

gas integration need to be evaluated at Höganäs if it is economically feasible.  
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When it comes to internal combustion of bio-oil, it is clear that it causes very poor economic 

performance for the parameters used in the base case as shown in Figure 26. This is because the bio-

oil sales price is set at 500 SEK/MWh, which can be related to the cost savings of reducing the natural 

gas consumption, which is under 300 SEK/MWh, even when including savings from reduced CO2 

emissions. Internal bio-oil combustion cannot be motivated based on the economic calculations and 

assumptions. Other parameters that cannot be shown could possibly help motivate it, such as a poor 

market for bio-oil, or policies aiming at reducing CO2 emissions by e.g. increasing the CO2 tax. 

However, other disadvantages with bio-oil combustion in the tunnel kilns are that the low heating 

value, high moisture content, and varying quality of bio-oil may cause difficulties with combustion. 

For utilization in the tunnel kilns, investments and modifications to the tunnel kilns would also be 

required, i.e. installation of new equipment e.g. burners, new piping. Furthermore, a new fuel source 

could initially cause production outages. 

 

 

Figure 26. Effect on biochar production cost by the individual types of system integration. No bio-oil recycle.  

4.6 Evaluation of production costs – Sensitivity analysis 
Results for the sensitivity analysis is presented in this section, where the production cost of biochar, 

relative to the price of fossil reducing agents at Höganäs, is evaluated by varying input data and 

assumptions.  

4.6.1 Biomass- and bio-oil pricing 

Sensitivity analysis of the relative biochar production cost for varying biomass prices and for different 

sale prices of bio-oil is shown in Figures 27-29; where the price of bio-oil in Figure 27 is 400 

SEK/MWh, 500 SEK/MWh in Figure 28, and 600 SEK/MWh in Figure 29. The results from these graphs 

shows that using bio-oil recycle only slightly increases economic performance for the no-integration 

case 3, compared to the no-integration with recycle case 2. This effect is only seen when the price of 

bio-oil is 400 SEK/MWh and the biomass price is over 225 SEK/MWh. Furthermore, this configuration 

has a production cost of biochar amounting to about double that of fossil reducing agents, which is 

uninteresting. The general trend is that bio-oil recycle causes an increasing relative production cost 
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of biochar as the price of bio-oil increases, compared to not using bio-oil recycle (comparing case 

1&2 and 3&4) in Figures 27-29.   

To achieve production costs under the price of fossil reducing agents, with bio-oil sales price of 400 

SEK/MWh in Figure 27, a biomass price of 200 SEK/MWh is required for case 2, and even lower, 

around 180 for case 1.  Increasing the price of bio-oil, as shown in Figure 28, causes all of the lines to 

shift downward, except for case 6, where the bio-oil is combusted internally, and no bio-oil is sold.  

When the sales price of bio-oil is increased to 600 SEK/MWh, as shown in Figure 29, it can be noted 

that the relative production cost of biochar drops to 0 as the biomass price reaches around 180 

SEK/MWh for case 2. Since the production cost of biochar is calculated as the operational costs 

minus revenues and cost savings, divided by the amount of biochar produced, this means that the 

revenues/cost savings from bio-oil and district heating, covers the entire operational costs and the 

biochar thus becomes a “free product”. Although this scenario is highly unlikely, since prices of 

different fuels follow each other. But it does help prove a point, that bio-oil as a main product can 

potentially give the best economic performance, even though the intended main product is biochar. 

  

Figure 27. Production cost of biochar relative to the cost of fossil reducing agents at Höganäs for cases 1-6, depending on 
the purchase price of biomass, and with a selling price of bio-oil at 400 SEK/MWh. Case 1: Integration and bio-oil recycle. 

Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. Case 5: 
Integration, no bio-oil recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no bio-oil 

recycle. 
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Figure 28. Production cost of biochar relative to the cost of fossil reducing agents at Höganäs for cases 1-6, depending on 
the purchase price of biomass, and with a selling price of bio-oil at 500 SEK/MWh. Case 1: Integration and bio-oil recycle. 
Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. Case 5: 
Integration, no bio-oil recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no bio-oil 
recycle. 

 

Figure 29. Production cost of biochar relative to the cost of fossil reducing agents at Höganäs for cases 1-6, depending on 
the purchase price of biomass, and with a selling price of bio-oil at 600 SEK/MWh. Case 1: Integration and bio-oil recycle. 

Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil recycle. Case 4: Integration, no bio-oil recycle. Case 5: 
Integration, no bio-oil recycle, no flue gases to dryer. Case 6: Integration and internal combustion of bio-oil, no bio-oil 

recycle. 

4.6.2 Investment cost and real interest 

The capital investment used in the base case (75 MSEK) was estimated with an order of magnitude 

estimate, based on other biochar producing facilities and studies. Thus, accuracy is limited since 

CAPEX can vary considerably (over 50%). Figure 30 shows how the relative biochar production cost 

varies with varying CAPEX, where -50% means capex reduction from 75 MSEK to 37.5 MSEK, and 

100% means increased CAPEX to 150 MSEK. Capital costs and depreciation for this case is calculated 

with a real interest rate of 4%, and all other parameters are that of the base case.  It can be noted 

that the production cost of biochar for the best case (case 2) exceeds the price of fossil reducing 

agents when CAPEX increases with around 45-50%. For cases 3-6, a CAPEX reduction by 50% is not 
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enough to push production cost below that of fossil reducing agents. The general trend of Figure 30 

is that the capital costs have a large impact on biochar product costs, and thus economic 

performance of the plant. The different cases seem to have a slightly different dependence on the 

capital costs. Comparing case 1-2, and 3-4, it is evident that the gradient is slightly higher for case 2 

and 4, (no bio-oil recycle). Than for case 1 and 3 (bio-oil recycle). Case 5 and 6 has the same 

dependence on CAPEX as case 4 and 2. 

 

Figure 30. Production cost of biochar relative to the cost of fossil reducing agents at Höganäs depending on CAPEX for cases 
1-6. Case 1: Integration and bio-oil recycle. Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil recycle. 

Case 4: Integration, no bio-oil recycle. Case 5: Integration, no bio-oil recycle, no flue gases to dryer. Case 6: Integration and 
internal combustion of bio-oil, no bio-oil recycle. 

The capital costs and depreciation costs are not only dependent on the initial CAPEX, but also the 

real interest rate. Figure 31 shows how the relative biochar production cost varies with varying 

CAPEX, for case 2 and 4 with real interest rate 4% and 8%. Parameters of the base case are used. It is 

clear that increasing the real interest rate leads to increased biochar production costs. This effect is 

further enhanced with increasing CAPEX, since the real interest is based on CAPEX. For the base case 

parameters with 0% change in CAPEX, the relative production cost increases from around 0.5 to 

around 0.75 for case 2 when the real interest rate is increased from 4% to 8%. The same effect is 

present for case 4. 
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Figure 31. Production cost of biochar relative to the cost of fossil reducing agents at Höganäs depending on CAPEX, for 
different real interest rates, 4% and 8%, for case 2 and 4. Case 2: Integration, no bio-oil recycle. Case 4: No integration, no 

bio-oil recycle.  

 

4.6.3 Availability  

Biochar production cost with varying operational times on annual basis is shown in Figure 32 for 

cases 1-6. The trend is an exponential decrease of the production costs, which decreases rapidly 

initially. This is since the fixed operational costs e.g. staffing do not vary with the production. For case 

2, the availability can be decreased to around 5600 hours before biochar production costs exceed the 

price of fossil reducing agents. Production costs in Figure 32 are calculated with all parameters of the 

base case, and it is clear that only case 1 and 2 can ensure a production cost of biochar below that of 

fossil reducing agents at Höganäs, for any level of availability.  

 

Figure 32. Production cost of biochar relative to the cost of fossil reducing agents at Höganäs with varying annual 
availability of pyrolysis plant for cases 1-6. As a reference, an annual availability of 90% (7884 hours) is assumed for the base 

case. Case 1: Integration and bio-oil recycle. Case 2: Integration, no bio-oil recycle. Case 3: No integration, bio-oil recycle. 
Case 4: Integration, no bio-oil recycle. Case 5: Integration, no bio-oil recycle, no flue gases to dryer. Case 6: Integration and 

internal combustion of bio-oil, no bio-oil recycle. 
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5 Conclusions 
A process model for a biochar production plant, integrated with the Höganäs sponge iron production 

has been developed in this work. The process model is based on state-of-the art research and 

developments for increased biochar yield, using the principle of bio-oil recycle. Results show that bio-

oil recycle with 20 wt.% bio-oil increases the energy yield of biochar by 14%. However, it was found 

that bio-oil recycle increases the required heat input of pyrolysis which led to reduced plant 

efficiency with 4%-units and increased biochar production costs of 500-1000 SEK/ton biochar, thus 

leading to an overall decrease in the economic performance of the pyrolysis plant. Furthermore, 

results show that system integration with Höganäs can reduce the production cost of biochar from 

over 5000 SEK/ton to under 2000 SEK/ton, which is below the cost of fossil reducing agents for 

Höganäs. However, this requires; good income from bio-oil, decent cost of biomass, an investment 

cost in the same order of magnitude as the Cortus WoodRoll© plant, and that no bio-oil is recycled. 

Furthermore, results also show that co-produced bio-oil should be treated as a main product being 

essential for the economic performance of the pyrolysis plant, even though the intended main 

product is biochar. Therefore, it is important for integration of biochar in the metallurgical industry 

that there is a developed market for bio-oil from pyrolysis. 
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Appendix A - System modelling, mass and energy balance 
A more in-depth version of the modelling of the system mass and energy balance is given in this 

appendix. Equations and figures describing the overall mass and energy balances is shown together 

with detailed explanations of the procedure.  

A1.1 Biomass input 
Raw biomass input (as received biomass) mainly consists of carbon, hydrogen, oxygen, ash and 

moisture as shown in Figure A1. The relative sizes of the different substances are only illustrative. 

The moisture content of incoming biomass is assumed to be around 40 wt.% ar. Ash- and C, H, O 

content is taken from the woodchips used in the research by Phounglamcheik et al., and is given by 

Table 2. 

 

Figure A1. A visual representation of the key elemental composition of as-received biomass. The relative size of the different 
elements is only illustrative.  

A1.2 Dryer 
The purpose of the biomass dryer is to reduce the moisture content of the as-received (ar) biomass. 

Figure A2 shows the key elemental composition of biomass after the dryer, where dry-ash free 

biomass (daf) only includes the C, H, O composition of biomass. Dry biomass includes daf biomass 

and ash-content of biomass, and biomass after dryer includes the dry biomass and the moisture 

content after drying (ad). The moisture content after the dryer is assumed to be around 5 wt.% ad.  
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Figure A2. Definition of which elements is included in the different notations of biomass (after dryer, dry biomass, dry ash-
free biomass). The relative size of the various elements is only illustrative. 

Figure A3 shows the overall mass balance of the biomass dryer, with the mass flow (�̇�𝑏,𝑎𝑟) of 

incoming biomass (subscript “b”) as-received. Incoming flue gas (�̇�𝑓𝑔), act as the heat source for the 

drying process. Outgoing mass flows are flue gas, evaporated moisture (�̇�𝑒𝑚) from the wet biomass, 

and the dried biomass itself, �̇�𝑏,𝑎𝑑.  

 

Figure A3. Mass balance of biomass dryer. 

Conservation of mass results in the overall mass balance of the biomass dryer as 

�̇�𝑏,𝑎𝑟 + �̇�𝑓𝑔 = �̇�𝑏,𝑎𝑑 + �̇�𝑓𝑔 + �̇�𝑒𝑚    (A1.2.1) 

The moisture content, 𝑀𝐶 (wt.% ar) of as received biomass is defined as 𝑀𝐶𝑏,𝑎𝑟, and the moisture 

content of biomass after drying is denoted by 𝑀𝐶𝑏,𝑎𝑑. If all biomass moisture is removed in the dryer 

(𝑀𝐶𝑏,𝑎𝑑=0%), the dry mass flow of biomass, �̇�𝑏,𝑑𝑟𝑦, can be calculated as  

�̇�𝑏,𝑑𝑟𝑦 = �̇�𝑏,𝑎𝑟(1 − 𝑀𝐶𝑏,𝑎𝑟)    (A1.2.2) 

and dry ash-free part of input biomass can be calculated as 

�̇�𝑏,𝑑𝑎𝑓 = �̇�𝑏,𝑎𝑟(1 − 𝑀𝐶𝑏,𝑎𝑟 − 𝐴𝐶𝑏,𝑎𝑟)    (A1.2.3) 

where 𝐴𝐶𝑏,𝑎𝑟 is the ash content of input biomass (wt. % a.r).  
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For a given moisture content of biomass after drying, mass of dried biomass can be calculated as 

�̇�𝑏,𝑎𝑑 =
𝑚𝑏,𝑑𝑟𝑦

(1−𝑀𝐶𝑏,𝑎𝑑)
    (A1.2.4) 

With a known input of as-received biomass, equation (A1.2.1) and (A1.2.4) is applied to calculate 

mass flow of evaporated moisture, �̇�𝑒𝑚. 

�̇�𝑒𝑚 = �̇�𝑏,𝑎𝑟 − �̇�𝑏,𝑎𝑑     (A1.2.5) 

The ideal heat requirement for drying the biomass can be calculated as the sum of latent heat of 

evaporation for the biomass moisture, and the heat to bring the input biomass, and contained 

moisture to the drying temperature, 𝑇𝑑𝑟𝑦, which can be assumed to be the same as the evaporation 

temperature of water.   This gives the ideal heat input for drying, 𝑄𝑑𝑟𝑦,𝑖𝑑 as  

𝑄𝑑𝑟𝑦,𝑖𝑑 = 𝑚𝑏,𝑑𝑟𝑦 ∙ ∫ 𝐶𝑝𝑏 ∙ 𝑑𝑇
𝑇𝑑𝑟𝑦

𝑇𝑎
+ (�̇�𝑏,𝑚 + �̇�𝑒𝑚) ∙ ∫ 𝐶𝑝𝑚 ∙ 𝑑𝑇 + �̇�𝑒𝑚 ∙ 𝐿𝑣𝑎𝑝

𝑇𝑑𝑟𝑦

𝑇𝑎
  (A1.2.6) 

Where 𝐶𝑝𝑏 is the specific heat for dry biomass, 𝐶𝑝𝑚 is the specific heat for moisture, 𝐿𝑣𝑎𝑝 is the 

latent heat of evaporation of the moisture, 𝑇𝑎 is the ambient temperature and �̇�𝑏,𝑚 is the remaining 

biomass moisture mass flow after the dryer and can be calculated as 

�̇�𝑏,𝑚 = 𝑀𝐶𝑏,𝑎𝑑 ∙ �̇�𝑏,𝑎𝑑     (A1.2.7) 

To account for heat losses in the dryer, a drying efficiency 𝜂𝑑𝑟𝑦, is introduced. Drying efficiency is 

assumed to be 90%, thus, the heat required for drying can then be calculated as 

𝑄𝑑𝑟𝑦 =
𝑄𝑑𝑟𝑦,𝑖𝑑

𝜂𝑑𝑟𝑦
=

𝑄𝑑𝑟𝑦,𝑖𝑑

0.9
     (A1.2.8) 

A1.3 Bio-oil coating 
Recirculated pyrolysis bio-oil from the pyrolysis gas condenser is used for bio-oil coating of incoming 

biomass after the dryer. The mass balance for the bio-oil coating is shown in Figure A4. Here, the dry 

part of biomass from dryer is used in the model to calculate the mass flow of bio-oil, since 

Phounglamcheik et al. (2017) used biomass with negligible moisture content in their pyrolysis trials. 

Furthermore, they defined a bio-oil coating percentage (coat%), on mass basis of the coated biomass 

according to  

𝑐𝑜𝑎𝑡% =
�̇�𝑏𝑜,𝑐

�̇�𝑏𝑜,𝑐+�̇�𝑏,𝑑𝑟𝑦
    (A1.3.1) 

where, �̇�𝑏𝑜,𝑐 is the mass flow of bio-oil for coating, and �̇�𝑏,𝑑𝑟𝑦 is the dry part of incoming biomass 

after the dryer.  Once the coating % has been defined, the mass flow of bio-oil for coating can readily 

be determined with equation (A1.3.2). 

�̇�𝑏𝑜,𝑐 =
�̇�𝑏,𝑑𝑟𝑦

(1/𝑐𝑜𝑎𝑡% − 1)
    (A1.3.2) 



iv 
 

 

Figure A4. Mass balance of the bio-oil coating stage.   

A1.4 Pyrolysis 
Modelling of the pyrolysis itself is the most vital part of the process model since it, to a large extent, 

determine the performance of the process, particularly in terms of energy balance and biochar yield. 

To be able to model the pyrolysis of bio-oil coated biomass, the different components (bio-oil, daf 

biomass, moisture content, ash) need to be treated in different ways, since i.e. the prediction of 

pyrolysis products by Neves et al. (2011), only accounts for daf-part of input biomass. This section 

describes how the model by Neves et al., is applied and adapted for modelling of the pyrolysis.  

A1.4.1 Pyrolysis product yield model 

Modelling pyrolysis of biomass particles can be difficult due to the numerous variables affecting the 

process, i.e. temperature, heating rate, particle size. Nevertheless, efforts have been made to derive 

empirical models based on the results of a collection of literature data. Neves et al. have done a lot 

of work in this area and have concluded that it is possible to describe the general trend of pyrolysis 

products, with relatively limited input data. In their work, major quantities of literature data on 

biomass pyrolysis were collected. This data was analyzed and normalized to ensure that the model 

would cover a wide range of pyrolysis conditions, and for the model to be able to handle a variety of 

biomasses. The results from their study showed that the model can be used to predict the yield of 

different volatile species, tar, and pyrolytic water with reasonable accuracy (Neves et al. 2011). This 

section further describes how to determine the yield of pyrolysis products, by applying and adapting 

the study conducted by Neves et al. 

It is assumed that dry biomass thermally decomposes into biochar, CO, CO2, H2, CH4, H2O, tar, and a 

fraction of light, non-condensable hydrocarbons, here lumped together as CxHy. However, literature 

studies states that the most frequently reported light hydrocarbons (besides CH4) are C2, or in some 

cases C3 species. The formation of pyrolysis products from dry biomass is defined according to 

equation (A1.4.1-1). 

 

  Dry Biomass →  Biochar + CO + CO2 + H2 + H2O + CH4 + CxHy +  Tar  (A1.4.1-1) 

 

The pyrolysis model requires the input of dry, ash-free (daf) biomass, thus eliminating the need to 

further include the biomass ash- and moisture in the model. The yield of the individual species is 

defined on mass basis of daf fuel (wt.% daf), and is defined by the variable “Yi,F,” where “Y” 

represents the mass fraction (wt.%), “F” denotes daf part of biomass fuel, and subscript “i” 

represents the (eight) different species formed during pyrolysis. C, H, and O represents the carbon, 

hydrogen and oxygen content respectively. For the biomass, nitrogen, sulfur and other content is 

neglected in the model, thus only the C, H, and O composition of parent fuel is required. Applying 

this to equation (A1.4.1-1) defines the pyrolysis process model as 
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Y𝐶,𝐹 + Y𝐻,𝐹 + Y𝑂,𝐹 → 𝑌𝑐ℎ,𝐹 ∙ Biochar +  𝑌𝐶𝑂,𝐹 ∙ CO + 𝑌𝐶𝑂2,𝐹 ∙ CO2 + 𝑌𝐻2,𝐹 ∙ H2 

                          + 𝑌𝐻2𝑂,𝐹 ∙ H2O + 𝑌𝐶𝐻4,𝐹 ∙ CH4 + 𝑌𝐶𝑥𝐻𝑦,𝐹 ∙ CxHy + 𝑌𝑡𝑎𝑟,𝐹 ∙ Tar  (A1.4.1-2) 

 

To solve for the different pyrolysis species, (Yi,F), an elemental mass balance for the respective 

elements C, H, O is performed. Equation (A1.4.1-3)– (A1.4.1-5) defines the elemental mass balance 

for C, H and O respectively.  The mass balances states that the total amount of e.g. carbon is 

conserved, and that all carbon contained in the parent fuel, is distributed amongst the pyrolysis 

products (Tar, CO, CO2, H2, CH4, H2O, CxHy) and biochar. 

𝑌𝐶,𝐹 − 𝑌𝐶,𝑐ℎ ∙ 𝑌𝑐ℎ,𝐹 = 𝑌𝐶,𝑡𝑎𝑟 ∙ 𝑌𝑡𝑎𝑟,𝐹 + 𝑌𝐶,𝐶𝑥𝐻𝑦
∙ 𝑌𝐶𝑥𝐻𝑦,𝐹 + 𝑌𝐶,𝐶𝐻4

∙ 𝑌𝐶𝐻4,𝐹 

                                    + 𝑌𝐶,𝐶𝑂 ∙ 𝑌𝐶𝑂,𝐹 + 𝑌𝐶,𝐶𝑂2
∙ 𝑌𝐶𝑂2,𝐹   (A1.4.1-3) 

 

𝑌𝐻,𝐹 − 𝑌𝑂,𝑐ℎ ∙ 𝑌𝑐ℎ,𝐹 = 𝑌𝐻,𝑡𝑎𝑟 ∙ 𝑌𝑡𝑎𝑟,𝐹 + 𝑌𝐻,𝐶𝑥𝐻𝑦
∙ 𝑌𝐶𝑥𝐻𝑦,𝐹 + 𝑌𝐻,𝐶𝐻4

∙ 𝑌𝐶𝐻4,𝐹 

                                       +𝑌𝐻,𝐻2𝑂 ∙ 𝑌𝐻2𝑂,𝐹 + 𝑌𝐻,𝐻2
∙ 𝑌𝐻2,𝐹   (A1.4.1-4) 

 

𝑌𝑂,𝐹 − 𝑌𝑂,𝑐ℎ ∙ 𝑌𝑐ℎ,𝐹 = 𝑌𝑂,𝑡𝑎𝑟 ∙ 𝑌𝑡𝑎𝑟,𝐹 + 𝑌𝐶,𝐶𝑂 ∙ 𝑌𝐶𝑂,𝐹 + 𝑌𝐶,𝐶𝑂2
∙ 𝑌𝐶𝑂2,𝐹 + 𝑌𝑂,𝐻2𝑂 ∙ 𝑌𝐻2𝑂,𝐹 (A1.4.1-5) 

 

In equations (A1.4.1-3)– (A1.4.1-5) the content of C, H, and O in the gaseous species is given by the 

molar weight (M) mass fraction (𝑌𝑛,𝑗). 

𝑌𝑛,𝑗 =
𝑀𝑛

𝑀𝑗
       𝑗 = CO, CO2, H2, CH4, H2O, C𝑥H𝑦, 𝑛 = 𝐶,𝐻, 𝑂  (A1.4.1-6) 

Since CxHy is not readily defined, it is approximated to have the composition of ethylene, hence 

𝑌𝐻,𝐶𝑥𝐻𝑦
= 4/28, and 𝑌𝐶,𝐶𝑥𝐻𝑦

=24/28.  

Next, the C, H, O composition of tar needs to be approximated, which is done with two linear 

equations for calculation of the C and O content, while the H content is calculated by difference. 

Equation (A1.4.1-7) and (A1.4.1-8) also require the C and O content of the parent fuel, due to results 

showing that the composition of tar can be related to the composition of parent fuel. However, these 

empirical functions give relatively rough approximations, and are applicable within pyrolysis 

temperatures, 𝑇𝑝, of 250–1000°C. 

𝑌𝐶,𝑇𝑎𝑟 = (1.05 + 1.9 ∙ 10−4 ∙ 𝑇𝑝) ∙ 𝑌𝐶,𝐹    (A1.4.1-7) 

𝑌𝑂,𝑡𝑎𝑟 = (0.9 − 2.2 ∙ 10−4 ∙ 𝑇𝑝) ∙ 𝑌𝑂,𝐹   (A1.4.1-8) 

𝑌𝐻,𝑇𝑎𝑟 = 1 − 𝑌𝐶,𝑇𝑎𝑟 − 𝑌𝑂,𝑇𝑎𝑟    (A1.4.1-9) 

Biochar yield, and elemental composition (C, H, O) of biochar is also required in the pyrolysis model. 

Neves et al. suggest four equations for these data. However, it is also possible to insert experimental 

data in the model. Therefore, biochar yield (𝑌𝑐ℎ,𝐹) and the elemental composition (𝑌𝐶,𝑐ℎ, 𝑌𝐻,𝑐ℎ, 𝑌𝑂,𝑐ℎ) 

of biochar is taken from the research results by Phounglamcheik et al. found in Table 2 in the main 

body of the report.  

The mass ratio of H2 to CO can be expressed with an empirical function, as a function of pyrolysis 

temperature, which is valid in the temperature span 350–1000°C. 
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𝑌𝐻2,𝐹

𝑌𝐶𝑂,𝐹
= 3 ∙ 10−4 +

0.0429

1+(𝑇𝑝/632)−7.23   (A1.4.1-10) 

Furthermore, the yield of H2 can be calculated with an empirical function in the temperature range 

350–1000°C. Hydrogen formation varies exponentially with temperature, and relatively low yields 

can be observed below ~600°C. 

𝑌𝐻2,𝐹 = 1.145 ∙ (1 − 𝑒(−0.11∙10−2∙𝑇𝑝))    (A1.4.1-11) 

The yield of CH4 can also be described with an empirical formula, depending on the formation of CO. 

It is applicable for CO yields up to 0.55 kg CO/kg daf fuel.  

𝑌𝐶𝐻4,𝐹 = −2.18 ∙ 10−4 + 0.146 ∙ 𝑌𝐶𝑂,𝐹   (A1.4.1-12) 

With equation (A1.4.1-11)– (A1.4.1-12), the yield of the pyrolytic gases CO, H2, and CH4 can readily be 

decided once the pyrolysis temperature is specified. 

One final equation is required to solve for the pyrolytic products. Here, the energy balance of the 

total gas formation can be used, if the lower heating value of total gas (𝐿𝐻𝑉𝑝,𝑔) is known. The lower 

heating value of total gas can be expressed with the following empirical formula, as a function of 

pyrolysis temperature, with validity within 300–900°C.  

𝐿𝐻𝑉𝑝,𝑔 = −6.23+2.47 ∙ 10−2 ∙ 𝑇𝑝    (A1.4.1-13) 

Carrying out the energy balance for the total gas requires the heating value of the gaseous species, 

H2, CO, CH4 and CxHy. Here the heating value of CxHy is approximated to be that of ethylene. With the 

lower heating value of total gas defined in equation (A1.4.1-13) the overall energy balance of 

pyrolytic gases can be expressed as 

(∑𝑌𝑛,𝐹 − 𝑌𝑐ℎ,𝐹 ∙ ∑𝑌𝑛,𝑐ℎ

𝑛𝑛

) ∙ 𝐿𝐻𝑉𝑝,𝑔 = (𝑌𝑡𝑎𝑟,𝐹 + 𝑌𝐻2𝑂,𝐹) ∙ 𝐿𝐻𝑉𝑝,𝑔 + 𝑌𝐶𝑥𝐻𝑦,𝐹 ∙ 𝐿𝐻𝑉𝐶𝑥𝐻𝑦
 

                                                                 +𝑌𝐶𝐻4,𝐹 ∙ 𝐿𝐻𝑉𝐶𝐻4
+ 𝑌𝐶𝑂,𝐹 ∙ 𝐿𝐻𝑉𝐶𝑂 + 𝑌𝐻2,𝐹

∙ 𝐿𝐻𝑉𝐻2 (A1.4.1-14) 

Where n is the elemental composition C, H, O of biomass. The fact that both tar and pyrolytic water 

is included in the right-hand side of equation (A1.4.1-14), might cause some confusion. However, 

since the left-hand side also includes pyrolytic tar and water, multiplied with the total heating value 

of the gas, the influence of tar and pyrolytic water eliminates each other when closing out the energy 

balance. 

Finally, a system model consisting of seven linear equations can be obtained to approximate the 

yields of pyrolytic products according to equation (A1.4.1-15). Here the first three rows of the 7x7 

matrix, and the first three rows in the right-hand side column vector, represent the elemental mass 

balances according to equation (A1.4.1-3)– (A1.4.1-5). The fourth row represents the balance 

between yield of CO and H2 according to (A1.4.1-10), where Ω1 = 𝑌𝐻2,𝐹/𝑌𝐶𝑂,𝐹. The fifth row denotes 

the relation between CH4- and CO yield, using equation (A1.4.1-12). With the overall energy balance 

in equation (A1.4.1-14), the sixth row can be obtained. And then finally, the seventh row is defined 

simply as the yield H2, which can be calculated with equation (A1.4.1-11) once the pyrolysis 

temperature has been specified.    
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[
 
 
 
 
 
 
 
𝑌𝐶,𝑡𝑎𝑟 𝑌𝐶,𝐶2𝐻4

𝑌𝐶,𝐶𝐻4
𝑌𝐶,𝐶𝑂 𝑌𝐶,𝐶𝑂2

0 0

𝑌𝑂,𝑡𝑎𝑟 0 0 𝑌𝑂,𝐶𝑂 𝑌𝑂,𝐶𝑂2
𝑌𝑂,𝐻2𝑂 0

𝑌𝐻,𝑡𝑎𝑟 𝑌𝐻,𝐶2𝐻4
𝑌𝐻,𝐶𝐻4

0 0 𝑌𝐻,𝐻2𝑂 𝑌𝐻,𝐻2

0 0 0 −Ω1 0 0 1
0 0 −1 0.146 0 0 0

𝐿𝐻𝑉𝑝,𝑔 𝐿𝐻𝑉𝐶2𝐻4
𝐿𝐻𝑉𝐶𝐻4

𝐿𝐻𝑉𝐶𝑂 0 𝐿𝐻𝑉𝑝,𝑔 𝐿𝐻𝑉𝐻2

0 0 0 0 0 0 1 ]
 
 
 
 
 
 
 

∙

[
 
 
 
 
 
 
 
𝑌𝑡𝑎𝑟,𝐹

𝑌𝐶𝑥𝐻𝑦,𝐹

𝑌𝐶𝐻4,𝐹

𝑌𝐶𝑂,𝐹

𝑌𝐶𝑂2,𝐹

𝑌𝐻2𝑂,𝐹

𝑌𝐻2,𝐹 ]
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 

𝑌𝐶,𝐹 − 𝑌𝐶,𝑐ℎ ∙ 𝑌𝑐ℎ,𝐹

𝑌𝑂,𝐹 − 𝑌𝑂.𝑐ℎ ∙ 𝑌𝑐ℎ,𝐹

𝑌𝐻,𝐹 − 𝑌𝐻.𝑐ℎ ∙ 𝑌𝑐ℎ,𝐹

0
2.18 ∙ 10−4

(∑ 𝑌𝑛,𝐹 − 𝑌𝑐ℎ,𝐹 ∙ ∑ 𝑌𝑛,𝑐ℎ𝑛𝑛 )𝐿𝐻𝑉𝑝,𝑔

𝑌𝐻2,𝐹 ]
 
 
 
 
 
 
 

        

n = C, H, O       (A1.4.1-15) 

With equation (A1.4.1-15) the yields of the seven species can be determined. Total amount of 

pyrolytic gas, 

𝑌𝐺  (wt.% daf) can be calculated according to  

𝑌𝐺 = 𝑌𝐶𝑥𝐻𝑦,𝐹 + 𝑌𝐶𝐻4,𝐹 + 𝑌𝐶𝑂,𝐹 + 𝑌𝐻2,𝐹    (A1.4.1-16) 

Bio-oil is defined as the sum of pyrolytic tar, water, and moisture content of input biomass. However, 

since the model needs the input of biomass on dry-ash free basis, the yield of liquid product (𝑌𝑙) is 

defined as  

𝑌𝑙 = 𝑌𝑡𝑎𝑟,𝐹 + 𝑌𝐻2𝑂,𝐹    (A1.4.1-17) 

Figure A5. Shows how the pyrolysis product yield model is used to determine the yields of the 

different pyrolysis species. The inputs are the pyrolysis temperature, C, H, O composition of parent 

fuel and biochar, biochar yield, ash- and moisture content of biomass. 

 

Figure A5. Schematically describes how the pyrolysis model by Neves et al., is utilized and adapted to determine pyrolysis 
products. 

Figure A6 shows the mass balance for the pyrolysis, with all input- and output mass flows. Here the 

smaller box “pyrolysis product yield model” is the adapted model by Neves et al., and the larger box 

“Pyrolysis” represents a mix of assumptions combined with research results from Phounglamcheik et 

al.  
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Figure A6. Pyrolysis mass balance for input bio-oil coated biomass. Ash, bio-oil, and water are by-passed from the pyrolysis 
product yield model since it requires the input of daf biomass.  

To clarify the numerous mass flows included in Figure A6, Table A1 has been made to briefly describe 

each individual mass flow and how it is calculated.  

Table A1. Describes the different mass flows for the pyrolysis of bio-oil coated biomass. 

Overview and description of all pyrolysis mass flows 

Mass flow Description Equation 

�̇�𝑵𝟐
 Nitrogen input for pyrolysis (A1.4.1-30) 

�̇�𝒄𝒃,𝒂𝒅 Bio-oil coated biomass after the dryer (A1.4.1-18) 

�̇�𝒃,𝒂𝒔𝒉 Biomass ash content (A1.4.1-19) 

�̇�𝒃,𝒎 Biomass moisture content (after dryer) (A1.4.1-20) 

�̇�𝒃𝒐,𝒄 Bio-oil input from coating process (A1.3.2) 

�̇�𝒃𝒐,𝒑 Non-solidified part of input bio-oil  (A1.4.1-26) 

�̇�𝒃𝒊𝒐,𝒄𝒉𝒂𝒓 Biochar yield from input bio-oil (A1.4.1-25) 

�̇�𝒃,𝒅𝒂𝒇 Dry ash-free part of input biomass (A1.2.3) 

�̇�𝒄𝒉𝒂𝒓,𝒃 Yield of biochar from daf part of 
biomass 

(A1.4.1-21) 

�̇�𝒑,𝒈 Yield of pyrolysis gases from daf 
biomass  
(p = CO, CO2, H2, CH4, CxHy) 

(A1.4.1-22) 

�̇�𝒕𝒂𝒓 Yield of tar from daf biomass (A1.4.1-23) 

�̇�𝑯𝟐𝑶 Yield of H2O from daf biomass (A1.4.1-24) 

�̇�𝒈𝒂𝒔,𝒕𝒐𝒕 Sum of total gas from pyrolysis (A1.4.1-31) 

�̇�𝒃,𝒃𝒐 Sum of tar and pyrolytic water from 
daf biomass and moisture in incoming 
biomass. 

(A1.4.1-27) 

�̇�𝒃𝒐,𝒕𝒐𝒕 Bio-oil yield from input biomass, sum 
of tar, pyrolytic water and biomass 
moisture. 

(A1.4.1-28) 

�̇�𝒄𝒉𝒂𝒓,𝒕𝒐𝒕 Sum of biochar and ash (A1.4.1-29) 
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The total mass flow of bio-oil coated biomass (�̇�𝑐𝑏,𝑎𝑑) can be calculated as the sum of bio-oil, and 

the biomass mass flow after the dryer with equation (A1.3.2), (A1.2.4). 

�̇�𝑐𝑏,𝑎𝑑 = �̇�𝑏𝑜,𝑐 + �̇�𝑏,𝑎𝑑     (A1.4.1-18) 

the mass flow of biomass ash is given by 

�̇�𝑏,𝑎𝑠ℎ = 𝐴𝐶𝑏,𝑎𝑟 ∙ �̇�𝑏,𝑎𝑟    (A1.4.1-19) 

where 𝐴𝐶𝑏,𝑎𝑟 is the ash content (wt.%) of as-received biomass. And �̇�𝑏,𝑎𝑟 is the input of as-received 

biomass. The mass flow of moisture after drying can be calculated with equation (A1.2.4) and the 

moisture content after the dryer (𝑀𝐶𝑏,𝑎𝑑) 

�̇�𝑏,𝑚 = �̇�𝑏,𝑎𝑑 ∙ 𝑀𝐶𝑏,𝑎𝑑    (A1.4.1-20) 

To calculate the mass flow of �̇�𝑏,𝑑𝑎𝑓, �̇�𝑡𝑎𝑟, �̇�𝐻2𝑂  and �̇�𝑝,𝑔, the system of linear equations (A1.4.1-

15) needs to be solved for the pyrolysis product yields.  

With the biochar yield (𝑌𝑐ℎ,𝐹), the mass flow of daf biochar on daf fuel basis can be calculated as 

�̇�𝑐ℎ𝑎𝑟,𝑏 = 𝑌𝑐ℎ,𝐹 ∙ �̇�𝑏,𝑑𝑎𝑓    (A1.4.1-21) 

Furthermore, the mass flow of the different gaseous species (excluding water) is then calculated as 

�̇�𝑝,𝑔 = 𝑌𝑝,𝐹 ∙ �̇�𝑏,𝑑𝑟𝑦       𝑝 = 𝐶𝑂, 𝐶𝑂2, 𝐻2, 𝐶𝐻4, 𝐶𝑥𝐻𝑦  (A1.4.1-22) 

The mass flow of pyrolytic tar and moisture is correspondingly calculated as  

�̇�𝑡𝑎𝑟 = 𝑌𝑡𝑎𝑟,𝐹 ∙ �̇�𝑏,𝑑𝑟𝑦      (A1.4.1-23) 

�̇�𝐻2𝑂 = 𝑌𝐻2𝑂,𝐹 ∙ �̇�𝑏,𝑑𝑟𝑦      (A1.4.1-24) 

Next, the bio-oil needs to be solved for.  Some of the bio-oil is converted into biochar, while some is 

re-converted into bio-oil after pyrolysis. The yield of biochar from the pyrolysis bio-oil is denoted by 

𝑌𝑐ℎ𝑎𝑟,𝑏𝑖𝑜, on mass basis of input bio oil (kg/kg). Mass flow of biochar from bio-oil, �̇�𝑏𝑖𝑜,𝑐ℎ𝑎𝑟, is then 

calculated as 

�̇�𝑏𝑖𝑜,𝑐ℎ𝑎𝑟 = 𝑌𝑐ℎ𝑎𝑟,𝑏𝑖𝑜 ∙ �̇�𝑏𝑖𝑜,𝑐    (A1.4.1-25) 

Accordingly, the mass flow of non-solidified bio-oil, �̇�𝑏𝑜,𝑝, can be calculated as 

�̇�𝑏𝑜,𝑝 = (1 − 𝑌𝑐ℎ𝑎𝑟,𝑏𝑖𝑜) ∙ �̇�𝑏𝑜,𝑐    (A1.4.1-26) 

The mass flow of bio-oil, �̇�𝑏,𝑏𝑜, from input biomass can now be calculated as the sum of pyrolytic tar, 

𝐻2𝑂 and biomass moisture with equation (A1.4.1-23), (A1.4.1-24) and (A1.4.1-20).  

�̇�𝑏,𝑏𝑜 = �̇�𝑡𝑎𝑟 + �̇�𝐻2𝑂 + �̇�𝑏,𝑚   (A1.4.1-27) 
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Bio-oil mass flow is divided into two separate flows since the recycled part of bio-oil originates from 

previously input biomass, and thus cannot be counted as a pyrolysis product from daf biomass. The 

total mass flow of bio-oil, �̇�𝑏𝑜,𝑡𝑜𝑡, can be calculated as  

�̇�𝑏𝑜,𝑡𝑜𝑡 = �̇�𝑏,𝑏𝑜 + �̇�𝑏𝑜,𝑝    (A1.4.1-28) 

The total mass flow of biochar is calculated with equation (A1.4.1-25), (A1.4.1-21) and (A1.4.1-19) 

�̇�𝑐ℎ𝑎𝑟,𝑡𝑜𝑡 = �̇�𝑏𝑖𝑜,𝑐ℎ𝑎𝑟 + �̇�𝑐ℎ𝑎𝑟,𝑏 + �̇�𝑏,𝑎𝑠ℎ   (A1.4.1-29) 

The mass flow of nitrogen depends on the type of reactor used and is required to keep the inert 

environment in the pyrolysis reactor, to approximate its mass flow, the following expression is 

developed 

�̇�𝑁2
= 휀 ∙ �̇�𝑏𝑐,𝑎𝑑    (A1.4.1-30) 

Where 휀 is the mass ratio of nitrogen input to biomass after coating, (kg/kg) and needs to be 

approximated.   

Total amount of pyrolysis gas can now be calculated with equation (A1.4.1-30) and (A1.4.1-22) as 

�̇�𝑔𝑎𝑠,𝑡𝑜𝑡 = �̇�𝑝,𝑔 + �̇�𝑁2
          𝑝 = 𝐶𝑂, 𝐶𝑂2, 𝐻2, 𝐶𝐻4, 𝐶𝑥𝐻𝑦   (A1.4.1-31) 

A1.4.2 Energy balance 

The energy balance of the pyrolysis process can be carried out once the mass flows are identified. 

The pyrolytic nitrogen is neglected in the energy balance, due to its minor relevance. The overall 

energy balance is illustrated in Figure A7, where enthalpy is used to include chemical energy and 

sensible- and latent heat. Input energy is the pyrolysis heat input, and chemical energy in bio-oil and 

biomass. Energy output is the enthalpy of pyrolytic gas, char and bio-oil as well as the pyrolysis heat 

loss. Peak temperature of pyrolysis, 𝑇𝑝 is set at 550°C.
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Figure A7. Energy balance of the pyrolysis process, with input- and output energy streams. Both chemical, latent, and 
sensible heat of pyrolysis products is considered. Relative size of energy flows is only illustrative.  

Conservation of energy gives the following energy balance for the pyrolysis. 

�̇�𝑖𝑛 = �̇�𝑜𝑢𝑡     (A1.4.2-1) 

Where inlet energy flow, �̇�𝑖𝑛 is the sum of chemical energy in the bio-oil and biomass together with 

the heat input required for pyrolysis, �̇�𝑝. No sensible heat is accounted for at the input since input 

temperature is used as reference temperature for calculation of output energy flow, �̇�𝑜𝑢𝑡. Inlet 

energy flow is defined as  

�̇�𝑖𝑛 = �̇�𝑏,𝑑𝑟𝑦 ∙ 𝐻𝐻𝑉𝑏.𝑑𝑟𝑦 + �̇�𝑏𝑖𝑜,𝑐 ∙ 𝐻𝐻𝑉𝑏𝑜 + �̇�𝑝  (A1.4.2-2) 

where, 𝐻𝐻𝑉𝑏.𝑑𝑟𝑦 is the higher heating value of the dry biomass, available from Phounglamcheik et 

al., and 𝐻𝐻𝑉𝑏𝑜 is the higher heating value of bio-oil, which must be calculated from the overall 

energy balance. The heat input requirement for pyrolysis is divided into heat for dry part of biomass 

and dry part of recycled bio-oil, �̇�𝑏𝑐,𝑑𝑟𝑦, and heat to the moisture in the bio-oil and biomass, �̇�𝑚. 

Furthermore, heat loss from input pyrolysis is included, �̇�𝑝,𝑙𝑜𝑠𝑠. The energy balance for the pyrolysis 

heat input is shown in Figure A8.  
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Figure A8. Energy balance of pyrolysis heat input. Heat requirement is split into heat to dry part of bio-oil and moisture, and 
heat to bio-oil moisture and biomass moisture. Relative size of energy streams is only illustrative.  

The required heat supply for pyrolysis is calculated as  

�̇�𝑝 = �̇�𝑏𝑐,𝑑𝑟𝑦 + �̇�𝑚,𝑖𝑛 + �̇�𝑝,𝑙𝑜𝑠𝑠   (A1.4.2-3) 

Where the heat loss is assumed, because it is difficult to calculate accurately. This is done by 

introducing a heat efficiency for the pyrolysis, 𝜂𝑝. Heat efficiency is assumed to be 90%. Heat losses is 

calculated as 

�̇�𝑝,𝑙𝑜𝑠𝑠 = (�̇�𝑏𝑐,𝑑𝑟𝑦 + �̇�𝑚)(1 − 𝜂𝑝)    (A1.4.2-4) 

Available literature regarding pyrolysis energy demand (Yang et al. 2013) provides necessary 

estimations of the heat requirement for pyrolysis of dry biomass at a specific temperature, given 

by 𝜑 (MJ/kg dry biomass). For slow pyrolysis at 550°C, 𝜑 is around 1.5 MJ/kg dry biomass.  

Accordingly, the heat required for the dry part of input biomass, �̇�𝑏,𝑑𝑟𝑦, can be calculated. 

�̇�𝑏,𝑑𝑟𝑦 = �̇�𝑏,𝑑𝑟𝑦 ∙ 𝜑    (A1.4.2-5) 

However, in order to account for the bio-oil that follows with the incoming biomass, it is assumed 

that the dry part of bio-oil (tar) requires the same heat input as the dry biomass and is thus 

superimposed with equation (A1.4.2-5) to give the heat input for dry bio-oil and biomass, �̇�𝑏𝑐,𝑑𝑟𝑦. 

 �̇�𝑏𝑐,𝑑𝑟𝑦 = (�̇�𝑏,𝑑𝑟𝑦 + �̇�𝑏𝑜,𝑐,𝑑𝑟𝑦) ∙ 𝜑    (A1.4.2-6) 

The dry part of recycled bio-oil, �̇�𝑏𝑜,𝑐,𝑑𝑟𝑦, can be calculated with the relative weight of tar in bio oil, 

and total bio-oil flow from daf biomass.  

�̇�𝑏𝑜,𝑐,𝑑𝑟𝑦 = (
�̇�𝑡𝑎𝑟

�̇�𝑏,𝑏𝑜
) ∙ �̇�𝑏𝑜,𝑐     (A1.4.2-7) 

The mass flow of moisture in the bio oil can subsequently be calculated by difference with equation 

(A1.4.2-7).  

Heat to the moisture in the bio-oil and biomass, �̇�𝑚,𝑖𝑛,  is calculated as the heat required to heat 

moisture to evaporation temperature (which is assumed to be 100 °C since pyrolysis is performed at 

ambient pressure), evaporate it, and then superheat formed steam.  
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�̇�𝑚,𝑖𝑛 = ((�̇�𝑏𝑜,𝑐 − �̇�𝑏𝑜,𝑐,𝑑𝑟𝑦) + �̇�𝑏,𝑚) ∙  (∫ 𝐶𝑝𝑚 ∙ 𝑑𝑇
100

𝑇𝑖𝑛
+ ∫ 𝐶𝑝𝑠𝑡𝑒𝑎𝑚 ∙ 𝑑𝑇

𝑇𝑝

100
+ 𝐿𝑣𝑎𝑝) (A1.4.2-8) 

Where 𝑇𝑖𝑛 is the inlet temperature (°C) of the pyrolysis input and  𝑇𝑝 is the peak pyrolysis 

temperature (°C). 𝐶𝑝𝑚  is the specific heat of water, 𝐶𝑝𝑠𝑡𝑒𝑎𝑚 is the specific heat of steam and 𝐿𝑣𝑎𝑝 is 

the latent heat of evaporation of water.  

Energy output from pyrolysis, �̇�𝑜𝑢𝑡, is the sum of chemical energy, latent- and sensible heat in the 

product gas (�̇�𝑝,𝑔), char (�̇�𝑐ℎ𝑎𝑟), bio-oil (�̇�𝑏𝑜) and the heat loss, �̇�𝑝,𝑙𝑜𝑠𝑠. 

�̇�𝑜𝑢𝑡 = �̇�𝑐ℎ𝑎𝑟 + �̇�𝑝,𝑔 + �̇�𝑏𝑜 + �̇�𝑝,𝑙𝑜𝑠𝑠   (A1.4.2-9) 

The output energy in the char can be calculated as 

�̇�𝑐ℎ𝑎𝑟 = �̇�𝑐ℎ𝑎𝑟,𝑡𝑜𝑡 (𝐻𝐻𝑉𝑐ℎ𝑎𝑟 + 𝐶𝑝𝑐ℎ𝑎𝑟 ∙ (𝑇𝑝 − 𝑇𝑖𝑛))  (A1.4.2-10) 

where 𝐻𝐻𝑉𝑐ℎ𝑎𝑟 is the higher heating value of biochar, available from Phounglamcheik et al., and  

𝐶𝑝𝑐ℎ𝑎𝑟 is the specific heat capacity of biochar. For the pyrolytic product gas, the output energy is 

given by  

�̇�𝑝,𝑔 = �̇�𝑝,𝑔 (𝐻𝐻𝑉𝑝,𝑔 + 𝐶𝑝𝑝,𝑔 ∙ (𝑇𝑝 − 𝑇𝑖𝑛))   (A1.4.2-11) 

where 𝐻𝐻𝑉𝑝,𝑔 is the higher heating value of pyrolytic product gas, which can easily be calculated 

from the 𝐿𝐻𝑉𝑝,𝑔, given by equation (A1.4.1-13). Furthermore, 𝐶𝑝𝑝,𝑔 is the specific heat capacity of 

pyrolytic product gas and can be estimated from its composition.  

Since bio-oil is a mix of tar and moisture, the energy output of bio-oil is the sum of chemical energy, 

latent- and sensible heat of dry bio oil and sensitive- and latent heat of moisture. Total mass flow of 

dry part of bio-oil, �̇�𝑏𝑜,𝑡𝑜𝑡,𝑑𝑟𝑦, can be calculated with total mass flow of bio-oil after pyrolysis, 

�̇�𝑏𝑜,𝑡𝑜𝑡, given by equation (A1.4.1-28). 

�̇�𝑏𝑜,𝑡𝑜𝑡,𝑑𝑟𝑦 = (1 − Φ) ∙ �̇�𝑏𝑜,𝑡𝑜𝑡   (A1.4.2-12) 

where Φ is the moisture content of the bio-oil and can be calculated as  

Φ =
(�̇�𝐻2𝑂+�̇�𝑏,𝑚)

(�̇�𝑏𝑜,𝑐−�̇�𝑏𝑜,𝑡𝑜𝑡)
    (A1.4.2-13) 

Furthermore, the output energy of bio-oil is given by the following equation 

�̇�𝑏𝑜 = �̇�𝑏𝑜,𝑡𝑜𝑡 ∙ 𝐻𝐻𝑉𝑏𝑜 + �̇�𝑏𝑜,𝑡𝑜𝑡,𝑑𝑟𝑦(𝐶𝑝𝑏𝑜 ∙ (𝑇𝑝 − 𝑇𝑖𝑛) + 𝐿𝑏𝑜,𝑑𝑟𝑦) + �̇�𝑚,𝑜𝑢𝑡  (A1.4.2-14) 

where 𝐶𝑝𝑏𝑜 is the specific heat of the dry bio-oil and 𝐿𝑏𝑜,𝑑𝑟𝑦 is the latent heat of evaporation of dry 

bio-oil. Specific heat and latent heat of bio-oil is very difficult to determine, since there are hundreds 

of chemical components in the bio-oil. However, literature data approximate the mean values for 

𝐶𝑝𝑏𝑜 and 𝐿𝑏𝑜,𝑑𝑟𝑦 to 2.5 kJ/kg∙K and 610 kJ/kg respectively (Goteti, 2010). Furthermore, since mean 

specific heat capacity is used for dry bio-oil, there is no distinction between the sensible heat of bio-

oil in vapor, or liquid state. This is because the different components in the bio-oil condenses at 

different temperatures.  
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The energy flow of moisture in outgoing bio-oil can be calculated using equation (A1.4.2-8), with the 

addition of the pyrolytic water from daf biomass. 

�̇�𝑚,𝑜𝑢𝑡 = ((�̇�𝑏𝑜,𝑐 − �̇�𝑏𝑜,𝑐,𝑑𝑟𝑦) + �̇�𝑏,𝑚 + �̇�𝐻2𝑂) ∙  (∫ 𝐶𝑝𝑚 ∙ 𝑑𝑇
100

𝑇𝑖𝑛
+ ∫ 𝐶𝑝𝑠𝑡𝑒𝑎𝑚 ∙ 𝑑𝑇

𝑇𝑝

100
+ 𝐿𝑣𝑎𝑝)    (A1.4.2-15) 

With the established relationships for the pyrolysis energy balance, the overall energy balance of 

input and output energy flows can be summarized using equations (A1.4.2-1), (A1.4.2-2) and (A1.4.2-

9). 

�̇�𝑏,𝑑𝑟𝑦 ∙ 𝐻𝐻𝑉𝑏.𝑑𝑟𝑦 + �̇�𝑏𝑖𝑜,𝑐 ∙ 𝐻𝐻𝑉𝑏𝑜 + �̇�𝑝 = �̇�𝑐ℎ𝑎𝑟 + �̇�𝑝,𝑔 + �̇�𝑏𝑜 + �̇�𝑝,𝑙𝑜𝑠𝑠  (A1.4.2-16) 

With the energy balance in equation (A1.4.2-16), and the energy output of bio-oil, equation (A1.4.2-

14), the higher heating value of bio-oil, 𝐻𝐻𝑉𝑏𝑜 can be approximated. 

𝐻𝐻𝑉𝑏𝑜 =
�̇�𝑏,𝑑𝑟𝑦∙𝐻𝐻𝑉𝑏.𝑑𝑟𝑦+�̇�𝑝−�̇�𝑐ℎ𝑎𝑟−�̇�𝑝,𝑔−�̇�𝑏𝑜,𝑡𝑜𝑡,𝑑𝑟𝑦∙(𝐶𝑝𝑏𝑜∙(𝑇𝑝−𝑇𝑖𝑛)+𝐿𝑏𝑜,𝑑𝑟𝑦)−�̇�𝑚,𝑜𝑢𝑡−�̇�𝑝,𝑙𝑜𝑠𝑠

(�̇�𝑏𝑜−�̇�𝑏𝑖𝑜,𝑐)
 (A1.4.2-17) 

A1.5 Combustion 
Pyrolysis gas and bio-oil is co-combusted to provide heat for the pyrolysis process. Specifically, drying 

and pyrolysis requires a lot of input energy and this section quantifies the heat obtainable from the 

combustion of pyrolysis gas. Stoichiometric combustion is used to calculate flue gas composition. 

Energy released is calculated as 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = (𝐻𝑐 ∙ 𝜂𝑐) ∙ (1 − 𝜂𝑐,𝑙𝑜𝑠𝑠)  (A1.5.1) 

Where 𝐻𝑐  is the chemical energy in the bio-oil or pyrolysis gas (LHV-basis) and 𝜂𝑐 is the combustion 

efficiency, and is commonly quite high and is set at 99%. 𝜂𝑐,𝑙𝑜𝑠𝑠 is the flue gas heat losses from the 

combustion chamber, and is assumed to be 10%. Efficiencies are assumed to be the same for both 

bio-oil combustion and pyrolysis gas combustion.  

A1.5.1 Pyrolysis gas  

Combustion of pyrolysis gases provides heat for the pyrolysis process. Assuming complete 

combustion with air, the equilibrium reaction is defined according to   

𝛼1CO + 𝛼2CO2 + 𝛼3H2 + 𝛼4CH4 + 𝛼5CxHy + 𝛾𝑝,𝑔 ∙ (𝑂2 + 3.76𝑁2) + 𝛿𝑁2 

                       ↔ 𝛽1𝐶𝑂2  + 𝛽2𝐻2𝑂 + 𝛽3𝑂2 + (𝛿 + 3.76𝛾𝑝,𝑔)𝑁2 (A1.5.2) 

Where (𝛼1 …𝛼6), (𝛽1 …𝛽3), 𝛿 is the gasflow (mol/s) for the reactants- and products species 

respectively. 𝛾𝑝,𝑔 is the air flow for combustion of the pyrolysis gases (mol/s). CxHy is assumed to 

have the composition of ethylene. 𝛼𝑖 for the reactant species (excluding air) can be calculated as.   

𝛼𝑖 =
𝑌𝛼𝑖,𝐹

𝑌𝐺
∙
�̇�𝑏,𝑑𝑎𝑓

𝑀𝛼𝑖

 , 𝛼𝑖 = 𝐶𝑂, 𝐶𝑂2, 𝐻2, 𝐶𝐻4, 𝐶2𝐻4   (A1.5.3) 

Where 
𝑌𝛼𝑖,𝐹

𝑌𝐺
 re-calculates the pyrolytic products to their relative mass fraction (wt.%). 𝑌𝐺  is calculated 

according to equation (A1.4.1-16), 𝑀𝛼𝑖
 is the molar mass of the individual species (kg/mol) and 

�̇�𝑏,𝑑𝑎𝑓 is the daf part of input biomass (kg/s). For stoichiometric combustion, oxygen is balanced. 

Therefore, there is no available oxygen in the products and 𝛽3 = 0.   
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Applying elemental balance for equation (A1.5.2) for C, H, O results in equation (A1.5.4)– (A1.5.6) 

respectively. 

𝛽1 = 𝛼1 + 𝛼2 + 𝛼4 + 2𝛼5    (A1.5.4) 

𝛽2 = (2𝛼3 + 4𝛼4 + 4𝛼5)/2    (A1.5.5) 

2𝛽1 + 𝛽2 + 2𝛽3 = 𝛼1 + 2𝛼2 + 2𝛾𝑝,𝑔   (A1.5.6) 

For stoichiometric combustion, equation (A1.5.6) can be applied to determine the minimum 

combustion air flow requirement, 𝛾𝑠𝑡𝑜𝑖𝑐ℎ,𝑝𝑔 (mol/s). 

𝛾𝑠𝑡𝑜𝑖𝑐,𝑝𝑔 = (2𝛽1 + 𝛽2 − 𝛼1 − 2𝛼2)/2   (A1.5.7) 

In real combustion, air supply is always over-stoichiometric to ensure complete combustion of input 

fuel. This is due to mixing issues, where not every oxygen atom can completely react with the fuel. 

Therefore, a fuel/air ratio (𝜆𝑝,𝑔) is introduced, which describes the relative excess of air. 

𝜆𝑝,𝑔 =
𝛾𝑝,𝑔

𝛾𝑠𝑡𝑜𝑖𝑐.𝑝,𝑔
     (A1.5.8) 

With a known 𝜆𝑝,𝑔, the gasflow of combustion products (𝐶𝑂2, 𝐻2𝑂,𝑂2, 𝑁2) can be determined. 𝜆𝑝,𝑔 

is set to 1.1. Flow of 𝐶𝑂2 and 𝐻2𝑂 is given by equation (A1.5.4), (A1.5.5). Since nitrogen is assumed 

not to react, according to equation (A1.5.2), its yield is defined once 𝜆𝑝,𝑔 is specified. Flow of Excess 

𝑂2 can be determined by calculating  𝛽3, this is done by combining equations (A1.5.6)– (A1.5.8).  

  𝛽3 = (𝛼1 + 2𝛼2 + 2𝛾𝑝,𝑔 − 2𝛽1 − 𝛽2)/2   (A1.5.9) 

The resulting mass flows of the individual species after combustion can readily be calculated once 

the molar flows have been calculated. The mass balance of the combustion is shown in Figure A9. 

Where �̇�𝑐,𝑔 is the total mass flow of combustion gas. 

 

Figure A9. Mass balance for combustion of pyrolysis gases with ambient air. 

The mass flow of ambient air can be calculated with the molar flow, equation (A1.5.7), molar mass 

and air/fuel ratio as 

�̇�𝑎𝑖𝑟 = 𝑀(𝑂2+3.76𝑁2) ∙ 𝛾𝑠𝑡𝑜𝑖𝑐,𝑝,𝑔 ∙ 𝜆𝑝,𝑔    (A1.5.10) 

Total gasflow can be calculated as sum of �̇�𝑎𝑖𝑟 and �̇�𝑔𝑎𝑠,𝑡𝑜𝑡 and as previously mentioned, the mass 

flow of the individual combustion species defined in equation (A1.5.2) can be calculated with the 

molar flow and molar mass. 
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A1.5.2 Bio-oil 

Combustion of bio-oil may be necessary if the energy content of the pyrolysis gas is insufficient. The 

bio-oil combustion process is described according to  

𝐶𝛼7
𝐻𝛼8

𝑂𝛼9
+ 𝛾𝑏𝑜(𝑂2 + 3.76𝑁2) ↔ 𝛽4𝐶𝑂2 + 𝛽5𝐻2𝑂 + 𝛽6𝑂2 + 𝛾𝑏𝑜 ∙ 3.76𝑁2 (A1.5.11) 

where the composition of bio-oil, 𝛼7 …𝛼9, is calculated with the moisture content in biomass, 

equation (A1.4.1-20), formed moisture during pyrolysis, equation (A1.4.1-24), C, H, O composition of 

tar from pyrolysis, equation (7.4.1.7)– (7.4.1.9), and mass flow of tar, equation (A1.4.1-23). 𝐶𝑂2 and 

𝐻2𝑂 product gas is given as, 𝛽4 = 𝛼7,  𝛽5 =
𝛼8

2
   

  

The stoichiometric air requirement for combustion of the bio-oil, 𝛾𝑠𝑡𝑜𝑖𝑐,𝑏𝑜, can be calculated with an 

oxygen elemental balance 

𝛾𝑠𝑡𝑜𝑖𝑐,𝑏𝑜 = (2𝛽4 + 𝛽5 − 𝛼9)/2   (A1.5.12) 

An air/fuel ratio is introduced for combustion of bio-oil, 𝜆𝑏𝑜. And is set at 1.3.  

𝜆𝑏𝑜 =
𝛾𝑏𝑜

𝛾𝑠𝑡𝑜𝑖𝑐,𝑏𝑜
     (A1.5.13) 

Excess oxygen in combustion gas, 𝛽6, can be calculated as 

𝛽6 = (2𝛾𝑏𝑜 + 𝛼9 − 2𝛽4 − 𝛽5)/2   (A1.5.14) 

A1.5.3 Flue gases 

Mean specific heat of flue gases is calculated with the CO2/H2O ratio and the temperature of flue 

gases. An iterative process is required to calculate flue gas temperature, since the specific heat of 

flue gas is dependent on the temperature. Temperature is guessed using a goal-seek function in 

excel, until the guess corresponds to the calculated temperature. Flue gas temperature is calculated 

using the enthalpy, with reference temperature 0°C. 

𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =
𝑒𝑛𝑡𝑎𝑙𝑝ℎ𝑦 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 (𝐿𝐻𝑉 𝑏𝑎𝑠𝑖𝑠)

𝑚𝑒𝑎𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 
   (A1.5.15) 

For case 1,2, and 6 where flue gases from Höganäs are used to provide heat for the biomass dryer, 

temperature of flue gases exiting the pyrolysis reactor is set to ~180°C. This is to ensure proper heat 

transfer from the flue gases. For case 3,4 and 5, where bio-oil combustion is used to fuel the biomass 

dryer, temperature of exiting flue gases from the biomass dryer is set at ~105°C. This is to avoid any 

condensation in the dryer.  

A1.6 Condenser 
The condenser is used to separate the gaseous pyrolysis products from the bio-oil. To quantify the 

cooling requirement, the pyrolysis energy balance can be used to calculate sensible, and latent heat 

of dry bio-oil, water in bio-oil and pyrolysis gas. Equation (A1.4.2-14) gives the condenser cooling 

requirement of dry bio-oil and included moisture, �̇�𝑏𝑜,𝑐𝑜𝑛𝑑, as 

�̇�𝑏𝑜,𝑐𝑜𝑛𝑑 = �̇�𝑏𝑜,𝑡𝑜𝑡,𝑑𝑟𝑦(𝐶𝑝𝑏𝑜 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑝) + 𝐿𝑏𝑜,𝑑𝑟𝑦) + �̇�𝑚,𝑜𝑢𝑡  (A1.6.1) 
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Where 𝑇𝑜𝑢𝑡 is assumed to be 80°C and equal to the inlet temperature of pyrolysis. And 𝑇𝑝 is the peak 

temperature of pyrolysis reactor. The moisture in the bio-oil, �̇�𝑚,𝑜𝑢𝑡, is calculated with equation 

(A1.4.2-15). The heat for cooling of pyrolysis gases can be calculated by rewriting equation (A1.4.2-

11) 

�̇�𝑝𝑔,𝑐𝑜𝑛𝑑 = �̇�𝑝,𝑔𝐶𝑝𝑝,𝑔 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑝)    (A1.6.2) 

With equation (A1.6.2) and (A1.6.1), the total condenser cooling requirement, �̇�𝑐𝑜𝑛𝑑, is calculated as 

�̇�𝑐𝑜𝑛𝑑 = �̇�𝑏𝑜,𝑐𝑜𝑛𝑑+�̇�𝑝𝑔,𝑐𝑜𝑛𝑑     (A1.6.3) 

The ideal mass flow of cooling water, �̇�𝑐𝑤, for the condenser can now be calculated as 

�̇�𝑐𝑤 =
�̇�𝑐𝑜𝑛𝑑

𝑇𝑐𝑤,𝑜𝑢𝑡−𝑇𝑐𝑤,𝑖𝑛
    (A1.6.4) 

where 𝑇𝑐𝑤,𝑖𝑛 and 𝑇𝑐𝑤,𝑜𝑢𝑡 is the inlet- and outlet temperature of cooling water, which can be 

controlled with the mass flow to have the appropriate temperatures for the district heating system. 

Inlet temperature is assumed to be 60°C and outlet temperature is assumed to be 110°C.  


