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Abstract 
Each year Ghana imports activated carbon for uses in the mining industry and for purification of 

gases and water. The country's own production is small and needs to be developed to decrease the 

dependency of imported goods. The production is based on pyrolysis and is used to separate volatiles 

and char in organic substances. The created char have a large surface area and is then sent into an 

activation step to create an activated carbon. Both processes need a high temperature over a long 

time period and the activation also need an oxidizing agent that creates an even higher surface area. 

Numerical models were created of the two steps in Simulink with the purpose of investigating how 

the steps should be constructed to minimize fuel consumption at a potential construction. The 

models were designed after the conditions in Ghana and palm kernel shells were used as a raw 

material. The steps were modeled as rotary kilns with two pipes, where the inner pipe contained the 

biomass while the space between the pipes  was used to create an external heating. An inlet for hot 

gases was placed on the outer pipe and exits were placed in both ends of the reactor. This created a 

counter heat exchange in the beginning of the reactor and a parallel heat exchange in the end of the 

reactor to create an even heating in the beginning and to keep an even temperature in the end. The 

inner pipe was rotated continuously to attain an even temperature in the biomass and thereby an 

even quality in the product. The heating was modeled by creating a diesel burner that used its 

combustion gases as heating for the system. 

Based on earlier research, an temperature of 600 °C, a hold time of 2 hours and a heating rate of 10 

°C per minute was used for the pyrolysis process. The activation was done at 850 °C with a hold time 

of 2 hours and a heating time of 30 minutes from the initial temperature. During the constant 

temperature phase of the reactor, a temperature interval of ±25 °C was implemented to allow for 

small changes in the temperature during the process. The models were then tested by varying 

thickness of insulation, temperature of the heating gases from the burner, placement of inlet of the 

gas and what effects the gasification from pyrolysis and activation have on the system. 

The fuel consumption decreased with increasing temperature on the heating gas, but created 

problems with more curved temperature profile that at high temperatures could no longer be kept 

inside the interval. A temperature of 1200 °C gave acceptable temperature profile in both models 

and a low fuel consumption and avoids many problems created at high temperatures, such as need 

of advanced measuring equipment and heat resistant materials. 

Insulation acted as a stabilizing factor by decreasing the heat losses and thereby cause a more even 

temperature profile and a decreased fuel consumption. The inlet was well placed on the edge 

between the heating phase and the full temperature phase. The mass losses in the biomass proved 

significant and a different temperature profile was attained for both steps as less biomass needed 

heating. This shows the need to include the pyrolysis process in the energy equations and to develop 

a more advanced model for the gasification in the steps.  
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Sammanfattning 
Varje år importerar Ghana aktivt kol för att använda inom gruvindustri samt till rening av vatten och 

avgaser. Landets egen produktion är liten och behöver utvecklas för att minska landets beroende av 

importerade varor. Produktionen bygger på pyrolys och används till att separera lättflyktiga ämnen 

och kol i organiska ämnen. Kolet som skapas har en stor kontaktyta och skickas sedan in i ett 

aktiveringssteg för att skapa aktivt kol. Båda processerna behöver en hög temperatur under en lång 

tidsperiod och aktiveringen behöver även en oxidant som skapar en ännu högre kontaktyta.  

Numeriska modeller av de två stegen skapades i Simulink i syfte att undersöka hur stegen ska 

konstrueras för att minimera bränsleförbrukningen vid en eventuell konstruktion. Modellerna 

designades efter de förhållanden som råder i Ghana och skal av oljepalmskärnor användes som 

råmaterial. Stegen modellerades som liggande roterugnar  med två rör, där det inre röret innehöll 

biomassan medan utrymmet mellan rören användes för att skapa en extern uppvärmning. Ett inlopp 

för varma gaser placerades på det yttre röret och utgångar placerades i reaktorns båda ändar. Detta 

skapade en motströms värmeväxling i början av reaktorn och en medströms värmeväxling mot slutet 

av reaktorn för att skapa en jämn uppvärmning i början och för att hålla en jämn temperatur i slutet. 

Det inre röret roterades kontinuerligt för att ge en jämn temperatur i biomassan och därmed en 

jämn kvalitet på den färdiga produkten. Uppvärmningen modellerades genom att skapa 

dieselbrännare som skickade in förbränningsgaserna som uppvärmning i systemet. 

På grunden av tidigare forskning användes en temperatur på 600 °C och en uppehållstid på 2 timmar 

vid full temperatur för pyrolysen, samt en uppvärmningshastighet på 10 °C per minut. Vid 

aktiveringen användes en temperatur på 850 °C, en upphållstid på 2 timmar samt en 

uppvärmningstid på 30 minuter från initialtemperaturen. Under delen av reaktorn där temperaturen 

var konstant infördes ett temperaturintervall på ±25 °C för att tillåta små ändringar i temperatur 

under processen. Tester utfördes sedan på modellerna genom att variera isoleringstjocklek runt 

reaktorns yttre rör, temperaturen på uppvärmningsgasen ifrån brännaren, placeringen av inloppet 

för gasen samt vilka effekter förgasningen vid pyrolysen samt aktiveringen har på systemet.  

Bränsleförbrukningen visade sig sjunka med ökande temperaturer på uppvärmningsgasen, men 

skapade samtidigt en ojämnare temperaturprofil i biomassan som vid höga inloppstemperaturer till 

slut inte kunde hållas innanför temperaturintervallet. En temperatur på 1200 °C gav acceptabla 

temperaturprofiler i båda modellerna samt en låg bränsleförbrukning och unviker många problem 

som skapas vid höga temperaturer, så som behov av avancerad mätutrustning och värmetåliga 

material. 

Isolering agerade som en stabiliserande faktor genom att sänka värmeförlusterna och orsakade 

därmed en jämnare temperaturprofil och en sänkt bränsleförbrukning. Inloppet visade sig väl 

placerat på gränsen mellan upphettning och konstant temperatur. Massförlusterna i biomassan 

påverkade uppvärmningen och gav en annorlunda temperaturprofil i båda stegen eftersom mindre 

massa behövde värmas upp. Detta påvisar behovet av att inkludera pyrolysprocessen i 

energiberäkningar och att utveckla mer avancerade modeller för förgasningen i de båda stegen. 
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Nomenclature 
 

A Area   [m2] 
AR Air ratio   [1] 
Cp  Specific heat capacity   [kJ/(kg∙K)] 
D Diameter   [m] 
ε Emissivity   [1] 
F View Factor   [1] 
Fr Froude number  [1] 
g  Gravitational constant   [m/s2] 
h  Convective heat transfer coefficient  [W/(m2∙K)] 
𝑓𝑔  Heat of evaporation  [kJ/kg] 

 𝑇  Sensible enthalpy at temperature [kJ/kg] 

 0 Reference sensible enthalpy  [kJ/kg] 
HHV Higher heating value  [MJ/kg] 
k  Thermal conductivity   [W/(m∙K)] 
L  Length    [m] 
𝑙 Mass loss     [1] 
𝐿𝑠 Segment length  [m] 
M Molar   [kg/kmol] 
m Mass   [kg] 
𝑚  Mass flow   [kg/s] 
n Number of molecules  [mol] 
𝑛  Mole flow   [kmol/s] 
Nu  Nusselt number   [1] 
p  Pressure    [Pa] 
Pr  Prandtl number   [1] 

𝑄   Heat transfer   [W] 
R Thermal resistance  [K/W] 
r Radius   [m] 
Ra  Rayleigh number   [1] 
Re  Reynolds number   [1] 
RPM Rotations per minute  [1/min] 
𝑅𝑢  Universal gas constant  [kJ/(kmol∙K)] 
S Construction shape factor  [m] 
s Slope   [1] 
T  Temperature    [K] 
τ Residence time  [min] 
V Volume   [m3] 
v  Velocity    [m/s] 
y Fraction   [1] 
X Loss fraction   [1] 
ϕ Angle of repose  [rad] 
ρ Density   [kg/m3] 
σ Stefan-Boltzmann constant  [W/(m2∙T4)] 
𝜔 Angular velocity  [rad/s] 
  



2 
 

Introduction 
 

Background 
Ghana is situated in western Africa along the coastal line of the Gulf of Guinea. Ghana was created 

from the union of the British colony of the Gold Coast and Togoland. In 1957 Ghana became the first 

sub-Saharan colony to gain its independence. After 24 years of instability Lt. Jerry Rawlings seized 

control of the country in a military coup. Rawlings remained in power as an autocrat until 1992 when 

a new democratic constitution was approved, Rawlings proceeded to serve as president until 2000 

after winning two elections. The current president John Dramani Mahama has won the 2012 

presidential election and is poised to hold the position until 2017. (CIA 2014) 

Ghana's largest export products are gold and petroleum, corresponding to 32.8 % and 20.9% of the 

country's total exports during 2012 (Ghana Trade 2014). The country also has a large agricultural 

industry, producing cashew nuts, cocoa, coffee and palm oil. The agricultural industry employs over 

50% of the total workforce in Ghana and accounts for 21.5% of the country's total GDP per annum 

(CIA 2014). 

The mining industry require consumables to function. One of the most widely used consumables is 

activated carbon, which holds a share of 41.4% of the total expenses of consumables. During quarter 

2, 2009, only 0.045% of the activated carbon used in the mining industry was locally produced. The 

rest is imported from countries outside of Africa (UNEP 2010). Activated carbon can be created from 

byproducts of agricultural industry such as nut shells (Kim et al. 2010). These byproducts are 

produced locally and can be used for a native production of activated carbon. By increasing a local 

production, the mining industry can be less dependent on imports and the Ghanaian economy can 

grow. 

Drinkable water is also an issue in Ghana. According to the UN-Water (2013) country brief of Ghana, 

14% of the population lacks an improved water drinking source and 86% of the population lacks 

improved sanitation. Over 15% of the deaths in the country are caused by lack of good drinking water 

or sanitation. Activated carbon is commonly used as a water filtering agent to remove organic 

materials in water, thus reducing risk for diarrheal diseases (WHO 2014). Activated carbon is 

commonly seen as an expensive solution for treating water, but can be used as a temporary and 

mobile solution as it can be used to clean small quantities of water (ibid.). 
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Purpose 
The purpose of this thesis is to investigate how variations in a heating system of a pyrolysis and 

activation process for producing activated carbon affects the temperature of the organic solid and 

the fuel consumption of the system. The temperature in the solid is important to produce a high 

quality activated carbon and the process is designed to be constructed and situated in Ghana. 

Targets 
The first target of the study is finding a mode of running the plant in a fuel efficient manner while 

keeping the required temperatures for the process to produce a high quality product. The effect of 

heating gas temperature, insulation and placement of heating unit are investigated. 

The second target of the study is to investigate how the heating of the biomass in the reactors are 

affected by the gasification of the pyrolysis and the burn-off of the activation process. The 

gasification and activation causes a loss of mass in the solid during the process which might affect the 

temperatures in the system. Would this change prove to give a negligible difference in result, further 

heat transfer studies could be significantly simplified. 
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Pyrolysis 
Pyrolysis is a common method for refining organic materials. The method is based on chemical 

decomposition of a organic material when it is exposed to a high temperature. The process is often 

done at temperatures above the auto ignition temperature of the organic material and therefore 

requires an anaerobic environment to prevent combustion. The raw material for the pyrolysis 

process consists of four main components. These four are fixed carbon, volatile matter, moisture and 

ash. Pyrolysis turns a considerable amount of the volatile matter and the moisture into gas while the 

fixed carbon and the ash stays as a solid residue (Motasemi & Afzal 2013). Some of the larger 

molecules from the hot gas can then be condensed into a liquid. In total the pyrolysis process 

produces three different products: A gas, a liquid and a solid residue. Aside from the release of the 

volatile matter the pyrolysis also has a secondary reaction known as cracking. This chemical reaction 

happens due to the high temperature and reduces large volatiles and char into small molecules, thus 

creating a larger gas fraction and smaller liquid and solid fractions (ibid.). 

One of the advantages with pyrolysis is that the process can be used to refine a wide variety of 

byproducts from other industries (Ferrera-Lorenzo et al. 2014). The raw materials can be anything 

that has a large amount of organic material such as waste treatment sludge, scrap tires, plastics or 

byproducts from agricultural industry. Different kinds of biomass byproducts from widespread 

agricultural industries are under investigation as these materials are often discarded or used as fuel 

with low efficiency (Kim et al. 2013). These biomass materials are called lignocellulosic biomass and 

are composed primarily of hemicellulose, cellulose and lignin. These three have different 

characteristics and are composed of different fractions of the main components.  

Yang et al. (2007) has tested the pyrolysis characteristics of the three separately to gain a better 

understanding of how the parts react to pyrolysis. A thermo gravimetric analysis was used for the 

experiments to see how the separated components reacted to a slow heating process. Hemicellulose 

mainly decomposed at temperatures of 220-315°C and followed by cellulose at temperatures of 315-

400 °C. Lignin decomposed slowly over the entire testing spectrum of 100-900 °C.  

Yang et al. (2007) also examined the energy consumption of the pyrolysis. At temperatures below 

500 °C hemicellulose and lignin are exothermal and cellulose is endothermal. At temperatures over 

500 °C the results are reversed and hemicellulose and lignin are endothermal while cellulose is 

exothermal. The total energy consumption of the process is therefore difficult to define and varies 

with process temperature and raw materials. 

Process parameters such as temperature, residence time and heating rate severely change the 

quantity and quality of the different products from the pyrolysis (Ferrera-Lorenzo et al. 2014). The 

variety in parameters makes producing several high quality products simultaneously difficult and 

most processes have a singular focus product while the other two become byproducts. Bridgwater 

(2012) has separated the different pyrolysis processes into five different modes, depending on what 

type of product that is the main focus: Fast and intermediate for pyrolytic liquids, carbonization for 

biochar, gasification for pyrolysis gases and torrefaction for fuel charcoal. 
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Carbonization is in focus in this study as it is used to produce a maximum amount of biochar. The 

biochar is in turn used as a raw material for producing activated carbon. Carbonization is a very slow 

process with residence times of the solid residue spanning from an hour to over a day (Bridgwater 

2012). The residence time is required to be over an hour to allow the volatiles in the solid to be 

released in a slow manner which decrease the loss of fixed carbon due to secondary reactions and 

improve the porous texture of the carbon (Lua et al. 2006). An inert purging gas is also used often in 

this process to separate the volatiles from the biochar to prevent them from reattaching to the 

surface (ibid.). Temperatures of this process is often in the range of 400-800 °C and uses a slow 

heating rate as it also improves yield and texture (ibid.). 

When producing a biochar to be used in an activated carbon, the pyrolysis parameters are optimized 

to attain a high yield of solid residue, a good quality of the biochar or a mix thereof. The quality is 

often measured in BET surface area, which is a quality measurement of activated carbon and 

measures how much contact area the carbon has. 

Lua et al. (2006) tested the optimal conditions for producing a precursor of activated carbon by 

changing variables systematically in the carbonization process and then activating the carbons using 

a high temperature activation process that remained unchanged at 900 °C during 30 minutes. During 

these trials the temperature was changed from 400-900 °C and an optimal temperature was found at 

600 °C with a heating rate of 10 °C/min and a residence time of 2 hours at full temperature. The 

results from the temperature variation experiment can be seen in table 1. The yield is steadily 

decreasing with higher temperatures and BET-area is increasing up to 600 °C and then decreases 

slightly. This later decrease can be explained by thermal depolymerization, which at high 

temperatures makes the sample melt and shrink and thereby decreases the textural characteristics 

of the char. 

Table 1.  Differences in BET-area and yield at different temperatures. (ibid.)  

Temperature 
(°C) 

BET-area (m2/g) 
Yield Char 

(wt. %) 
Yield AC  
(wt. %) 

400 410 49.97% 30.47% 
500 480 40.64% 27.12% 
600 520 36.61% 26.88% 
700 500 31.19% 26.31% 
800 490 29.83% 25.85% 
900 460 28.74% 25.37% 

 

The temperatures produce a smaller difference in the yield of activated carbon than in the yield of 

biochar. The difference in yield of the biochar comes from the release of volatiles during the 

carbonization process. At lower temperatures, a substantial fraction of the volatiles is still bound in 

the residue char. These volatiles are later released during the activation process and a low fraction of 

volatiles are attained after the activation at all carbonization temperatures. At higher temperatures 

the yield of activated carbon decreases as well, but at a slower rate. This is caused by the decreased 

starting fraction of volatiles in the activation process, which gives a larger surface area of fixed 

carbons and makes it easier for more volatiles to be removed and carbon to be oxidized. After the 

activation the volatile content is approximately the same, with a content of 7.2 % at low 

temperatures and 5.7 % at high temperatures. (ibid.) 
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Raw materials 
Oil palms are grown in 43 countries on four continents, the two largest producers are Indonesia and 

Malaysia. In total 40 million metric tons where grown in 2012, out of which the two main producers 

contributed 85 % (FAOSTAT 2013). Palm oil is used for a number of different applications including; 

cooking, soap, makeup, lubricants and biodiesel (WWF 2013).  Oil palm plantations are controversial 

as considerable amounts of fertile land are used, which in turn decreases the local biodiversity 

(Wilcove & Koh 2010). 

In this study, palm kernel shells (PKS) are the chosen raw material for the process as it is a byproduct 

from the palm oil industry and is normally used as a low efficiency fuel (Kim et al. 2013).  Ghana has 

an production of oil palm, which yielded 122 000 metric tons during 2012 (FAOSTAT 2013). Due to 

the size of Ghana's palm oil industry these kernel shells exist in great supply and the byproduct is a 

well studied biomass material for use in pyrolysis processes. 

When a pyrolysis experiment is performed, the raw materials are often tested by performing 

different analyses. The most common methods used are; elemental analysis, proximate analysis and 

chemical composition.  

Elemental analysis evaluates a raw material on the level of atoms. The results of this analysis shows 

the carbon content of the material, but it does not show which types of molecules are in the sample 

or which types of molecules are in the material. It is often used to find the content of sulfur, nitrogen 

and oxygen of a sample. (Encyclopedia Britannica Online 2014) 

Proximate analysis splits the raw material down into fractions of moisture, volatiles, fixed carbon and 

ash (Encyclopedia Britannica Online 2014). Results of proximate analyses from earlier studies of palm 

kernel shells are shown in table 2.  

Table 2. Proximate analysis of palm kernel shells from earlier studies.  

Content (wt. %) 
Lee et al. 

(2013) 
Kim et al. 

(2010) 
Kim et al. 

(2013) 
Husain et al. 

(2002) 
Ghani et al. 

(2009) 

Moisture 11.90 9.40 5.92 0 0 
Volatiles 66.80 82.50 71.31 76.30 72.50 

Fixed carbon 17.90 1.40 17.81 20.50 18.60 
Ash 3.40 6.70 4.99 3.20 8.90 

 

The results from Husain et al (2002) and Ghani et al. (2009) are in dry basis, which gives slightly 

higher results in the other fractions. Results from Kim et al. (2010) differ from the rest due to a low 

fixed carbon content and a larger amount of volatiles. Except for Kim et al. (2010), the results shows 

that the palm kernel shells have a volatile content of approximately 70 wt. % and a fixed carbon 

content of 18 wt. %. The ash content varies between 3-9 wt. % and consists of the inorganic elements 

of the biomass. Lee et al. (2013) compared several different common feedstocks using proximate 

analysis and showed that palm kernel shells has a relatively high fixed carbon content, which is 

derived from the large amount of lignin in the material. As fixed carbon is the main component for 

production of activated carbon, a high content is required for a high yield. A material with a low ash 

content is also sought when producing activated carbon, as ash stays in the char but adds nothing to 

the finished product as the ash does not have the adsorbing property of the carbon (Rafatullah 

2013). 
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Chemical composition analysis shows the content of hemicellulose, cellulose and lignin in the sample. 

This analysis is a way to describe any lignocellulosic material down to its basic parts. Couhert et al. 

(2009) performed a proximate analysis of the separate parts of lignocellulosic materials. The purpose 

was to give a clearer view of which components in the biomass contribute to the fractions of 

volatiles, fixed carbon and ash. The results of the analysis showed that cellulose has a fixed carbon 

content of 5-6 wt. %, hemicellulose has 19-23 wt. % and lignin has 39-42 wt. %. The volatile matter in 

the samples were 94-95 wt. % for cellulose, 71-75 wt. % for hemicellulose and 45-59 wt.% for lignin. 

This once again shows the importance of a large fraction of lignin in a raw material for the production 

of activated carbon. 

Activated carbon 
Activated carbon is characterized by a surface area of approximately 500 to 1500 m2/g (Yin et al. 

2007). In combination with its chemical properties, the high surface area makes it a useful adsorbent 

by adhering molecules to the surface of the granules. The primary application for activated carbon is 

fluid purification for flows of fluids; a common example of this is water purification in water 

treatment plants. Adsorption through activated carbon has been proved superior to many other 

purification techniques as a simple and flexible method (Rafatullah 2013). As a cleaning process, it is 

easy to use and install in existing systems and is insensitive to pollutants (ibid.).  

The gold mining industry has an extra use for activated carbon. One technique regularly used in the 

gold mining industry is to dissolve gold into cyanide. This transforms the gold into a water soluble 

material which can then be extracted from the ore. As activated carbon is created to adsorb, this 

material is commonly used in the adsorption of the gold cyanide from water containing a low 

concentration. The gold can then be desorbed from the carbon and separated from the cyanide using 

electrolysis. (McDougall & Hancock 1981) 

All volatiles in a biological material does not leave the fixed carbon in a carbonization process. More 

of these volatiles can be removed in an activation process. The activation process is similar to a 

pyrolysis process but is done at a higher temperature to release more volatiles. When these volatiles 

are removed they leave behind micro, meso and macro pores in the material increasing the surface 

area, thus producing an activated carbon. (Lua et al. 2006) 

By adding an oxidant such as H2O or CO2 to the gasification process, carbon at the surface starts to 

oxidize at which point the pores start growing and some new pores are formed, further increasing 

the surface area of the material (Rafatullah 2013). These two oxidants remove fixed carbon from the 

surface of the biochar using the following chemical reactions: 

𝐻2𝑂 + 𝐶 →  𝐻2 + 𝐶𝑂     (1) 

2𝐻2𝑂 + 𝐶 →  2𝐻2 + 𝐶𝑂2     (2) 

𝐶𝑂2 + 𝐶 → 2 𝐶𝑂     (3) 

Rodríguez-Reinoso et al. (1994) made a comparison between several different ways of oxidizing a 

given material. The four methods in question used pure carbon dioxide, pure water vapor, water 

vapor in nitrogen gas and water injected in the char. The results showed that carbon dioxide 

activation yielded smaller pores than steam activation. The conclusion drawn from these results 
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were that carbon dioxide produces more micropores, and subsequently widens them. Steam on the 

other hand widens existing pores. This results in steam activation containing more macropores while 

carbon dioxide produces more micropores and mesopores. 

Activated carbon can also be created using chemical activation. In this case, the raw material is 

impregnated with chemicals prior to the pyrolysis. The organic residues and lignocellulosic materials 

are degraded which eases the decomposition in the pyrolysis. The chemicals also keep the raw 

materials from closing up which further eases the process. Commonly used chemicals include; 

phosphoric acid, zinc chloride and potassium hydroxide. As the chemical activation strengthens the 

effects of the process, BET surface areas of up to 1900 m2/g have been attained (Hussein et al. 2001). 

The downside of using chemicals is an increase of production cost. (Rafatullah 2013) 

Lua & Guo (2000) tested activation of palm kernel shell through a single activation step using carbon 

dioxide as an oxidant. The temperatures tested were 650 °C, 850 °C and 950 °C. The hold time at the 

maximum temperature was varied from 0.5 to 3 hours. The objective of this study was to find the 

largest possible BET surface area and which parameters yielded these results. The results showed 

that a temperature of 850 °C and a hold time of 2 hours granted a BET surface area of approximately 

1400 m2/g activated carbon. At 950 °C the temperature caused large loss of carbon which 

dramatically reduced yield from the process while not increasing the quality of the product. At 650 °C 

the burn off was low which gave a higher yield, but at a lower quality of carbon. Included in the 

report was also tests done with different heating rates and particle sizes, spanning 5 °C/min to 20 

°C/min and <1.0 mm to 4.7 mm respectively. The results from these tests showed that in these 

intervals both the heating rate and particle size gave small changes in BET surface area, spanning 

from 1350 to 1410 m2/g at optimum conditions. At the optimal parameters of 850 °C and 2 hours 

hold time the yield of activated carbon was approximately 12 % of the initial mass of palm kernel 

shells due to the released volatiles and the carbon burn off from activation.  

Rotary kilns 
Rotary kilns are widely applied to a great number of different applications. Mainly they are used to 

continuously heat granular flows. Most kilns have a direct heating by introducing a hot gas over the 

material flow but some employ external heating. While the primary application of a rotary kiln is to 

enable a continuous production, a positive side effect is that the rotation of the kiln also leads to a 

constant mixing of the granular flow and has the potential for an almost uniform temperature in the 

transverse plane. (Boateng 2008) 

Depending on the radius and rotation of the kiln, the flow tends to act differently. The bed 

movement has thereby been separated into categories. The categories of this flow in increasing 

order of bed motion is: Slipping, slumping, rolling, cascading, cataracting and centrifuging. Boateng 

(2008) has described the different bed motions to easier understand what happens in each mode of 

motion. 

Slipping is the slowest flow. A bed that is slipping tends to slowly move up the leading wall of the kiln 

until the friction succumbs to gravity and the whole bed slides down into the bottom of the kiln. This 

flow is almost never wanted, as the flow is not mixed during this process. When the bed reaches a 

higher speed it starts slumping. The bulk solid stops releasing at the contact surface between the kiln 

and the bed and instead releases a fraction at the top of the bed when the bed angle becomes too 

large. This causes the top part of the bed to slump toward the lower part of the bed and thereby 
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decrease the current angle of the bed, which will then again start increasing until the bed once again 

reaches a high angle. (Boateng 2008) 

The rolling bed is most sought bed motion for industrial purposes. This flow continuously rolls down 

the surface of the bed while keeping a bed angle close to the materials angle of repose. This type of 

flow is usually close to the motion of a fluid and provides a high heat transfer within the bulk solid 

and an even temperature. (ibid.) 

At a higher motion, the bed cannot keep the same steady rate of mass transfer through the bed and 

starts to cascade. In this mode, the bed is fast enough to reach an angle higher than the angle of 

repose and thus starts to cascade down to the lower edge. This flow is more unstable than a rolling 

flow but the rotation can be used to break the bed particles into smaller sizes. Cataracting is similar 

to the cascading flow, but the increased bed motion makes some or all of the leading edge of the bed 

to leave the bed momentarily and shower down over the following edge. The highest mode of bed 

motion is the centrifugal flow. When this happens, the bed is constantly following the wall of the kiln 

as it rotates. (ibid.) 

The mode of bed motion is decided by the rational Froude number. The Froude number is calculated 

using the gravitational constant 𝑔, the radius 𝑟 and angular velocity of the rotary kiln 𝜔 and is 

defined as (4) (ibid.): 

𝐹𝑟 =
𝑟∗𝜔2

𝑔
      (4) 

A Froude number close to zero characterizes a slipping motion, while a number over 1 is a 

centrifuging motion. The exact values for the different modes varies with angle of repose. In table 3, 

the modes and their Froude number intervals have been posted for an angle of repose of 35°.  

Table 3. Modes of bed motion and their Froude number intervals for 𝜑 = 35°. (Boateng 2008) 

Mode Froude Interval 

Slipping 𝐹𝑟 < 1.0 ∗ 10−5  

Slumping 1.0 ∗ 10−5 < 𝐹𝑟 < 0.3 ∗ 10−3 
Rolling 0.5 ∗ 10−3 < 𝐹𝑟 < 0.02 

Cascading 
Cataracting 
Centrifuging 

0.04 < 𝐹𝑟 < 0.08 
0.09 < 𝐹𝑟 < 1 

1 < 𝐹𝑟 

 

The mode of bed motion is also shifted depending on how much of the kiln is filled with the solid 

material. A kiln with a high fill rate over 15% is more likely to cataract, with a maximum fill rate for 

rolling flow of 20% at low rotational speeds. At fill rates 3% or lower, the mode of motion is slipping 

for most materials, unless the rotational speed is high enough to centrifuge the bed. 

At a rolling bed motion, the heat transfer is strengthened past regular conduction of materials. In this 

mode the motion of the bed causes the heat transfer to reach a state of convection (ibid.). The heat 

transfer coefficient   is in this case based on the radius 𝑟 and the length of the circle segment 

covered by biomass in the radial direction 𝐿𝑠, along with the biomass properties conductivity 𝑘, 

density 𝜌 and specific heat capacity 𝐶𝑝  as in (5) (ibid.): 



10 
 

 =  
2𝜋𝑟

𝐿𝑠
∗  𝑘 ∗ 𝜌 ∗ 𝐶𝑝     (5) 

The radius and rotation also control the residence time of the materials in the kiln. The average 

residence time 𝜏 is described by (6). The slope of the kiln and the length of the kiln can also be used 

to control the length of residence for the bed (Boateng 2008).  

𝜏 =
𝐿∗sin 𝜑

2∗𝜋∗𝑟∗𝑅𝑃𝑀∗𝑠
     (6) 

Where 𝐿 is the kiln length, 𝜑 the angle of repose, 𝑟 the radius, 𝑅𝑃𝑀 the rotation in revolutions per 

minute and 𝑠 the slope of the reactor in meter per meter. 

For dry processes length/diameter ratios of 5-12 are typically used for applications with long 

residence times from 20 minutes up to several hours. (ibid.) 

Minor Field Study 
As part of this thesis a minor field study was conducted in Ghana to investigate the practical 

challenges that coincides with setting up an industrial scale production in the country. The main 

components of a industrial production are construction, energy, raw materials and logistics. 

Construction 

Several small workshops in Kumasi were studied and it was found that they mainly had old 

equipment and were lacking in advanced tools. Most of the work was done by eye-measurements 

however the final quality of even complex geometries easily rivals what can be seen in modern 

workshops in Sweden. As such it has been concluded that all construction work needed can be done 

locally. The lack of advanced measuring equipment (such as laser measurements)  needs to be 

considered in dimensioning the reactors. Constructing the reactors locally could constitute 

considerable cost savings on transport and wages. As comparison metal workers in Ghana currently 

earn about 10 % of their European counterparts (according to the workers asked).  

Energy 

Ghana suffers from a electricity shortage. Several power outages was experienced on a daily basis 

during the study. To deal with this, a large industry has grown up around backup generators. Nearly 

all commercial buildings that were visited had some kind of diesel backup generator and 

advertisements for them aimed at businesses where commonly shown on local TV channels. An 

electrical engineer who works for one of Ghana's biggest gold mines said that several of Ghana's 

mines shut down every night from 18:00 to 22:00 to deal with the energy shortage. According to the 

engineer these issues and the extent of their impact are rarely brought up externally as there is a fear 

of scaring off potential investors. His name has been excluded as the subject might be sensible for 

the mining company in question. 

Due to the extensive industry around backup generators combined with the large availability of fuel, 

Ghana produced 80.000 barrels of oil per day in 2012 (U.S Energy Information Administration 2014). 

Based on this, it is concluded that an activated carbon plant could be run on a 24 hour basis with the 

help of a sufficient backup generator. 
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Raw Materials 

Ghana has many agricultural industries that creates byproducts. Two common producers of 

byproducts are sawmills producing saw dust and oil palm industry producing palm kernel shells. 

These products are burnable and can be sold as energy sources. Heating is not an issue in Ghana as 

the country is warm at all times during the year, so many of these materials go unsold. Palm kernel 

shells are produced in large palm shell plantations where the fruits are squeezed, the nuts cracked 

and the oil in the nuts squeezed as well. The remaining nut shell is then dried, packed in large bags 

and sold. The price is between 50-100 dollars per metric ton, depending on company.  

Logistics 

The main roads in Ghana are in a bad shape and by all accounts unsafe at night (according to the 

locals and GOV.UK 2014). During the visit, two men working for a British company in the oil industry  

spent nearly two weeks waiting for equipment to get delivered from Accra to Kumasi, which is a 4 

hour drive. However at the same time, the local academic contact Dr. Moses Y. Mensah concluded 

that a package can be delivered from Europe within 3 days from it being sent. Overall, the opinions of 

the people talked to about transport and logistics were fractured. As such, the best recommendation 

on the subject would be to avoid long transports where possible, plan for deliveries to come as 

scheduled while maintaining a storage capacity that allows for longer delays. To ensure the supply of 

raw materials, any larger production facility of activated carbon is recommended to be built close to 

a big supplier. 
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Method 
To investigate variations of a the heating system, two reactors were created in the form of rotary 

kilns and given a burner, each burning diesel fuel. The reactor models were not connected, but 

assumptions were made as if they were connected through an simple auger system, moving biomass 

from the pyrolysis reactor to the activation reactor. 

Reactor Design 
The reactors were designed as concentric tube heat exchangers, with an inner reactor pipe 

containing the biomass during the process and an outer pipe surrounding the reactor pipe. Hot 

combustion gases from the burner were introduced to the area between the two pipes as an outer 

stream, while the biomass and pyrolysis gases were treated as the inner stream. A cross section of 

the reactor can be seen below in figure 1. 

 

Figure 1 - Cross section of the reactor 

The reactor dimensions are created based on guidelines and equations for creating rotary kilns 

(Boateng 2008). The fill rate of biomass in the reactor was set to 13% of the total cross section area 

to allow for a rolling flow. As a rolling flow is required to keep a good heat transfer from the reactor 

wall to the biomass, a Froude number between 0.0005 and 0.02 was required (ibid.). The Froude 

number is calculated using (7), which is rewritten from (4) to use rotations per minute instead of 

angular velocity. 

𝐹𝑟 =
𝑟∗ 

𝑅𝑃𝑀 ∗2∗𝜋

60
 

2

𝑔
     (7) 
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Radius and rotation controls the Froude number of the rotary kiln. A high rotation of 6 revolutions 

per minute has been chosen to assure an even temperature in the biomass. This together with the 

radius gave a high Froude number, close to the upper limit. 

The residence time in the system is another important aspect in pyrolysis. The equation for residence 

time in a rotary kiln is described by (6). The slope is often used to control the residence time 

(Boateng 2008). However, the plant is assumed to be cheaply built and this approximate construction 

negates slope as a tool for fine tuning. The slope has been set to 1 cm over the reactor length for 

both reactors. This caused the length of the reactor to be chosen to attain the required residence 

time in the reactors. Table 4 contains the fixed design data of the two reactors. 

Table 4. Dimensions and design data. 

 Pyrolysis Activation 

Length [m] 
Diameter [m] 

RPM 
Steel Wall Thickness [mm] 

Outer Shell Thickness [mm] 
Steel Wall Emissivity [1] 

Insulation Conductivity [W/m*K] 
Biomass Flow Rate [g/s] 

Froude Number 
Residence Time [min] 

Slope [m/m] 
Airslit Heating Gas [mm] 

Ambient Temperature [°C] 

7.80 
1.00 

6 
5 
3 

0.3 
0.05 
40 

0.02008 
180 

0.01/7.80 
60 
30 

6.50 
0.82 

6 
5 
3 

0.3 
0.05 

14.64 
0.01647 

150 
0.01/6.50 

60 
30 

 

Pyrolysis 
Lua et al. (2006) pyrolysed palm kernel shells with the objective of finding the effect different 

parameters of carbonization had on the characteristics of the biochar. The biochar was then 

activated in a short process that was held constant between samples to clearly show the differences 

in BET- surface area and pore sizes. The results showed a maximum BET-area if the PKS are heated at 

a low rate of 10 °C/min until it reaches a temperature of 600 °C and then held at this temperature for 

2 hours before leaving the reactor. These data have subsequently been used as process parameters 

for the temperature of the biomass in the reactor. The char yield from this process was 36.6%, and 

the mass loss due to the pyrolysis is 63.4 % (ibid.). A significant part of the mass losses are due to the 

first part of the process, when the biomass is being heated to the process temperature (ibid.). This 

mass loss has therefore been simplified as a linear function based on temperature of the biomass in 

each section as seen in (8). The starting temperature of the decomposition 𝑇𝑠𝑡𝑎𝑟𝑡  is set to 220 °C, as 

this is the temperature when the hemicellulose start decomposing. The ending temperature of the 

decomposition 𝑇𝑒𝑛𝑑  was set to the full temperature of 600 °C. The loss fraction for pyrolysis 𝑋𝑝  was 

set to 0.634 to encompass all the mass losses in this step. The boundary conditions are set to prevent 

a negative mass loss at low temperatures and to prevent a higher mass loss due to temporary higher 

temperatures. 

𝑙𝑚 =  
𝑇𝑏𝑖𝑜 −𝑇𝑠𝑡𝑎𝑟𝑡

𝑇𝑒𝑛𝑑 −𝑇𝑠𝑡𝑎𝑟𝑡
∗ 𝑋𝑝 , 0 ≤ 𝑙𝑚 ≤ 𝑋𝑝    (8) 
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The lost mass is in gaseous form and was assumed to contain only CO2, CO, H2 and CH4. The fractions 

of the gases are can be seen in table 5 and are based on the fractions of the pyrolysis gas produced 

by an pyrolysis experiment performed by Yang et al. (2006). In this report, longer hydrocarbon chains 

also existed in the gases but in small amount. In this study, these has been added to the fraction of 

CH4. The thermal decomposition was assumed to be isothermal and not require or produce any heat. 

Table 5. Fractions of pyrolysis gases.  

CO2 CO H2  CH4 

0.31 0.21 0.38 0.10 

 

Vaporization of water in the biomass is assumed to happen at a biomass temperature of 100 °C. 

When the biomass reaches this temperature, the temperature is held constant and any heat surplus 

is used to evaporate water. When all water is evaporated, the temperature again starts increasing. 

After leaving the first reactor system, the biomass is assumed to have be properties of biochar and 

the new mass flow rate is inserted in the second reactor system. During this transition the 

temperature of the biomass is assumed to drop to 500 °C. 

Activation 
The temperature and residence time for the activation process has been set to 850 °C and 2 hours. 

Lua & Guo (2000) has shown that under these activation conditions, the total mass loss from a 

combined pyrolysis and activation process removes approximately 88% of the starting mass from the 

product. As 63.4 % of the mass is removed during pyrolysis, the remaining mass is removed in the 

activation process. To simulate this, a further reduction of 67.5 % of the remaining mass after 

pyrolysis has been removed in the activation process. 

In the case of activation, the temperature increase in the heating process is less important than 

during pyrolysis (ibid.).  The time taken to achieve the required temperature is set to 30 minutes. This 

process takes 2.5 hours in total and require a smaller reactor than the pyrolysis step. The radius is 

smaller, as the char from the pyrolysis reactor require less volume than the palm kernel shells during 

the earlier step and the length is shorter because of the shorter residence time. 

As the temperature is increased further in the activation step, the material is effectively pyrolysed 

during the activation process, causing a mass loss due to activation and a mass loss due to pyrolysis. 

A comparison between activation and pyrolysis at 850 °C by Lua & Guo (2000) was used to separate 

these two mass losses into two equations, where pyrolysis caused approximately 35 % of the mass 

loss at 850 °C and activation caused 65 %. This caused the loss fraction of 0.675 to be split into a loss 

fraction from pyrolysis 𝑋𝑝  at 0.23625 and a loss fraction from activation 𝑋𝑎  at 0.43875. As the 

material has been pyrolysed at 600 °C, the starting temperature for the pyrolysis 𝑇𝑠𝑡𝑎𝑟𝑡  was set to 

this value. The end temperature for the pyrolysis gas loss 𝑇𝑒𝑛𝑑  was set to the full temperature of 850 

°C. The mass loss due to activation was spread evenly over the full temperature phase as a function 

of the reactor length with a starting length 𝐿𝑆𝑡𝑎𝑟𝑡  at 1.30 m when the biomass first reached full 

temperature and the end length 𝐿𝑒𝑛𝑑  at the reactors full length of 6.5 m. As the biomass has been 

through the mass loss incurred by pyrolysis in the activation phase, the loss factor from the pyrolysis 
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was added to the activation. The mass losses in the activation process can be seen below in (9) and 

(10): 

𝑙𝑚 =  
𝑇𝑏𝑖𝑜 −𝑇𝑠𝑡𝑎𝑟𝑡

𝑇𝑒𝑛𝑑 −𝑇𝑠𝑡𝑎𝑟𝑡
∗ 𝑋𝑝  , 0 ≤ 𝑙𝑚 ≤ 𝑋𝑝  , 0 ≤ 𝐿 < 1.30  (9) 

𝑙𝑚 =  𝑋𝑝 + 
𝐿−𝐿𝑆𝑡𝑎𝑟𝑡

𝐿𝑒𝑛𝑑 −𝐿𝑆𝑡𝑎𝑟𝑡
∗ 𝑋𝑎  , 1.30 ≤ 𝐿 ≤ 6.5     (10) 

The pyrolysis gases from the activation process is assumed to be the same as in the pyrolysis process. 

The fractions of these can be seen in table 5. Just as in the pyrolysis, the processes are assumed to be 

isothermal. Steam is used as an oxidant and  is also added in the pyrolysis gases in the system at the 

start of the reactor. For the activation to work properly, a large part of the gases require to be steam. 

The flow of steam has been set to be 80 % of the total gas flow in the system, with pyrolysis gases 

being the last 20 % to assure a large concentration of steam. As the total mass flow of pyrolysis gases 

depends only on the mass flow of biomass, the flow of steam is also known as: 

𝑚 𝑠𝑡𝑒𝑎𝑚 =
0.8∗𝑚 𝑏𝑖𝑜 ∗𝑙𝑚 ,𝑚𝑎𝑥

0.2
    (11) 

Where 𝑚  is the mass incoming mass transfer of steam and biomass respectively and 𝑙𝑚 ,𝑚𝑎𝑥  is the 

maximum allowed mass loss of 0.675. The pressure of the system is assumed to be atmospheric 

pressure and the flow caused by a negligible pressure difference of a short pipe system. The 

temperature of the incoming gases are also assumed to be 100 °C, as caused by a simple boiling 

apparatus with no significant overpressure. 

Raw materials and fuel 

Palm Kernel Shells 

Whole palm kernel shells are usually too large for pyrolysis as the chemical reactions are strongest at 

the surface of the material. The palm kernel shells are assumed to be in a ground state when fed into 

the system. Fono-Tamo & Koya (2013) have characterized thermo chemical properties of the palm 

kernel shells after they have been ground and tested the thermal conductivity, specific heat and bulk 

density of the material. Dagwa et al. (2012) did a mechanical characterization of ground palm kernel 

shells and have acquired an angle of repose that is important for the residence time of a material in a 

rotating kiln. The data necessary for the pyrolysis process are show below in table 6.  

Table 6. Properties of ground palm kernel shells (PKS). (Fono-Tamo & Koya 2013, Dagwa et al. 2012) 

Specific Heat 
(kJ/kg*K) 

Conductivity 
(W/m*K) 

Bulk Density 
(kg/m3) 

Angle of 
Repose 
(deg)  

Moisture 
Content 

(%) 

Feed 
Temperature 

(°C) 

Emissivity 

1.983 0.68 560 34 6 30 1 

 

Biochar 

After being pyrolysed, the palm kernel shells have lost most of their mass and therefore have 

different properties. In this state the biomass is often referred to as biochar and have properties 

similar to charcoal or coal. Gonzo (2002) have estimated the conductivity of granular materials, one 
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being coal in an environment of air. Gupta et al. (2003) pyrolysed softwood with the intentions to 

find out the thermo chemical properties of the char. The char in this process is assumed to have the 

same density as the softwood char, and is also assumed to keep the same angle of repose as in the 

pyrolysis step. Table 7 shows the properties used for the biochar during the activation process. 

Table 7. Properties of granular biochar. (Gonzo 2002, Gupta et al. 2003) 

Specific Heat 
(kJ/kg*K) 

Conductivity 
(W/m*K) 

Bulk Density 
(kg/m3) 

Angle of 
Repose 
(deg)  

Moisture 
Content 

(%) 

Feed 
Temperature 

(°C) 

Emissivity 

1.506 0.1365 299 34 0 500 1 

 

Diesel fuel 

Heavy diesel fuel is used to power the heating of the process. Heavy diesel data is taken from Cengel 

and Boles (2011). The data used is shown in table 8. The ash content and sulfur content of the fuel 

are assumed to be 0 wt.% and 1 wt.% respectively.  The high sulfur content is based on the lack of 

strict laws on sulfur content in Ghana. 

Table 8. Fuel data for heavy diesel. (Cengel & Boles 2011) 

Formula 
Molar mass 
(kg/kmol) 

Density 
(kg/m3)  

HHV 
(MJ/kg) 

Sulfur content 
(wt.%) 

Ash content 
(wt.%) 

C1nH1.7n 200 850 45.5 1 0 

 

Burner 
The burner unit supplies the reactor with warm combustion gases for external heating. As the 

properties of the gas changes with composition, the composition have been calculated using 

chemical reactions of combustion. The fuel was separated into C, H and S content in wt.% and then 

recalculated to flows based on mole flow rate and the fuel flow rate. The sulfur content of the 

combustion process was calculated using (12). 

𝑛 𝑆 =
𝑦𝑆∗𝑚 𝑓𝑢𝑒𝑙

𝑀𝑆
     (12) 

Where 𝑛 𝑆  is the sulfur mole flow rate, 𝑦𝑆  the sulfur weight fraction in the fuel, 𝑚 𝑓𝑢𝑒𝑙  the fuel flow 

rate and 𝑀𝑆  the molar weight of sulfur. The carbon and hydrogen flow was calculated using the ratio 

from the empirical formula seen in table 8 and the molar weights: 

𝑛 𝐶 =
1∗ 1−𝑦𝑆 ∗𝑚 𝑓𝑢𝑒 𝑙

1∗𝑀𝐶+1.7∗𝑀𝐻
     (13) 

𝑛 𝐻 =
1.7∗ 1−𝑦𝑆 ∗𝑚 𝑓𝑢𝑒𝑙

1∗𝑀𝐶+1.7∗𝑀𝐻
     (14) 

The oxygen requirement of the combustion was then calculated using theoretical air: 

𝑛 𝑂2
= 𝑛 𝑠 + 𝑛 𝐶 +

𝑛 𝐻

4
     (15) 
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An air ratio was added to the system to assure a complete combustion and to be able to control the 

temperature of the combustion gases. This air ratio 𝐴𝑅 is 1 at 100% theoretical air required for the 

combustion. The composition of the combustion gases can be seen in (16).  

 𝑛 𝑆 ∗ 𝑆𝑂2 + 𝑛 𝐶 ∗ 𝐶𝑂2 +
𝑛 𝐻

4
∗ 𝐻2𝑂 +  𝐴𝑅 − 1 ∗ 𝑛 𝑂2

∗ 𝑂2 + 𝐴𝑅 ∗ 3.76𝑛 𝑂2
∗ 𝑁2 (16) 

The gases were separated into fractions and these fractions were then used for calculating all 

properties of the combustion gases: 

𝑦𝑔𝑎𝑠 =
𝑛 𝑔𝑎𝑠

𝑛 𝑡𝑜𝑡
     (17) 

The air flow into the burner was calculated using the required temperature of the combustion gases. 

As the enthalpy depends on temperature, the problem was solved using (18) and an iterative 

numerical method. As the enthalpies of formation are taken from combustion at the standard 

reference state of 25 °C and 1 atm, the incoming air has been simplified to also use this state. 

𝑚 𝑓𝑢𝑒𝑙 ∗ 𝐻𝐻𝑉𝑓𝑢𝑒𝑙 +  𝑛 𝑔𝑎𝑠 ∗ ( 25°𝐶 −  0) =  𝑛 𝑔𝑎𝑠 ∗ ( 𝑇 −  0)  (18) 

Where HHV is the higher heating value of the fuel,  25°𝐶 is the sensible enthalpy at 25 °C,  0is the 

reference sensible enthalpy and  𝑇  is the sensible enthalpy at the final temperature.  

These equations gave two variable parameters. The mass flow of fuel controls the flow of the 

combustion gases into the system, while the air ratio controls the temperature of the incoming 

gases. 

Energy modeling 
The energy balance of the reactor contains several different parts that interact through different 

heat transfers. To ease in the calculations and to attain a temperature profile of the reactor, a 

discretization was created. The reactor was split into 15 sections, creating a manageable amount of 

data points for numerical calculations and while still giving a temperature profile close to a 

continuous function. The shape of the reactor after being split into sections can be seen in figure 2. 

 

Figure 2 - Shape of reactor and reactor sections. 
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Each section contains four control volumes:  

 Heating Gas 

 Reactor Wall 

 Biomass 

 Pyrolysis Gases 

The control volumes are all assumed to have a constant temperature throughout the volume. As 

regular lumped analysis using Biot-number does not work in this system, these assumptions are 

instead based on the function of the different control volumes as part of a rotary kiln. 

All energy equations during the energy modeling are taken from Cengel and Ghajar (2011). The heat 

transfers in the system are based on (19) for conduction, convection and radiation: 

𝑄 =
∆𝑇

 𝑅
      (19) 

Where 𝑄  is the heat transfer, ∆𝑇 is the temperature difference between the control volumes and 

 𝑅 is the total thermal resistance for the heat transfer. 

For heat transfers based on mass transfer, (20) was used. The formula was based on the mass 

transfer between the control volumes 𝑚 , the specific heat capacity of the mass 𝐶𝑝  and the 

temperature difference in the control volumes. 

𝑄 𝑚 = 𝑚 ∗ 𝐶𝑝 ∗ ∆𝑇     (20) 

The thermal resistance has been calculated based on the method of heat transfer and the surface 

area of the transfer surface. Unless otherwise noted, the thermal resistances are calculated using 

(21) for conduction, (22) for convection and (23) for radiation. 

𝑅𝑐𝑜𝑛𝑑 =
𝐿

𝑘∗𝐴𝑠
     (21) 

𝑅𝑐𝑜𝑛𝑣 =
1

∗𝐴𝑠
     (22) 

𝑅𝑟𝑎𝑑 =
1

𝜀∗𝜍∗ 𝑇𝑠
2−𝑇𝑎𝑚𝑏

2  ∗ 𝑇𝑠−𝑇𝑎𝑚𝑏  ∗𝐴𝑠
    (23) 

The radiation resistance uses the material emissivity 𝜀, Stefan-Boltzmann constant 𝜍, surface 

temperature 𝑇𝑠, the ambient temperature 𝑇𝑎𝑚𝑏  and the surface area 𝐴𝑠. 

The properties of all materials and parts used in the reactor not yet described are taken from Cengel 

and Ghajar (2011) for thermal properties and Cengel and Boles (2011) for thermo chemical 

properties. As the temperature difference is quite large, spanning up to 900 K in difference, the 

properties depending on temperature have been made into functions using curve fitting in MATLAB 

and then calculated by respective control volume temperature where applicable. 
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Simulink 

To simulate the reactor models, a tool developed for MATLAB named Simulink was used. Simulink is 

a programming tool that adds a graphical interface to MATLAB and thus enables visual modeling by 

using signals and blocks, which representing signal changes. Simulink can handle iterative processes 

and this method was used to numerically solve the model.  

As the model is a dynamic system, properties changing over time have been integrated. The 

integrator in the program works by keeping the last signal in memory, and continuously adding the 

new signal each time step. This was used on the temperature signals for the control volumes by 

adding the temperature difference created by the sum of the heat transfers affecting the control 

volume: 

∆𝑇 =
 𝑄 

𝑚∗𝐶𝑝
      (24) 

The new temperatures were then used by the program to calculate the new heat transfers in the 

model, creating the iterative process.  When the values given by all integrators became stable, the 

system was stopped and considered to be in steady state. 

Heating 

The hot combustion gases enter the system through a pipe in the side of the reactor and exits the 

reactor in both ends. This design was chosen to give a heat convection covering the entire reactor 

and to use the effects of both parallel flow and counter flow heat exchanging. The entry point of the 

combustion gases was assumed to be the point where the gases changes from counter flow to 

parallel flow. The counter flow heat exchange is used to give an even temperature increase in the 

biomass, producing a linear increase in temperature. The parallel flow is then used to keep an even 

high temperature in the biomass until the reactor exit. These flows are controlled using a fraction 

between the two flows, simulating the controllability of the mass flows using valves or differently 

sized exit pipes. This fraction is important for the heating, as it effectively controls the temperature 

profile of the reactor and is an easy way to control the temperature of an actual reactor without 

using an advanced control system. 

These two flows take place between the inner and the outer pipe in the annular heat exchanger. The 

velocity of the gas is calculated using the ideal gas law and the total flow area of the gas between the 

inner and the outer pipes, as can be seen in (25). For this purpose, the pressure loss is assumed 

negligible with a constant pressure of 1 atm. 

𝑣 =  
𝑛 ∗𝑅𝑢 ∗𝑇

𝑃∗𝐴
      (25) 

Where 𝑅𝑢  is the universal gas constant, 𝑃 is the pressure and 𝐴 is the flow area. Both these flows are 

assumed to be fully developed turbulent flows and each section is assumed to keep an even 

temperature due to the turbulent flow of the gases. The h-value of the convection is calculated using 

the flow's Nusselt number. As the flow is a turbulent annular flow it can be assumed to be an internal 

flow with hydraulic diameter 𝐷𝐻 equal to the difference between the pipe diameters 𝐷𝑖  and 𝐷𝑜 . As 

the flow is turbulent it was calculated using the Colburn equation (28) to calculate the Nusselt 

number 𝑁𝑢 using the Prandtl number 𝑃𝑟 and the Reynolds number 𝑅𝑒: 
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 =
𝑁𝑢∗𝑘

𝐷𝐻
      (26) 

𝐷𝐻 = 𝐷𝑖 − 𝐷𝑜      (27) 

𝑁𝑢 =  0.023 ∗ 𝑅𝑒0.8 ∗ 𝑃𝑟1/3    (28) 

The heat loss through the shell of reactor contains several layers with different methods of heat 

transfer. Total thermal resistance has been used to solve this part of the system: 

𝑅𝑙𝑜𝑠𝑠 = 𝑅𝑐𝑜𝑛𝑣 + 𝑅𝑜𝑢𝑡𝑒𝑟  𝑝𝑖𝑝𝑒 + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 + 𝑅𝑠𝑒𝑙𝑙 + 𝑅𝑎𝑚𝑏  (29) 

The convective resistance from the hot gases to the outer pipe is solved using the h-value from (26). 

The conductive resistances from the outer pipe and thin outer shell on the reactor is solved using the 

conductive thermal resistance described in (21). The insulation is a thick layer and the geometry of 

the layer has to be taken into account. The resistance of this layer uses the conduction shape factor 𝑆 

of a long cylindrical layer and is calculated as (30), using inner and outer diameter D1 and D2 and the 

length of the section 𝐿𝑠𝑒𝑐𝑡𝑖𝑜𝑛 . 

𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
1

𝑘∗𝑆
=

ln
D 2
D 1

2∗𝜋∗𝐿𝑠𝑒𝑐𝑡𝑖𝑜𝑛 ∗𝑘
    (30) 

The last resistance is the combined resistance of natural convection and surface radiation from the 

shell of the reactor to the surroundings at ambient temperature. This resistance was solved using 

(31).  

𝑅𝑎𝑚𝑏 =   
1

𝑅𝑐𝑜𝑛𝑣
+

1

𝑅𝑟𝑎𝑑
 
−1

    (31) 

The radiation resistance is taken from (23), while the convective resistance is calculated using natural 

convection. The h-value of the resistance is calculated using (26). In this case the hydraulic diameter 

𝐷𝐻 is equal to the diameter of the reactor, and the Nusselt-value 𝑁𝑢 is solved using Churchill and 

Chu's correlation for horizontal cylinders (32) and the Rayleigh number 𝑅𝑎 and the Prandtl number 

𝑃𝑟: 

𝑁𝑢 =  0.6 +
0.387∗𝑅𝑎𝐷

1/6

 1+ 
0.559

𝑃𝑟
 

9/16
 

8/27 

2

    (32) 

After each section, the total energy transferred from the combustion gases as heat losses or as 

reactor heating is subtracted from the heat in the combustion gases. This causes a decrease in 

temperature and as an ideal gas, a decrease in velocity. The new temperature is then used for all 

calculations in the subsequent section. The new temperature was calculated as in (33): 

𝑇2 = 𝑇1 −
𝑄 𝐿𝑜𝑠𝑠

𝑚 ∗𝐶𝑝
     (33) 
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Reactor wall 

The inner system consists of a steel pipe containing the biomass and the pyrolysis gases. The reactor 

wall is rotated to keep an even temperature in the biomass and increase the heat transferred. Due to 

the two different masses inside the reactor, the magnitude of the heat transfers shifts depending on 

rotation angle. As the reactor rotates at 6 revolutions per minute, the position of each points shifts 

and the heat transfer changes. This is assumed to even out as the temperature differences in the 

pipe is small and the conduction in the pipe is stronger than the other heat transfers interacting with 

the wall. The reactor wall is thereby assumed to keep an even temperature in each section. 

As the reactor wall sections are all parts of a pipe, heat conduction between the different sections 

have been included in the system. This conduction is calculated using (19) and (21) and uses the 

distance between the two sections middle points as a conductive length.  

Biomass 

The reactor wall heats the biomass through conduction and radiation. The radial movement of the 

biomass and the pipe gives an amplified heat transfer over regular heat conduction. This 

phenomenon has been described using the heat transfer coefficient (Boateng 2008) described in (5).  

This heat transfer coefficient can then be used to calculate the heat flux between the wall and the 

biomass as a convective heat transfer as in (22). A second use for the radial movement is to keep the 

temperature even in the granular solid, even at low conductive properties. The biomass is thereby 

assumed to also have an even temperature in each control volume. 

The second mode of heat transfer from the wall to the biomass is through radiation. As the reactor is 

split into several sections, radiation exchange between segments have been considered in the 

equation system. Each biomass control volume are assumed to have a radiation heat exchange with 

three wall sections: The section before, the current section and the section after.  

View factor has been used to solve this problem. As the biomass surface is considered flat, the view 

factor between two biomass segments have therefore been considered negligible. The gas volume in 

each section has four surfaces: The biomass, the reactor wall and the open cross sections to the gas 

volumes before and after the current section. As the geometry of the open cross section is an circle 

with a missing circle segment due to the biomass, this geometry have been simplified to  

perpendicular rectangles with a common edge. Any radiation heat leaving the section in this manner 

is added to the wall section of the connecting section. As the cross sections in both ends are the 

same shape, the symmetry rule (34) and the summation rule (35) have been used to gain the view 

factor between the biomass and the same section reactor wall: 

𝐹𝑏𝑖𝑜→𝑐𝑟𝑜𝑠𝑠 ,𝑏𝑒𝑓𝑜𝑟𝑒 = 𝐹𝑏𝑖𝑜→𝑐𝑟𝑜𝑠𝑠 ,𝑎𝑓𝑡𝑒𝑟    (34) 

𝐹𝑏𝑖𝑜→𝑤𝑎𝑙𝑙 = 1 − 2 ∗ 𝐹𝑏𝑖𝑜→𝑐𝑟𝑜𝑠𝑠     (35) 

The radiation was then calculated using net radiation heat transfer between the different surfaces 

using (36): 

𝑄 1→2 =
𝜍∗ 𝑇1

4−𝑇2
4 

 
1−𝜀1
𝜀1𝐴1

+
1

𝐴1𝐹1→2
+

1−𝜀2
𝜀2𝐴2

 
    (36) 
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The pyrolysis gases in the systems are assumed to be of negligible effect for the radiation heat 

transfer and have not been considered in the radiation heat flux. 

As the biomass is moving through the system at a slow rate, conduction between the biomass control 

volumes have been considered. The rotation of the kiln gives the biomass a strong radial movement 

while the velocity lengthwise is low. This conduction is thereby not considered strengthened by the 

rotation and is solved using regular conduction as in (21), using the middle point of the two 

connecting sections as conductive distance. 

In the pyrolysis process the raw materials enter with a moisture content that needs to be 

evaporated. The biomass was split into dry biomass and water to be able to see the water content in 

each section.  The total mass in each section consisted of the sum of the water and the biomass in 

each section. To solve the changes in temperature in this control volume, the mass 𝑚 and specific 

heat capacity 𝐶𝑝  was handled as a sum of the water and the biomass using (37): 

𝑚 ∗ 𝐶𝑝 = 𝑚𝑏𝑖𝑜 ∗ 𝐶𝑝 ,𝑏𝑖𝑜 + 𝑚𝑤 ∗ 𝐶𝑝 ,𝑤     (37) 

The evaporation absorbed all heat that would increase the biomass to a temperature over 100 °C and 

used it to evaporate water until no water was remaining using 𝑓𝑔 ,100 °C, the evaporation enthalpy 

for water at 100 °C as in (38): 

𝑚 𝑒𝑣𝑎𝑝 =
𝑚𝑏𝑖𝑜 ∗𝐶𝑝 ,𝑏𝑖𝑜 ∗ 𝑇𝑏𝑖𝑜 −100 

𝑓𝑔 ,100  °C
, 0 ≤ 𝑚 𝑒𝑣𝑎𝑝  ,𝑚 𝑒𝑣𝑎𝑝 ≤ 𝑚𝑤   (38) 

If any water remain in the section, the mass transfer will move biomass containing an average of the 

moisture content of the current  section to the following section as shown in (39): 

𝑚 𝑤 ,𝑜𝑢𝑡 =  
𝑚𝑤

𝑚𝑏𝑖𝑜 +𝑚𝑤
∗ 𝑚 𝑏𝑖𝑜     (39) 

The total change in water content in each section can be seen in (40). This water content was 

integrated in each time step to keep track of the water content. 

∆𝑚𝑤 = 𝑚 𝑤 ,𝑖𝑛 −𝑚 𝑒𝑣𝑎𝑝 −𝑚 𝑤 ,𝑜𝑢𝑡     (40) 

The vaporization also imposed a heat loss upon the biomass volume using (41): 

𝑄 𝑒𝑣𝑎𝑝 = 𝑚 𝑒𝑣𝑎𝑝 ∗ 𝑓𝑔 ,100 °C     (41) 

As the reactors are constructed to keep a high temperature toward the gas exit, condensation of the 

vapors has not been considered. 

Gasification decompose the biomass at high temperatures. The mass loss in each section was based 

on the total biomass flow entering the reactor 𝑚 𝑓𝑒𝑒𝑑  and the mass loss factor in the current section 

𝑙𝑚 ,𝑐  and section before, 𝑙𝑚 ,𝑏  and is show in (42): 

𝑚 𝑙 = 𝑚 𝑓𝑒𝑒𝑑 ∗  𝑙𝑚 ,𝑐 − 𝑙𝑚 ,𝑏 , 0 ≤ 𝑚 𝑙    (42) 
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The mass transfer in the control volume also added a heat transfer as seen in (43). The heat transfer 

is based on (20), and uses the specific heat of the biomass 𝐶𝑝 ,𝑏𝑖𝑜  and the temperature of the section 

before for incoming temperature 𝑇𝑏𝑖𝑜 ,𝑏 , and the temperature of the current section 𝑇𝑏𝑖𝑜 ,𝑐  as 

outgoing temperature: 

𝑄 𝑚 ,𝑏𝑖𝑜 = 𝑚 𝑖𝑛 ,𝑏𝑖𝑜 ∗ 𝐶𝑝 ,𝑏𝑖𝑜 ∗  𝑇𝑏𝑖𝑜 ,𝑐 − 𝑇𝑏𝑖𝑜 ,𝑏    (43) 

Where the mass transfer also included water, this was also taken into account using (44): 

𝑄 𝑚 ,𝑤 = 𝑚 𝑖𝑛 ,𝑤 ∗ 𝐶𝑝 ,𝑤 ∗  𝑇𝑏𝑖𝑜 ,𝑐 − 𝑇𝑏𝑖𝑜 ,𝑏    (44) 

As the temperature of the mass leaving the system was assumed to be the same as the temperature 

of the mass in the system, these equations represented mass in the volume being replaced by 

incoming mass. These heat transfer were thereby independent of the mode of exit and any energy 

involved in the exit were handled by other equations. 

Pyrolysis Gases 

The gases in the pyrolysis control volume are the gases released from the biomass in the system and 

in the case of activation, the steam added to the process at the first section. These gases then flow 

through the reactor to an exit point at the end. The gases were assumed to be in turbulent flow and 

well mixed in each section. The mass of the gas in each section was calculated using the ideal gas law 

as in (45). As the reactor only have a small overpressure to keep oxygen from entering, the pressure 

was assumed to be 1 atm. 

𝑚𝑔𝑎𝑠 =
𝑉∗𝑃∗𝑀𝑎𝑣𝑔

𝑅𝑢 ∗𝑇
     (45) 

Where 𝑉  is the gas volume in the section and 𝑀𝑎𝑣𝑔  is the average molar weight of the gas. The gases 

were a mix of the water vapors and the pyrolysis gases. The total gas was then split into fractions 

based on the total flow of gas into the system, on a mole basis using (46). These fractions were then 

used to calculate all thermal properties of the gas, as an average of all parts. 

𝑦𝑔𝑎𝑠 =
𝑛 𝑔𝑎𝑠

𝑛 𝑡𝑜𝑡𝑎𝑙
     (46) 

The mass transfer was created by adding mass flow from last section 𝑚 𝑔𝑎𝑠 ,𝑖𝑛 , evaporation 𝑚 𝑒𝑣𝑎𝑝  and 

gasification 𝑚 𝑙  in each section as seen in (47): 

𝑚 𝑔𝑎𝑠 ,𝑜𝑢𝑡 = 𝑚 𝑔𝑎𝑠 ,𝑖𝑛 + 𝑚 𝑒𝑣𝑎𝑝 + 𝑚 𝑙     (47) 

The heat transfer due to the was flow was solved in a similar way as that of the biomass. The 

exception is that the incoming mass had two potential entry points instead of two potential exit 

points. As all gas was considered to have the same composition, the heat transfer was split in two 

using the same specific heat capacity 𝐶𝑝 ,𝑔𝑎𝑠 . the flowing gas used the temperatures in the gas section 

before 𝑇𝑔𝑎𝑠 ,𝑏  and the current gas section 𝑇𝑔𝑎𝑠 ,𝑐 , while the evaporation and gasification used the 

temperatures of the current biomass section 𝑇𝑏𝑖𝑜 ,𝑐  and the current gas section 𝑇𝑔𝑎𝑠 ,𝑐 . Both mass 

flows are shown in (48) and (49) respectively: 
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𝑄 𝑚 ,𝑓𝑙𝑜𝑤 = 𝑚 𝑔𝑎𝑠 ,𝑖𝑛 ∗ 𝐶𝑝 ,𝑔𝑎𝑠 ∗  𝑇𝑔𝑎𝑠 ,𝑐 − 𝑇𝑔𝑎𝑠 ,𝑏    (48) 

𝑄 𝑚 ,𝑏𝑖𝑜 =  𝑚 𝑒𝑣𝑎𝑝 + 𝑚 𝑙 ∗ 𝐶𝑝 ,𝑔𝑎𝑠 ∗  𝑇𝑔𝑎𝑠 ,𝑐 − 𝑇𝑏𝑖𝑜 ,𝑐   (49) 

As the gas was flowing through the system, it also added a convective heat transfer to the biomass 

and the reactor walls. The heat transfer has been assumed to be a turbulent internal pipe flow, with 

a hydraulic diameter equal to the pipe radius. This was done using the Colburn equation (28) and 

then (26) and (22). This was done for both surfaces using their respective surface area. The velocity 

of the gas in these equations are taken from (50): 

𝑣 =  
𝑚 gas ,out ∗𝑅𝑢∗𝑇

𝑃∗𝐴∗𝑀𝑎𝑣𝑔
     (50) 

Simulations 
To be able to run the plant as fuel efficient as possible, process parameters were varied separately to 

give a greater understanding on how the parameters change the process, both by fuel efficiency and 

by temperature profile in the reactors. As there are two reactors, parameters were tested for both 

reactors and the results analyzed. 

The tested parameters in both reactors were temperature of combustion gases, thickness on 

insulation and placement of combustion gas inlet. As one parameter is varied at the time, the 

parameters have standard values that can be seen in table 9.  These standard values represent the 

values used when one of the other parameters are varied. 

Table 9. Standard values for pyrolysis and activation reactors 

Reactor 
Temperature 

Combustion gases [°C] 
Insulation 

[mm]  
Inlet placement 
from start [m] 

Pyrolysis 1000 200 2.60 
Activation 1000 200 1.30 

 

To be able to assure a high quality while still being able to have temperature differences in the 

system due to the simplicity of the temperature control, a temperature interval was implemented in 

the reactors. This interval was set to ±25°C of the required temperature and was active during the 

part of the reactor that the biomass needed to be at full temperature. The biomass was considered 

to be at an acceptable temperature while inside this interval.  

This interval acted as a requirement for both the counter flow heat exchange and the parallel heat 

exchange. The counter flow needed a large enough heat transfer to heat the biomass into the 

interval range before the interval started, while the parallel flow needed to keep the temperature of 

the biomass inside the temperature interval until the end of the reactor. These two flows were 

adjusted to fit inside the requirements by using a total fuel consumption of the burner and the 

fraction of combustion gases flowing in the parallel direction, simulating adjusting valves to get the 

right flows. Both the fraction and the fuel consumption was adjusted for each test until the 

temperature profile was inside the interval and as close to the target temperature as possible.  
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The tested values of the pyrolysis and the activation reactors  can be seen below in table 10 and 

table 11 respectively. One parameter was tested at the, while the others were kept at their standard 

values. 

Table 10. Variation of parameters for pyrolysis reactor 

Temperature 
Combustion gases [°C] 

Insulation 
[mm]  

Inlet placement 
from start [m] 

650 25 2.08 
700 50 2.60 
800 75 3.12 
900 100  

1000 150  
1100 
1200 
1300 
1400 

200 
300 
400 

 

 
Table 11. Variation of parameters for activation reactor 

Temperature 
Combustion gases [°C] 

Insulation 
[mm]  

Inlet placement 
from start [m] 

900 25 0.87 
950 50 1.30 

1000 75 1.73 
1050 100  
1100 150  
1200 
1300 
1400 

200 
300 
400 

 

 

The effect of the gasification was also tested to find the significance of the gasification process in the 

heat transfer processes in the reactor. This was accomplished by setting both reactors at their 

standard values as seen in table 9 and then setting the mass loss to zero for all sections. The 

temperature profiles were then compared to the profiles of the standard values at the same fuel 

consumption. 
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Results 
The results of the simulations are shown as temperature profiles, fuel consumptions and parallel gas 

fractions. The fuel consumptions show the amount of fuel used in each simulation and the parallel 

gas fraction describe the percentage of the gases that were flowing in the parallel direction toward 

the end of the reactors. The temperature profiles show the temperature in each biomass control 

volume, with an added value for the initial temperature of the biomass upon entry. The temperature 

interval at the full temperature phase is also shown as any crossing of the interval leads to an 

unacceptable temperature profile. 

Pyrolysis 
When the temperature of the combustion gases were increased, several changes happened in the 

system. As a higher temperature meant a higher difference in temperature between gas and 

surroundings, the heat transfer was amplified. This in turn gave room for a decrease in fuel 

consumption. The fuel consumption from varying inlet temperature can be seen in table 12. At high 

temperatures of 1400 °C, the fuel consumption was significantly lower than at low inlet temperature. 

The parallel gas fraction became increasingly lower at high temperatures. As the temperature 

increased, less gas was required as a high parallel flow as a high flow caused the temperature to go 

over the interval. 

Table 12. Fuel consumption for pyrolysis process at different temperatures. 

Temperature 
Combustion gases [°C] 

Fuel Consumption 
[g/s]  

Parallel gas 
fraction [%] 

650 44.0 9.1 
700 23.8 7.6 
800 13.4 6.4 
900 9.38 6.2 

1000 7.45 6.0 
1100 6.43 5.9 
1200 5.63 5.9 
1300 4.99 5.8 
1400 4.62 5.8 

 

A high inlet temperature and a low gas flow caused larger differences in the biomass temperature, 

causing a temperature profile that was more uneven at increasing temperatures. The biomass 

temperature at gas temperatures of 700 °C, 1000 °C and 1400 °C can be seen in figure 3.  

The heating rate was slightly faster for lower gas temperatures, as the increased gas flow caused by 

the higher fuel consumption gave a higher heat transfer coefficient. In the pyrolysis phase, the high 

temperature flow was required to be slow to keep the temperature from rising too high. The low gas 

flow and large heat transfer caused the gas to decrease in temperature before leaving the reactor, 

giving the process problems in keeping inside the set interval. 
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Figure 3 - Biomass temperature profile during pyrolysis at inlet temperatures of 700 °C, 1000 °C and 1400 °C. 

The insulation proved an improvement in two aspects. An increased insulation gave a lower fuel 

consumption and improved the temperature profile by decreasing losses to the environment and 

thus keeping the gas temperature more even throughout the system. Table 13 shows the fuel 

consumption at varying insulation thicknesses using a gas temperature of 1000 °C. The parallel gas 

fraction decreased with increasing insulation thickness and as less gas was needed to keep the 

biomass warm. 

Table 13. Fuel consumption for pyrolysis process at varying insulation thickness. 

Insulation thickness [mm] Fuel Consumption [g/s]  Parallel gas fraction [%] 

25 7.88 8.6 
50 7.59 7.8 
75 7.55 7.3 

100 7.52 6.9 
150 7.49 6.5 
200 7.45 6.0 
300 7.43 5.8 
400 7.41 5.5 

 

The heating rate of the process did not vary with insulation thickness, but the temperature in the 

pyrolysis phase changed. A thinner insulation caused a larger temperature difference, as caused by 

higher temperatures. As no change was attained in the heating phase, figure 4 shows the 
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temperature of the full temperature phase for 25 mm, 200 mm and 400 mm thickness. At 25 mm the 

temperature shifted over a large part of the interval. A higher insulation thickness caused 

temperatures more closely aligned with the middle of the interval. 

 

Figure 4 - Temperature profile at pyrolysis temperature interval at insulation thickness 25 mm, 200 mm and 400 mm. 

By varying the placement of heating pipe, the heating rate changed and hence the temperature 

profiles. An earlier placed heating pipe significantly increased the fuel consumption, as more heating 

gas were required to cause a faster heating in the system. The fuel requirement at the different pipe 

placements are shown in table 14. The later placement required a lower parallel fraction as  the gas 

was heated longer by the counter flow.  

Table 14. Fuel consumption for pyrolysis process at varying insulation thickness. 

Pipe Placement[m] Fuel Consumption [g/s]  Parallel gas fraction [%] 

2.08 10.6 5.2 
2.60 7.45 6.0 
3.12 6.40 3.1 

 

By placing the heating inlet later in the system, a lower heating rate was acquired. The slower 

heating rate caused problems with the heating interval, as the biomass temperature increased too 

slow to be inside the interval. When the counter gas flow was increased, the temperature instead 

went over the interval, which made heating the biomass impossible within the required interval.  The 

lower parallel gas fraction show a low amount of gas in the later part of the system, which caused a 
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temperature drop not large enough to keep the biomass temperature inside the interval. Figure 5 

shows the temperature profile at the three different inlet pipe placements. 

 

Figure 5 - Biomass temperature at inlet placement 2.08 m, 2.60 m and 3.12 m from start of pyrolysis reactor. 

The mass flow proved to cause a significant difference in the biomass heating.  No gasification caused 

more mass in the biomass control volume, which in turn slowed the heating phase. This caused the 

pyrolysis phase to begin at a temperature lower than the allowed interval. The parallel gas flow 

continued to heat the biomass during this phase until it was almost inside the interval (fig. 6). 
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Figure 6 - Temperature profile with and without  pyrolysis gasification. The fuel consumption, temperature and 
insulation are kept constant. 

Activation 
The activation process showed similar results to the pyrolysis process. The shorter heating process 

was countered by the smaller increase in temperature. Just like the pyrolysis process, there was a 

significant increase of fuel consumption at lower heating temperatures, as seen in table 15. Just like 

the pyrolysis, the parallel gas fraction dropped with increasing temperature, but later shifted and 

became higher as a high parallel gas flow was required to keep the temperatures inside the interval 

while the counter flow could be decreased. 

Table 15. Fuel consumption for activation process at different temperatures. 

Temperature 
Combustion gases [°C] 

Fuel Consumption 
[g/s]  

Parallel gas 
fraction [%] 

900 53.0 18.9 
950 24.7 18.6 

1000 16.0 18.5 
1050 11.9 18.4 
1100 9.48 18.3 
1200 6.78 18.9 
1300 5.33 19.3 
1400 4.39 20.2 
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The activation process clearly showed the differences in temperature profile caused by changes in 

inlet gas temperature. At temperatures of 1300 °C and 1400 °C , the profile was not even enough to 

allow it inside the temperature interval. This made 1200 °C the highest tested temperature possible 

for heating in the activation process. The temperature profiles for 900 °C, 1000 °C, and 1400 °C are 

shown in fig. 7. 

 

Figure 7 - Biochar temperature profile during activation at inlet temperatures of 900 °C, 1000 °C and 1400 °C. 

Insulation affected the activation reactor more than the pyrolysis reactor. The higher temperature 

required a higher mass flow, which in turn caused increased losses from the reactor. A thicker 

insulation decreased the losses and allowed for a lower fuel usage. Table 16 shows how the required 

fuel flow varies with the thickness of the insulating layer. 

Table 16. Fuel consumption for activation process at varying insulation thickness. 

Insulation thickness [mm] Fuel Consumption [g/s]  Parallel gas fraction [%] 

25 17.5 24.3 
50 16.8 21.5 
75 16.4 20.3 

100 16.2 19.7 
150 16.1 19.0 
200 16.0 18.5 
300 15.8 17.7 
400 15.8 17.5 
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Thin insulating layers also caused a curved profile. A layer thickness of only 25 mm caused the 

standard value of 1000 °C to use the full temperature interval. Thicker layers kept the temperature 

increasingly even, as can be seen in figure 8. 

 

Figure 8 - Temperature profile during activation process at insulation thickness 25 mm, 200 mm and 400 mm. 

In the activation process, an later placement of the inlet pipe could once again achieve a lower fuel 

consumption than the standard set placement. Table 17 shows the varying required fuel rates for the 

three different placements of pipe tested for. The higher fuel consumption of the early pipe 

placement caused the parallel gas fraction to drop significantly compared to the other fractions. 

Table 17. Fuel consumption for activation process at varying inlet pipe placement. 

Pipe Placement[m] Fuel Consumption [g/s]  Parallel gas fraction [%] 

0.87 25.7 14.4 
1.30 16.0 18.5 
1.73 13.6 18.8 

 

At these fuel consumptions, all three inlet placements were kept inside the temperature interval. 

When moving the pipe closer to the start of the reactor, the temperature increased at a slightly 

faster rate and then kept a higher temperature inside the interval. This placement caused the 

temperature to mostly lie in the top of the interval. A later placement caused a more linear increase 

with an earlier temperature peak, before curving downward and finishing close to the lower edge of 

the interval. All three placements are acceptable options for production, with the lowest fuel 
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consumption being held by the later pipe placement. The temperature profiles of the three pipe 

placements can be seen in figure 9. 

 

Figure 9 - Biochar temperature at inlet placement 0.87 m, 1.30 m and 1.73 m from start of activation reactor. 

In the activation process, the mass loss caused a smaller significance than the mass loss during the 

pyrolysis step. When the mass losses from activation and pyrolysis was turned off, the biochar was 

still kept inside the temperature interval. The temperature in the process without mass loss was 

lower in the beginning similar to the same experiment in the pyrolysis reactor, but then bypassed the 

temperature profile of the mass loss profile and showed a more even behavior than the other profile. 

Figure 10 contains the exact results of the mass loss study. 
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Figure 10 - Temperature profile difference caused by neglecting gasification and activation carbon loss during the 
activation process. 
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Discussion 
Both the pyrolysis and the activation reactors clearly showed an increase fuel efficiency with 

increasing temperature of the burner. The activation process also showed that there is an upper limit 

to what temperatures can be used, as increasing temperature makes the temperature profile more 

curved.  The higher temperature allowed for a lower fuel flow rate and hence a lower heating gas 

flow. The lower heating gas flow allowed the gas more time in the system and caused a larger 

temperature drop in the gases before they exited the system, ultimately causing the larger 

temperature drop. As pyrolysis and activation is often performed at constant temperatures, this 

causes conflicting concerns, as a higher temperature combustion gas increases fuel efficiency, but 

the same high efficiency can cause a drop in quality of the product. 

A high temperature also causes a problem in the controllability of the reactor. Many temperature 

measuring devices are using thermocouples of the K-type for high temperature measurements. A 

thermocouple of K-type have a maximum temperature limit of approximately 1300 °C before the 

thermocouple starts to melt, ruining it. More sophisticated equipment can measure higher 

temperatures but these are rare in Ghana and might be too expensive. Flow measuring equipment 

have a similar problem. Cheap flow measuring equipment, for example a pitot tube, have a 

maximum temperature limit far below the temperatures used in the combustion gas system which 

causes further problems in the controllability of a potential plant activated carbon plant. 

Insulation proved to give only positive results, causing smaller losses to the environment. The smaller 

losses in turn made a lower fuel consumption possible. As there were less losses, the lowered gas 

flow had a smaller drop in temperature, causing a more even temperature profile. The effect of 

insulation was not strong, but the stability caused could be used to run the process at an even higher 

temperatures without leaving the interval, further reducing the fuel consumption of the system. The 

effect was also larger in the activation than in the pyrolysis, as the higher temperatures in the system 

also caused larger heat losses. 

The inlet of the combustion gases could be moved from the standard point but both directions 

caused problems. By putting the pipe earlier, a higher gas flow was needed to heat the biomass 

faster to a temperature closer to the set interval. By putting the pipe later, a slower and more energy 

efficient heating was possible, but at the current system lengths, the strong heating of the counter 

flow heat exchanging tended to either heat too slowly and not bring the temperature high enough 

when the pyrolysis and activation phases started, or to heat the biomass too far, overshooting the 

temperature interval in the beginning. In activation, it was fully possible to place the pipe later and 

thereby decrease fuel consumption. By doing so, the temperature profile became more curved, 

lowering the maximal combustion gas temperature. As the maximal temperature can be limited by 

equipment instead of the temperature interval, this change can cause a positive result in fuel 

efficiency. 

The difference caused by mass losses were more significant for the pyrolysis process than the 

activation process. This may well be caused by the simplifications of the mass loss systems of the 

gasification and burn-off. In the pyrolysis, the gas loss starts at relatively low temperatures. As the 

mass loss rises with higher temperatures, the biochar left as a solid becomes easier to heat. When 

comparing the system without mass loss to the system with mass loss, the combustion gases in the 
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former falls short, as there is more solids to heat which causes a lower temperature. The 

temperature is still increasing at the end of the reactor, showing that the material is still being 

heated, albeit at a much slower rate.  

During activation, the mass loss is higher during the full temperature phase than in the heating 

phase. A decrease in mass is less significant for the temperature profile during this part of the 

process, as the biomass is already at full temperature and does not need to be heated further. The 

mass losses caused during the heating phase in this reactor still shows by increasing the temperature 

slightly slower before the full temperature phase. The system without gasification and burn-off then 

shows a more steady temperature profile, as more mass causes smaller changes in temperature due 

to heat transfers. These differences affect the temperature in the biomass, which in turn cause a 

faulty temperature profile if the mass losses are turned off. 

Method 
The design of the reactor was inexact and used even values, with the smallest measurement using 

centimeters. Usually industrial equipment is produced using blueprints with errors of a few 

millimeters at maximum. The study of the workshops in Ghana showed that production of industrial 

equipment is precise, but often lacked blueprints. Design of equipment was based on a simple sketch 

and some measurements. This produces a good industrial equipment, but not necessarily produced 

at exact sizes. A low amount of focus has thereby been put on the design of the reactor. The 

approximate and simple measurement gave values close to the maximum limit of the Froude 

number.  

The biomass only covers a small fraction of the reactors cross section. A cataracting flow would 

increase the flow rate significantly as the fill rate could be set higher. The change would decrease the 

heat transfer from the reactor wall to the biomass and potentially make the temperature more 

uneven. As the process also releases gases and in the case of activation, require oxidation, a low fill 

rate leads to a larger surface area per unit of mass and thus eases the removal of the pyrolysis gases 

from the bed, increasing the efficiency of both process. 

The rotational speed has in this study been selected high to assure a good mixing and an even 

temperature in the biomass. Lower rotational speeds allows slightly higher fill rates while still staying 

inside the rolling bed interval, thus improving production capacity. As the study is based on constant 

temperature assumptions, the rotational speed could not be investigated. To increase the yield of 

the reactor, the lowest potential rotational speed could be investigated further. 

The reactors were assumed to be made of stainless steel. As the reactors are several meters long 

they also have a high weight. The thickness of the reactor walls are chosen on assumptions and need 

to be investigated further. A thin kiln wall could cause it to bend under its own weight. The high 

temperatures can also cause the steel to become softer and also more easily bent. This could cause 

problem in the reactor if it was build in full scale. A more advanced material might be required for 

the reactor to keep shape under the high temperatures. This could potentially cause problems with 

availability, as rarer steels and alloys are sparse in Ghana. 

The gasification of the pyrolysis process and activation process are simplified to linear functions 

varying with temperature. A large fraction of the gases are often released during the heating, but the 

hold time at full temperature still causes a higher amount of gases released. The function used to 
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describe the gasification is a simplification of the real process. Exact data on the subject is hard to 

find, especially for rotary kilns. Research in the area is commonly executed using a fluidized bed or a 

packed bed in a batch system. Both these represent the rotary kilns process poorly. The fluidized bed 

has a high gas flow through the entire bed instead of above it. The packed bed has been used as an 

better approximation, as the gas flows around the bed and simulates a flow over a surface.  

The chosen temperatures of 600 °C and 850 °C are taken from Lua et al. (2006) and Lua & Guo (2000) 

respectively. The results from these experiments are taken from packed bed experiments and the 

method varies from the method used in the model in this report. The temperatures and residence 

time might vary as the heating of the biomass is performed differently which might cause the 

pyrolysis and activation to require different temperatures. The difference between a packed bed and 

a rolling bed might still cause large differences in the pyrolysis and activation processes which needs 

to be explored further. 

For the activation process, steam was used to be the oxidant of choice as it is easier to produce than 

pure carbon dioxide. In the experiment by Lua & Guo (2000) which were used for the activation 

parameters, carbon dioxide was used instead. The differences in porosity of the activated carbon 

explored by Rodríguez-Reinoso et al. (1994) showed that these two oxidants act differently on the 

surface, which might yield different results on the total BET-area of the carbon. 

The gas fractions used to describe the pyrolysis gases originates in the gas fractions of a total release 

during a one step pyrolysis/activation process from Yang et al. (2006). The gases released originally 

vary with temperature, but the average has been used for the entire process. Research of gas release 

during carbonization process are often thin, as the focal product of this research is the biochar.  The 

char is also in focus in this study, and the difference by varying gas fractions has been neglected, as 

the gas fractions were only used to describe the thermo chemical properties of the gas. Should the 

gases be studied further, a closer approximation or experiment should be executed in order to 

increase the preciseness of the study. 

The system was assumed to be at atmospheric pressure. In practice, the process require a slight 

overpressure, as both systems require an environment without oxygen to keep the char from 

burning. The overpressure in the system can easily be created by the gasification process and only 

needs to be large enough to keep oxygen from entering. As the pressure differences is small relative 

to the atmospheric pressure, they have been neglected when using ideal gas law or when thermal 

properties are used in the equations. 

 The properties of the raw materials were kept constant through the processes. While the activation 

process a char into a more porous char , the pyrolysis causes changes to the structure of the material 

by removing large quantities of volatiles. At the end of the pyrolysis process the biomass in the 

reactor is at a state closer to biochar than to palm kernel shells. If this would have been taken into 

account, the solids in the last sections would have had a much lower conductivity, ultimately 

decreasing the heat transfer from the convective rotational movement. A lower heat transfer would 

in turn cause a slightly higher fuel consumption, as more combustion gases would be required to 

keep the later end of the temperature profile in the interval. 

By keeping an even temperature inside all the control volumes in the system, problems have been 

caused to some of the heat transfers. Conduction is based on a difference in temperature over a 
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difference in distance and with two constant temperature blocks side by side the distance is very 

small. This was solved by using the centers of the control volumes as conductive distance, solving this 

problem for conduction. For convection heat transfer, an average heat transfer coefficient is used 

over the whole surface and the temperature difference. As the temperature is effectively averaged, 

calculating using a varying temperature difference has no effect on the convective heat transfer 

magnitude and have small effect on where on the surface the heat is transferred from. In case of the 

convection inside the reactor, the velocity of the pyrolysis gas is calculated on the mass flow of the 

section and the temperature of the section. This causes the flow change very suddenly in velocity. 

This causes some differences in the convective heat transfer which directly affect the biomass 

temperature. Radiation heat transfer increases greatly with increasing temperatures and averaging 

temperatures at large temperature gradients. The radiation of the system was however at its highest 

gradient during the heating process and at the full temperature phase the temperature difference 

between sections were small. The lumped analysis for the control volumes have been deemed 

acceptable, but not perfect. A study using functions based on length, or the Navier-Stokes equations 

could further investigate the heat transfers in the system. 

If the combustion gas inlet is placed perpendicular to the pipe, the gas flow would in practice hit the 

side of the inner pipe, instead of flowing as a turbulent flow parallel to the pipes as described in this 

report. This would give an increased heat transfer at the inlet point, possibly causing problems at 

high temperatures. The higher convective heat transfer would also cause a spike in the temperature 

profile of the biomass as the temperature of the inner pipe would be increased. This could possibly 

be solved by aiming the pipe along the side of the pipe, into the annulus. This would cause a different 

flow pattern with decreased risk of overheating any single part of the system. 

The vaporization present in the pyrolysis system was handled properly, with vaporization happening 

at 100 °C and rightfully decreasing energy heating energy in the biomass similar to a regular boiling 

process. One problem was creating a system that could handle it in several sections. The average of 

the water content in the section was sent on to the next section, causing computational problems. 

This system caused extremely small amounts of water to be continuously sent to the next section 

without being vaporized. These small amounts of water had no real effect on the temperatures in the 

system, but caused significant increases in the time it took to complete an iteration. The small flows 

caused Simulink to shorten its time steps, effectively increasing computational time manyfold. In a 

larger model with long computational time, this delay would have proved inacceptable but with 

runtimes in less than 10 minutes this was proven an acceptable delay. 

When the gases are released from the biomass, they leave the reactor through an exhaust at the 

exit. This is to keep larger volatiles from condensing down in the biomass. As the first part of the 

reactor also has a gas volume this, gas is supposedly cooler. Gas often mix and especially in turbulent 

flows. This could cause volatiles to gasify, and then condense in the earlier sections of the reactor. 

When they once again reach a higher temperature they should again gasify but could possibly cause 

the gasification process to be more difficult, as more mass would need to be gasified. These volatiles 

are often sticky and could bind the ground palm kernel shells into lumps or stick to the walls, causing 

severe distractions in the process. If this would be the case, an inert purging gas in the form of pure 

nitrogen or pure carbon dioxide would be required to keep this from happening, significantly 

increasing the cost of the process. 
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The temperature interval was chosen to be within 25 °C of the aimed temperature. Experimental 

research on the subject is often based on testing of temperatures at 50 °C or 100 °C intervals. By 

using the chosen interval, the temperature would thereby be closer to the chosen temperature than 

any other experimental temperature and also give room for variations to be able to increase the 

effectiveness. As the data is taken from research not using the exact same parameters, using packed 

beds, purging gases and carbon dioxide as oxidant, the best temperatures for this system is not 

known. This would have to be explored using a pilot reactor or more similar experiments. The used 

parameters have attained high values of surface area in the product, way past the requirements of 

regular commercial activated carbon and the reactor has been deemed capable of producing a 

sellable product within this interval. 

The 15 section discretization proved useful for splitting the reactor down to manageable control 

volumes. Using continuous functions to describe the heat transfers could lower errors in the 

temperature profiles, but would require a much deeper investigation as several functions inside the 

reactor is also radial, depends on temperatures and in all, very complex. A numerical method has 

thereby been used to simplify the problem. Navier-Stokes also use discretization to work and good 

programs like COMSOL are available for use in heat and mass transfers. These programs are often 

automated in building control volumes and equations to provide support for the user. To catch a 

larger market these programs are often targeted for larger areas of heat and mass transfer, and lack 

functions that covers more specialized areas such as mass loss from pyrolysis and focus on mass loss 

from evaporation. The automation can also make problems for the user, as the user lacks direct 

control over many of the functions in the program. The many control volumes of the Navier-Stokes 

method is also taxing on computational power and too complex systems are often still too much for 

regular computers to handle. 

Simulink is mostly used for its ability to handle dynamic systems. Using Simulink to iterate a steady 

state was crude use of the tool and the base program MATLAB could have been used to solve this 

problem.  The graphical interface block diagram created by Simulink is a clear improvement in 

transparency over MATLAB code, which gave Simulink a clear edge in usefulness when creating the 

model. 

Sustainability 
The palm oil industry produces palm kernel shells as a byproduct, but if the value of the shells would 

increase, the production would prove more valuable. This could in turn create a larger palm oil 

industry, creating more job openings and a larger industry of palm oil in the country. The palm oil 

industry is a controversial subject, as some countries harvest rainforest to give way to plantations, 

thus decreasing space for biodiverse rainforests.  

Compared to the existing palm oil industry, the use of raw materials is small. A full year production at 

40 g/s would need approximately 1261 tons of raw material, as compared to the palm oil production 

of 122 000 tons. The existing production is thereby considered large enough to cover the required 

raw materials, but if the palm kernel shells would prove sellable, a larger production could still be the 

consequence. 

Heating using diesel as fuel has its disadvantages as diesel is a fossil fuel and is thereby not a 

sustainable choice. Diesel was chosen in this report for its availability. As the heating need to be 

precise, a homogenous fuel is required to keep the temperatures from changing in a steady state 
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production. A bio fuel could also be used for the heating in the process, but it would in turn require a 

burner that could handle the fuel in question, something that is sparse in Ghana. A liquid bio fuel is 

also required for the process as a solid bio fuel would cause too large differences in heating gas 

temperature. 

As the main user of the activated carbon is the mining industry, the local production of activated 

carbon might also have effects in this industry. The mining industry uses a cyanide to produce the 

gold by chemical separation processes. As the electrolysis separates gold for cyanide again, the 

cyanide is then once again released. With a lacking purification process, this might cause the cyanide 

to be released into nature, causing damage to the local environment. As activated carbon is a 

considerable expense for the mining industry, a reduced price might cause a larger gold production 

and in turn cause more damage to the environment. 

From an exergy point of view, the process is wasteful as the released combustion gases are still at a 

high temperature. In many countries, the gases could be further utilized for heating by heat 

exchanging to create hot water, which can be used further in other processes. Heating is often seen 

as redundant in Ghana, as the country is warm all year and have no obvious need of heating. Hot 

water can easily be attained by placing large black tanks of water in the open and let solar radiation 

heat it. Some exergy could potentially be recovered by the equipment required for the plant to 

function.  

The most obvious improvement would be to use the combustion gases exhausted by the activation 

step to be reused in the pyrolysis step, as the pyrolysis require a lower temperature. This might 

prove complex, as the pyrolysis plant is best run at higher temperatures than the activation process. 

If the gases from the activation process could be used, this would lower the fuel consumption of the 

pyrolysis step to zero, which would be a significant improvement even over high temperatures. If the 

gas flow is strong enough and enters at a high enough temperature, the pyrolysis could be run on 

secondary gases.  

A boiler is also required to produce the required steam flow through the activation reactor. The 

resultant combustion gases from the plant could be used to heat this water to a boiling temperature 

without any extra source of energy. The entire plant could by using this system be run on only the 

burner used in the activation reactor. 

Further Work 
Several potential studies to further work in the field have been identified.  As the rotational speed of 

the reactor is important for the reactors design and not investigated in this report, a study could 

investigate the minimum rotational speed of the reactor while keeping an even temperature radially 

in the reactor. The temperature have to be even and the mixing of the biomass is crucial to attain 

this, as the conductivity is quite low. As the flow of the material is in focus, an exact model for the 

granular flow would have to be produced as part of the study. 

The mass losses in this study is simplified to linear functions. To further analyze the mass losses of 

the system, an thermo gravimetric analysis of the pyrolysis and activation processes are required 

under the right conditions, using the same heating rate, temperatures and residence time as the 

processes. This would give a more advanced mass loss function and a more precise heat transfer 

system. 
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As most research is based on batch or fluidized bed pyrolysis, the rolling bed pyrolysis needs to be 

investigated further. As the differences are unknown, a pilot plant would need to be constructed to 

see how the gasification and activation reacts to a rolling bed motion. The rolling bed give a larger 

surface toward the gas than a packed bed, but less than a fluidized bed. The depth of the bed is also 

larger then in a packed bed, which might also cause a slower pyrolysis. The heating system of the 

pilot plant could be constructed after the guidelines produced in this report. 

With higher heating gas temperatures, the importance of the entrance region increases as a 

misplaced heating inlet  might cause a spike in the biomass temperature due to increased convection 

at the entry point. A study of the placement of the heating inlet could specify the inlet further to 

decrease potential problems at the entrance. 

The plant also requires other side equipment. The burner unit require a fan for the air flow and a 

pump for the fuel and the reactors need a motor to rotate the inner pipes. A further study could 

investigate the fuel and electricity required for this equipment, as it is also an required part for 

running the plant. If the study added the requirements of the reactors, a short economical study 

could be done to investigate the profitability of an activated carbon plant, potentially further inciting 

a more local production, if proven profitable. 
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Conclusions 
A high heating gas temperature increases fuel efficiency. Several problems causes temperatures over 

1200 °C to be less viable in practicality and this temperature should be seen as an upper limit. If the 

reactor is created in a heat resistant material, is well insulated and control equipment for high 

temperature can be acquired, the temperature should be further increased. 

A thicker layer of insulation increases the fuel efficiency slightly. As a secondary effect, it also caused 

a more even temperature profile in the biomass, which opens possibilities for higher heating gas 

temperatures, further increasing fuel efficiency. 

The heating inlet can be placed between the heating phase and the full temperature phase to attain 

a high fuel efficiency. An earlier placement caused a higher fuel consumption and therefore 

decreased the fuel efficiency. A later placement had a higher fuel efficiency but caused a more 

uneven temperature profile in the biomass, practically constraining the maximum heating gas 

temperature and thus decreasing the potential for a higher fuel efficiency from using a higher 

temperature. 

The mass losses caused by pyrolysis and activation cause a significant change in the heat transfers in 

the system and cannot be neglected in further studies. The heating phase is most changed and 

overestimates the heating needed for the process to function. 
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