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1 Executive summary 

The GreenFlexJET project combines the transesterification of used cooking oil (UCO) with 
Thermo-Catalytic Reforming (TCR) of wood and digestate waste. The target of this project is to 
produce 1,200 t of sustainable jet fuel. 
 
In this report, the three feedstock sources and their respective chemical compositions are 
described. As well as the approach of the mass and energy balance is explained, and the first 
results of the calculations are presented. 
 
The mass and energy balance are continuously developed in an iterative process. The 
presented version of the flow and mass balance represents the first iteration after the initial draft. 
It is based on data from the initial laboratory tests as well as estimates and thereby offers a first 
direction of the process mass and energy flows as a basis for plant design.  
 
Wood and digestate (slurry, manure, food and crop) waste are key feedstocks for the TCR plant. 
The plant will receive 500 kg/h of dry wood and digestate waste. The wood will be in the form of 
chip savings Fig 1 and digestate already dried and pelletised Fig 2. Both feedstocks contain an 
as-received moisture content of less than 10 wt% Out of this pre-processed feedstock the TCR 
plant produces 290 kg/h syngas, from which 7.75 kg/h hydrogen can be separated with pressure 
swing adsorption (PSA) in a further step. The bio-crude oil from the TCR process is partially 
upgraded by hydro-treatment and blended with HEFA/JetA1 to be used for fit-for-purpose testing 
at USFD.  
 
The second main feedstock is used cooking oil (UCO) of which 420 kg/h are converted into 370 
kg/h fatty acid methyl esters (FAME) through transesterification. This FAME is hydro-treated 
with the hydrogen from the TCR process into 171 kg/h jet fuel. Consequently, the plant will 
require approx. 7,000 operation hours to produce 1,200 tons of pure sustainable aviation fuel. 
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2 Feedstock composition 

2.1 UCO 

2.1.1 Feedstock source 

The UCO will be purchased from certified UK wholesale suppliers and the specific supplier will 
be selected based on the best price per litre. 
 

2.1.2 Chemical composition 

Chemical composition of the UCO samples 

Raw samples of the UCO were analysed for their water and free fatty acid (FFA) content (Table 
1) as well as fatty acid composition (Table 2). 
 
Table 1: Water and free fatty acid (FFA) content in the UCO samples. The values are the 

means of three replicates with the standard error calculated. L – liquid samples; S- solid 
samples. 

Sample H2O Content (m/m %) Free Fatty Acid Content (%) 

L1 0.06 ± 0.04 1.79 ± 0.16 

L2 0.09 ± 0.03 0.42 ± 0.09 
S1 1.21 ± 0.96 0.64 ± 0.11 
S2 0.10 ± 0.03 0.45 ± 0.08 

 

The samples had a relatively low content of water. The sample S2 had increased standard error 
due to a possible sampling error. The UCO from S2 had a higher melting temperature, therefore 
it was harder to mix and obtain a representative sample. FFA content was low for all the 
samples. 
 

Fatty acids were converted to the corresponding methyl esters and their composition was 
determined in the UCO samples. 
 

Table 2: Fatty acid methyl esters (FAMEs) composition of the UCO samples as a mass 
percentage (wt.%) of total FAMEs. L – liquid samples; S – solid samples. 

FAME (% of total FAMEs) L1 L2 S1 S2 

Methyl mirystate, C14 2.98 2.16 4.69 4.55 
Methyl palmitate, C16 20.90 17.25 29.62 27.40 
Methyl palmitoleate, C16:1 - 1.63 1.35 1.22 
Methyl stearate, C18 - - - 10.88 
Methyl oleate, C18:1 38.75 36.90 36.37 32.75 
Methyl linoleate, C18:2 17.11 19.35 16.42 14.46 

Methyl linolelaidate, C18:2 2.36 - - - 
Methyl 7,10-Octadecadienoate, C18:2 - 1.46 3.25 2.96 
Methyl linolenate, C18:3 3.84 10.90 3.34 1.56 
Methyl arachisate, C20 3.76 2.84 2.98 2.83 
Methyl cis-11-Eicosenoate, C20:1 5.77 4.70 - - 
Methyl 11-Eicosenoate, C20:1 - - 2.21 1.38 
Methyl behenate, C21 1.88 1.13 - - 
Methyl erucate, C22:1 2.65 1.68 - - 

 
Both liquid and solid samples had similar FAME composition. The L2 sample contained 
significantly more methyl linolenate (C18:3) and sample S2 contained methyl stearate (C18) 
compared to other samples. The difference between liquid and solid samples appeared mainly 
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in long-chain FAMEs composition. Methyl behenate (C21) and erucate (C22:1) were present 
only in liquid samples. Moreover, they contained cis-version of methyl 11-eicosenoate.  
 
In addition to the FAME composition of the UCO samples, an analysis of heavy metal contents 
of the sample feedstock was conducted to exclude the risk of significant contamination. The 
following Table 3 displays the average heavy metal content of all samples: 
 

Table 3: Average content of metals in liquid and solid samples (ppm) 

Al 1.3 
B 3.4 

Ba 0.1 
Cr 0.2 
Ca 3.4 
Cu 0.2 
Fe 0.8 
K 8.9 

Mg 0.7 
Na 27.1 
Ni 0.1 
P 3.9 

Pb 0.8 
Si 0.4 
Sn 0.1 
Ti 0.2 
Zn 0.5 

All others <0.1 

 
All heavy metal contents are low. In particular, arsenic, cadmium, mercury and thallium were 
below the detection limit of 0.1 ppm, while chromium was low at 0.2 ppm. 
A few observations about the presence of debris, phase separation, etc. for the samples 
provided are given below: 

1. Raw Liquid Samples 
- In the barrels, sample L1 was slightly clearer; with more sediment collected at the bottom, 

compared to the barrel for L2 which had smaller particles (most likely bits of food) floating 
amongst the top layer. 

- Upon mixing of sample L1, a whiter fraction lower down in the barrel was brought up and 
mixed with the higher, clearer fraction, which lead to the L1 sample shown in the top 
image. 

- Sample L2 did not change in colour or consistency upon mixing. 
- Both samples contained very fine particles that dissolved upon heating. However, upon 

cooling of the boiled samples, L1 showed a layer of sediment build-up (approximately 
40%) (bottom image). 

2. Raw Solid Samples 
- Both samples S1 and S2 have the same colour and odour. However, sample S2 is 

slightly less viscous than sample S1 (top image). 
- Both samples contained small bits of debris (most likely bits of food) 
- The melting point of the solid samples is approximately 45 - 55°C. 
- When heated at 45°C for 1.5 hours, the samples did melt but were still very viscous 

(middle image). 
- When heated for 1.5 hours at approximately 50°C, sample S1 was almost completely 

melted, whereas sample S2 was still only partially melted (bottom image). 
- During runs 4-6, the outside temperature reached approximately 26-29°C, which caused 

the top layers to start to liquefy. 
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2.2 Wood and Digestate 

2.2.1 Feedstock source 

The waste wood chip and digestate feedstocks are collected from Vale Green Energy, UK. It 
will be delivered via Sterling Wood Associates on a flatbed tipper truck to the plant site. The 
source of the digestate is from cattle manure, slurry, food and crop residues. With respect to UK 
regulation, Vale Green Energy is certified to carry and handle digestate waste.  
 

2.2.2 Chemical composition 

Both wood chip Fig 1 and digestate Fig 2 feedstocks were delivered to the University of 
Birmingham with a moisture content of less than 10 wt%.  

 

Fig 1. Wood Chip / Shavings.    Fig 2. Digestate Pellets. 

Ultimate analysis (CHNSO*) of the feedstock was carried out in duplicate on a moisture-free 
basis by MEDAC ltd. The oxygen contents were calculated by difference (100% - ∑ 
(CHNS+ash)). Proximate analysis of the dried sample was performed using a Thermo-
gravimetric (TGA) technique (nitrogen atmosphere, and the temperature increased from 20°C 
to 850°C at a rate of 20°C·min-1 with 15 minutes isothermal ramp at 850°C). Results are 
presented in Table 4 and Table 5 for wood and digestate, respectively. 

 
Table 4 Wood characterisation. 

  Unit Wood 

Ultimate analysis (moisture-free basis) 
C  wt% 46.4 
H  wt% 6.1 
N  wt% <0.10 
S  wt% <0.10 
O (by difference)  wt% 46.3 
     

Proximate analysis (dry basis)    

Moisture  wt% 8 
Ash  wt% 1.2 
Fixed carbon  wt% 19.9 
Volatiles  wt% 70.9 
HHV  MJ/kg 18.5 
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Table 5 Digestate characterisation. 

  Unit Digestate 

Ultimate analysis (moisture-free basis) 
C  wt% 39.0 
H  wt% 4.8 
N  wt% 2.4 
S  wt% 0.3 
O (by difference)  wt% 39.7 
     

Proximate analysis (dry basis)    

Moisture  wt% 6.8 
Ash  wt% 13.8 
Fixed carbon  wt% 18.4 
Volatiles  wt% 61.0 
HHV  MJ/kg 14.9 

 
The TGA profiles for wood and digestate are shown in Fig 3. It illustrates that the largest weight 
loss occurs between 300°C and 400°C for both feedstocks, where the volatile compounds are 
lost. The first stage, up to 105°C, is the loss of moisture (first loss peak). The mass remaining 
after 600°C is char formed by the fixed carbon and ash. The mass of ash was determined from 
the TGA in the air atmosphere. The average ash mass % for wood was 1.2% and 13.8% for 
digestate. 

 
Fig 3. a) TGA and DTG of wood                                       b) digestate TGA and DTG. 

 
TCR pilot-scale trials (2kg/h) were performed on both wood chip and digestate feedstocks to 
determine an accurate mass and energy balance of the TCR system for these feedstocks. 
(Auger reactor temperature 450°C post reformer temp 700°C) Table 6 shows the TCR mass 
balance for wood chips. There are 3 main energy vectors produced. Biocrude oil 7 wt%, syngas 
58 wt% and biochar 21 wt%. The remaining balance is aqueous phase water 14 wt%.   
 

Table 6 Mass balance for TCR of wood. 

  Unit Wood 

Bio-oil wt% 7.0 
Water wt% 14.0 
Gas wt% 58.0 
Char wt% 21.0 
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The pilot scale tests were repeated using digestate feedstock (Auger reactor temperature 450°C 
post reformer temp 700°C) Table 7 shows the TCR mass balance for digestate. There are 3 
main energy vectors produced. Biocrude oil 7 wt% syngas 44 wt% and biochar 24 wt%. The 
remaining balance is aqueous phase water 25 wt%.   
 

Table 7 Mass balance for TCR of digestate. 

  Unit Digestate 

Bio-oil wt% 7.0 
Water wt% 25.0 
Gas wt% 44.0 
Char wt% 24.0 

 
Table 8 shows the TCR syngas compositions of wood chips. 34 vol% H2 is produced. The 
remaining balance is composed of CO 21.2 vol%, CO2 21.7 vol%, CH4 8.7 vol%. Light 
hydrocarbon gases 1.2 vol% and remaining others non-detectable by the gas analyser 12.7 
vol%. The calorific value of the wood syngas is 18 MJ/Kg. 
 

Table 8 Gas compositions of wood. 

  Unit Wood 

H2 vol% 34.5 

CO vol% 21.2 

CO2 vol% 21.7 

CH4 vol% 8.7 

CxHy vol% 1.2 

Others wt% 12.7 

HHV MJ kg-1 18.0 

 
Table 9 shows the TCR syngas compositions of digestate. 31.7 vol% H2 is produced. The 
remaining balance is composed of CO 15.7 vol%, CO2 21 vol%, CH4 19.8 vol%. Light 
hydrocarbon gases 2.3 vol% and remaining others non-detectable by the gas analyser 9.5 vol%. 
The calorific value of the wood syngas is 17 MJ/Kg. 
 

Table 9 Gas compositions of digestate. 

  Unit Digestate 

H2 vol% 31.7 

CO vol% 15.7 

CO2 vol% 21.0 

CH4 vol% 19.8 

CxHy vol% 2.3 

Others wt% 9.5 

HHV MJ kg-1 17.3 

 

3 Mass and Energy balance 

The Plant Mass and Energy balance is developed through pilot-scale trials of both UCO and 
TCR and proportionally scaled up and analysed through an Excel model Fig 4, which enables 
the fully parameterised calculation of mass and energy flows based on key yield, composition 
and efficiency parameters.  
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Fig 4. Process Mass Flow Diagram 

 
For a better understanding and calculation, it was necessary to break down the plant. The first 
breakdown structure is the package level, which contains 8 different packages: 
Utilities, Storage, TCR, Feedstock processing, Heat and Power generation, Hydrogen 
separation, SABR, Biodiesel plant 
Those packages are split up into a second breakdown structure of plant areas. Every area is 
modelled in the detailed mass & energy balance tool, including all mass and energy flows 
between areas. A visualization of all modelled plant areas and flows is displayed in a block flow 
diagram (BFD), which can be found in 3.2 “Block flow diagram”.  
The areas of the packages Utilities and Storage represent the starting and the ending points of 
the plant, they are not processing packages. All the flows are assigned to the process packages. 

 
3.1 Approach 

The model structure is built according to the package breakdown structure.  
 

• BFD – Contains a visualization of the process flow per package 

• PTF Areas - all areas of the respective package are attributed with the required 
specifications and named with the unique Area ID. 

 
Due to the complexity of this project, the Mass and Energy balance is running through a constant 
updating and iteration process. In the first draft, the most important assumptions for all flows 
and areas were set. Further lab and engineering analysis, as well as initial operational 
experience with the plant, will be used to continuously enhance the plant mass & energy balance 
through the use of this dynamic toolset.  
 

3.2 Block flow diagram 

Fig.5 shows the complete Block flow diagram, each block represents an area, each arrow 
represents a mass and energy flow. The areas and flows are tagged with a unique sequence 
code. All utilities and feedstocks are drawn on the left-hand side, all products on the right-hand 
side of the BFD. The packages are marked with colours representing partner responsibilities 
and boundaries. 

gasifier 
Ash 1-13% (0.01-0.013 t/h) 

Flue gas 99-95% (0.1-0.09 t/h) 
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Fig 5: BFD with breakdown structure 

 
 

Gasifier 
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Fig 6: Process Flow Tags 

 

G-01 gasifier 

G-02 Ash 
storage 

Vent to 
environment 
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There is a range of operating modes planned for the operational plant, including: 
- Start-up – start-up of the cold plant to start operation, 
- Shut-down – shut-down of the hot plant to take it out of operation, 
- Hot idle – temporary stop of production while the plant is kept hot for rapid ramp-up 
- HEFA Jet Fuel Operation – The hydro-treatment package is exclusively processing 

FAME from the package using hydrogen supplied by the TCR package via PSA. The 
resulting jet fuel is optimized for compliance with ASTM D7566 Appendix 2 to be 
delivered for commercial flights.  

- Combined refining operation – In this mode, FAME and bio-oil are co-processed in the 
hydro-treater to produce fit for purpose test batches of jet fuel not yet compliant to D7566 
for characterization and optimization. This will be the main operating mode of the plant 
to produce the bulk of jet fuel in the project. 

 
The current report focuses on the main plant operation mode “HEFA Jet Fuel Operation” while 
other modes will be investigated based on forthcoming results from other project task packages. 
The process of the GreenFlexJET Project splits up into two parts. The first part is the generation 
of hydrogen out of wood and digestate waste. The second part is the production of HEFA jet 
fuel out of UCO and hydrogen. 
The generation of hydrogen starts with pre-conditioned feedstock entering the TCR. The waste 
is shredded dried (wood) average particle size 10mm x 20 mm and sieved, and 6mm x 20 mm 
pellets for (digestate). The feedstock is transported to the auger reactor via the TCR feed unit. 
In the oxygen-free auger reactor, the waste is heated up to 450°C. Syngas, water and biocrude 
are evaporated due to the heat and the residue is carbonated to biochar. In the post reformer, 
the vaporous phase and the biochar are refined through catalytic cracking at elevated 
temperature (700°C). The combustion chamber generates hot flue gas using PSA tail gas or 
propane to provide heat for the post reformer. The flue gas from the post reformer also heats 
the Auger reactor before the flow also ends up in the heat conditioning. The biochar is separated 
and stored in the biochar storage. The vapour phase is cooled down and separated into 3 main 
fractions: Biocrude oil, process water and syngas in the product gas train. The Biocrude oil and 
process water are collected in separate storages. The process water has to be collected and 
recycled. The syngas is cleaned and compressed before entering the Pressure Swing 
Adsorption (PSA). There the hydrogen is separated from the other gases, which are either 
burned in the combustion system or directed to the flare.  The hydrogen is again compressed to 
the needed pressure for the hydrotreating of the FAME. The second part of the process starts 
with the collected UCO in the UCO storage. The UCO is dewatered and filtered in the first step 
before it is stored in a buffer tank. From there, the dry UCO enters the Transesterification reactor 
with Methanol and Methylate to produce FAME and Glycerol. Both components are separated 
and stored in buffer tanks. The FAME is then treated and cracked with the Hydrogen from the 
first part of the process. Due to the over stoichiometric use of hydrogen the surplus hydrogen 
flow is recycled in the PSA. In order to avoid the accumulation of inert gases, a small amount of 
the gas is purged to the TCR product gas train. The products of the hydro-treatment and 
hydrocracking of the FAME are separated in a fractionation column to give naphtha, jet fuel and 
heavy hydrocarbons. The jet fuel is stored in quarantine production storage for certification. 
Each full tank is then tested (quarantine storage) and if fulfilling the certification rules blended 
with an Antioxidant. If the jet fuel is off-spec, it can be even used in the CHP plant or processed 
again via hydrotreating to bring it within certification tolerances. 
 

3.3 Mass and energy flow table 

Table 10 shows the main mass and energy flows of the processing packages. 
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Table 10: Mass and energy flow sheet table  

      Mass flows Energy flows 

Packages Flow ID Substance 
Daily 
flow 

Unit 
Annual 

flow 
Unit 

Daily 
flow 

Unit 
Annual 

flow 
Unit 

 
TCR 

FS-15601 
Feedstock 

(wood) 
500 kg/h 3,500 t 2,639 KW 18,472 MWh 

C-05B01   Biochar  105 kg/h 735 t 962 kW ,6737 MWh 

CBO-05701  Biocrude 35 kg/h 245 t 301 kW 2,109 MWh 

SG-10601  Syngas 290 kg/h 2,030 t 1,369 kW 9,586 MWh 

 - Recycle H2 9.6 kg/h 67 t 32 kW 224 MWh 

 
PSA 

H-05E01 Makeup-H2 3.5 kg/h 24.5 t 11 kW 81 MWh 

H-30301  TCR-H2 8.5 kg/h 60 t 28 kW 199 MWh 

 H-30201 H2 Out 19 kg/h 134 t 64 kW 447 MWh 

Biodiesel 
plant 

          

U-05O01 UCO (dry) 417 kg/h 2,915 t 4,511 kW 31,582 MWh 

M-05B01  Methanol 18 kg/h 126 t 110 kW 770 MWh 

D-50F01 Biodiesel 370 kg/h 2,590 t 4,419 kW 30,936 MWh 

 
SABR 

OSO-50I01  Jet Fuel 170 kg/h 1,190 t 567 kW 3,966 MWh 

NA-05H01  Light/Heavy 100 kg/h 700 t 1,222 kW 8,555 MWh 

 

Gasifier 
G-01 biochar 105 Kg/h 735 t 962 kW ,6737 MWh 

 
To reach the goal of 1,200 t produced HEFA jet fuel out of UCO and organic waste within approx. 
7,000 plant operating hours, an estimated 500 kg/h of wood and digestate and 420 kg/h dry 
UCO are needed. The dried biomass waste is processed in the TCR package into 105 kg/h bio-
char, 35 kg/h biocrude and 290 kg/h syngas. The 105 kg/h of biochar is stored in char silo with 
6.85 t storage capacity. Produced char is gasified in 25 kW gasifier with 100L/h of char. 
Remaining char is stored in 1 t bags for conversion during TCR service breaks or collected for 
soil conditioning. Tar is not expected form char gasification and ash is 1-13% of feedstock mass. 
To avoid slag formation there is option to mix char with some TCR feedstock. The hydrogen 
content in the syngas is expected to be 33 Vol.% based on laboratory tests and projections. In 
the PSA package, the syngas is dewatered and separated into 7.7 kg/h Hydrogen. The UCO is 
dewatered and transformed with methanol and methylate into 370 kg/h biodiesel with an energy 
content of 4,419 kW. With the hydrogen from the PSA package, the biodiesel is processed in 
the SABR package into 170 kg/h (3,966 kW) jet fuel and 100 kg/h of light and heavy hydrocarbon 
cuts within the diesel and naphtha boiling range. This leads to an annual amount of 1,190 t of 
jet fuel. Table 10 indicates chemical energy flows and transfers from feedstock to products. 
Sensible heat transfer is not included in the calculation as this is purposely lost during the 
process due to rapid quenching of the syngas for extraction of the bio-oil. It is therefore only of 
interest to calculate chemical energy transfers from feedstocks to products. From experience 
with our sister project To-syn-fuel it is understood that approximately 20% of the chemical energy 
of the feedstock is consumed by the TCR process as heat input with additional support heat 
derived from burning propane gas as a support fuel to counter any sudden fluctuations in heat 
demand, thus keeping the plant at a constant stable temperature. This chemical energy is 
extracted from the syngas stream (tail gas) after hydrogen PSA separation. The estimated 
power consumption and production is shown in Table 11. These consumptions are all currently 
based on top-down engineering estimates and will have to be refined with further equipment 
specification. 
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Table 11: Average power turnover  

  Average turnover 

Package 
Power 

[kW] 

Turnover per year 

[MWh] 

Utilities -3 -18 

Storage -6 -36 

TCR -30 -180 

Feedstock processing -134 -803 

Hydrogen separation -59 -354 

Oil refining -6 -35 

Biodiesel plant -6 -35 

 
Table 12 shows the main temperatures and pressures for each of the plant processes. 
 

Table 12: Main reactor zone temperature and pressures 

   Parameters  

Package 
Temperature  

[°C] 

Pressure  

 [bar] 

TCR Auger  450 0.1-0.5 

TCR Post Reformer 700 0.1-0.5 

Transesterification 60 0.1 

Hydro-treatment  360 120-140 

PSA 20 10 
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