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Abstract 

This study is an analysis of the potential to have a slow pyrolysis power plant in Brista, Sweden. The 

study is investigating current technologies available and research and application of the pyrolysis 

products from the process. Pyrolysis has been known for over thousands of years. It has played an 

important part during the industrialization for producing coal in kilns. In recent years, the slow 

pyrolysis technology has started to become an area of interest because of the use and research 

surrounding the concept of biochar. 

Biochar is a term used to describe the char product of pyrolysis when biomass is used as a feedstock. 

The slow pyrolysis technology has a higher yield of char compared with other pyrolysis and 

carbonization methods. The biochar could be used as a soil enhancer to improve soil quality. 

Currently the biochar market is undeveloped and the concept is not well known in the general public. 

In Sweden there are no large scale slow pyrolysis processes for the production of biochar, in Europe 

there is some examples of slow pyrolysis power plant of various sizes. Slow pyrolysis has currently 

not been as profitable as traditional combustion of biomass. But it has the advantage to low grade 

feedstock sources and could become more profitable if the use and demand if biochar would increase. 

The profitability of establishing a slow pyrolysis plant is estimated by using the theoretical 

performance of such a plant. The slow pyrolysis processes used to create the model is based on the 

descriptions from the manufacturers Pyreg, Carbon Terra and BigChar. Data regarding the investment 

and operation cost of the plant is brought from manufacturers and other studies surrounding the slow 

pyrolysis concept. Different cost settings and fuel qualities for three different biomass types (Wood, 

forest residue and green garden waste) are applied to test the sensitivity of the process. 

The result of the study indicates the plants utilizing the green garden waste material will have the 

shortest payback period and return on investment. The green garden waste seem to be possible to use 

as a feedstock in a slow pyrolysis process to produce biochar of certifiable standard and large 

quantities are available in the area around Brista, but further research is needed. 

The larger reactor with a capacity of circa 3-5 MW had the highest return on investment and was not 

as sensitive to fluctuations of heat and biochar price as the smaller pyrolysis alternatives. The 

environmental benefit of establishing a slow pyrolysis power plant could not be determined. The char 

produced could work as a carbon sink if utilized as a soil enhancer. But the relatively small production 

capacity 0,5-5 MW makes the impact insignificant at a district level. But it could serve as a method to 

bring new research opportunities. New projects regarding biochar production in Sweden in under 

process and could bring new information that could improve the model of biochar production. 
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Introduction 

This master thesis is a part of the master program Sustainable Energy Engineering at KTH Royal 

Institute of Technology. 

This thesis work is done on behalf of Fortum Värme AB. The objective is to analyze the current state 

of technology regarding slow pyrolysis and evaluate the economic and environmental impact of a slow 

pyrolysis plant. Fortum is interested in implement a slow pyrolysis process in Brista to produce heat 

and biochar to sell. Fortum has a similar system for a cogeneration plant with integrated production of 

pyrolysis-oil by using fast pyrolysis, in Joensuu in Finland. 

Background 

 

Slow pyrolysis and the production of biochar is a growing market but is not a well-known technology 

compared to traditional combustion technology. A pyrolysis process will produce heat, charcoal, oil 

and gas. When biomass is used as feedstock the charcoal is referred as biochar. The slow pyrolysis 

process has a higher yield of biochar in comparison with fast pyrolysis (Yoder et al. 2011). The 

biochar has a potential to be used for soil improvement and act as a carbon sink. The oil and gas 

products from the pyrolysis process can be used for power and heat. The amount of biochar, oil, gas 

and heat are affected by the fuel-type and how the pyrolysis method is set up (Gómez et al. 2014). 

In 2015, the “Stockholm Biochar project” the project started. This is an award winning concept of 

producing biochar from park and green garden waste utilizing. The project was one of the winners of 

the innovation competition Major Challenge conducted by Bloomberg Philanthropies. The project will 

be span over three years and be conducted by Stockholm Vatten in cooperation with Fortum Heat 

(Östling n.d.). 
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Objectives and key questions 

The main objectives of this thesis are to gather information about the current research and 

development regarding slow pyrolysis of biofuel for the production of biochar. The study will analyze 

data available from studies done regarding the subject and information gathered from manufacturers of 

slow pyrolysis systems. This data will be used to create a model of a slow pyrolysis plant to make an 

estimation regarding the feasibility of utilizing this kind of process in Brista north of Stockholm. 

Part 1: Information and current market and technology 

A literature study regarding pyrolysis with a focus on slow pyrolysis, this part includes:  

• A review of slow pyrolysis 

• Analysis of product quality and mass/energy balance 

 Information about the use and market of Biochar 

 Information about available slow pyrolysis systems 

Part 2: Analysis of location, feedstock and establish a model of slow pyrolysis 

This part focuses on examining how a slow pyrolysis plant could be set up in Brista. The potential fuel 

available to be utilized is modeled by utilizing data from research papers and articles on similar 

feedstock, an estimation of how the park waste is created. The focus area is the potential yield of 

biochar and gas used as heat from a slow pyrolysis of the feedstock. Examples of plant set up and 

modeled, the model includes: 

• Description of location 

• Model of different feedstock quality 

• Model of revenue streams 

Part 3: Economic evaluation of power plant and analysis of results 

The last part is analyzing the economic performance of the plant and reviews the feasibility of a slow 

pyrolysis power plant following the given model. Description of a pilot plant based on the best-suited 

technology, the description shall include: 

• Operating procedure 

• Investment costs 

• Operation and maintenance cost 

• Yearly production 

• Payback time 

• Internal rate of return 

• Sensitivity analysis regarding costs and revenues  

• Potential carbon sequestration 
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Part 1 

Following part is a review and collection of relevant information regarding the field of slow pyrolysis 

and biochar. Information is collected from both research done regarding the subject and by contact 

with companies and institutions in the field. The information gathered in this section will form the 

base for further work analyzing the potential for establishing a slow pyrolysis power plant in Brista. 

Pyrolysis 

This section is a collection of the principle behind the pyrolysis process along with information 

regarding the historical use and current market development. 

What is pyrolysis? 

Pyrolysis is a method of splitting a substance to new compounds by using heat in a low oxygen 

environment. The word pyrolysis comes from combining the Greek words for fire and splitting. 

Pyrolysis is a thermal process mainly used for converting solid materials to gas, liquid and new solid 

formations. It is the first stage of the thermal breakdown processes before the gasification stage and 

the full combustion stage. The four stages of thermal breakdown can be seen in Figure 1. The fuel 

sources can often be varied and the resulting products is impacted by factors such as reaction time, 

temperature and reactor type (Kantarelis et al. 2012). 

 

 

Figure 1: Thermal process depending on amount of reacting oxygen in the process 

 

The pyrolysis process has been used over a long time, some of the first examples of industrial use is 

the char production by using kilns. The technology has historically been known since 8000 years ago, 

in Sweden it became an important way to produce charcoal to use in the steel industry (Gustafsson 

2013). 

Implementing pyrolysis in the current energy system seems to bring many positive effects. Today 

pyrolysis can be done at large scale operations using specialized reactors able to produce products of 

preferred composition. The pyrolysis process is in general flexible regarding the use of feedstock and 

has the ability to upgrade low caloric energy sources like wood or food waste that has a limited range 

of use to bio-oil and gas. This gives new options for producing renewable fuels and may decrease the 

need for fossil fuel. The slow pyrolysis process is of special interest because it seem to be able to have 

Torrefaction Pyrolysis Gasification Combustion
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a greater impact on decreasing the rate of climate change because the higher share of biochar can work 

as a carbon sink as well increase agricultural productivity of soils (Shabangu et al. 2014). 

The chemical reaction driving the pyrolysis process is endothermic but when utilizing the energy in 

the gas produced in the reaction the process can be self-sustaining after initial startup energy if right 

circumstances are created (Bajus 2010)(Gustafsson 2013). In addition to heat the pyrolysis process 

produces different components seen in Figure 2, the organic vapors and water can condensate to bio-

oils. 

 

Figure 2:Products from a pyrolysis process (Kantarelis et al. 2012) 

The setup and running conditions of the process in addition to the biofuel used will be the determine 

factor of how the compositions and share of products will be. Different pyrolysis methods have been 

developed to optimize the production of certain products depending on market demand and 

profitability (Rosas et al. 2015)(Gómez et al. 2014). 

Slow, intermediate and fast pyrolysis 

The pyrolysis method has an impact on the products from the process. The compositions and amount 

of each substrate will differ depending on how the process is set up. Some of the leading parameters 

determine the final product are particle size, temperature and residence time in the process. The 

pyrolysis process is often described as one of following categories slow, intermediate and fast 

depending on the heat transfer rate and resident time in the process (Bruun et al. 2012). 

Slow pyrolysis 

Slow pyrolysis is the method used when char is the primary product. The general method is running 

the process between 400 to 800 °C and has a heating rate under 10 °C per minute. The feedstock used 

in the process is of larger particle size, several methods can use large pieces of wood if the feeding 

system can handle it. To optimize the production of char vapor is kept in the process for a longer 

duration of time. These technologies have been known and used for a long time. The traditionally kilns 
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is still used today in some parts of the world to produce char for cocking. The simple kilns solutions 

do not collect bio-oils and product gasses which cause some negative environmental consequences. 

New industrial processes for slow pyrolysis is producing both char and can collect the other products 

or use them for heat and power production. The bio-oil can also contain valuable chemicals such as 

acetone, methanol and acetic acids (Pecha & Garcia-Perez 2015)(Brownsort 2009). 

A slow pyrolysis process can have several stages for separation of the products created in the process. 

In general, a slow pyrolysis process produces char and gas, some parts of the product gas can be 

condensed into liquid fractions. The amount is these product is affected by the type of feedstock and 

process set up. In Figure 3 a flow chart of a slow pyrolysis process can be seen. This example utilizes 

several separation techniques to collect various products. Depending on market demand for the various 

products the process should be developed to maximize profit for the situation (Fagernäs et al. 

2012)(Yoder et al. 2011). 

 

Figure 3: Example of a slow pyrolysis process (Fagernäs et al. 2012) 

 

Fast pyrolysis 

The fast pyrolysis process also called flash pyrolysis is for the primary production of bio-oil. The 

process had a fast developing period during the 1970s oil crisis because it gave the possibility to use a 

biomass feedstock to produce oils for transportation and other practices. The fast pyrolysis process 
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uses a small particle feedstock often less than 2 mm and have a higher heating rate and have shorter 

vapor residence time (Brownsort 2009)(Pecha & Garcia-Perez 2015). 

Intermediate pyrolysis 

Intermediate pyrolysis is similar to the fast pyrolysis process but has a bit longer residence time. The 

process is developed to use more hard-to-handle feedstock such as sewage sludge, grass or algae 

(Mahmood et al. 2013). 

Difference in product share and energy balance 

Depending on process and method the composition and distribution of the char, oil and gas 

components will be different. The different method of pyrolysis slow, intermediate and fast should be 

chosen depending on the wanted composition and share of products. Table 1 show general values of 

distribution between char, liquid and gas depending on chosen process (Kantarelis et al. 

2012)(Bridgwater 2007). When discussing with companies developing slow pyrolysis processes their 

product distribution is similar to Table 1, feedstock with a higher amount of lignin seem to increase 

the formation of char. 

Table 1:Share of products (Kantarelis et al. 2012)(Bridgwater 2007) 

Method Temp [°C] Vapors res time Char [wt %] Liquid [wt %] Gas [wt %] 

Slow 400 Hours-days 30-40 25-30 25-35 

Intermediate 500 5-30 s 25-30 40-50 25 

Fast 500 1-2s 12-20 60-75 13-20 

 

When applying slow pyrolysis on birch wood at small scale operation the final composition of 

products and the energy balance show a higher yield of charcoal (Fagernäs et al. 2014). Table 2 shows 

the mass and energy balance of a small scale testing plant using 6 kg of wood in a batch process.  

Table 2: Mass and energy balance of Dry Birch wt% (Fagernäs et al. 2014) 

Yield from pyrolysis of Birch Mass balance [wt%] Energy balance [% of total] 

Initial Feedstock, dry 100 100 

Products total 94 95 

Char 34 56 

Liquids/distillate 42 16 

Gases 18 23 

Energy for process/losses 6 5 
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A study analyzing slow pyrolysis of ripped vines (Vitis vinifera) from a winery industry running a 

pyrolysis process at 550 ° C. The study proved the process self-sustaining with an energy surplus of 

2,73 MJ per kg of feedstock (Rosas et al. 2015). The product share and product specific information 

can be seen in Table 3. The study was done using a mobile self-sustaining pyrolysis reactor using a 

continuous feeding system undergoing a patent process so detailed information is limited. 

Table 3: Energy and product distribution of slow pyrolysis process (Rosas et al. 2015) 

Products Yield 

[wt%] 

HHV 

[MJ/kg] 

Energy [MJ/kg 

feedstock] 

Exit temperature of 

products [⁰C] 

Heat losses [MJ/kg 

feedstock] 

Char 40 12,8 5,16 322  1,67 

Liquids 17 5,7 0,97 70 0,34 

Gas 43 10,6 4,55 338 3,4 

 

When comparing the data from the different studies and various process there spread might be greater 

than what has been indicated in Table 1. The share of char seems to be the most consistent of the co-

products when comparing the share of the different processes. The yields of char are similar when 

comparing Table 2 and Table 3, but the liquid and gas fraction is different. This indicates the process 

and feedstock have a great impact for the fraction of these products. 

Different production options and market applications 

The slow pyrolysis process can be conducted in various ways. The process can be separated in batch-, 

semi-batch-, and continuous processes. A batch process is used mainly for the production of char. This 

process is essentially running a similar process as a kiln, the feedstock is placed in a pyrolysis reactor 

and heat is added to start the process. When the process is over the products can be gathered. This 

method is mainly used for smaller scale application. The main benefit with this process is the ability to 

handle low quality and inhomogeneous feedstock (Gustafsson 2013). 

A semi-batch process is running the same process as a batch reactor but has several reactors connected 

with each other. The connection gives the option to use the surplus of heat from the process to start up 

the other batches. This causes the method to be more energy efficient and also have a higher 

production rate compared with a simple batch process. The semi-batch process needs a higher amount 

of maintenance work compared with a continuous process (Gustafsson 2013). 

A continuous process is running with a steady feeding system, this creates a system with no need for 

startup and cools down except for when in need of service. The systems available on the market is 

automated and have lower operating costs compared with batch processes. Many of the processes on 

the market are easily scalable and have the ability to produce heat and power in addition to char, oil 

and gas (Gustafsson 2013). 
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Different methods of conducting a slow pyrolysis process have been developed. Currently there are 

mainly smaller scale operations, but some larger industrial scale plants have been developed with a 

capacity up to one ton of feedstock per hour. The smaller pyrolysis reactors can often be arranged 

together in an interconnected system, this gives a scalable option to build a pyrolysis plant with larger 

capacity (Pecha & Garcia-Perez 2015). 

Emissions of slow pyrolysis  

Modern slow pyrolysis power plants produce small amounts of emissions, in a comparison between 

pyrolysing waste water sludge. A modern slow pyrolysis plant would meet the emission criteria for 

urban environment from Naturvårdsverket. The levels of carbon monoxide, nitrogen oxides, dust was 

in the sufficient range (Gustafsson 2013). From corresponding with Pyreg a manufacturer of a slow 

pyrolysis system some data regarding the exhaust gas from slow pyrolysis of wooden sieve leftovers 

the emission was way shared. The data indicates very low emissions, well below the maximum 

threshold of allowed levels. 

Benefits and strengths of pyrolysis 

Some of the key strength with a slow pyrolysis process is the potential to use hard-to-handle and low-

quality feedstock for energy production. The process available at the market can often be run at a high 

range of feedstock and some can handle moisture levels up to 50 percent. It can use low-quality 

feedstock for production of heat and power that in other cases would decompose and release 

greenhouse gases. Modern process is highly automated and self-sustaining this gives low operations 

cost and is easily scalable depending on energy need and availability of feedstock (Carbon Terra 

2015). 

The products (char, oil and gas) from the pyrolysis process can be used for energy production or be 

used for other purposes in areas like agriculture, development of pesticides or varies use in the 

production industry. There is also currently new concepts for utilizing slow pyrolysis products, 

especially the char (Fagernäs et al. 2014; Schmidt 2012). 

Weakness and limitations of the pyrolysis process 

The technology has been known for a long time, but the market and applications are still relatively 

undeveloped compared with regular combustion technologies. This causes some risks in regard to 

investment and revenue streams. Some of the key products from the pyrolysis process such as char 

still has a relatively undeveloped market. Bio-oil is a more valuable commodity, this might prove fast 

pyrolysis to be more competitive. But this is currently hard to determine and depends on many factors 

such as availability of feedstock and the quality of feedstock and products(Yoder et al. 2011). The 

potential of biochar has the possibility to create new revenue streams for the production plants. The 
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area is undergoing research and organizations and institutions see great potential for further 

development for slow pyrolysis and the biochar market (Pecha & Garcia-Perez 2015). 

Biomass 

Biomass is an organic biological material it is a complex fuel with varied uniformity and composition. 

The main components are cellulose, hemicellulose and lignin. The Kyoto protocol form 1998 has 

declared it’s necessary to increase the amount of renewable energy sources. The development of using 

biomass is seen to play an important part to replace fossil fuels. Biomass is easily stored compared to 

other intermittent renewable energy sources such as wind and solar. Biomass comes in different 

compositions and qualities, depending on purpose and method different; sources of biomass have their 

own advantages (Lestander 2012). 

Example of what different biomass composition 

The variation of cellulose, hemicellulose and lignin varies with the structure of the plant. Hardwood 

sources of biomass, in general, have a higher content of cellulose then twigs, bushes and grass. In 

Table 4 the content of lignin, cellulose and hemicellulose content in various biomass feedstock sources 

is compared. 

Table 4:Lignin, Cellulose and Hemicellulose content in various biomass (Jahirul et al. 2012) 

Feedstock Lignin [%] Cellulose [%] Hemicellulose [%] 

Wood 25–30 35–50 20–30 

Wheat straw 15–20 33–40 20–25 

Switch grass 5–20 30–50 10–40 

Sugarcane bagasse 23–32 19–24 32–48 

Miscanthus 17 24 44 

Corn stover 16–21 28 35 

Hazelnut shell 43 29 30 

Sunflower shell 17 48 35 

Nut Shell 30–40 25–30 25–30 

Paper 0–15 85–99 0 

Rice straw 18 32,1 24 

Stored refuse 20 60 20 

Leaves 0 15–20 80–85 

 

The heating value of solid biofuel ranges between types of feedstock, but usually the lower heating value 

(LHV) ranges 15-20 MJ/kg calculated on dry weight basis. In Table 5 the lower heating value is given 

for various types of biomass. Biomass sources from higher value sources such as hardwood and 
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softwood have a slightly higher heating value compared with traditional waste materials such as straw 

and other herbaceous biomass (Boundy et al. 2011). 

Table 5: Various heating values for biomass feedstock on dry weight basis(Boundy et al. 2011)(US Department of Energy 

2015) 

Feedstock LHV[ MJ/kg] 

Farmed trees 19,6 

Corn stover 16,4 

Forest residue 15,4 

Herbaceous biomass 17,2 

Sugar cane bagasse 15,1 

 

The effective heating value is dependent on the moister content of the biomass. In general, fresh 

sources of biomass needs to be dried before being used in a combustion or pyrolysis process. Fresh 

green biomass usually has a moisture content in the ranges of 50-60% (Lestander 2012). Figure 4 

show the impact different moisture levels have for wood. The lower heating value also known as “net 

calorific value” (Net CV) is following a linear digression with increasing moisture content. The energy 

density of wood is not impacted in the same range when analyzing energy per volume. The moisture 

levels play a key part when planning energy storage and the feeding system and reactors usually have 

some limitations regarding the moisture content of the feedstock. It’s important the moister level of the 

feedstock is in the right operation ranges for the combustion or pyrolysis reactor. Moisture levels 

outside the design condition of the system can cause problems with feeding, emissions and other 

operation parameters (Biomass Energy Centre 2011). 

 

Figure 4: Energy and moisture content I biofuels (Biomass Energy Centre 2011) 
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Residual biomass from forest industries such as GROT (branches and tree-tops) is frequently used in 

Swedish heat and power plants. The main challenges regarding the feedstock are the variation in 

moisture content and variating particle size that can cause irregularities during the combustion 

(Strömberg & Herstad Svärd 2012). 

Costs of biomass for heating 

Most of the biomass used in industrial-sized heat and power plants in Sweden comes from the forest 

industry. The cost of this kind of biomass can be seen in Figure 5. The price has increased since 1993 

and reached a peak in 2011. The market price in 2014 was around 21 euros per MWh for Wood chips 

and around 18 euros per MWh for forest residue. Wood chips is mainly chipped pieces of leftover 

wood, forest residue is made up of bark and sawdust (Energimyndigheten 2015). 

 

Figure 5: Price of biomass from forest industry(Energimyndigheten 2015) 

Biochar  

This section explains the concept and theory behind biochar. It contains both definition of the term 

biochar along with historical, current and coming areas of use.  

Terra Preta 

In parts of the Amazonas dark soil has been found. This soil is called Terra Preta which means dark 

earth. The dark soil can be found in areas used for agriculture and is believed to be a result of human 

inhabitation. The Terra Preta soil has been found to have greater conditions for growing plants and 

crops than other soil in the proximity. The reason behind this is believed to originate from the high 

amount of stable soil organic matter (SOM) and the nutrients found in the soil. A high amount of SOM 

improves the ability to hold moisture and prevent leaching. The soil is rich in nutrients such as 

phosphorus, nitrogen, potassium, magnesium and carbon. The pH is natural between 5,2-6,3. The soil 

also proves a good environment for microorganism, but this is still in need of more research 

(WinklerPrins 2014). 
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Usually the soil in the Amazonas becomes leached of nutrients because of the high amount of rainfall. 

The carbon structures in the Terra Preta soil is believed to be the main reason it’s still existing. 

Research have found the carbon probably comes from charcoal from fires with a cool and slow 

burning rate. This indicates the charcoal has been produced by fires used for agricultural reason and 

not natural forest fires. Because of the good growing conditions and other benefits and application 

there is and interest of producing charcoal of similar quality. The findings of this type of soil started 

the concept of biochar (WinklerPrins 2014). 

The definition of Biochar 

The International Biochar Initiative defines biochar as: “Biochar is a solid material obtained from 

the carbonization of biomass”. The difference between biochar and charcoal is that biochar is produced 

from a feedstock of certain quality to ensure it to be able to use it for soil improvement or other areas 

such as cattle feed. By that the carbonization process should be optimized for producing a char 

containing a good composition to filter and retain nutrients and moister in the soil and have low levels 

of toxins (International Biochar Initiative 2015a). 

Certification of Biochar 

Currently, there is a few exciting certifications for biochar, the European Biochar Foundation (EBC) 

has created one certification aimed at the European market. The reason behind the certification is to 

enable and guarantee sustainable biochar production. The certificate is voluntary but is a way for 

producers to prove their product is fulfilling high quality. The certificate is following latest research to 

ensure state of the art practice is followed (EBC 2012). 

The EBC defines biochar in following way: “Biochar is a heterogeneous substance rich in aromatic 

carbon and minerals. It is produced by pyrolysis of sustainably obtained biomass under controlled 

conditions with clean technology and is used for any purpose that does not involve its rapid 

mineralization to CO2 and may eventually become a soil amendment”. This means other carbonization 

processes such as torrefaction does not produce char able to be certified according to this standard. 

Gasification on the other hand, can if optimized for biochar production to be allegeable for the 

certification. The certification holds two standard basic and premium, depending on quality and 

ecological aspect. The standard quality can be used for soil improvement and the premium standard 

can be used as an additive in animal feed (EBC 2012). 

To achieve the certificate certain criteria most be reached regarding feedstock, production method, and 

properties of the biochar and the application of the biochar. The production criteria require the 

feedstock most be free from inorganic materials and records must be kept regarding the origin (EBC 

2012). 
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The certification also has rules regarding the composition of the biochar. The carbon content must be 

over 50 % of dry mass. The molar H/C-ratio must be less than 0,7 and the molar O/C-ratio must be 

less than 0,4. Polycyclic aromatic hydrocarbon (PAH) content must be under 12 mg/kg for basic grade 

and under 4 mg/kg for premium grade calculated in dry mass. Polychlorinated biphenyl (PCB) must be 

under 0,2 mg/kg and dioxins and furans must be under 20 ng/kg both calculated on dry mass. 

Maximum thresholds for heavy metals in the biochar calculated on grams per ton of dry mass can be 

seen in Table 6(EBC 2012). 

Table 6: Maximum thresholds of heavy metals of dry mass(EBC 2012) 

Element Pb [g/t] Cd [g/t] Cu [g/t] Ni [g/t] Hg [g/t] Zn [g/t] Cr [g/t] 

Basic 150  1,5  100   50 1  400  90  

Premium 120  1  100  30  1  400  80  

 

More detailed information about the certification and what it entails can be seen in “Guidelines for at 

sustainable production of biochar” from European Biochar Certification (EBC 2012). 

Composition of Biochar 

One other area of use for char from a pyrolysis process is barbecue charcoal, some key requirements 

for the charcoal is to contain a minimum amount of 75% fixed carbon. The ash content should not 

exceed 8% of dry mass and the moister content should be below 8% of mass (Fagernäs et al. 2012). 

The envelope density of biochar is effected by the reaction temperature and is higher when wood 

sources are used as feedstock compared with grass sources. The density ranges between 0,25-0,60 

gram per square centimeter (Brewer et al. 2014). 

Studies have been conducted to analyze how different slow pyrolysis process and feedstock effect the 

quality of the biochar/char and it found the majority of heavy metal content in the feedstock will be set 

in the char (EBC 2012). 

A study analyzing slow pyrolysis using silver birch as feedstock in a small scale batch process got 

following characteristics of the char measured in dry matter (DM) can be seen in Table 7. The study 

compared four different test runs, A1, A2 and B use same kind of batch process. They have some 

difference in feedstock A1 and B use unbarked silver birch A1 has a particle size of 5-10 cm and B has 

30 cm both with a moister content around 14,5 %. A2 uses bark free heartwood of silver birch with a 

particle size of 15 cm and moister content of 14 %. Test run C uses unbarked silver birch with a 

particle size of 5 cm and moister content of 7,5 %. The test runs took 24 hours separated in an eight-

hour heating process, an eight-hour carbonization process and an eight-hour cooling process. Except 

for test run C that had a carbonization time of 2,5 hours The carbon content fulfill the requirements for 

certified biochar in all cases (Fagernäs et al. 2012). 
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Table 7: Characteristics in char from slow pyrolysis of silver birch (Fagernäs et al. 2012) 

 A1 A2 B C 

Moisture content [wt%] 1,3 4,9 2,8 0,9 

Ash content [wt% DM] 0,8 1,4 1,2 0,9 

Volatile matter [wt% DM] 19,6 19,9 18,4 17,1 

Fixed carbon [wt% DM] 79,6 78,7 80,6 81,9 

Heating value, calorimetric [ MJ/kg] 33,2 33,4 33,8 33,4 

Heating value effective [MJ/kg] 32,5 32,6 33,1 32,3 

Carbon [wt% DM] 87,1 86,4 87,2 88,0 

Hydrogen [wt% DM] 3,3 3,3 3,3 2,9 

Nitrogen [wt% DM] 0,3 0,1 0,2 0,2 

Sulfur [wt% DM] 0,02 0,01 0,02 0,02 

Oxygen [wt% DM] 9 9 8 8 

 

The temperature of the pyrolysis process will result in different char-composition. A study analyzed 

char made out of four different biomass feedstock using slow pyrolysis under varied temperature, the 

result is seen in Table 8. The different kinds of biomass chars analyzed where: Almond shell char 

(ASC), Olive stone char (OSC), Olive-tree pruning char (OPC) and Pinewood char (PWC)(Gómez et 

al. 2014). 
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Table 8:  Characteristics in char from slow pyrolysis of biomass (Gómez et al. 2014) 

  ASC OSC OPC PWC 

CHAR T [°C] 350 450 550 350 450 550 350 450 550 350 450 550 

MOISTURE [%] 3,7 3,97 3,86 3,29 2,85 3,34 4,21 3,94 3,7 3,88 3,58 4,27 

VOLATILE 

MATTER [%] 

31,9 14,4 8,9 17,1 11,7 6,4 29,8 19,2 13,7 30,2 19,1 13,2 

ASH [%] 2,21 2,19 3,12 1,55 1,64 1,91 8,22 8,9 7,71 1,36 1,7 2,48 

FIXED CARBON 

[%] 

66,0 83,4 88,0 81,4 86,7 91,7 62,0 71,9 78,6 68,5 79,2 84,4 

C [WT% DAF] 76,4 86,6 90,4 84,3 87,9 90,8 73,9 82,9 86,3 79,5 85,2 88,4 

H [WT% DAF] 3,91 2,84 2,05 3,11 2,55 1,64 4,02 2,67 2,28 3,63 2,78 2,52 

N [WT% DAF] 0,29 0,38 0,42 0,31 0,35 0,37 1,14 1,21 1,04 0,34 0,37 0,43 

S [WT% DAF] 0,05 0,05 0,05 0,05 0,05 0,05 0,06 0,06 0,06 0,05 0,05 0,08 

O [WT% DAF] 19,3 10,1 7,1 12,2 9,1 7,1 20,9 13,2 10,3 16,5 11,6 8,6 

LHV [MJ/KG] 27,7 30,0 31,7 30,6 31,9 32,1 24,8 27,2 28,8 30,3 30,6 31,2 

 

The higher temperature seems to produce a char with a lower amount of volatile matter and a higher 

share of carbon. The results form analyzing the products indicates that the higher temperature char 

have the potential to be used for biochar, but Gómez et al declares more analyzes would be needed 

(Gómez et al. 2014). 

When comparing the heating values of the different types of char from different studies, it is evident it 

can have fluctuations depending on moister content and ash content. A given guideline is that the 

biochar has a heating value varying between 15 to 30 MJ/kg depending on feedstock (Pecha & Garcia-

Perez 2015). This seems true when comparing with the results from the tables earlier. The char 

produced from Vines and other soft wood sources have a lower heating value compared with hard 

wood sources. 

Biochar as a carbon sink 

Biochar is containing a high amount of carbon in a stable form. The findings of the Terra Preta soil 

indicates the carbon can be contained in the soil. This will act as a carbon sink and cause a negative 

net value of carbon in the atmosphere. When fully combusting the biomass it can only be classified as 

a carbon neutral process. Studies have found producing biochar from slow pyrolysis would have 33% 

higher efficiency for carbon abatement if used as soil enhancer even if it would not cause any benefits 

regarding soil enhancement (Hammond et al. 2011).  
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According to the international biochar initiative, the production and use of biochar may have an effect 

of reducing the amount of carbon dioxide released from the energy and agricultural sector. A model of 

how slow pyrolysis and the use of biochar can offset carbon in the atmosphere states it could provide 

an offset between 0,75 to 2,5 gigatons of carbon every year. This number takes into account that the 

slow pyrolysis process would run instead of a fossil fueled energy production process and that carbon 

capture storage (CCS) would be implemented. In the more optimistic case, the biochar would cause a 

lower demand of fertilizer and increase the productivity of the agricultural soil. (International Biochar 

Initiative 2015b) The potential of utilizing biochar in the purpose to act as a carbon sink is debated. 

The energy in the char could have been utilized for energy production if used in a combustion process. 

This could lead to the energy being compensated by a fossil energy source. The net carbon 

sequestration could be hard to determine is such case (Levitan 2010)(Shackley et al. 2009). 

Biochar as a soil enhancer 

The composition of biochar creates positive attributes to use it as a soil enhancer. The structure binds 

both moister and minerals. This can improve soil quality for soils with a low organic content. Soil with 

an organic matter content greater than 6% is carbon rich and would not have significant benefits from 

additional biochar for improving (Pensulo 2011). In Figure 6, areas in Sweden that could benefit from 

applying biochar are marked. 

 

Figure 6: Areas with potential benefit of biochar application (Pensulo 2011) 

The areas in need of a soil enhancer such as biochar are exceeding the current area of arable land. This 

indicates the application of biochar could improve the agronomic potential of current degraded soils 

and increase the total area available for agricultural use (Pensulo 2011). But the soil in Northern 
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European areas have not seemed to have as great benefit as sand soils in the tropics (Nelissen et al. 

2015). 

Biochar has also proved to decrease the amount of heavy-metal uptake from agricultural plants. This 

creates possible benefits to applying biochar in soils with high heavy metal content (Al-Wabel et al. 

2014). Additional studies has also indicated that biochar have good potential to reduce the availability 

for both organic and inorganic contaminants (Beesley et al. 2010). This could be proved useful for 

applying in parks of Stockholm City. Analyzes have shown higher heavy metal content in the 

municipalities of Stockholm (Linde et al. 2000). 

Current and developing areas of applications 

The market for biochar is under development and new areas of use are under investigation and testing. 

Some areas of application other than as a soil enhancer is: biogas production, treatment of waste water, 

treatment of drinking water, additive in animal feed, uses in the building sector and areas of use for 

food production (Schmidt 2012). One negative aspect is the low density of the biochar. This causes it 

to be ineffective to transport compared with gas or oil when used for heating purposes. But it is more 

efficient to transport compared to fresh biomass (Pecha & Garcia-Perez 2015). 
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Bio-oil 

Bio-oil is a broad term that includes the de-polymerization and fragmentation of the biomass. It mainly 

comes mainly from the breaking of cellulose but also from hemicellulose and lignin. It’s a multi-

component mixture and can be classified in following groups: hydroxyl aldehydes, hydroxyl ketones, 

sugars and dehydrosugars, carboxylic acids, and phenolic compounds. The liquid products is affected 

by temperature and resident time of the reactions. In Table 9 the effect of temperature and formation 

of chemical compounds is shown. The higher temperature ranges produce polycyclic aromatic 

hydrocarbons (PAH), such compounds can be toxic and carcinogen. The composition of the product 

has a great impact for further uses and refining options (Kantarelis et al. 2012). 

Table 9: Temperature for chemical formation of compounds (Kantarelis et al. 2012) 

Mixed 

Oxygenates 

Phenolic 

Ethers 

Alkyl 

Ethers 

Hetrocyclic 

Ethers 

PAH Larger 

PAH 

400°𝑪 500°𝑪 600 °𝑪 700 °𝑪 800 °𝑪 900 °𝑪 

 

The bio-oil has a distinct smell and can cause irritation for the eyes during a long exposure. In Table 

10 some general values from wood derived bio-oil is presented. The heating value is about 40% of oil 

based fuel such as diesel oil. The bio-oil can often be used for combustion in a boiler, furnaces and 

turbines if the quality is according to running conditions. The water content usually ranges between 

12-40%, much depending on the moister content of the initial feedstock used in the pyrolysis process. 

A water content around 35-40% and above may cause instability and phase separation in the 

fuel(Bridgwater 2007). 

Table 10:Typical values of wood derived bio-oil (Bridgwater 2007)(Kantarelis et al. 2012) 

Moisture content [wt %] 20-30 

pH 2,5 

Specific gravity 1,20 

C [wt %] 56 

H [wt %] 6,5 

O [wt %] 37,5 

N [wt %] 0,1 

Ash [wt %] 0 

LHV [MJ/kg] 13-18  

 

In test runs of analyzing products from different slow pyrolysis processes by Fortum, the following 

data presented in  
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Table 11 can be seen regarding the settled tars. The oil also called tar in this report was collected from 

the bottom of the retorts used in the test runs, the tar settled in the bottom of the retorts because of a 

phase shift in the liquid product derived from the slow pyrolysis process. It can be concluded that the 

settled tars is containing PAH and need to be treated or perhaps burned as a fuel (Fagernäs et al. 

2012). When comparing Table 10 and  

Table 11 the data is quite similar this indicates reliable expectations of possible liquid products form a 

pyrolysis process if a similar feedstock is used. 

Table 11:Bio-oil content from laboratory test runs (Fagernäs et al. 2012) 

Test run A/2 B C 

Water content[wt %] 26,4 14,4 13,2 

Solids content 0,1 0,8 0,08 

C [wt %] 49,8 54,9 49,5 

H [wt %] 8,3 7,3 6,4 

N [wt %] 0,1 0,3 0,2 

S [wt %] 0,01 0,01 <0,01 

O [wt %] 42 38 44 

LHV [MJ/kg] 20,1 24,4 20,8 

Viscosity - 33 52 

 

The aqueous phase of the liquid could have the potential to be used as an organic pesticide. The acidic 

content indicates good potential for these applications. But this would require further treatment to 

ensure the tar is separated to limit the amount of PAH (Fagernäs et al. 2012). 

Applications for bio-oil 

Bio-oil is produced from renewable sources and is classified as a renewable fuel source, this makes it 

carbon neutral. It may prove of significant importance to limit the use of fossil fuel and become more 

cost competitive with an increasing price of oil. Liquid fuel is in general easier to handle and use than 

solid fuel and bio-oil does in general have 6 to 7 times higher energy density compared with solid 

wood. This makes it easier and more cost effective to transport and use(Kantarelis et al. 2012). 

Bio-oil in heat and power production 

Bio-oil has proved to be a more cost-effective fuel compared with biomass when converting existing 

oil fired plants. Bio-oil can also be used in co-firing in both coal and natural gas-fired power plants. 

The biomass to fuel energy efficiency has been 85% in the coal firing example and 70% in the natural 

gas example(Kantarelis et al. 2012).  
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Biogas 

The gas fraction produced from the oxygen-deprived pyrolysis process is a mixture of various gases. 

The gas is consisting of carbon monoxide, carbon dioxide, hydrogen gas, methane gas, and other 

hydrocarbons of low molecular weight. A typical breakdown of the gas product from pyrolysis of 

biomass is 9-55% of carbon dioxide, 16-51% of carbon monoxide, 2-43% of hydrogen, 4-11% of 

methane. The gas can be used for synthesizing new chemical such as ammonia or methanol(Brownsort 

2009). 

A study analyzing the products gases from a slow pyrolysis process at a laboratory scale got following 

gas properties seen in Table 12. The feedstock used in the process was Beech woodchips, and the 

temperature of the reaction was 450°C. The quality of the biogas is deemed to be used for power 

production in a gas turbine or an internal combustion engine (D’Alessandro et al. 2013). 

Table 12: Gas composition from slow pyrolysis of Beech wood chips (D’Alessandro et al. 2013) 

Methane [vol %] 9,95 

Hydrogen[vol %] 2,21 

Carbon monoxide [vol %] 41,23 

Carbon dioxide [vol %] 40,60 

Nitrogen [vol %] 6,01 

LHV [MJ/kg] 6,17  

 

Another study analyzing how the pyrolysis gas of Beech wood was affected by the temperature and 

residence time. Beech wood sawdust was used as a feedstock and in Table 13 the changes in 

composition can be seen (Bajus 2010). The final product at 450⁰C is similar in composition as the 

result presented in Table 12. 
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Table 13:Gas composition  from different stages of slow pyrolysis of Beech wood saw dust (Bajus 2010) 

Temp [⁰C[ 350 400 450 450 Average 

composition Time [minutes] 17 28 37 95 

Carbon dioxide [wt.%] 54,9 52,8 50 42,2 51,5 

Carbon monoxide [wt.%] 34,9 34,7 35,6 34,4 34,9 

Methane [wt.%] 5 6,2 8,2 10,2 7,4 

Hydrogen [wt.%] - - 0,2 0,4 0,2 

Other [wt.%] 5,2 6,3 6 12,8 6 

 

When comparing the biogas from small scale and prototype slow pyrolysis set ups with the theoretical 

composition of product gas it evident these mixtures will have lower heating value because of the 

higher content of carbon monoxide. A higher content of carbon dioxide is connected to high oxygen 

content in the fuel or oxygen entering the reactor during the process (Jahirul et al. 2012).  

Examples of economic evaluations 

The cost competitiveness of pyrolysis power plants and biochar production is impacted by the various 

stages starting with pricing and availability of feedstock to the technology used for the production. In 

Table 14 some approximate cost of the different stages is given. The values indicate uncertainties and 

the main cost is connected to the type of feedstock and the type of power plant (Shackley et al. 2011). 

When contacting manufacturers of pyrolysis plants they often refer their method to have a short 

internal rate of return, but models and economical reviews of their system is quite limited. 

Table 14: Cost of slow pyrolysis and biochar applications (Shackley et al. 2011) 

Stage in pyrolysis system Cost of biochar [€/ ton] 

Virgin Feedstock 76-347 

Non-virgin Feedstock 0 

Transport of feedstock 11-62 

Capital cost of power plant 63-141 

Operational costs 13-167 

Storage of biochar 10-21 

Transport of biochar 0-27 

Application of biochar to soil 7 

 

A study analyzing the application and market for biochar made a model for cost and revenues for slow 

pyrolysis at a smaller scale. The models were made for the Carbon Terra process and for Pyreg. A 
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scalable model for comparing the alternatives used cost per installed kilowatt hour of feedstock can be 

seen in Table 15. The fuel used for this model is rest materials from forest industry referred to as 

GROT (Gustafsson 2013). 

Table 15: Cost model of slow pyrolysis plants(Gustafsson 2013) 

Costs Pyreg [€/kWh] Carbon Terra [€/kWh] 

Investment cost 0,014  0,005  

Maintenance cost 0,0047  0,0024  

Cost of feedstock 0,027  0,027  

Personal cost 0,008  0,004  

 

The end result of the study concludes the pyrolysis process might not be as profitable compared with 

traditional combustions processes such as of pellet or wood chips. It would give a profit but not as 

high as a traditional process. But if the system takes advantage of the potential to use waste materials 

not suited for combustion it may prove to be a viable option (Gustafsson 2013). 

The depreciation of a traditional biomass combustion plant is set to 15 years for the whole system 

including buildings, boiler and district network (Otepka 2013). A slow pyrolysis system is a new 

technology compared with regular biomass combustion. This suggests the depreciation time should be 

shorter. A depreciation time of 7-10 years is suggested for such system (Gustafsson 2013). 

Current available slow pyrolysis system for industrial use 
Following part is reviewing various technologies and producer of slow pyrolysis systems available at 

the market. 

BiGchar 

An Australian company specialized in manufacturing thermal treatment systems for production of 

biochar. The reactor is a vertical multi-rotary hearth, the specific name is Herreshoff hearth. During 

the process, the biomass travels through the different sections of the rotary hearth. The volatile matter 

released from the process is partially combusted to provide required heat for maintaining the reaction. 

The system is designed to produce heat, char and gas, usually the produced gas is burned instantly to 

be utilized for heat and power production (BiGchar 2015). 

The investment cost is stated to be low compared to other market alternatives. The design allows fast 

troubleshooting and the majority of essential parts can be changed in under six hours. During 

operation, the plant draws 5-15 kW of electricity. They suggest placing the pyrolysis plant in 

connection to other commercial activities to optimize labor time. The company states a reliable supply 

of biomass feedstock in the ranges of at least 400 tons per year is needed and the plant needs 100 m2 
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of space minimum (BiGchar 2015). In Table 16 the available pyrolysis reactors from BiGchar is listed. 

The investment cost for the BiGchar 2200 unit is 500 kUS dollar approximately 450 kEuros (Pacific 

Biochar 2015). 

Table 16: Pyrolysis reactors from BiGchar 

 

The system is designed to run with a feedstock containing 15-20% moisture. The maximum amount of 

inorganics is 50%, but the minimum LHV of the feedstock is 13 MJ/kg. Lower quality biomass could 

be used if the plant is preheated or pre-drying is implemented so the entering feedstock fulfills the 

minimum energy content. The mechanical moving bed can handle a range of material types and sizes. 

It can handle feedstock that in other traditional combustion technologies would be corrosive or 

slagging. The recommendation is to use well-sorted biomass, in general the process will release low 

levels of emission and additional controls are not required, but exact requirements can only be 

determined for the given case (BiGchar 2015). 

The general breakdown of a biomass feedstock is 20-30% Char and 70-80% gases. The energy balance 

of the reaction is as follows: On 100 units of energy 30-40 % remains in the char, 55-67% heat energy 

in from of combusted flue gas with a temperature in the ranges of 650-900 °C and 3-10% of thermal 

losses (BiGchar 2015). 

Biomacon 

The company was started 2003 and is located in Rehburg, Germany. The pyrolysis unit is a screw feed 

system available in different sizes. The system is utilizing electricity for ignition of the process. When 

the process is running no additional energy is needed (BIOMACON 2015). The different sizes of the 

reactors can be seen in Table 17, when corresponding with Biomacon system could be scaled bigger to 

fit the specific requirements. It is possible for pyrolysis system to be integrated a Co-firing system 

with already existing steam boilers. Other information regarding the demands for the feedstock is 

inorganic content under 20% and the reactor can handle moisture levels up to 50% (BIOMACON 

2015). 

Reactor type BiGchar 1200 BiGchar 1800+ BiGchar 2200 

Biomass processing capacity [kg/h] 250 635 1 000 

Thermal output [kW] 750 1 900 3 000 

Equivalent LPG usage [kg/h] 56 142 225 

Max usable heat when exchanged water [kW] 630 1 600 2 550 

Drying capacity at 4,2 MJ/kg of water removed 640 1 630 2 570 

Weight of equipment [t] 2  7  8, 35 

Nominal footprint [m] 6 x 2,3  9 x 2,7  9 x 2,7  



28 
 

Table 17: Standard models for Biomacon pyrolysis units(BIOMACON 2015) 

Model size Surface [mm] Biochar [kg/h] Thermal output [kW] 

S 1000x2000 6,2  25-40  

M 1000x2500 9,7  35-63 

L 1250x2500 13,8  50-100 

XL 1250x3000 24,1  80-160  

XXL 1450X3000 34,2  125-250  

N x XL Designed for given conditions 

 

Exhaust gases are re-circulated combined with a low-NOx burner with electronic control causes 

extremely low amounts of NOx. The overall emissions from the process is low because of the long 

residence time in the afterburning chamber for the gases. When running on high-quality raw material 

the cleaning interval of the process can be up to 200 hours (BIOMACON 2015). 

Carbon-Terra 

Carbon-Terra is a slow pyrolysis plant developer located in Augsburg, Germany. The pyrolysis 

process is called Schottdorf-Meiler and produces char, heat and gas. The general system set up 

includes a pyrolysis reactor, a gas burner, a steam turbine and a power generator. The process is sold 

in modules containing 4, 8 or 16 kilns and a down fire combustion chamber. This gives scalable 

options able to provide systems for small applications or large industrial systems (Carbon Terra 2015). 

The process is continuous and auto thermal. The glowing zone reaches a temperature of 700 °C and 

the hot gases moves up and creates a distillation zone. The flue gas is rising through the reactor the 

biomass will work as a filter and clean the gases. The plant can be operating during long periods of 

time. It does in general needs to be shut down 2-4 times per year. And the restarting of the process 

needs between 6-9 days including cool down and maintains work (Gustafsson 2013). 

The system can handle a wide range of feedstock, the restrictions regarding feedstock are as follow: 

The moister content of the biomass cannot be higher than 40%, the heat produced from the process 

could be used to dry the feedstock if the moister content is greater (Carbon Terra 2015). 

The char is produced in the glowing-zone in the bottom of the reactor, the char contains around 70% 

of the energy content from the supplied feedstock. The char is containing around 20% water as a final 

product. If pure biomass is used it can produce biochar with application such as soil improvement or 

additive feed for animals. The system fulfills the criteria set by the European Biochar Certificate. 

Carbon terra is selling biochar at a bulk price of 900 € for 1400 L (approximately 500 kg), this gives a 

price of 1800 euro per ton (Carbon Terra 2015). 
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The capacity and energy production per Schottdorf-Meiler unit can be seen in Table 18. The char yield 

is around 50% of feedstock calculated on a dry basis. One module exciting of four reactors can 

produce up to 1,2 MW electricity using a steam cycle when using sufficient feedstock (Carbon Terra 

2015). The efficiency of the system is estimated to be 90-95%. The cost of a carbon terra power plant 

is around 388 k€ and an additional 58 k€ is needed for feeding system and feedstock storage 

(Gustafsson 2013). 

Table 18:Input/Output per Schottdorf-Meiler reactor using biomass with 33% moister content(Carbon Terra 2015) 

Capacity [MW] 1 000 

Input Biomass [tons / day] 6,0  

Output biochar [tons / day] 2,0  

Output biochar  [kW] 700  

Output gas  [kW] 300  

 

Peak Eco Energy 

Peak Eco is a company focusing on developing and manufacturing their own T.A.G technology. They 

have developed a compact slow pyrolysis system aimed for producing char, oil, gas, heat and 

electricity. The system is able to handle various kind of feedstock some mentioned are wood pellet, 

waste from forestry or agriculture, waste from food production, wastewater sludge, industrial and 

chemical waste. Currently they are developing a full-scale power plant in Lidköping planned to be 

running during 2015. There is currently limited information available regarding the process (Peak eco 

energy 2014). 

The TAG system is a compact and continuous slow pyrolysis power plant, the feedstock most at least 

have an energy content of 10 MJ/kg and a water content below 20%. The feedstock needs to be 

shredded to pieces smaller than 30 millimeters. The is some preliminary data of the setup of a power 

plant, the dimension of the plant is 12,2x10x2,7 meters and approximately weights 20 tons. The unit 

can handle up to 1 ton per hour with a burner capacity over 500 kW and the maximum temperature of 

the reaction is 815 °C. The productions capacity of heat and power is 240 kW of heat and 160 kW 

electric. The yearly production capacity assuming running in a feedstock with a heating value above 

18 MJ/kg would be lower than 1 GWh electricity and lower than 3 GWh heat for 7000 hours of 

operation (Peak eco energy 2014). 
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Biogreen 

A part of the ETIA group a French engineering company specialized in manufacturing thermal 

treatment methods. The pyrolysis unit can handle plastics, biomass, sewage sludge and other waste 

materials. The feedstock has a particle size under 20 mm and keep the moisture levels below 8% to 

produce bio-oil of high quality. The process is producing char, oil and gas. The company has 

conducted test runs utilizing clove and oak tree in the pyrolysis process the results can be seen in 

Table 19. 

Table 19:Products from Biogreen pyrolysis process(Biogreen 2015) 

Data Clove Oak tree 

LHV of feedstock [MJ/m3] 3,61  10,41  

Char [wt.%] 46,4  31,5 

Bio-oil [wt.%] 27,9 27,1 

Gas [wt.%] 25,7 41,4 

 

The pyrolysis reactor is a cylindrical tube with a feeding screw with electrical heating. The heated 

screw provides a homogenous temperature profile, the temperature reaches up to 800 ⁰C during the 

reaction. The electrical heating will stop when the pyrolysis reaction is self-sustaining but will be able 

to control the temperature to optimize the composition of products. The system is highly automated 

and digitally controlled this keeps the maintenance work low. The efficiency of the pyrolysis unit is up 

to 85% and the added electrical power is 1-5 % of total energy content in the feedstock. The pyrolysis 

unit is manufactured in three different models seen in Table 20 (Biogreen 2015). 

Table 20:Pyrolysis reactors from Biogreen (Biogreen 2015) 

Name of model  Capacity [L/h] Electrical power [kW] 

SPJ HT 130L2 6-60  20  

SPJ HT 400L6 180-1800  60  

SPJ HT 600L6 350-3500  120  

 

The price and sizing of the pyrolysis plants is dependent on the setup and other conditions. But 

Biogreen gives a price range of 80 -2 000  k€ depending on the capacity of the system. The footprint 

of the larger reactors is 15m x 5m x 3m (Biogreen 2015). 
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Pyreg 

A German company manufacturing pyrolysis units. The main model is called the Pyreg 500 and has 

been manufactured since 2011. The pyrolysis system is compact and highly automated and utilizes a 

compact design able to be set up in a container (Pyreg 2015). The cost of a reactor is circa 300 k€  and 

an additional 58 k€ is needed for feeder and storage (Gustafsson 2013). 

The pyrolysis system is manufactured in a standard set up, the specific data regarding capacity and 

production rate can be seen in Table 21. The produced products are biochar and gas, the gas is utilized 

for heating and sustaining the process if the heating value is low in the feedstock. A feedstock with 

low moisture content will have a self-sustaining process (Pyreg 2015). When starting up the system 

the reactor utilizes LPG for starting the pyrolysis process (Gustafsson 2013). 

Table 21:Data regarding Pyreg pyrolysis reactor(Pyreg 2015) 

Fuel capacity [kW] 500  

Fuel flow rate [kg/h] 180  

Fuel requirements > 10 MJ / kg, water content < 50 % , particle size < 30 mm 

Spare heating capacity [kW] up to 150  

On-site power supply [kW] 10  

Carbon efficiency [%]  up to 60  

Size(L/W/H) [m] 8.8  × 3.5  × 2.7  

Weight [ton] 12  

 

The process can utilize a wide range of feedstock sources but have some restrictions. The particle size 

is maximum 30 mm and hard material such as stones should be avoided. The maximum moisture 

content is 50% and they recommend a calorific value of at least 10 MJ/kg. Feedstock with high 

calorific value is recommended to be mixed with lower grade feedstock to avoid high temperature in 

the reactor. The operating temperature of the reactor ranges between 400 to 850 ⁰C and the efficiency 

is estimated to be 90-95% (Gustafsson 2013). 

An existing plant in Austria had 5000 hours of production annually. The system is set up to run 24 

hours for 12 days followed by two days of cool down and cleaning (Gustafsson 2013). The biochar 

produced can fulfill the standard for certified biochar if the right feedstock is used. Pyreg sells their 

own produced biochar in the price range of 500 euro per ton of biochar (Pyreg 2015). 
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Phoenix Energy 

A company established in 2006 in California and is specialized in small-scale biomass power plant. 

The technology is often referred as a gasifier and not pyrolysis, but the products are char and gas. The 

available turnkey power plants range between 0,5 to 2 MW. The standard model PHX-1000 can utilize 

various biomass such as wood chips, orchard waste and forestry wood waste. The area needed various 

depending on setup, but the maximum need is about an acre (Phoenix Energy 2015). 

The system is continuous and automated. The standard set up starts with a grinder for shredding the 

feedstock. The grinder also separates metals from the feed. The biofuel exits the grinder and enters a 

storage hopper. A conveyor belt transports the feedstock to the pyrolysis reactor. The product gas is 

going through a series of scrubbers and filters. The filter system is made of sawdust and wood chips. 

The filter material can be utilized as feedstock after being used. The listed maintains work is weekly 

changing of the filter, monthly change of the biochar separation grate and annual top end rebuild 

(Phoenix Energy 2015).  

The system produces biochar and gas. The standard set up is utilizing the gas for electric generation 

utilizing natural gas generator sets from Caterpillar, the regular set up is 1 MW of electric but can be 

scaled up if needed. The biochar is sold, the char produced of Phoenix Energy is sold for about 4 

dollars per kilogram but will be lower when buying in bulk (Schnell 2014). This corresponds to 

approximately 3600 euros per ton. The company claims a payback time for about 4-5 years (Phoenix 

Energy 2015). 
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Part 2 Location, Feedstock and revenue streams 

This part is reviewing the supposed area of establishing a slow pyrolysis power plant,  

Analysis of Location  

The theoretical slow pyrolysis in this study has been suggested to be built in near proximity to the 

already established Brista power plant in Sigtuna. 

Brista power plant 

Brista is located approximately 30 kilometers from Stockholm City. Currently there are two power 

plants located in Brista named Brista 1 and Brista 2. The two power plants distributes heat and power 

and is connected to the North West district heating system of Stockholm(Figure 7). Brista 1 is a 

biomass power plant running a steam cycle with flue gas condensation. The plant has been in use since 

1997 and utilizes wood chips as a fuel source. Brista 1 can produce up to 108 MW heat and 42 MW of 

electricity, the yearly production rate is 763 GWh heat and 293 GWh electricity. This corresponds to 

approximately 350 kiloton of wood chips(AB Fortum Värme 2013). There is a storage for biomass and 

equipment for crushing, sorting and distributing biomass in the area(AB Fortum Värme 2014). 

The second and newer power plant Brista 2 started running late in 2013 and incinerates sorted 

household and industrial waste. The plant capacity is 60 MW thermal and 20 MW electricity 

production. This corresponds to a yearly production of 500 GWh heat and 140 GWh electricity 

utilizing 240000 tons of waste(AB Fortum Värme 2015a). 

 

Figure 7: Fortums district heating network in Stockholm(AB Fortum Värme 2014) 
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There is a large space for building a plant in Brista. The possible restraints would be sound and smell, 

they are deemed to be minimal and not add any noticeable difference from current operations handling 

household waste. The plant would have the benefit of a short connection with the district heating 

system. 

The handling conditions for producing biochar with a potential to be certified by European Biochar 

standard seem possible when looking at the criteria regarding keeping transportation of biomass 

bellow 80 kilometers. 80 km would make it possible to gather material from the whole district of 

Stockholm and close cities such as Uppsala. 

Park waste in the area 

The potential of gathering sufficient feedstock to have a yearly running process seem possible. The 

closest source of possible feedstock for a slow pyrolysis process is at Brista recycling center. It is 

located close to Brista power plant, during the year 2011 they handled 3000 tons of wood waste 

material and approximately 190 tons of compostable waste from parks and gardens (Sigtuna 

Återvinning AB 2012). There is larger recycles center in the nearby district, in Hagby about 25000 

tons of garden and park waste were handled (SÖRAB 2007). Test samples of green garden waste from 

Stockholm city have been done during a project conducted by Stockholm Vatten Avfall AB. The 

material used in the analysis was park waste gathered in May, the material was a mix of branches and 

twigs from compost piles. The material was shredded and two different samples were analyzed the 

result can be seen in Table 22. 

Table 22: Analysis of park waste of Stockholm 

Content Min Max Average 

Moisture [%] 23,60 28,60 26,10 

Ash [% DM] 3,40 4,20 3,80 

As [mg/kg DM ] 0,18 0,30 0,24 

Pb [mg/kg DM ] 1,50 1,60 1,55 

Cd [mg/kg DM ] 0,10 0,14 0,12 

Co [mg/kg DM ] 0,27 0,33 0,30 

Cu [mg/kg DM ] 4,90 5,90 5,40 

Cr [mg/kg DM ] 2,50 2,50 2,50 

Hg [mg/kg DM ] 0,02 0,02 0,02 

Mn [mg/kg DM ] 29,00 40,00 34,50 

Ni [mg/kg DM ] 1,40 1,50 1,45 

V [mg/kg DM ] 0,93 1,20 1,07 

Zn [mg/kg DM ] 41,00 48,00 44,50 
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The analysis indicates the material would have the potential to follow the certification criteria 

regarding the restrictions of heavy metals. Information regarding heating content was not analyzed. 

The material will most likely be able to be used in a regular screw feeding system. Some potential 

problems may occur because of variations in particle size and shifting fraction of wood, leafs and grass 

during the year. Currently the higher quality wood material is sold in the same way as GROT other 

lower quality sources such as leaf and grass is used as compost materials and is often paid to have 

taken care of. 

Modell for potential feedstock 

Because of limited information regarding the heating value and moisture content of the potential fuel 

various scenarios is be created utilizing information from other studies along with assumptions. 

Park and garden green waste 

A study analyzing different types of feedstock to be utilized in a slow pyrolysis process sampled green 

waste from parks in Edinburgh, Scotland. Their analysis determined the material will most likely need 

some form of drying and processing to create an appropriate particle size. The sample was fairly dry 

when collected from a composting facility but was left to dry in open bags for two months before 

further processing. The material was shredded utilizing a garden shredder, the final feedstock had an 

average moisture content of 11,9 %, a feed bulk density if 295 kg/m3 and a higher heating value of 

11,4 MJ per kg (Brownsort & Dickinson 2012). This is in the same range as the heating value of forest 

residue seen Table 5. The feedstock was a heterogeneous mixture of biomass such as branches, twigs, 

bark, leaves, roots, grass and soil. The sample also contained impurities such as plastic, strings, metals, 

stones and other inorganic materials. This could be separated to a high degree during the sampling 

process. The pyrolysis process utilized a screw feeding system and the green waste feedstock caused 

some blockage and achieving a consistent feeding proved difficult (Brownsort & Dickinson 2012). 

The description of this feedstock is similar to the description of the green park and garden waste 

gathered in Stockholm. 

Calculating effective energy content in possible feedstock 

Because of the limited information regarding data of potential feedstock a model is created for 

feedstock with various moister content. The model will follow the net energy decrease corresponding 

to the case of wood seen in Figure 4. The lover heating value of different feedstock sources following 

this trend can be seen in  

Table 23. The original values of the feedstock can be seen in part 1. GGW is Green garden waste with 

an extrapolated lower heating value from the Edinburg case. These values are used for calculating 

possible performance scenarios for a potential power plant. 
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Table 23: Net calorific value depending on moisture content based on (Biomass Energy Centre 2011) 

Moisture 

content [%] 

LHV Wood 

[MJ/kg] 

Extrapolated LHV 

GGW [MJ/kg] 

Extrapolated LHV Forest 

residue [MJ/kg] 

0  19 13,5 15,4 

10  16,9 12,0 13,7 

20  14,7 10,5 11,9 

30  12,6 8,9 10,2 

40  10,4 7,4 8,4 

50  8,3 5,9 6,7 

60  6,1 4,4 5,0 

 

 

 

Revenue streams of a slow pyrolysis power plant 

A depending on the method a slow pyrolysis power plant can have various revenue streams. This 

study is only focusing on the heat and biochar production because of limitations regarding the scope of 

the study. 

Production of Biochar 

The production of biochar as a product is the main source of revenue from a slow pyrolysis process. 

The market of biochar is undeveloped in Sweden and currently there is a limited amount of producers 

and information regarding the use in Sweden (Gustafsson 2013). The selling price of biochar varies 

from different manufacturers and countries, the ranges is between circa 500-3500 Euros per ton of 

biochar, in this cases it is not stated if the biochar has been “nutritional loaded”. The quality of the 

biochar ranges depending on feedstock and process as seen in previous part. The most conservative 

selling price of the produced biochar is 350 Euros per ton (Gustafsson 2013). When analyzing biochar 

products in Sweden price information regarding one product was found. This biochar is sold to the 

costumer in 40-liter bags, the selling price was 115 SEK. The biochar is a mixture of 50% char from 

wood and 50% chicken manure. By utilizing a simplified calculation, this would correspond to a char 

price of about 380 euros per ton. A price level in the ranges of 350-400 Euros per ton is used when 

analyzing revenue streams of slow pyrolysis to keep the model quite conservative. 
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Open district heating 

Fortum is currently expanding this integration system. The “Open district heating” system is a new 

concept of integrating excess heat or cold from smaller independent sources such as server halls and 

other companies with excess heating or cooling such as food industries. The advantage for the district 

heating provider is the option buy energy from waste heat and reduce the need of peak load power 

sources such as oil. Examples of some their current pilot plant can be seen in Table 24. The concept is 

new and currently expanding with new heat producer being connected to the system(AB Fortum 

Värme 2015b). The connection cost is dependent on the distance between the plant and the district 

heating network. If the slow pyrolysis power plant is built in Brista the distance would be relatively 

short and cause a connection cost in the lower range. 

Table 24: Open district heating pilot plants (AB Fortum Värme 2015b) 

Pilot plants Delivered heat capacity [kW] Cost of connection [k€] 

Cooling center in Slakthusområdet 600-1000  25 

Stora Sköndal ~500  180 

Bahnhof Pionen 600  139 

Bahnhof Thule 1 583  280  

 

During a discussion with Fortum, the potential of integrating a slow pyrolysis power plant to the open 

district heating system seemed great regarding the utilization of heat. The pyrolysis process will most 

certain be able to deliver high-quality heat of sufficient temperature to the system (Levihn 2015).The 

heat must fulfill a certain quality to ensure sufficient temperature in the lines. The heat produced from 

a slow pyrolysis process will be able to fulfill these conditions. The highest valued heat must fulfill the 

same temperature levels as the temperature in the outgoing line of the district heating network. The 

price of heat will be dependent on the heating demand during the year. In Figure 8 the price of heat for 

the started pilot plants can be seen, the price is given for pilot plants during the years 2013-2017. 

During the coldest day of the year when the heating demand reaches the peak the price. During the 

summer months when the heating demand is a minimum (Gunnarson 2013). During a discussion with 

Fortum a new heat producer connected to the network would not be able to sell heat during the 

summer months because the limited demand of heat. And the price of heat would be in the ranges of 

70 €/MWh during the coldest winter months. During the summer months there is no need of additional 

heat for the district heating system (Levihn 2015). 
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Figure 8:Price of heat in open district heating (Gunnarson 2013) 

The average market price of district heating was about 90 €/MWh (Energimyndigheten 2015). This 

price is only reached during the coldest winter months when following the open district plan. This 

value of heat is representing the end cost for the producer. The specific value of the produced heat 

from a specific plant will be lower because of the following marketing and distribution costs. 

Utilizing the price of heat of open district heating combined with the average monthly temperature of 

Stockholm a model of the average selling price of heat is obtained. During the summer month there is 

no selling price for open district heating. In Table 25 the average price of heat during the year can be 

seen. The potential operation time is 6552 hours per year. The actual effective operating time will be 

lower and dependent on maintains time of the power plant. 

Table 25: Model for average price of open district heating 

Month Average Temperature [⁰C] Average price of heat [€/MWh] Potential OP time 

January -3 72 744 

February -4 73 672 

March -1 66 744 

April 3 37 720 

May 10 18 744  

June 14 0 0 

July 16 0 0 

August 15 0 0 

September 11 17 720 

October 7 23 744 

November 2 43 720 

December -1 66 744 
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The average price of heat assumed linear production during the nine months with potential to sell heat 

the average price would be 46 €/MWh. This is utilized as the revenue from heat when calculating the 

economic performance of a power plant. The marginal worth of heat in a larger heating system is in 

general 34 euro per MWh. The calculated value is higher than the general average, this will impact 

calculations regarding revenue streams of the pyrolysis plant. 

Environmental impact of open district heating 

The integration of new heating sources utilizing the open district heating approach would bring 

environmental benefits because of the potential of recover otherwise wasted heat. The slow pyrolysis 

is utilizing biomass as a feedstock, this makes the fuel sources carbon neutral. The recovered heat to 

the district heating system can be seen as minimizing the peaking energy sources of the district heating 

energy. The peak load is in the most cases covered by electric or fossil sources, but the total net carbon 

dioxide decrease of one slow pyrolysis power plant in the ranges of 0,5-5 MW is small compared with 

the whole district heating system. 
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Part 3 Production and economics 
The theoretical plant will be based on three different technologies. The power plant will produce 

biochar and heat, no additional production alternatives such as electric or bio-oil will be covered. Most 

of the companies mentioned in this study claims a low payback period, but the specific information 

regarding cost were not disclosed or were referred as dependent on the specific situation. The 

economic evaluation covers three different examples carbonization alternatives. The cases will be 

based on Pyreg, Carbon Terra and Bigchar. The Bigchar could be seen as a gasification process 

instead of a pyrolysis process, but there is no clear cut definition. The Bigchar alternative is chosen to 

be included because it will bring information how potentially a larger plant would work and it has a 

different share of products compared with Pyreg and Carbon Terra. 

The costs and revenue of utilizing slow pyrolysis will be calculated utilizing different data obtained 

from other studies or information directly from the manufacturers. Different fuel compositions and 

moisture levels will be used to see how the profitability of the plant is affected. The plant will operate 

during 6552 hours a year, depending on the specific technology used the hours of energy production 

will change. 

Model for energy production of slow pyrolysis power plant 
The some general assumptions regarding share and production capacity of the plants is described in 

Table 26. The data is taken from information provided by the manufacturers. To simplify the model, it 

is assumed the plants are running in full flow capacity during the operating hours. This will in some 

cases lead to higher energy flow than the designed capacity if a dry biomass with high calorific content 

is used. This should be taken in consideration because too high temperatures could be reached in the 

reactor and damage components. 

Table 26: Pyrolysis production data 

Reactor type Pyreg Carbon Terra Bigchar 

Designed capacity [MW] 0,5 1 3-5 

Water limit [%] < 50 < 40 < 35 

Efficiency [%] 90 90 90 

Heat share of total energy [%] 30 20 55 

Char share of total energy [%] 60 70 35 

Feedstock flow [kg/h] 180  250  1000  

Electricity need [kW] 10  10  15  

 

The model is based on a total potential to operate 6552 hours a year. The plants cannot be operating 

the whole year because it is in need of cleaning and service. The operating procedure of Pyreg and 
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Carbon Terra is described earlier. But it is also mentioned the quality of feedstock can impact the 

service interval. The Pryeg alternative is following given running procedure of 12 days of production 

followed by two days maintains. The Carbon Terra is running 90 days followed by six days of 

maintains. The Bigchar alternative is not described in detail, but is stated to need low amounts of 

service and can be cleaned quickly. The model used for the Bigchar system is 30 days of production 

followed by 2 days of cooling and service. This is based on the statement the reactor can be started in 

30 minutes and is constructed to be easy maintained. In Table 27 the calculated production time for 

each technology can be seen. 

Table 27: Running conditions of pyrolysis plants 

Reactor type Pyreg Carbon Terra Bigchar 

Running time [hours] 288 2 160 720 

Maintains time [hours] 48 144 48 

Running cycles 19,5 2,84 8,5 

Total maintains time [hours] 936 409 409 

Total production time [hours] 5 616 6 142 6 142 

 

One aspect to take into consideration is the value of the number of running cycles in these calculations 

they are not an integer. This is used to easier create a model without having to plan the startups and 

stops to match the number of available hours. In real operation a planned start and stop schedule 

would be needed for optimal conditions. 

The three different types of fuels are wood, forest residue and green garden waste. The calculations of 

energy production will utilize an average moisture level between 10-50%. The price of feedstock is 

following the same cost per kWh described in Figure 5. 

Model for economic evaluation of slow pyrolysis power plant 

Model for investment costs 
The slow pyrolysis power plants investment cost is broken down in four sections: Plant, Storage, 

Other investments and connecting cost. The costs are based on other studies and assumptions based on 

the current case. 

The section Plant is the cost of the pyrolysis reactor with given control system, the data and 

components are seen in previous part describing the different technologies. 

Storage is the cost of building and feeding system in the case of the Pyreg and Carbon Terra the same 

cost alternative is used (Gustafsson 2013). The larger Bigchar system is using the same cost alternative 

as a Finnish biomass combustion plant with a capacity of 2,1 MW (Otepka 2013). 
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The section named other investment covers components such as flue gas cleaning system, construction 

related costs and other components with costs brought from the Finnish case. The slow pyrolysis 

power plants are bellow 10MW this state only smog particles needs to be regulated, the pyrolysis 

technologies do not seem to have any problems handling these restrictions (Gustafsson 2013). All 

these three technologies used to create the model claim a clean flue gases and additional cleaning is 

not needed (BiGchar 2015; Pyreg 2015; Carbon Terra 2015). The only cost added in the section of 

“other investment” will be the cost for construction, initial operation and components taken from the 

Finnish example. The Pyreg and Carbon Terra based calculation will use half of the cost compared 

with Bigchar because of the overall smaller capacity. 

Connecting cost is dependent on the distance and availability to the district heating network. One 

advantage with building the slow pyrolysis plant in Brista would be the shorter distance to the heating 

system. The price range given by the pilot plant of open district heating is between 25 and 230 k€. The 

price is set to 100 k€ to reflect the potential of good connecting possibilities. The total investment cost 

of each plant can be seen in Table 28. 

Table 28: Investment cost of plant 

Type Pyreg 500 Carbon Terra BigChar 2200 

Plant [k€] 300 388  450  

Storage [k€] 58 58  610  

Other investments [k€] 50 50  100  

Connecting cost [k€] 100  100  100  

Total [k€] 508  595  1 260  

 

Model for operation and maintains cost 
The operation cost of the theoretical plants is divided into three sections maintains cost, Personnel cost 

and fuel cost. Maintains cost will be based on the total investment cost if the power plant, a flat rate of 

5% is used. This is in range with given data by other studies and guidelines for biomass plants 

(Gustafsson 2013)(IRENA 2012). 

The personnel cost is hard to determine because of it will be impacted by how efficient the plant will 

work. The technologies are highly automated and need of low amount of maintains if working 

correctly. The feedstock can cause clogging in the system and this factor will increase the costs of 

work. Only the Pyreg and Carbon Terra based methods have information regarding personnel cost of a 

production year. A cost of 29 k€ per year have been suggested to be sufficient and would cover a 

halftime employee. The Carbon Terra reactor would need approximately 700 hours work time 

annually and Pyreg have a plant I Austria needing approximately 260 hours annually (Gustafsson 

2013). During discussion with Fortum a cost of 60 Euros per person and hour could be used. This 
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would mean a production cost of 42 k€ per year for the Carbon Terra case and 15,6 k€ per year for the 

Pyreg alternative. There is limited information regarding the workload for the Bigchar system. The 

numbers found indicates an annual cost of approximately 110 k€ (Brindle 2011). The plant is not 

planned to be running during the whole year, but this price setting is used to simplify the calculations 

and create a margin to keep the model more conservative. 

Other operation costs come from startup energy, electricity and the cost of feedstock. The startup 

energy is neglected in this study. The electricity is dependent on the process and running conditions 

but has a fixed cost at 27,5 euros per MWh according to Energimyndigheten (Energimyndigheten 

2015). The total production time described in Table 27 will determine the amount of electricity 

needed, it is assumed the pyrolysis plant is only needing power during this time. The amount of 

needed electricity is calculated by multiplying the production time with electricity need seen in Table 

26. Electricity used for lighting and other areas of use is neglected. 

The cost of feedstock is regulated according to the price per kWh given in Figure 5. The green garden 

waste is assumed to be free, cost of transport, chipping and handling is neglected. The total fixed costs 

can be seen in Table 29. The cost of fuel is not included but because it is dependent on the type and 

quality of fuel being used. 

Table 29: Fixed annual cost 

Type Pyreg 500 Carbon Terra BigChar 2200 

Operation cost [k€] 25,4 29 8  63 0  

Personnel cost [k€] 15,6 42,0 110,0 

Electricity cost [k€] 1,5 1,7 2,5 

Total [k€] 42,5 73,5 175,5 

 

Model for revenue streams and sensitivity analysis 
The revenue streams of the slow pyrolysis power plant will be from the produced char and heat. The 

char is a raw product and would need further refining if used as a soil improvement. The price of char 

is hard to determine but a range between 300-425 euros per ton is applied. The heat is sold for the 

average annual heating price. The price range is 25-50 euros per MWh. 

The model plants will be evaluated using the payback method and comparing the internal rate of 

return. The goal is to have a return higher than 6% during a 10 year time. A sensitivity analysis is used 

by testing different values of biochar and heat in the given range. The base case will be set to 380 

euros per ton of biochar and 34 euros per MWh of heat. 
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Model for environmental evaluation of slow pyrolysis power plant 
The startup energy from possible fossil sources is assumed to be insignificant in magnitude and is 

neglected. The feedstock is from renewable sources and assumed carbon neutral. This is not entirely 

correct if analyzing the whole cycle. The transport of feedstock will in general cause some emissions 

and the electricity used may have been produced partly by fossil sources, but this is neglected in this 

model. The biochar is assumed to be used as a soil enhancer and not be utilized for energy production 

giving it the potential to be a carbon sink and improve the soil quality. This subject is still undergoing 

research and the net effect is debated in regards to climate benefit. Just to make one analysis of the 

potential of biochar as a carbon sink the carbon sequestration of 2,4 tons carbon dioxide per ton of 

biochar is used (Klinglmuller & Bruckman 2014). 
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Results 

In following part the result from the calculation regarding the performance of the model plant types is 

reviewed. The results are focused on the utilization of green garden waste as a feedstock because it 

proved to be the most beneficial in regards to revenue of the plant. 

The production of heat and biochar of each plant can be seen in Table 30. The feedstock is green 

garden waste (GGW) with an average moisture content of 25%. In the Pyreg alternative lower 

moisture content would give higher effect than design conditions of 500 kW. 

Table 30: Operating data for plants utilizing GGW with 25% moisture 

Type Pyreg Carbon 

Terra 

BigChar 

Input energy [MW] 0,49 0,67 2,70 

Produced heat [MW] 0,15 0,13 1,48 

Produced biochar [MW] 0,29 0,47 0,94 

Feedstock flow [ton/year] 1011 1 536 6 143 

Feedstock [MWh/year] 2 727 4 142 16 568 

Produced heat [MWh/year] 818 828 9 112 

Produced biochar [MWh/year] 1 636 2 899 5 799 

Produced biochar [ton/year] 227 401 803 

Carbon dioxide sink capacity [ton per year] 545 962 1927 

 

The green garden waste seems to have a calorific value appropriate to sustain the process. The yearly 

need would be 1011-6143 tons per year depending on technology. The carbon sequestration capacity 

of this amount of feedstock could be between 545-1927 tons of carbon dioxide equivalents. 

The green garden waste (GGW) was the best feedstock to use from an economic aspect. The payback 

time and internal rate of return were the highest for all technologies. The forest residue is the least 

preferred feedstock in regards to profitability. In the appendix, a collection of charts describing the 

performance of each fuel can be found. 

When comparing the GGW between the different technologies the performance of each plant the 

BigChar 2200 had the shortest payback time of the alternatives. The optimum production zone in 

regards to moisture content is in the ranges between 15-35%, this is following the suggested ranges 

given by the manufacturers. In Figure 9 the payback time of each technology with the correlating 

average moisture content of green garden waste can be seen. All alternatives have a payback period of 

fewer than 10 years. The larger slow pyrolysis system has a shorter payback period. 
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Figure 9: Payback time with green garden waste 

The internal rate of return (IRR) after 10 years of the different pyrolysis alternatives when utilizing 

green garden can be seen in Figure 10. The BigChar 2200 is having an internal rate of return around 

33% at an average moisture level of 25%. All of the slow pyrolysis system analyzed will have a higher 

rate of return than 6% after 10 years if the moisture level is below 25%.  

 

Figure 10: Internal rate of return for green garden waste pyrolysis 

The capital value of the investment after 10 years with a 6% interest rate at an average moisture level 

of 25% can be seen in Table 31. All alternatives will have a positive capital value after 10 years. The 

Bigchar have a high margin of value, as previously indicated by the high IRR.  

Table 31: Capital value 10 years after investment 

Type Pyreg Carbon Terra BigChar 

Capital value [k€] 17  193  1 974  
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The sensitivity analysis investigating the impact of variating heat price can be seen in Figure 11. The 

results show the heating price has the highest impact on the IRR of the BigChar 2200. The other 

alternatives are not as sensitive, but the Pyreg system is having a return under 5% if the heating price 

is 25 euros per MWh. 

 

Figure 11: Sensitivity analysis of heat price 

The sensitivity analysis with aspect to the biochar price can be seen in Figure 12. The rate of change is 

similar between the different alternatives. The Bigchar alternative is resilient and does not fall below 

6% independent of price in the given range, the price of biochar can be as low as 50 euros per ton 

before the 6% IRR is reached. The Pyreg and Carbon Terra alternative will fall below 6% if the 

biochar is lower than the predicted price of 380 €/ton. The Carbon Terra needs a price higher than 325 

euros per ton to generate enough revenue for a rate of return above 6%. 

 

Figure 12: Sensitivity analysis of biochar price  
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Discussion 

The area around Brista seems to have the potential be used for establishing a slow pyrolysis power 

plant. The main advantages for a company as Fortum is the current power plants established in the 

area. This would limit cost regarding connection to the district heating network. It could also have a 

greater potential to keep the operation cost low. The current slow pyrolysis technology is highly 

automated and has low need of labor during operation. If the management of the process could be 

integrated to their current production the personal cost could be low. Other advantages with building 

the slow pyrolysis system close to the Brista power plants is the already established transport system 

of biomass fuels. 

The knowledge regarding utilizing slow pyrolysis is well known and has been applied for thousands of 

years. But the concept of producing and utilizing biochar is relatively new and is not an established 

concept. This will prove some risks if starting up a slow pyrolysis plant for the production of biochar, 

but may also bring positive aspects. A new and undeveloped area has the potential to grow and being 

an early adopter gives the option to affect the market. But it may also cause difficulties such as dealing 

with setbacks and risk of investing in untested technologies. The technologies used to base the 

calculations on are utilized today and have been successful. But the concept has not been utilized in 

Sweden. The Peak Eco system in Lidköping is the first industrial scale slow pyrolysis set up in 

Sweden. The plant is expected to start producing in 2015 and this may bring new information about 

how the Swedish market handles the char, oil and gas. 

The theoretical model regarding operations of the three types of power plant seems to indicate the 

green garden waste would be an appropriate feedstock. The amount of biomass needed would 

probably be able to be provided by the nearby district and be of sufficient quality to meet the standards 

of certified biochar production. One risk with utilizing green garden waste is the risk of non-organic 

content. Studies testing green garden waste had to do some sorting to separate the biomass from 

plastic and other material. 

The collection and handling process of green garden waste would need to be further analyzed to find 

methods to ensure the quality of the feedstock. This could decrease the risk for production 

malfunctioning such as problem with the feeding and variating moisture levels. 

Economic evaluation between slow pyrolysis and traditional combustion of biomass have been 

analyzed in other studies and showed a better performance from traditional combustion under current 

circumstances regarding the current state of technology, cost of feedstock, value of products and 

incentives. So even if the slow pyrolysis option would be profitable it might not be the best investment 

for the given scenario. The feedstock will be an important factor if the majority of the feedstock comes 

from low-quality sources such as green garden waste it might be an available option. The slow 
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pyrolysis process is in general versatile and can handle a more diverse feedstock than traditional 

combustion. 

The biochar has the potential to be certified accordingly to the European biochar standard when 

looking at the content of the feedstock, but this cannot be determined until it is tested in a real setting. 

It is also important to note the certification standard does not have any real meaning regarding 

regulations in Sweden. But can be good indications of a good production standard and might be of 

interest for customers. Currently market of biochar is undeveloped; laws and restriction have not 

specified rules regarding compositions. 

The biochar produced from the plant will not be a finished product to be used for agriculture. The 

product needs to be mixed with fertilizer to be charged to have the potential of improving the soil. The 

current soil quality in Sweden is relatively high in the large agricultural areas, but it could benefit 

urban areas with higher content of heavy metals in the soil. There are developing markets and ongoing 

research with adding biochar in animal feed and new areas of use such as filter material and building 

material. This could create a wider range of use for the biochar, this could improve the value of the 

raw products from the slow pyrolysis process and improve the economic performance of the slow 

pyrolysis system with a high yield of char. The value of biochar has the most impact in the Pyreg and 

Carbon Terra alternative if looking at the sensitivity analysis. The market of biochar in Sweden would 

need further research to create a more reliable price setting. 

The environmental aspect of implementing slow pyrolysis seems to lower the carbon emissions. If the 

feedstock is from renewable sources the process can be seen as carbon neutral when neglecting the 

startup energy and electricity for running the process. The product of biochar could increase the yield 

from agriculture while act as a carbon sink. This is stated by some research to be one tool to use to 

limit the global carbon emission levels. But one aspect to take into account is the energy not utilized 

for heat or power production in the char. A traditional combustion process would generate more 

energy to be utilized. Depending on how the “energy loss” is compensated the environmental benefit 

of slow pyrolysis will be impacted. If the compensation is burning more oil and coal to deliver 

sufficient energy the carbon sequestration of the biochar may not be as significant. This aspect is 

connected with the potential incentives for biochar. In the model used in this study the carbon 

sequestration potential of the plants would be low because of their relatively low production capacity 

of char. 

Some studies have brought up the profitability of applying slow pyrolysis is if there is an economic 

incentive for carbon sequestration. This is currently not established but could impact the 

competitiveness of slow pyrolysis compared with regular combustion. This could be an area for 

further research analyzing the carbon sequestration potential compared to the loss of energy not 

utilized for heat and power production. 
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Conclusions 

The slow pyrolysis market is currently most developed for smaller installations under 10 MW. The 

technology is starting to become more popular because of the potential to utilize low-grade biomass 

sources and the option to produce char, oil, gas and heat. The char product does not currently have a 

wide range of used but new areas of application is under research. Appling char from pyrolysis to soil 

has been able to enhance to soil quality in regards to water retention and decrease the availability of 

heavy metals, this could benefit urban soils.  

There is a potential for establishing a slow pyrolysis power plant in Brista. The larger plant with a 

capacity of 2-5 MW seems to have a greater return on investment. The Pyreg and Carbon Terra 

alternatives would also have the potential to be a profitable investment. The relatively low investment 

cost has the benefit to having the option to establish a slow pyrolysis power plant for heat and char 

production with lower risk in regards to invested capital. 

The green garden waste seems to be the best feedstock to use in regards to economics. But further 

research is needed in regards to effective handling, processing and usage to determine how it would 

perform. Some risks are the potential content of inorganic material, variating particle size and 

fluctuation moisture content. 

The biochar market in Sweden is currently undeveloped and the price level of biochar is hard to 

determine. More information might be available in a few years because of projects about biochar is 

starting up in Sweden. 
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