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Energy Efficiency in Dual Fluidised Bed Fast Pyrolysis 

Abstract 

The Combustion Reduction Integrated Pyrolysis System (CRIPS) is a dual fluidised bed fast 

pyrolyser that was developed at the University of Pretoria for the conversion of biomass 

waste to biofuels. The dual fluidised bed design allows in situ catalytic upgrading of bio-oil, 

by providing the conditions required for the regeneration and decoking of catalysts. The 

first version of the CRIPS process (CRIPS 1) emphasised the need for an energy balance 

approach to model the pyrolysis process rather than a mass balance. CRIPS 1 experienced 

severe energy losses and as a result very poor performance was observed. The energy 

balance was set up in the enthalpy reference level since no shaft work was produced and 

the entire process was operated under constant atmospheric conditions. The enthalpy 

balance approach was set up to analyse the process performance and energy efficiencies of 

a CRIPS process and possibly the bio-oil energy content and yield that could be expected 

from such a process. The approach was used to derive the bio-oil properties and energy 

efficiencies for a number of scenarios based on the CRIPS process. The Higher Heating 

Value (HHV) of the bio-oil was derived using the total energy balance of the CRIPS process. 

The validity of the approach was confirmed by comparing the derived bio-oil HHV from 

CRIPS 1 of 14,2 MJ/kg with that of similar processes, in the range of 17-23 MJ/kg, as well 

as comparison to the operating data and process yields. The enthalpy balance approach was 

able to accurately model the operation of CRIPS 1 using energy and mass balances and 

therefore the approach was used in the design of CRIPS 2 to limit heat losses and improve 

the process efficiency by recovering heat from the exhaust of the combustor. The heat 

recovery resulted in significant improvements in the efficiency of CRIPS 2 (74%) compared 

to CRIPS 1 (33%). The final design of the CRIPS 2 process featured an annular design in 

which the combustion bed is located in a refractory cylinder, with the pyrolysis bed around 

the refractory. The design allowed for the addition of a heat exchanger inside the 

combustor which is responsible for the increase in efficiency.  
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1 Introduction 

1.1 Background 

The use of biomass, especially wood, is a promising replacement for fossil fuels. Pyrolysis 

can be used to convert biomass into fuels and other valuable chemicals. It is the high-

temperature thermal degradation of materials in the absence of oxygen, and has been the 

aim of a joint research venture between the University of Pretoria’s Department of 

Chemical Engineering, Sappi Southern Africa (Pty) Ltd and the Paper Manufacturing 

Association of South Africa (PAMSA). 

The project began with interest and funding by an industrial company to develop a scalable 

system which could convert waste forestry material, specifically sawdust, into valuable and 

usable products. From the sponsors point of view it was critical to extract and recover the 

biochar for use in agriculture and to produce a high quality oil for heating purposes. To this 

effect the project focuses on two methods of pyrolysis, namely microwave pyrolysis 

(Merckel 2014) and fast pyrolysis (Grobler 2014). Microwave pyrolysis has delivered 

excellent results with the conversion of Eucalyptus grandis (EG) delivering high-quality 

oils but with incomplete biomass conversion. 

The fast pyrolysis research focused on the use of a dual fluidised bed reactor to convert the 

biomass feed into products with higher energy content and greater value. The reactor 

comprised a combustion fluidised bed (CB), in which heat is generated, and a pyrolysis 

fluidised bed (PFB), in which the biomass is converted. The process is referred to as the 

Combustion Reduction Integrated Pyrolysis System (CRIPS). The first system (CRIPS 1) 

included a cyclone for biochar recovery, followed by a quencher for the rapid cooling of 

pyrolysis vapours to extract the bio-oil and non-condensable gases (NCG). The NCG were 

used as the fluidisation medium in the PFB and as fuel for the CB. 

CRIPS 1 experienced severe heat and energy losses which crippled the process 

performance. Careful modelling of the process was required to determine where losses had 

occurred and the best improvements that could be made. Typically a mass yield approach 
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is used to determine process efficiency; however, this approach cannot determine the 

thermal performance and quality of bio-oil obtained from a process. 

1.2 Problem Statement and Objectives 

The problems found during experimental runs by Grobler (2014) on the CRIPS 1 process 

included high energy losses from the fluidised beds and process, difficulty recovering the 

char product and blockages in the pneumatic feeding of the biomass. These factors 

prevented accurate results from being obtained. The breakthroughs and performance 

aspects of CRIPS 1 are given in Section 4.  

The research objective was to create a model which can accurately determine the efficiency 

of a pyrolysis system and predict the quality of the bio-oil produced. The model must 

account for all energy flows in and out of the process as well as the mass balance associated 

with the system.  

The mass balance includes the oil, NCG, char and water of pyrolysis yield and the CO/CO2 

ratio in the NCG gas is of critical importance to determine the effectiveness of a pyrolysis 

process. The model of the process was then used to design a reactor and other process 

alterations for CRIPS 2. These modifications are expected to eliminate or reduce the impact 

of the problems encountered in CRIPS 1. 

1.3 Method and Scope 

The limitations of CRIPS 1, together with the results of a literature study, were used to 

design a model of the CRIPS process. The model was compared to the performance of 

CRIPS 1 and similar processes to determine its validity. Once the model was verified, the 

reactor design for CRIPS 2 was done, which included improvements in char recovery and 

correction of the biomass feeding problems. 

The CRIPS process produced no shaft work and operated under constant atmospheric 

pressure, this allowed the use of a simplistic enthalpy balance approach to model the energy 

flows in the system. Enthalpy was chosen as the reference energy since most of the 
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thermodynamic data available on pyrolysis is based in the enthalpy reference level. The 

model used to design the CRIPS 2 process was then used to derive the expected bio-oil 

heating value and yields as well as the thermal efficiencies of the system.  
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2 Literature Review 

2.1 Biomass 

Biomass is a biological material composed of recently living biological organisms. It can 

consist of a large variety of materials with different properties. The largest source of biomass 

produced globally is wood, a lignocellulosic biomass. It contains lignin, cellulose and 

hemicellulose in varying proportions. 

The usable wood or roundwood fraction of wood is used in the paper, pulp and carpentry 

industries. The remaining wood material is typically burnt for energy production (Heinimo 

and Junginger 2009). The problem with using this waste biomass directly as an energy 

source is the reduced higher heating values (HHV) of the material compared to that of 

conventional fossil fuels such as coal or oil. The low HHV value observed is due to the 

moisture content and chemical composition (Demirbas 2008). The HHV indicates the 

energy available per unit mass. When moisture is present a fraction of this energy is used 

to vaporise the water and the energy is then lost. 

2.2 Thermochemical Treatment of Biomass 

The CV of biomass can be increased by means of thermochemical treatment to deliver 

better products. The products are shown in Figure 1. 

 

Figure 1:  Products of thermochemical treatment (Shafizadeh and Chin 1977). 

These products include a char material containing carbon and inorganics, which can be 

used for heat generation or can be recovered for use as organic fertiliser. The bio-oil is the 

product of value and can be used as a fuel oil in boilers or gas turbines; however, the value 
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of bio-oil is its use as a transportation-grade fuel. The oil must, however, be upgraded to 

make this possible. 

The upgrading is typically done by removing the bound oxygen from the oil, which 

increases the HHV of the oil and produces a non-polar oil allowing distillation or 

separation. The gases produced are referred to as non-condensable gas or NCG, and can be 

used for fuel production via Fischer Tropsch or as a direct heat source. 

The k symbols illustrate different reaction rate constants which depend partly on the 

method of thermochemical conversion and the reaction conditions used. Two methods are 

mainly used for converting biomass into fuels, namely pyrolysis and gasification. These and 

their products and uses are shown in Figure 2. 

 

Figure 2:  Thermal upgrading of biomass (Bridgwater 2011). 

Pyrolysis and gasification can be used as conversion methods by utilising elevated 

temperatures with specific environments to break down the chemical compounds found in 

the biomass. The reaction temperature, residence time and temperature of the vapours 

influence the final product yields. The temperature ranges and product compositions are 

shown in Table 1. 
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Table 1:  Mass yield of products under varying thermal treatments (Bridgwater 2011). 

Mode Conditions Liquid Solid  Gas 

Fast 500 °C, short hot vapours, 

residence time approximately 1 s 

75% 12% char 13% 

Intermediate 500 °C, hot vapours, residence 

time approximately 10-30 s 

50% in 2 phases 25% char 25% 

Carbonisation (slow) 400 °C, long vapour residence 

time – hours to days 

30% 35% char 35% 

Gasification 750-900 °C 5% 10% char 85% 

Torrefaction (slow) 290 °C, solid residence time 

approximately 10-60 min 

0% unless 

condensed, then up 

to 5% 

80% solid 20% 

 

As seen in Table 1, the biomass will pyrolise around 500 °C and gasify above 750 °C. The 

temperature controls the conversion process while the residence time of the vapours 

controls the liquid yield. 

2.3 Pyrolysis 

Pyrolysis is the thermal decomposition of a biomass in the absence of oxygen. Careful 

temperature control is required to yield the best results. 

2.3.1 Effect of temperature and composition on yields 

As mentioned before, biomass typically contains three main constituent polymers: 

cellulose, hemicellulose and lignin. Each of these complex polymers reacts differently to 

the conditions of pyrolysis. During the thermal conversion of these polymers three main 

reaction mechanisms control the conversion and product yields. These include char 

formation, depolymerisation and fragmentation (Collard and Blin 2014). These 

mechanisms are typically followed by secondary reactions, which form smaller-chain 

hydrocarbons and other functional groups. 
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It is widely accepted in pyrolysis research that low heating rates favour char formation 

while high heating rates favour the formation of volatile compounds (Goyal, Seal and 

Saxena 2008). 

2.3.2 Fast pyrolysis: conditions and requirements 

The fast pyrolysis of wood requires a 500 °C environment with a vapour residence time of 

less than 2 seconds to deliver adequate yields of bio-oil and biochar. 

The following principles are essential for a high yield of bio-oil (Bridgwater 2011): 

 A maximum biomass particle size of 3 mm allows sufficient contact and high 

thermal energy transfer to the particle. 

 The 500 °C reaction temperature favours bio-oil yields. 

 The vapour phase residence time should be limited to 2 seconds to prevent 

secondary reactions illustrated by k4 and k5 in Figure 1. 

 Rapid removal of biochar. This minimises the cracking of vapours and increases bio-

oil yield. 

 Rapid cooling or quenching of the vapours to produce the bio-oil product. 

The fast reaction time required for bio-oil production presents a problem because the mass 

transfer, heat transfer and reaction rates all influence the production of bio-oil.  

To ensure that the biomass is rapidly heated to the desired temperature, the particle size 

and moisture content must be closely controlled. The moisture content of the biomass 

before conversion must be maintained below 10%. This will reduce the heat lost by water 

evaporation and increase the throughput of the reactor (Bridgwater 2011). 
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2.4 Pyrolysis Process Design 

Fast pyrolysis typically features three systems for the conversion of biomass: the feed pre-

treatment, the pyrolysis reactor and the separation or product recovery section. 

2.4.1 Feed pre-treatment and pneumatic delivery 

The feed pre-treatment is of critical importance to the yield of bio-oil and the efficiency of 

the pyrolyser. Drying conditions must yield a biomass with a moisture content of 5% to 

15%  (Jahirul, et al. 2012) which is in agreement with figures suggested by Bridgwater 

(2011). This reduces the energy lost by water evaporation and also increases the quality of 

the bio-oil produced. 

The conditions for drying which delivered the best product, included a drying temperature 

of 200 °C for a minimum of 45 minutes followed by the size reduction of the biomass to 

particles between 2 and 6 mm (Dobele, et al. 2007). This range of particle size ensures a fast 

reaction time in the reactor and is agreement with the size recommended by Bridgwater 

(2011). The particle size is also of importance in the pneumatic feeding system if the NCG 

recycle is used to feed the biomass into the pyrolyser. 

The best particle size for pneumatic feeding was found to be 2 mm or less at a superficial 

gas velocity (SGV) of 25 to 35 m/s. This particle size prevents blockages from forming and 

the SGV ensures the complete entrainment of the biomass without excessive pressure drops 

caused by high velocities (Nevill 2001). The method described by Rhodes (2008) on particle 

fluidisation and entrainment can be used to confirm the accuracy of these findings; 

however, since the physical properties of the biomass can differ significantly, any result 

would contain a high degree of error. 

2.4.2 Pyrolysis reactor 

The typical design of a fluidised bed pyrolyser includes one fluidised bed with electrical 

elements to provide the energy. The CRIPS process utilises a dual fluidised bed which is 

essentially two reactor units operating as one. The combustor or CB provides the energy 
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for pyrolysis and the pyrolyser or PFB in which the biomass is pyrolysed. The PFB 

maintains an inert environment to prevent combustion. The heat source can be any fuel 

including the biomass, unrecovered char and NCG products. 

The heat is transferred via direct or indirect contact between the two reactors. During 

direct contact a solid medium such as sand will be heated in the combustor and transferred 

to the pyrolyser where it comes into contact with the biomass particles. The indirect 

method allows no flow of material between the units, only the flow of heat. This is, 

however, more difficult to control and results in lower particle heating rates, which favour 

char formation (Kersten, et al. 2005). The control of heat transfer via a reactor wall would 

have to take into account the delay in changing the PFB temperature with a change in the 

CB temperature. The heating is also only possible from the reactor surface area and 

therefore as scale up takes place the increased volume of material which must be heated 

via the surface area available becomes problematic. 

If direct heat transfer is used the solid medium must be mobile and therefore both reactors 

are commonly operated as fluidised bed reactors (Bridgwater and Peacocke 2000). A 

mechanical linkage can be used to allow the sand to be transferred from the CB (Bed A) to 

the PFB (Bed B), and it is then returned via a screw conveyor. This limits vapour transfer 

between beds A and B and prevents oxygen from entering the PFB (Swart 2012). This 

design is shown in Figure 3. 

 

Figure 3:  Dual fluidised bed design (Swart 2012) 
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The design by Swart (2012) supports the validity of biomass pyrolysis as an alternative 

method to produce fuel, and has resulted in advancements in dual reactor control and bio-

oil recovery from hot pyrolysis vapours. 

Grobler (2014), continuing the work done by Swart (2012), discovered that the reactor 

experienced considerable energy losses which reduced the throughput from 20 kg/h to 

2 kg/h. The reactor was designed to account for heat losses; however, the actual losses far 

exceeded the calculated losses from the model. The heat losses limited the research that 

could be done on CRIPS 1. 

The system also proved ineffective at recovering the valuable biochar product – instead it 

was recycled with the sand into the combustion unit and lost. The remaining char was only 

partially recovered by the cyclone. This was assumed because large quantities of char were 

found in the bio-oil recovery section. The results from the work done by Swart (2012) and 

Grobler (2014) support the feasibility of biomass fast pyrolysis and identified key short 

comings to be considered in future designs. 

In conclusion, the following should be carefully considered in the design of a reactor for 

fast pyrolysis: 

 A PFB temperature of 500 °C with a CB temperature of 900 °C (Grobler 2014) 

 A low residence time of vapours at high temperatures, typically less than 2 seconds 

 Effective separation between char and sand – char must be entrained in vapours 

 A design which allows post-construction alterations to cater for unpredicted heat 

losses 

 The combination of both reactors into one unit: a CB inside an annular PFB 

2.4.3 Product recovery section 

The product recovery section is an important operation to ensure that quality products are 

recovered. This section typically includes a cyclone for char and entrained sand recovery 
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from the hot pyrolysis vapours, followed by a quenching system or heat exchanger which 

rapidly cools and condenses the vapours into bio-oil and NCG. The NCG and bio-oil can 

then be separated by hydro-cyclone electrostatic precipitation (ESP) or demisting 

(Bridgwater and Peacocke 2000). 

The fast recovery of char is important to reduce the secondary cracking of vapours. The 

method of separation must be carefully chosen. The grade efficiencies of different 

separation methods can be seen in Figure 4. 

 

Figure 4:  Grade efficiency curves for gas particle separators (Rhodes 2008) 

The small particle sizes of char cause cyclones to become ineffective at removing them. As 

seen in Figure 4, at sizes smaller than 10 µm the efficiency drops below 50%, whereas ESP 

remains above 50% at sizes as low as 0,1 µm. This, together with the limited data available 

on the particle size distribution of char which is required for the cyclone design, suggests 

that ESP is a better option for char recovery (Rhodes 2008). 

After the char separation the temperature of the vapours remains a driving force for the 

cracking reactions, and they must be cooled and condensed rapidly. This was done by 

quenching in the process designed by Swart (2012). The quenching liquid used was recycled 

bio-oil mixed with ethylene glycol. The ethylene glycol was used as a starting fluid to fill 

the cooling system and was used for its high boiling point and it is identifiable as a peak on 

GC-MS analysis. The hot vapours entered a cylinder via an atomiser which atomised the 

bio-oil recycle and mixed the vapours and liquid. At this point the liquid acts as a heat sink, 
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effectively removing all latent and sensible heat from the vapours, condensing all but the 

NCG (Grobler 2014). 

The liquid bio-oil and NCG then enter a hydro-cyclone where they are separated and 

further stripped of oil by a demister and filter. The NCG is then used as the recycle to the 

PFB less a purge. The bio-oil is cooled with a water-cooled heat exchanger. 

This design returned good results, with the exception of a very high pressure drop on the 

gas side because of the atomiser. This can be prevented by using a flow atomiser on the 

liquid side and then spraying it in the same direction as the vapour phase. 

2.5 Heat Recovery 

The CB was designed to operate at 900 °C to provide acceptable heat transfer and driving 

force to the PFB and also ensures complete combustion of the fuel. This provides a clean 

exhaust and also makes it possible to design around a fixed 6% oxygen in the exhaust. This 

temperature is usually provided by combustion of gaseous or solid fuels. Typically 50% of 

the heat generated during combustion transfers to the PFB, with another 43% lost in 

heating the exhaust gas leaving the system at 900 °C. The remaining heat is assumed to be 

lost. 

Grobler (2014) suggested using the energy in the exhaust gas to preheat the combustion air 

feed and thereby re-using the heat inside the reactor and increasing the heat transfer to the 

PFB. This ultimately increases the throughput of the reactor. It was also suggested that the 

flue be used for preheating the gas recycle to the PFB, but the problem with this is that the 

biomass is pneumatically fed via this gas, so preheating it with 900 °C flue gas would cause 

an unwanted reaction, and using the flue for drying at that temperature would cause the 

same problems. 

The most feasible option is therefore to use the flue to preheat the air feed in a gas-to-air 

heat exchanger, followed by the possibility of using the cooled flue gas for drying. Before a 

design can be done the feasibility of using high-temperature gas must be considered. 
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2.6 Bio-oil Quality 

Fast pyrolysis gives a high yield of oil if the biomass can be heated to temperatures in the 

range of 400 °C to 550 °C (Bridgwater and Peacocke 2000). This yield of neat bio-oil 

normally contains large amounts of water and has a high oxygen content in the form of 

bound oxygenates, which results in a polar neat bio-oil with a low Higher Heating Value 

(HHV). 

The quality of a bio-oil is defined by the water content, oxygen content and HHV of the 

oil  (Heidari, et al. 2013). If bio-oil is meant to be a transportation-grade fuel, the aim is to 

produce an oil with no oxygen content, similar to crude oil, which has a high HHV 

(approximately 45 MJ/kg) due to its low oxygen content and saturated hydrocarbons (Basu 

2010). The Van Krevelen diagram (adapted by Basu (2010)), shown in Figure 5, is a good 

method to compare the HHVs and the hydrogen and oxygen content of fuels. The diagram 

was developed by Dirk Willem van Krevelen as a graphical plot to assess the origin and 

maturity of petroleum and kerogen (van Krevelen 1950). 

The Van Krevelen diagram compares fuels based on their hydrogen-to-carbon ratio (H/C) 

versus their oxygen-to-carbon ratio (O/C). The quality of the fuel increases as the H/C ratio 

is increased and the O/C ratio is decreased, illustrated by the red arrow in Figure 5. This 

increase in quality is accompanied by an increase in the HHV of the fuel as seen with the 

HHV of petrol of 46,6 MJ/kg compared to that of Eucalyptus grandis wood of 18 MJ/kg. 
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Figure 5:  Van Krevelen diagram showing various fuel sources with bio-oil data (adapted 

by Basu (2010), original work by van Krevelen (1950)) 

In laboratory processes an inert carrier gas is often used to fluidise the pyrolyser and electric 

elements are used to supply the heat of pyrolysis (Fernandez-Akarregi, et al. 2013), which 

is not a feasible approach for commercial operation, since the NCG is diluted in the inert 

carrier gas and the heating value is lost. The neat bio-oils[1] (Figure 5) typically produced in 

such processes have HHV’s in the range of 16,3-18,4 MJ/kg because of high oxygen to 

carbon (O/C) ratios (Makibar, et al. 2015).  

Neat bio oils[2] (Figure 5) produced by processes that recycle NCG show reduced O/C ratios 

and increased HHVs compared to bio-oils[1] (Boateng and Mullen 2013). The bio-oil 

produced by Grobler (2014) was diluted with ethylene glycol as the cooling or quenching 

medium and as a result the GC-MS analysis and heating value determination was of no 

value. 
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2.7 Upgrading of Bio-oils 

The need to upgrade bio-oil has prompted research studies and commercial-scale testing of 

various forms of upgrading in recent years. The aim is to produce a high-quality bio-oil that 

can be used as a feedstock to conventional petroleum refineries to produce a typical range 

of fuels, including petrol, diesel, jet fuel and kerosene. 

Hydrodeoxygenation (HDO) is the most common upgrading process. It was originally 

inspired by the hydrodesulphurisation and hydrodenitrogenation processes used in the 

petroleum refining industry. During HDO upgrading, hydrogen is used to remove oxygen 

from the oil as water. The method is dependent on hydrogen as an expensive feedstock, 

which is an economic disadvantage. An alternative is the use of hydrothermal processing, 

during which hot pressurised water is used to upgrade the oil. The method requires near-

critical water to be effective, which is costly to produce (Sharifzadeh, et al. 2015). The 

processes described above are used in commercial pyrolysis operations such as ENSYN, 

Dynamotive and KiOR (Butler, et al. 2011), (Meier, et al. 2012). The processes involve the 

use of costly equipment and materials after the initial pyrolysis operation to upgrade the 

oils. 

An alternative to this is the use of in situ catalysis with the pyrolysis reactor. The catalyst 

is loaded into the same reactor as the biomass feed. During this process the biomass is 

pyrolysed and the oil vapours are upgraded in the same reactor unit. The use of bentonite 

and zeolite in situ catalysis has proved effective in upgrading the oil (Merckel & 

Heydenrych, 2015); however, due to the nature of the catalyst, the oxygen in the oil is 

removed as water. This causes a drop in the H/C ratio and also promotes the coking of the 

catalyst. 

The reduction in H/C ratios, seen with zeolite and bentonite, is a step backwards, since the 

quality of a fuel is decreased with a drop in H/C ratios. A different catalyst is therefore 

required that can remove oxygen from the fuel as CO2 (one mole carbon lost from oil for 2 

moles of oxygen removed) rather than H2O (two moles of hydrogen lost for every mole 

oxygen removed). 
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The process of chemical looping combustion (CLC) uses a solid oxygen carrier to transfer 

oxygen between the air and a fuel for combustion, thereby preventing direct contact 

between the fuel and the air. During the first reaction the metal oxide (MO) supplies the 

oxygen for fuel oxidation and forms the metal (M). The metal oxide is then regenerated 

with air in a separate reactor. Fluidised beds are often used for continuous flow processes 

(Adanez, et al. 2011).  

This process can be modified to use MO as a means of upgrading the bio-oil. The use of 

MOs in LDH-based catalysts (Layered Double Hydroxide) and metal sulphide (MS) are 

promising alternatives, since the MO captures oxygen in the form of CO2 to become MCO3 

during a decarboxylation reaction and the MS captures oxygen to form MSOX, the 

mechanism is still unclear. As these catalysts become saturated with oxygen they become 

ineffective and must be regenerated by the burn-off of the captured oxygen. The reducing 

conditions at high temperatures cause coking of the catalyst, which renders it ineffective 

within minutes. To solve these problems, a high-temperature oxidative environment with 

the presence of a carbon source is required to regenerate and decoke the catalyst. 
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3 Combustion Reduction Integrated Pyrolysis System (CRIPS) 

The pyrolysis process, CRIPS, developed at the University of Pretoria, uses a dual fluidised 

bed fast pyrolysis process, in which heat generated in a combustion fluidised bed (CB) is 

used to heat a bed of sand. The heated sand then flows over into the pyrolysis fluidised bed 

(PFB), where it drives the endothermic pyrolysis process. The sand is cooled during this 

process to the temperature of the pyrolysis reactor and is fed back to the combustor via a 

screw feeder. This allows the sand to reheat and flow back to the pyrolyser. This process, 

illustrated in Figure 7, allows accurate control of the PFB temperature, while preventing 

the transfer of oxygen into the pyrolyser  (Swart 2012). The accuracy of the control system 

can be seen in Figure 6. 

 

Figure 6: Pyrolysis bed temperature control 

The control system managed the temperature within 25°C of the set point on CRIPS 1 using 

the speed of the auger to return the sand. CRIPS 1 was designed to utilise the NCG stream 

as the fluidisation medium for the pyrolysis reactor. The NCG produced by the pyrolyser 

was purged to the combustor to reduce the fuel load and to control the pressure in the 

freeboard of the PFB. 
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Figure 7:  Dual bed CRIPS process with sand transfer 

The biomass was fed pneumatically to the reactor using the NCG as a carrier gas. The feeder 

box received biomass from the hopper shown in Figure 9, which was fed via a speed-

controlled auger. The NCG was injected from the top, blowing past the auger opening and 

exiting with the biomass via two pipes. This design resulted in blockages of the feeder box 

and the exit pipes due to the flow of gas being in the direction of gravity, which allowed 

the biomass to clump together and block the exit pipes. 

A new design of this feeder was done with the NCG injected from below. This allowed the 

NCG to entrain biomass from the auger and exit via two pipes at the top. This was done to 

prevent gravity blockages. The feeder was 3D printed using ABS plastic to ensure that the 

new design was functional before constructing a unit from steel. The new design is shown 

in Figure 8. 
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Figure 8:  ABS model of feeder 

Several units were printed using different plastics and techniques before one was fitted to 

the hopper. The unit is shown in Figure 9. 

 

Figure 9:  Feeder fitted on hopper 

The unit features a viewing glass for visual inspection of biomass feeding. The design was 

expected to perform well; however, the decision was made to use mechanical feeding for 

CRIPS 2 because of problems with the gas flow required for successful biomass entrainment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



 

20 

 

and the subsequent increases in pressure drop. The biomass is fed via a drop pipe connected 

to the new reactor in CRIPS 2 by a fast-rotating auger. 

The feeding system encounter problems with bridging and blocking in the hopper, so an 

agitator was fitted inside the hopper and driven via a chain-and-sprocket drive. The agitator 

is illustrated in Figure 10. 

 

Figure 10:  Hopper agitator design (Swart 2012) 

The final agitator installed had a central shaft running down to the very end of the spiral. 

The spiral ended short of the opening to the auger because of the conical shape of the 

hopper. This allowed bridging to occur above the auger and interfered with the smooth 

feeding of biomass. To prevent this from occurring, a thin metal plate was welded to the 

shaft of the agitator, which extended the agitation to just above the auger and broke up any 

possible bridging. 

The biomass is converted to NCG, bio-oil vapours and biochar, the yields of which will be 

discussed in Section 4. The biochar is a valuable product for use in forestry and agricultural 

land to replenish soil. CRIPS 1 however only recovered 58% of the biochar in the char 

cyclone after the PFB. The remainder is entrained via the sand returned to the CB and 

burnt for heat generation. The char is separated in the cyclone after which the vapours 

enter the quencher, where a spray of cooled bio-oil is used to condense and cool the 

mixture. The setup can be seen in Figure 11. 
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Figure 11:  Product separation flow diagram 

The quencher design in CRIPS 1 resulted in high pressure drops in the NCG loop because 

the pyrolysis vapours were used to atomise the cold bio-oil recycle. A new unit was 

designed for CRIPS 2. The unit uses a conical design to generate a conical spray of bio-oil 

through which the hot pyrolysis vapours is blown. This ensures adequate contact between 

the two and the total condensation of the bio-oil vapours.  

The bio-oil and NCG mixture is then separated by a hydrocyclone. The bio-oil is collected 

in a reservoir and the NCG passed through a demister and filter to remove any remaining 

oil droplets. The NCG flows back to the NCG blower. After the blower a purge is sent to 

the CB for combustion and the remainder is used to fluidise the PFB. The actual process is 

shown in Figure 12. 
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Figure 12:  Product separation and cooling system 

The bio-oil is pumped from the oil reservoir to a heat exchanger where it is cooled with 

cold water and fed back to the quencher. The cooling water is supplied by the cooling tower 

shown in Figure 13. 
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Figure 13:  View of the process 
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4 CRIPS Process Modelling 

The CB in CRIPS 1 built by Swart (2012) was supplied with cold air by a blower and used 

to fluidise the bed. The cold air feed required large amounts of heat to reach the 670 °C bed 

temperature. The planned bed temperature was 900 °C however the combustor was never 

capable of achieving this. This heat came from the combustion of LPG and electric 

elements. As a result less of the energy generated was left for pyrolysis, but due to heat 

losses this figure was lower. After combustion the exhaust gases flowed through a cyclone 

to remove entrained sand. The exhaust was then diluted and cooled by mixing with air and 

blown off. 

CRIPS 1 was designed to pyrolise wood biomass at a rate of 20 kg/h; however, because of 

the heat and energy losses described above, the unit only managed 2,1 kg/h as reported by 

Grobler (2014). This was mainly due to the heat losses from the system and the problems 

with biomass feeding. These reasons, together with the conditions listed in the literature 

section, were used to set up an energy balance around the process. This energy balance 

formed the basis of the enthalpy balance approach to estimate bio-oil quality and yield, as 

well as process efficiencies. 

The bio-oil, NCG and char yields (on a dry basis of E. grandis) were used as 36% bio-oil 

(including water), 14% NCG and 50% biochar as found in the process (Grobler 2014). This 

in agreement with ranges given in literature, however recent studies all suggest bio-oil 

yields of 65% to 75% when using fluidised bed fast pyrolysis (Amutio, et al. 2015). The 

reason for the low yield in bio-oil reported by Grobler (2014) is most likely due to the long 

vapour residence times reported with CRIPS 1, which exceeded 4 seconds during the 

experimental runs. This is double the recommended time of 2 seconds for fast pyrolysis 

(Bridgwater 2011). The increased residence time at temperatures above 150 °C promote 

char catalysed cracking of the vapours into smaller molecules and char. 

The char extracted from the process was found to contain 54% inorganic material of which 

42% was entrained sand from the bed and 12% was inorganics or ash from the wood. This 
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would imply that while 50% biochar was produced based on the dry wood feed only 29% 

was recovered via the cyclone and the remaining 21% was entrained and fed to the 

combustor. The high char yield will be discussed further on. 

Since the NCG was used as the fluidisation medium for the pyrolysis bed, it was possible to 

use the 14% yield of NCG as a fuel source for pyrolysis. The NCG composition for the 

pyrolysis of E. grandis at 500 °C was specified as 45% CO2, 25% CO, 16% CH4 and 4% H2, 

based on work done on similar fast pyrolysis systems (Heidari, et al. 2013). The balance was 

water vapour. This results in a CO/CO2 ratio of 0,55 for CRIPS 1. 

The air and NCG flow rates were determined by specifying the superficial gas velocity 

(SGV) together with the geometry of the CB and PFB. The CB SGV was set at 0,4 m/s 

because of the blower capability and the PFB SGV was set at 0,4 m/s because of the pressure 

drop on the cooling system. The air flow rate was used to determine the oxygen available 

for combustion based on 6% of the oxygen exiting with the exhaust, this was done to allow 

excess oxygen which would improve combustion completion. The reactor was modelled 

with LPG combustion to provide the heat for combustion. 

To determine the flow of LPG, the oxygen consumed by the purged NCG and unrecovered 

char combustion had to be determined. The formation of NCG and char is reliant on the 

heat generated from combustion, and an iterative process was developed to converge on 

the LPG gas requirement based on the 6% oxygen less the NCG and char combustion. The 

LPG flows together with the NCG, and the char combustion was used to establish the total 

energy generated during combustion. The total energy generated, less the energy used to 

heat the air to 670 °C and the energy lost in heat loss, was assumed to flow to the pyrolysis 

reactor. 

The total heat transferred to the pyrolysis reactor was needed to determine the biomass 

feed rate. This energy, less the energy used to heat the NCG and wood to 500 °C and the 

heat loss from the PFB, was available for pyrolysis. This, together with the experimentally 

determined heat of reaction for the pyrolysis of the wood, determined the biomass feed 

rate. 
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The heat of reaction was determined by Boateng using their experimental apparatus. A 

controlled amount of biomass was fed with nitrogen to an electrically heated fluidised bed 

after which all of the material was cooled and condensed, while the total heat load on the 

element and condenser was recorded. The CV of the biomass (E. grandis) was found to be 

17,9 MJ/kg and the HHV of the resulting bio-oil as 17,4 MJ/kg. The data from the 

experiment is given in Table 2. 

Table 2: Energy data from the Boateng study 

Component Internal energy 

(kJ/kg) 

Mass (kg/h) Heat added or 

removed (kW) 

Physical properties 

used 

In 

Nitrogen 0 1,93 0 N/A 

Biomass 17935 2,22 2,12 N/A 

Out 

Nitrogen - 1,93 0,262 Enthalpy data 

Bio-oil 18400 1,68 1,17 The condenser 

balance 

Char 24850 0,22 0,031 Heat capacity 

NCG 6230 0,31 0,2 Heat capacity 

Heat loss - - 1,002 From the total 

balance 

 

The heat of reaction ΔHR was calculated (-545 kJ/kg biomass) as the difference between the 

heat of formation of the products and the heat of formation of the biomass feed, however 

this is relative to 25 °C. The heat of evaporation was calculated (1966 kJ/kg biomass) as the 

sum of the heat removed via cooling of the products (excluding nitrogen). The two were 

added and reported as 1421 kJ/kg biomass, as a heat of pyrolysis. The results from the energy 

balance analysis on CRIPS 1 is given in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



 

27 

 

Table 3: Energy balance analysis for CRIPS 1 

System Property Description Specified 

value 

Calculated value 

CB temperature Operating temperature of the CB 670 °C - 

PFB temperature Operating temperature of the PFB 500 °C - 

CB-SGV Superficial gas velocity in the CB 0,4 m/s - 

PFB-SGV Superficial gas velocity in the PFB 0,4 m/s - 

Air feed Air to the CB at 670 °C - 0,018 m3/s 

NCG feed NCG to the PFB at 500 °C - 0,004 m3/s 

O2 in Exhaust Oxygen unreacted (set point % of feed) 6% - 

LPG feed 
LPG flow, based on available O2 less NCG 

and char use 
- 0,75 kg/h 

Heat generated 
Energy generated during combustion of 

LPG, char and NCG 
- 15,17 kW 

Heat input Heating from elements 2 kW  

Air inlet 

temperature 
Temperature of the air at the distributor 25 °C - 

Energy in flue Energy in flue gas leaving the system - 5,2 kW 

Heat losses Heat losses from the CB 4,9 kW - 

Sand heat transfer 
Heat transfer to the PFB via fluidised 

sand 
- 5,07 kW 

Sand transfer rate 
Rate at which 900 °C sand must flow to 

the PFB 
- 81 kg/h 

Total heat flux Total heat flux to the PFB - 5,07 kW 

Heat used for NCG 
Heat required to raise the NGC to the 

PFB temperature 
- 1,54 kW 

Heat loss from PFB Heat loss from the PFB 2,7 kW - 

Pyrolysis heat Total heat available for biomass pyrolysis - 0,89 kW 

Heat of pyrolysis 
Energy required to pyrolyse wood 

biomass 
- 1421 kJ/kg 
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System Property Description Specified 

value 

Calculated value 

Biomass feed 
Total possible biomass feed rate based on 

energy available 
- 2,1 kg/h 

NCG production NCG production rate based on literature - 0,3 kg/h 

Bio-oil production Production rate of bio-oil - 0,8 kg/h 

Biochar production Total char recovered - 0,64 kg/h 

 

The analysis of CRIPS 1 closely follow the available performance data of the system as 

described by Grobler (2014). The following performance indicators were defined to 

determine the efficiency of the process: the recovery efficiency (ηRecovery) is a 

representation of the energy recovered in the bio-oil and biochar as a percentage of the 

biomass energy content. The thermal efficiency (ηThermal) is an indication of the reduction 

in the fuel load required to run the pyrolyser because of NCG and char combustion. The 

overall efficiency (ηOverall) is a measure to determine what percentage of the total energy 

entering the system, from both biomass feed and fuel feed, is recovered in the products. 

The percentage loss (ηLoss) is a representation of the energy lost via cooling of the pyrolysis 

vapours to extract the bio-oil product and NCG recycle to the blower as well as the energy 

lost in the exhaust gas and heat lost from the system. 

Table 4:  Performance indicators for enthalpy balance approach (refer to Figure 14) 

Parameters 

∆𝑯𝑬𝒙𝒉𝒂𝒖𝒔𝒕 Thermal energy lost in exhaust gas (kW) 

∆𝑯𝑪𝒐𝒐𝒍𝒊𝒏𝒈 Thermal energy lost in cooling of bio-oil and NCG (kW) 

∆𝑯𝑳𝒐𝒔𝒔 Thermal energy lost as heat losses (kW) 

∆𝑯𝑪,𝑻𝒐𝒕𝒂𝒍 Sum of heat generated by combustion of fuel, NCG and biochar (kW) 

∆𝑯𝑪,𝑭𝒖𝒆𝒍 Heat generated by combustion of fuel (kW) 

∆𝑯𝑹,𝑷 Heat of reaction for pyrolysis (-545 kJ/kg) 
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Performance 

Indicator 
Calculation method 

ηRecovery 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 (𝑘𝑊) + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐵𝑖𝑜-𝑜𝑖𝑙 (𝑘𝑊)

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 (𝑘𝑊)
 𝑥 100% 

ηThermal ∆𝐻𝐶,𝑇𝑜𝑡𝑎𝑙 − ∆𝐻𝐶,𝐹𝑢𝑒𝑙

∆𝐻𝐶,𝑇𝑜𝑡𝑎𝑙
 𝑥 100% 

ηOverall 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 (𝑘𝑊) + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐵𝑖𝑜-𝑜𝑖𝑙 (𝑘𝑊)

∆𝐻𝐶,𝑇𝑜𝑡𝑎𝑙
 𝑥 100% 

ηLoss ∆𝐻𝐸𝑥ℎ𝑎𝑢𝑠𝑡 + ∆𝐻𝐿𝑜𝑠𝑠 + ∆𝐻𝐶𝑜𝑜𝑙𝑖𝑛𝑔

∆𝐻𝐶,𝑇𝑜𝑡𝑎𝑙 + ∆𝐻𝑅,𝑃
 𝑥 100% 

 

The enthalpy balance approach for CRIPS 1 is shown in Figure 14 with the indicators in 

the bottom left-hand corner. The analysis derived a bio-oil with an HHV of 14,2 MJ/kg, 

which is lower than the bio-oil HHV produced by similar fast pyrolysis systems, which are 

reported to have HHVs in the range of 17-23 MJ/kg (Bridgwater 2011), (Lehto, et al. 2014), 

(Bridgwater, Meier and Radlein 1999), (Zhang, et al. 2013). The theory of the CO reduction 

taking place can therefore not be confirmed or discarded based on this energy balance. The 

heating value derived during the analysis is in agreement with those found in similar 

processes. 

CRIPS 1 showed poor performance with an overall efficiency of 33%, due to the high 

energy losses of 100%. The high energy loss is due to the heat loss (7,6 kW) and the high-

quality energy lost in the flue gas (5,2 kW) The analysis showed poor recovery of the 

chemical energy from the wood in the product. This is mainly due to the over production 

of char and the subsequent entrainment of char to the CB.  The entrainment of char did 

however contribute largely to the 24% reduction in the fuel load on the pyrolyser. 
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Figure 14:  Enthalpy balance approach for CRIPS 1 

The analysis did however show that the lower throughput of 2,1 kg/h was not due to high 

heat losses alone, the set points of the process for air flow to the combustor limited the 

quantity of biomass that could be processed even if all the energy was recovered from the 

flue gas or if the heat losses were eliminated.  The CB was operated at 670 °C, although the 

aim was to operate at 900 °C to provide adequate temperature deference between the hot 

sand flowing to the PFB and the PFB temperature of 500 °C. The sand circulation rate was 

set at 81 kg/h with the 2,1 kg/h biomass feed. This is a ratio of 38 sand to wood. 

A high CB temperature of 900 °C is recommended for the complete combustion of the fuel 

to carbon dioxide and water as well as the ability to design around 6% oxygen in the 

exhaust. The design will allow the use of high temperature sand in the PFB should it be 

necessary for high temperature pyrolysis bordering into gasification. 

The energy lost via the exhaust gases and heat loss resulted in poor process efficiencies. It 

was therefore recommended to recover the energy lost in the exhaust gas by preheating 

the air feed to the reactor. The heat loss from CRIPS 1 should be limited by combining the 

high-temperature CB with the PFB, which operates at a lower temperature of 500 °C. The 

design of CRIPS 2 and the heat recovery are discussed in more detail in Chapters 5 and 6. 
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5 CRIPS 2 Reactor Design 

The reactor design for CRIPS 2 was not done according to the conventional process such 

as the design procedure explained in Seider et al. (2010: 667), where the procedure is 

initialised by collecting kinetic and thermodynamic data on the desired reaction and 

possible side reactions, followed by physical data collection, modelling, testing and 

mechanical design. The reactor design was done based on the results of the energy model 

for CRIPS 1, together with the information gathered from the literature. This information 

was discussed in Chapter 2. 

5.1 Principles and Design Considerations 

A list of all considerations is given below. It was combined from the literature 

recommendations and the work done by Grobler (2014). 

 PFB temperature of 500 °C with a CB temperature of 900 °C (Grobler 2014) 

 Low residence time of vapours at high temperatures, typically less than 2 seconds 

 Effective separation between char and sand – char must be entrained in vapours 

 To this effect higher superficial gas velocities will be used in both the CB (more fuel) 

and the PFB (more char entrainment) 

 The design allows for post-construction alterations to prevent unpredicted heat 

losses by combining both reactors into one unit – a CB inside an annular PFB 

Further conditions are listed in both reports; however, these are the only conditions critical 

to the reactor design. 
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5.2 Reactor Design 

5.2.1 Fluidised beds 

The reactor design was based on the findings above that satisfy the greatest number of the 

considerations listed. Alternative designs were developed until the final design was set and 

approved for construction. The final design of the reactor features the combination of the 

CB into the PFB. The PFB therefore operates in an annulus around the outer wall of the 

CB. This limits the heat loss seen with CRIPS 1 since the 900 °C CB operates inside the PFB, 

and any heat loss is therefore into the pyrolyser. 

The CB consists of three refractory cylinders stacked on top of one another. The bottom 

refractory was cast from a harder abrasion-resistant material since it will contain the 

fluidised bed. The two identical top refractories were cast from a softer, more heat-resistant 

material. This design allows any wall heat losses from the CB to pass into the PFB and be 

recovered. For control purposes the wall thickness of the refractories was increased to limit 

the heat transfer to the PFB via the wall since the PFB is controlled via the sand transfer 

rate. 

Refractory materials were made up of Al2O3 and SiO with some other additives to give 

different properties. The aluminium oxide content contributed towards the abrasion 

resistance but offered less resistance to heat transfer. The silicon oxide content improves 

heat resistance but is a softer material. The balance between the two can deliver a product 

with the required strength and heat resistance. 

The bottom refractory was cast from ACTlite HC, which is a harder refractory material 

containing more Al3O3 but still has sufficient heat-resistant properties. The unit is shown 

in Figure 15. It is 660 mm high with an inside diameter of 250 mm and an outside diameter 

of 390 mm. This resulted in a wall thickness of 70 mm, which is sufficient for limiting heat 

transfer. The fluidised bed operates inside this unit, and was planned to start 180 mm above 

the bottom up to a height of 580 mm, resulting in a bed height of 400 mm. 
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Figure 15:  Bottom refractory 

The unit features three holes for sand transfer. The two angled slots at the top are for 900°C 

sand to transfer to the PFB, which was expected to operate at a lower bed height of 300 mm. 

The bottom hole houses the auger in a pipe for the return of the 500 °C sand to the CB. The 

CB air inlet is located just below the bottom hole, which allows it to instantly fluidise the 

returning sand. 

The sand used for the calculations has an average particle diameter of 0,8 mm in a range of 

0,65 to 1 mm. The minimum fluidisation velocity of this material was calculated as 0,37 m/s 

with a bed load of 23 kg, yielding a bed voidage of 0,54. The bed will be operated at 3,2 

times minimum fluidisation which ensures operation in the bubbling regime. 

This process continues with an overflow of sand to the PFB because of the sand entering 

from below and raising the bed height. The top refractories were cast from ACTlite 40P, a 

material which is higher in SiO for better heat resistance. The units are both 500 mm high 

with the same diameters as the bottom unit. The units all feature a key at the top and 

bottom, which allows easy placement of the units on top of one another. 

The CB uses LPG, the NCG purge and the entrained char to maintain the bed temperature 

of 900 °C, fluidising at a superficial gas velocity (SGV) of 1,2 m/s. This was specified to limit 

entrainment of the sand in the flue gas, while operating the blower at 70% capacity. The 
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freeboard above the bed was originally designed to ensure sufficient height for the return 

of entrained sand. It was, however, later decided to fit an internal heat recovery unit inside 

the freeboard for the sake of convenience and other reasons discussed in Chapter 6. 

The PFB operates in an annular space around the CB. It features a 1,5 mm stainless steel 

outer shell, which also acts as the outer shell of the entire reactor. The reactor has a gas-

tight seal between the shell, the heat recovery unit described in Chapter 6 and the PFB gas 

distributor described below. 

The annular space surrounding the CB was designed to be 35 mm in diameter, but due to 

this narrow space and the recommended fluidised bed height-to-bed diameter ratio 

(L/D of 1), the 300 mm bed of the PFB was not practical. The bed height was specified to 

allow adequate contact time between the biomass particles and the heat carrier or sand.  

The contact time was not calculated due to limited data with the fluidisation 

hydrodynamics of this kind of bed. If the bed is operated at a shallow depth the biomass 

conversion will be incomplete, however, CRIPS 1 was operated with a 200 mm bed depth 

and achieved complete biomass conversion and therefore it is assumed the 300 mm bed 

height will be sufficient. The need for complete contact between the biomass particles and 

hot sand requires a high degree of mixing inside the PFB. Since the sand overflow from the 

CB was limited to two places, a swirling or rotating bed of material was required in the 

PFB. 

Studies done on fluidisation in an annular space with swirling beds found that large 

volumes of gas are needed to achieve full bed fluidisation and rotation or swirling (Batcha, 

et al. 2013). A minimum SGV of 10 m/s was required to achieve fluidisation with tangential 

or swirling velocities of 30 m/s required to achieve full bed rotation. These studies were 

modelled based on a system with a series of blades surrounding a cone in the centre, as 

shown in Figure 16. 
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Figure 16:  Distributor design (Batcha, et al. 2013). 

The high volumetric flow rates required to deliver a SGV of 10 m/s would render the CRIPS 

process thermally insufficient, since the recycled NCG used to fluidise the PFB requires 

heating to 500 °C. 

Further studies on the hydrodynamics of fluidisation in an annular space using various gas 

distributor designs illustrated the difficulty of fluidisation in an annular space (Wanicka 

and Heydenrych 2014). The limited gas flow set by the process conditions and difficulties 

found in other studies made it difficult to design the gas distributor for the PFB. A conical 

bed design was finally adopted similar to the conical bladed design in Figure 16. 

The conical design allows the use of a narrower bed (10 mm gap) at the distributor level 

which is gradually increased in width to the 35 mm gap mentioned above. The narrower 

bed results in higher SVG velocities at the distributor level, ensuring full fluidisation using 

less volumetric flow. The expanding gap allows the disengagement of the fluidised particles 

above the bed. The design is shown in Figure 17. 
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Figure 17:  Pyrolysis gas distributor 

The PFB has a vertical SGV of 3 m/s at the beginning, dropping down to 0,91 m/s at the full 

35 mm width of the annulus. The SGV is much lower than that recommended by previous 

studies, but the CRIPS process cannot sustain a 10 m/s SGV with a 10 mm annulus, and a 

gap narrower than 10 mm would not be feasible for construction. The SGV should be 

sufficient since the PFB is not seen as a fully fluidised bed with normal densities. It is 

supplied by the CB with sand and is therefore only a fast-moving bed of material. The load 

of sand has been calculated as 8,2 kg in the annulus which yields a bed voidage of 0,77, 

higher than normally operated but necessary for the feasibility of this design. 

The direction of the rotation is shown by the red arrow. Hot 900 °C flows from the CB via 

the angled slots based on the rate of sand returned via the sand auger (flow shown in 

orange).  
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The blue streamlines at the bottom show the jets created by the distributor. The red 

bubbling line indicates the planned bed height of 300 mm. The biomass is fed into the bed 

at one point by the biomass auger. It is injected 100 mm above the sand return point and 

22,5° downstream. This was done to allow the biomass a full rotation of the bed before sand 

is withdrawn. The biomass with a lower density (160 kg/m3) than the sand (1100 kg/m3 

fluidised) will float to the top of the bed and this should in theory prevent biomass from 

being transferred to the CB. 

Modelling of the design was done in COMSOL Multiphysics© software and it was found 

that with a SGV of 3 m/s a tangential velocity of 25 m/s could be attained. This tangential 

velocity was found using a blade angle of 12°, which is in agreement with previous studies. 

The number of blades was adjusted to ensure a jet velocity of 50 m/s at the blade exit. This 

velocity reduces the chance of a section of bed becoming unfluidised because the jet is 

blocked. 

The design was finally checked using 3D printed scale models of a 35 mm distributor with 

no cone and a 10 mm distributor with a cone, correctly scaled. The 10 mm gap required 

substantially less air to fluidise and rotate a bed of materials than the 35 mm gap version. 

The distributor and cone were welded to four 20 mm instrumentation tubes which were 

welded to the base plate. The use of four feeding pipelines ensures equal distribution of 

NCG to all blades. 

5.2.2 Heat loss estimation 

The placement of the CB inside the PFB is the first step in limiting heat loss since it prevents 

heat loss from the 900 °C CB to the ambient conditions outside the reactor. The outer shell 

of the PFB is therefore the next major area for heat loss and for this reason it was insulated 

with 50 mm of high-temperature insulation followed by 75 mm of lower-temperature, high 

heat-resistant insulation to limit heat loss to a minimum and thereby preventing the heat 

loss experienced by CRIPS 1. 
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The insulation layers were modelled with conductive and convective heat transfer to 

determine the heat loss between the 500 °C outer shell and the ambient temperature. A 

variety of materials were modelled and the minimum heat loss was determined to be 

1,19 kW. The PFB shell is, however, not the only area of concern for heat loss, since the 

CB top and bottom plates are still exposed to ambient temperatures. The heat loss from this 

section was estimated to be 2 kW due to the low area for heat transfer. 

The heat transferred via the CB refractory wall was calculated to be 2,7 kW, which will be 

required for the energy balance in Section 7. 

5.3 Conclusions and Recommendations 

The reactor designed for CRIPS 2 eliminates many of the problems experienced with 

CRIPS 1, including heat loss and biomass feeding problems. The design had some 

difficulties of its own with the successful fluidisation of the PFB. The expected performance 

is detailed in Chapter 7 by the analysis of the energy balance. The use of blades around a 

conical design pose a potential problem for larger reactors since the 10 mm gap will be 

increased, however, larger designs could incorporate the preheating of the NCG feed, 

which would increase the volumetric flow through the jets and the annulus. The feasibility 

should be considered based on the actual results of CRIPS 2. 

With increases in the gap width at the bottom, the radial distribution of the SGV and 

tangential velocities become uneven and could lead to fluidisation problems along the 

length of the blades. It is recommended that the blades be inclined from the cone outward 

towards the shell (Figure 16). This incline forces the equal distribution of SGV and 

tangential velocities and significantly reduces the pressure drop over the distributor 

(Batcha, et al. 2013). Please note a technical drawing is given in Appendix C. 
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6 Internal Heat Recovery Unit 

The CB typically operates at 900 °C to provide a temperature difference of 400 °C between 

the PFB and the CB. This temperature is usually maintained by the combustion of gas (LPG) 

or solid (biomass, coal) fuels. Typically 35% of the heat generated in the CB is transferred 

to the PFB via sand transfer, with 56% lost in the heating of the exhaust gas, leaving the 

system at 900 °C. The remaining heat is assumed to be lost. 

Grobler (2014) suggested using the energy in the exhaust gas to preheat the combustion air 

feed and thereby re-using the heat inside the reactor and increasing the heat transfer to the 

PFB. This ultimately increases the throughput of the reactor. It was also suggested using 

the flue for preheating the NCG recycle to the PFB or to dry the biomass. The problem 

with this is the varying composition of the NCG, and preheating it with 900 °C flue gas 

could cause an unwanted reaction. The use of the exhaust for drying at that temperature 

would cause the same problems with the wood. 

The most feasible option is therefore to use the flue to preheat the air feed in a gas-to-air 

heat exchanger, possibly followed by using the colder flue gas for drying. Before a design 

can be done the feasibility of using high-temperature gas must be considered.  

The temperature of the flue gas is too high for conventional gas heat exchangers. It can 

cause corrosion problems which could lead to failure. Cooling the flue gas below 300 °C is 

not recommended since it can lead to condensation of corrosive components (Seider, et al. 

2010). For the heat recovery to be financially feasible the air feed should be heated above 

400 °C and this is typically only done in a furnace.  

The materials needed for such a construction would make the manufacture and 

maintenance of the unit difficult and expensive since stainless steel has a maximum service 

temperature of 700 °C. 

Considering all of these factors and limitations, a new design was done in which the space 

above the CB known as the freeboard was used for the insertion of an internal heat recovery 

(IHR) unit. The design is similar to a shell-and-tube heat exchanger, the difference being 
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that the tubes are spaced around a central pipe in an annulus. An early design is shown in 

Figure 18. 

 

Figure 18:  Internal heat recovery unit 

This design allows a central cavity to remain open which can be used for visual access to 

the CB or to feed solid fuels. The baffles are made of interchangeable steel disks called 

doughnuts and rings (Sinnott and Towler 2010). The flue gas is channelled around the 

outside of the tubes with the fresh air feed inside the tubes. 

The design of the heat recovery unit was based on the geometry of the CB and viewing 

hole. The internal CB diameter of 250 mm and the 90 mm viewing shaft required in the 

centre put severe limitations on possible designs. The first design consisted of bending five 

tubes in a spiral around the central pipe. This would allow the flue gas to flow up in a 

staggered pattern across the tubes. This design was modelled and ultimately resulted in 

linear gas velocities of 170 m/s. 

These velocities were the result of the 500 °C plus the final air temperature combined with 

the limited five-pipe design, which resulted in very high volumetric flow rates per pipe. 

The high velocities would cause significant pressure drops and cause vibration problems in 

the unit. The design was altered to that of the earlier unit shown in Figure 18. The number 
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of tubes were increased to 48, allowing lower volumetric flow rates per tube. The tubes 

were arranged in such a way as to provide staggered horizontal flow across the tubes. 

This resulted in maximum final outlet tube velocities of 10,5 m/s, which was not a concern 

for pressure drop. The design of the unit was based on the design for a shell-and-tube heat 

exchanger, where the external forced convection method is used to calculate the shell side 

heat transfer coefficient and the internal forced convection method is used to calculate the 

tube side heat transfer coefficient (Cengel and Ghajar 2011). 

The two heat transfer coefficients are combined as total heat transfer resistances and 

converted to an overall heat transfer coefficient. This overall heat transfer coefficient was 

used with Equation 1 derived from the log mean temperature difference to determine the 

exit temperature Te of the air. 

𝑇𝑒 = 𝑇𝑠 − (𝑇𝑠 − 𝑇𝑖)𝑒
(−

𝐴𝑠𝑈

𝑚𝐶𝑝
)
    (1) 

Ti is the inlet temperature of the air and Ts is the bulk mean temperature of the flue gas 

seen as the surface temperature. As, Cp and m refer to the area for heat exchange, the heat 

capacity of air and the mass flow of the air respectively. Once the outlet temperature of the 

air was known, the log mean temperature was calculated and the heat transfer determined. 

Once the heat transfer was known, the exit temperature of the flue gas could be calculated. 

Since the outlet temperature of the flue gas was required to determine the bulk mean or 

surface temperature, an initial value was guessed and then an iterative calculation was done 

until the bulk mean temperature converged. 

The properties of both the air and the flue gas differ significantly over the temperature 

range observed for this heat exchanger. For this reason the unit was broken up into 

13 sections. Each section represents the space between baffles. The design is shown in 

Figure 19. 
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Figure 19:  Sectional design of heat exchanger 

The properties of the air and the flue gas were determined for each section using the bulk 

mean temperature of each material for that section. The outlet temperature of a previous 

section was used as the inlet temperature of the next section and so on. The heat exchanger 

inlet and outlet temperatures for each baffle are shown in Figure 20. 

 

Figure 20:  Heat exchange profile 
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The inlet and outlet temperatures in Figure 20 lie at the extremes. The data points between 

these temperatures represent the bulk mean temperature of each material in the individual 

sections. The unit maintains a minimum temperature difference driving force of 300 °C, 

which is well above the recommended minimum of 150 °C (Seider, et al. 2010). The design 

meets all the requirements set above, including placing the unit in a furnace since the 

combustor can be viewed as a furnace above the CB. 

The flue gas leaves the system at 433 °C, well above the temperature for any risk of 

condensation, and still contains sufficient energy for drying purposes as suggested by 

Grobler (2014). The total heat transferred by the unit was modelled as 10,7 kW with a total 

surface area of 1,18 m2. The overall log mean temperature difference is 334 °C, with an 

average overall heat transfer coefficient of 26,4 W/m2C. This overall heat transfer 

coefficient is in accordance with values suggested by the literature (Seider, et al. 2010). The 

unit has the potential of reducing the heat lost in the exhaust gases by 54%. 

The mechanical design of the heat exchanger proved difficult because of the confined space 

of the CB. The design was altered several times after the input from a possible 

manufacturer. The IHR unit is shown in Figure 21. 

 

Figure 21:  Final heat exchanger design 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



 

44 

 

The unit features a wide-diameter plate at the top into which the tubes are welded. It also 

serves as the lid for the entire reactor and is bolted to the PFB shell. The air distributor is 

constructed of a top disc and shell, which can be seen at the very top. It was designed to 

provide good distribution of the air and also to insulate the CB radiation from the 

environment. 

The bottom of the unit contains the air collection point. This is where the air flows 

recombine and exit the unit via four pipes. The number of pipes were selected based on 

minimising the pressure drop while maintaining ease of construction. The exhaust gas flow 

can be seen in Figure 22. 

 

Figure 22:  Sectional view with exhaust flow 

The flue gas enters the unit on the inside of the annular tube bank and flows across the 

tubes and up into the second section. This flow continues around the entire unit until the 

gas reaches the last baffle. At the top the flue gas makes a final pass across the tubes before 

extraction from the reactor. 
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7 CRIPS 2 Process Modelling 

The design for CRIPS 2 was used together with the operating principles described in 

Chapter 4 to create an energy model for CRIPS 2. The energy balance and mass balance are 

shown in Table 5. 

Table 5:  System set points and operating conditions 

System Property Description Specified 

value 

Calculated value 

CB temperature Operating temperature of the CB 900 °C - 

PFB temperature Operating temperature of the PFB 500 °C - 

CB-SGV Superficial gas velocity in the CB 1,2 m/s - 

PFB-SGV Superficial gas velocity in the PFB 0,91 m/s - 

Air feed Air to the CB at 900 °C - 0,059 m3/s 

NCG feed NCG to the PFB at 500 °C - 0,042 m3/s 

O2 in Exhaust Oxygen unreacted (set point % of feed) 6% - 

LPG feed 
LPG flow, based on available O2 less 

NCG and char use 
- 1,94 kg/h 

Heat generated 
Energy generated during combustion of 

LPG, char and NCG 
- 37,7 kW 

Air inlet 

temperature 
Temperature of the air at the distributor - 600 °C 

Energy in flue 
Remaining energy in flue gas leaving 

the system 
- 9,66 kW 

Heat losses Estimated heat losses from the CB 2 kW - 

Wall heat transfer 
Heat transferred to the PFB via the 

refractory wall 
- 2,72 kW 

Sand heat transfer 
Controlled heat transfer to the PFB via 

fluidised sand 
- 23,3 kW 

Sand transfer rate 
Rate at which 900 °C sand must flow to 

the PFB 
- 158 kg/h 

Total heat flux Total heat flux to the PFB - 26,0 kW 
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System Property Description Specified 

value 

Calculated value 

Heat used for NCG 
Heat required to raise the NGC to the 

PFB temperature 
- 14,5 kW 

Heat loss from PFB Heat loss from the PFB - 1,19 kW 

Pyrolysis heat 
Total heat available for biomass 

pyrolysis 
- 10,3 kW 

Heat of pyrolysis 
Energy required to pyrolyse wood 

biomass 
- 1421 kJ/kg 

Biomass feed 
Total possible biomass feed rate based 

on energy available 
- 26,1 kg/h 

NCG production 
NCG production rate based on 

literature 
- 5,2 kg/h 

Bio-oil production Production rate of bio-oil - 16,2 kg/h 

Biochar production Total char recovered - 4,2 kg/h 

 

The expected performance of the system is to pyrolyse 26,1 kg/h of wood biomass using 

1,94 kg/h of LPG. The process will produce 16,2 kg/h of low-quality bio-oil. The LPG usage 

was reduced by 34% because of the NCG purge and char loss to the CB. The CO/CO2 ratio 

used was kept at 0,55 which is in agreement with similar pyrolysis processes (Amutio, et 

al. 2015). 

The addition of the heat recovery unit, which preheats the air feed to 600 °C by recovering 

10,7 kW of heat from the flue gas, resulted in an increase in the throughput of the reactor. 

This results in a vastly more efficient system compared to the previous process. 
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8 CRIPS 2 Performance Evaluation 

The energy balance combined with mass balance given in Chapter 7 is accurate enough to 

suggest its use as a tool for the determination of bio-oil heating value and yield. The 

enthalpy balance approach was defined and used to compare the efficiencies of different 

processes. Performance indicators were defined to determine the performance and 

efficiency of a process – they are defined in Table 4 (page 28). 

CRIPS 2 was designed to solve the problems of CRIPS 1 by limiting energy losses and 

improving sand transfer. For this reason the CB was placed inside the PFB, thereby causing 

any heat loss from the 900 °C CB to transfer into the PFB. The PFB was then insulated by 

125 mm of high-temperature insulation to limit losses from the 500 °C zone. 

The gas flow rates required to fluidise the PFB require heating to 500°C, and the energy 

used via this process can be seen in the enthalpy balance for CRIPS 2 (Table 5). The design 

of the internal heat recovery unit (IHR) was based on the principles of a shell-and-tube 

heat exchanger to utilise the area in the combustor above the bed. The IHR recovers energy 

from the 900 °C flue gases by exchanging heat between the exhaust gases and the fresh air 

feed to the combustor. By doing so all heat lost from the IHR remains inside the reactor 

and improves the efficiency of the process. The enthalpy balance approach for CRIPS 2 is 

shown in Figure 23. 

The yields of bio-oil, NCG and biochar were specified as 62% bio-oil (Amutio, et al. 2015), 

20% NCG and 18% biochar (Bridgwater 2011), which is in agreement with similar 

processes. This assumption was made because of the vapour residence time and pyrolysis 

temperatures. 

The recovery efficiency has improved to 89% compared to the 69% seen earlier, mainly 

because of the recovery of more char via the cyclone. The thermal efficiency of the process 

remains the same, with a 34% reduction in the fuel required to pyrolise the increased 

throughput. The rise in the overall efficiency is due to the significant drop in energy losses 

from the system. 
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Figure 23:  Enthalpy balance approach for CRIPS 2 

The bio-oil derived for CRIPS 2 has a higher HHV of 19,2 MJ/kg compared to that of 

CRIPS 1 of 14,2 MJ/kg. This is plausible since the analysis above was done for a process 

with vapour residence times of 1,3 seconds, which would reduce the cracking of the oil 

vapours into small non condensable gasses, thereby adding to the heating value of the oil. 

The heating value of the oil is derived as the unknown in the energy balance since the 

other energy flows and mass flows are known. The balance is done and the mass flow of 

the oil is used to report the energy content of the oil as an HHV. 

The use of the internal heat recovery unit is expected to greatly improve the efficiency and 

throughput of the CRIPS process, however the exhaust gas still contains a recoverable 

3,3 kW of thermal energy before the 300 °C lower limit for flue gas is violated. This energy 

could be used to preheat the NCG feed to the PFB and reduce the heat load in the PFB to 

11,2 kW, which would increase the biomass throughput of the process by 8,4 kg/h. The 

NCG volumetric flow would also increase and as a result the jet velocities would increase 

by 25% which would aid in the operation of the PFB distributor. 
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9 CRIPS 2 with Catalytic Pyrolysis 

The analysis of the CRIPS 2 enthalpy balance and the expected results merit consideration 

for the in situ catalytic upgrading of the bio-oil. The use of bentonite and zeolite catalysts 

has proved effective in upgrading the oil (Merckel and Heydenrych 2015); however, due 

to the nature of these catalysts, the oxygen in the oil is removed as water. This causes a 

drop in the H/C ratio and also promotes coking of the catalyst. 

Alternatively, the metal oxides (MO) in LDH-based (layered double hydroxide) catalysts 

or metal sulphide (MS) catalysts can be used to upgrade the oil. The catalyst reacts with the 

bio-oil vapours, removing oxygenates and increasing the HHV of the oil. The catalyst, 

which is coked up and saturated with oxygen, requires regeneration in a high-temperature 

environment. 

The catalyst can be regenerated and decoked by the high-temperature conditions in the 

CB. Since the catalyst must flow continuously between the CB and PFB to be effective, it 

can also be used to transfer the thermal heat required for pyrolysis. 

The chemical looping process between the PFB and CB performs a triple function, 

including transferring the heat required for pyrolysis, upgrading the bio-oil vapours and 

decoking the catalyst. The catalyst transfer rate between the CB and PFB can be regulated 

by using the auger speed, allowing careful control of the pyrolysis bed temperature as 

shown in Figure 6 (page17) and the upgrading of the bio-oil vapours. This process is 

illustrated in Figure 24. 
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Figure 24:  CRIPS 2 with triple function chemical looping 

The MO captures oxygen in the form of CO2 to become MCO3, a decarboxylation reaction. 

The MCO3 is then regenerated to MO in the combustor by the burn-off of the CO2 group. 

The catalyst removes oxygen with a loss in carbon which increases the H/C ratio of the 

fuel, while reducing the O/C ratio. Alternatively, metal sulphide (MS) can be used as the 

heat carrier and catalyst. The MS removes oxygen from the bio-oil and forms sodium 

sulphate (Na2SO4). The sulphate can be regenerated with the use of free carbon in the CB. 

The biochar fraction lost in the circulating bed medium is a potential source of free carbon. 

The oxygen is burnt off as CO2. 
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The combination of catalytic upgrading and pyrolysis in one reactor improves the 

effectiveness of the process and substantially reduces the need for downstream upgrading, 

which can often be expensive and energy intensive. Oil upgrading needs hydrogenation 

and hydrogen is expensive to produce (Sharifzadeh, et al. 2015). 

It is immaterial which catalyst is used from an enthalpy balance point of view because the 

net result is the removal of oxygenates from the bio-oil as CO2, which is burnt off in the 

CB. Recent work with LDH-based catalysts using analytical equipment produced a bio-oil 

with an HHV of 40,2 MJ/kg. This value was approximated using a cumulative H, C and O 

elemental analysis of the identified components in the oil. The H/C ratio was 1,56 and the 

O/C ratio was 0,076. The experimental work did not report NCG or char yields. 

The active catalyst present in the PFB will upgrade the bio-oil vapours by the removal of 

oxygen as CO2, bound to the catalyst in a carbonate group. It is assumed that due to the 

reactive nature of CO and the presence of the active catalyst that the CO produced during 

the initial pyrolysis of biomass would be converted to CO2. This would cause the CO/CO2 

ratio to drop to near 0 and for the analysis given below it is assumed to be 0. 

The water of pyrolysis, char and NCG yields were assumed to remain the same as for non-

catalytic pyrolysis, which is reasonable considering that the upgrading mechanism is 

decarboxylation and this would not affect these yields. Only the composition of the NCG 

would change with the conversion of the 25% CO into CO2. 

The enthalpy balance approach for a CRIPS 2 process was used to analyse the potential oil 

yield and process efficiencies if an oil with an HHV of 40,2 MJ/kg is produced. An elemental 

balance was added to the mass balance component to account for the carbon and oxygen 

lost to the CB via the bound CO2 in the catalyst. The complete enthalpy balance using a 

MO catalyst is shown in Figure 25. 
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Figure 25:  CRIPS 2 enthalpy balance approach with catalytic pyrolysis 

The analysis of CRIPS 2 with in situ catalytic upgrading derived an HHV for the bio-oil of 

40,6 MJ/kg, which is in agreement with the value reported from the experimental study. 

This would suggest that the assumption of the CO/CO2 ratio reducing to 0 and the water, 

NCG and char yields remaining constant is feasible. The bio-oil yield for the analysis was 

30,5% with the formation of 20% NCG, 18% char, 15,5% water and 16% CO2  removed by 

the catalyst. All are reported on a dry basis of biomass. 

The recovery efficiency of the process was improved by 5%, due to the increased HHV of 

the oil and the loss of only 50,8% in bio-oil yield. The overall efficiency was not affected, 

however, the thermal efficiency was reduced by 14% because of the reduced calorific 

heating value of the NCG. This is a result of the CO to CO2 conversion. 
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10 Conclusion and Recommendations 

The design of CRIPS 2 was aimed at resolving the problems and limitations of CRIPS 1. The 

heat loss seen in CRIPS 1 reduced the overall performance of the system. This was limited 

by the combination of both fluidised beds into one reactor, along with the addition of high-

quality insulation. The modelled heat loss from the system predicted a loss of 3,2 kW, 

which represents 8,4% of the total heat generated. 

The high-quality energy lost in the flue gas from the CB resulted in poor overall process 

efficiencies of CRIPS 1. The addition of internal heat recovery in CRIPS 2 has seen 

predicted process efficiencies increase to 74% compared to 33% for CRIPS 1. The IHR unit 

should be capable of preheating the air feed to 600 °C and in doing so recovering 10,7 kW 

of thermal energy from the exhaust. The exhaust gases left the system at 430 °C, well above 

the 300 °C required to prevent condensation of corrosive compounds. It was recommended 

that the remaining energy in the flue gas be used to dry the biomass feed or preheat the 

NCG feed to the PFB, reducing the heat load. The char recovery in CRIPS 2 should improve 

over the CRIPS 1 recovery of 58%, since the PFB of CRIPS 2 is fluidised at 0,91 m/s rather 

than the 0,4 m/s in CRIPS 1. This should allow the entrainment of the char particles and 

their recovery in the cyclone. 

The cooling system was improved with the addition of a new quencher sprayer design, 

which allows the necessary contact between the bio-oil recycle and the hot pyrolysis 

vapours. A conical design was used in the unit to generate the spray of bio-oil, thereby 

eliminating the high pressure drop caused by the bio-oil atomisation using the vapours. 

The addition of a cooling tower will provide a closed loop flow of cooling water. 

The new design of the PFB side distributor should allow successful fluidisation of the 

pyrolysis bed and generate the rotational flow required for the correct operation. It is 

difficult to determine whether the operation in the actual unit is correct, and it was 

therefore recommended to perform CFD modelling on the pyrolysis distributor and the 
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flow it will generate. This, together with a scale model of the system to test different 

distributor designs, should be done to ensure the correct operation of the new reactor. 

The energy balance of the system allowed the process to be successfully modelled and the 

setup of the enthalpy balance approach as an analytical tool. The accuracy of the tool was 

confirmed by modelling of the CRIPS 1 and comparison of the results. The bio-oil heating 

value for CRIPS 1 was poor and it was theorised that this was due to long vapour residence 

times at elevated temperatures. The analysis of CRIPS 2 derived a better quality of oil, 

which may be possible with a higher yield of oil, suggesting less decomposition. A 

comparison between the high-quality oil obtained and transportation fuels is shown in 

Figure 26. 

 

Figure 26:  Van Krevelen diagram with catalysed bio-oils (Basu 2010), (Merckel 2014), 

(Merckel and Heydenrych 2015). 

The analysis of the CRIPS 2 process with the enthalpy balance approach suggested that 

high thermal efficiencies can be obtained using the CRIPS design. The potential of in situ 

catalysis with a CRIPS process is supported by the enthalpy analysis done in Section 9, 

which derived good process efficiencies with the with the simulated bio-oil quality.  
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Appendix A 

CRIPS 1 process flow (Grobler 2014). 
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Appendix B 
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Appendix C 
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