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Abstract
The increasing industrialization and motorization of the world has led to a steep rise in the demand of petroleum-based fuels. However, negative environmental consequences of fossil fuels, natural limitation in their availability and growing concerns over the petroleum supplies has spurred the search for renewable and low carbon emission fuels. Lignocellulosic biomass is one of the most promising renewable and clean energy resources to reduce greenhouse gas emissions and human’s dependence on fossil fuels. Moreover, biomass is a continuous energy source and is considered carbon-neutral. Thermochemical conversion of lignocellulosic biomass has received increasing attention as a strategy to produce biofuels from lignocellulosic biomass. Additionally, different thermochemical technologies are being developed/modified so that they can be integrated into the current infrastructure associated with liquid hydrocarbon fuels. Fast pyrolysis of biomass is one of the promising thermochemical technology that produces high yields of bio-oil, but some of the unfavorable properties of bio-oil poses challenges in the development of technical- and cost-effective catalysts and operating processes for the upgrading of bio-oil (1).
[bookmark: _Toc310579468]In this contribution, we consider thermochemical conversion of oak biomass in multiple stages and understand how the process helps in achieving fractionation of bio-oil and facilitates combating some of the catalytic upgrading problems encountered during bio-oil upgrading. By characterizing the products obtained from each stage, as well as comparing the cumulative carbon yields of the products from stages with fast pyrolysis products carbon yields, further conclusion has been made with respect to the process conditions and potential upgrading strategies for each stage.
7
[bookmark: _Toc450822207]Chapter 1: Literature Review
Part of it is extracted from a manuscript in preparation
Christopher Waters, Rajiv Janupala, Richard Mallinson, Lance Lobban
[bookmark: _Toc449925688][bookmark: _Toc450048277][bookmark: _Toc450822208]1.1 Introduction
Fossil fuels are the primary energy source for today’s electricity generation and transportation fuel supply. Fossil fuels carry several advantages with them such as they are less expensive compared to other sources of energy, simple and cost-effective to transport, generate millions of jobs etc. Along with these advantages, fossil fuels also carry an array of disadvantages with them. Environmental pollution is one of the major consequence of utilization of fossil fuels. Burning of fossil fuels produces carbon dioxide emissions, one of the primary gases responsible for global warming. Besides CO2, oxides of sulphur and nitrogen are also emitted which eventually cause acid rain. Moreover, fossil fuels are non-renewable sources of energy and their availability is bound to decrease in the future which leads to rise in their prices as well as causes political and economic problems. Therefore, one of the major challenges in the current energy network is to reduce the dependence on fossil fuels and develop a sustainable environmental scenario (4). There is extensive research on different sources of renewable energy as they offer an important alternative in energy consumption as well as diversify the energy sources and contribute to preserving the equilibrium of the ecosystems. In the spectrum of different renewable energy sources such as solar, wind, biomass, water, and geothermal, biomass is the only source that is based on sustainable carbon and this unique advantage of biomass makes it an attractive energy source (5, 6). Lignocellulosic biomass can be available abundantly and may be provide continuous energy supply. Moreover, biomass is considered a “carbon-neutral” or “zero emission” fuel source because the carbon dioxide released during burning the fuel is again absorbed through the photosynthesis process during biomass growth and forms a part of a carbon cycle (2-4). Therefore, the net accumulation of CO2 in the atmosphere will decrease by replacing fossil fuels with biomass in the energy supply.
[bookmark: _Toc450048278][bookmark: _Toc450822209]1.2 Structure and Thermal Stability of Biomass Polymers
The main constituents of lignocellulosic biomass are hemicellulose, cellulose and lignin which are linked together to form a composite material. Additionally, biomass also contains water, minor amounts of extractives, and inorganic compounds (ash).
Cellulose is a homopolysaccharide composed of D-glucopyranose units linked to each other by β-(14) glycosidic bonds. The main hemicellulose in hardwoods like oak is xylan which is consist of xylospyrano units substituted with acetyl groups at C2 and/or C3 units. Lignin is a crosslinked, heteropolyphenol mainly assembled from three monolignols-sinapyl (S), coniferyl (G), and p-coumaryl (H) alcohols.
[image: ]
[bookmark: _Toc450818525]Figure 1.1: Structure of the major basic units of biomass polymers and related products

Each constituent of biomass has a different thermal degradation range which can be used to extract valuable chemicals using a stepwise thermal decomposition process., In general, hemicellulose undergoes thermal degradation in the temperature ranges from 150-350 °C, cellulose is decomposed for the temperatures in the range of 275°C -400 °C, and lignin is featured by broad decomposition for the temperatures between 250 and 500 °C (5, 8).
[image: ]
[bookmark: _Toc450818526]Figure 1.2: Thermal degradation range of biomass polymers (5)

[bookmark: _Toc450048279][bookmark: _Toc450822210] 1.3 Thermal Conversion Technologies
Despite the many advantages of biomass as a fuel source, there are some negative properties of biomass such as its high oxygen content, low calorific value (compared to fossil fuels), hydrophilic nature and high moisture content which make raw biomass an expensive fuel to transport and process (7). Because of its hydrophilic nature, biomass storing is a huge problem as the biomass easily absorbs moisture which decreases its calorific value; additional energy and time is needed to dry the biomass before processing. Moreover, improvement in the energy density of biomass is required since a large amount of biomass is needed to replace an equivalent amount of coal in applications such as combustion and gasification (4, 7). As it is also difficult to comminute biomass into small particles, additional processing with associated energy costs is required to reduce biomass into evenly sized small particles. Therefore, the utilization of lignocellulosic biomass as chemical feedstock faces problems and the challenge is to find a technology that can convert the biomass to fuels and compete with the existing fossil fuels.
Thermochemical conversion of lignocellulosic biomass has received increasing attention as a strategy to produce biofuels from renewable resources (19). The two common biomass thermal treatment processes are pyrolysis and torrefaction. Fast pyrolysis-, is the rapid heating of biomass to 450-600°C with a 1-2 seconds residence time in the absence of oxygen (9-13).  Fast pyrolysis converts the solid biomass to a liquid bio-oil with liquid yields as high as 65%, with the remainder of the biomass converted to non-condensable gases (such as CO, CO2, H2, CH4 etc.) and solid carbonaceous char. The primary volatile thermal degradation products are rapidly swept by the carrier gas to escape from the solid residue (char) so that the secondary reactions (which may be catalyzed by the char minerals) are limited. 
Torrefaction is another thermal conversion process which is carried out at lower temperatures (250–320°C) for longer periods of time (i.e., residence time in minutes or even hours).14-19 Torrefaction removes water, CO2 and light oxygenates and produces a solid residue with a higher energy density and lower O/C ratio than the raw biomass. This improved solid fuel can be used as feedstock for fast pyrolysis and/or gasification.
[bookmark: _Toc450048280][bookmark: _Toc450822211]1.4 Characteristics of Pyrolysis Bio-Oil 
	The bio-oil produced from the pyrolysis of biomass has some favorable properties similar to that of petroleum fuels, such as low solid content and viscosity. Bio-oils have high carbon content and can be used for the generation of heat and electric power by burning them directly in boilers and gas turbines. They also have low sulphur and nitrogen content. However the crude bio-oil has several unfavorable properties which limit its utilization as transportation fuel. 
Firstly, high oxygen content of the biomass is reflected in the bio-oils which demands for a pre-treatment step to reduce the oxygen content in the feedstock. The oxygen content is around 45-50 wt.% which is much higher than that of petroleum fuels (around 2% in gasoline) Due to the nature of the oxygen moieties, pyrolysis bio-oils are highly reactive. The carboxylic groups such as aldehydes, acids, ketones, ethers react readily to form esters and oligomers during storage. This results in increase in the molecular weight and viscosity of bio-oils due to which phase separation occurs. 
Secondly, the pH value of crude bio-oils is around 2.5 due to the organic acids which leads to corrosion of vessels and pipework. Additionally, bio-oils have high moisture content (up to 15-30%), resulting in low heating values. Unlike crude petroleum fuels, distillation of pyrolysis bio-oils produces a solid residue. Bio-oils are not miscible with the hydrocarbon fuels due to the above properties and therefore cannot be integrated into the current petroleum refinery system. 
To resolve these issues, catalytic conversion of the bio-oil is required so that it can further be processed in conventional oil refineries. Hydrotreating (removal of oxygen as water by catalytic reaction with hydrogen) of bio-oil is the simplest strategy, but the low H:C ratio of bio-oil leads to very high hydrogen input costs (21). Additionally, hydrotreating of small oxygenates (C1-C5 oxygenates), which represent as much as half of the carbon in bio-oil, produces light alkanes (C2-C3 alkanes) rather than liquids in the target fuel range (C6-C14) (1, 21), greatly decreasing the process carbon efficiency.  
Another catalytic strategy for whole bio-oil upgrading is the use of zeolite catalysts to convert vapors directly into aromatics (9). While this approach can limit the external hydrogen requirement as compared to hydrotreating, the carbon efficiency of the process is low as the catalysts rapidly deactivate due to high rates of coke formation. Regeneration of zeolites is typically done by combusting away the coke, and the carbon is lost to CO2. Ultimately, any successful catalytic valorization strategy needs to maximize carbon retention in the product while simultaneously minimizing hydrogen consumption.
[bookmark: _Toc450048281][bookmark: _Toc450822212]1.5 Stage Thermal Fractionation
One strategy that has been proposed to produce simpler intermediate product streams of enhanced purity compared to fast pyrolysis is staged thermal fractionation (also referred to as staged degasification). Staged thermal fractionation leverages the inherent differences in the thermal stability and decomposition products of the biopolymers that constitute biomass. As all three biopolymers yield distinct thermal decomposition products, it should be possible to develop a staged thermal fractionation strategy that is capable of producing several product streams of enhanced compositional purity (Figure 1.3). A low temperature step (stage 1) targeting hemicellulose decomposition is followed by an intermediate temperature step (stage 2) targeting cellulose decomposition, and then a final high temperature step (stage 3) – essentially fast pyrolysis conditions – to  decompose the remaining lignin. These purified streams could then be catalytically upgraded using the best catalyst for the job. The thermal segregation comes at the expense of vapor product carbon yield, but the improvement in catalytic performance may offset the carbon yield losses.
[image: C:\Users\RajivReddy\Desktop\dde.png]
[bookmark: _Toc450818527]Figure 1.3: Hypothetical configuration of staged thermal fractionation of biomass with resultant product streams from each stage (20)

[bookmark: _Toc450822213]1.6 Selection of Initial Conditions
With the goal of biopolymer thermal segregation in mind, biopolymer thermal stability regimes in the literature in tandem with a kinetic weight loss model developed specifically for oak biomass by Di Blasi (33) were employed to determine initial experimental conditions (temperature and time) for stage 1 and stage 2 torrefaction.	 As previously stated, hemicellulose decomposes at a lower temperature compared to cellulose while lignin decomposes over a broad range of temperatures. Cellulose has been shown to not undergo significant mass loss at temperatures below 275°C (34, 35). As the hemicelluloses are much less thermally stable, a stage 1 temperature not exceeding 275°C should decompose hemicellulose while leaving the cellulose unconverted. Therefore, a temperature of 270°C was selected for stage 1. The residence time for stage 1 is decided by using the kinetic model based on the fact that maximum hemicellulose is decomposed with minimal degradation of cellulose and lignin. Weight loss predictions at different intermediate temperatures (300-400 °C) as a function of time was plotted to predict the initial conditions for stage 2 keeping in mind that the entire hemicellulose is decomposed, maximum amount of cellulose is degraded and minimal amount of lignin is degraded.
The model results for the conditions selected are presented in table 1.1 and figures 1.4 & 1.5. For the 270°C stage 1, 20 minutes was selected as the process time to achieve conversion of most of the hemicellulose. 360°C for 5 minutes was chosen as the initial stage 2 condition, as the kinetic model predicts near total conversion of the cellulose while most of the lignin is still not thermally degraded. The prediction offered by this kinetic model suggests that the goal of separating the two polysaccharides via thermal degradation is achievable. Additionally, temperatures between 500°C – 550°C has been shown to be an optimal temperature for biomass fast pyrolysis to optimize overall liquid yield (36). Therefore, stage 3 and single step fast pyrolysis was carried out at 520°C.
	Temperature/Time
	Predicted
cumulative mass conversion
	Predicted cumulative Hemicellulose conversion
	Predicted
cumulative Cellulose conversion
	Predicted
Cumulative Lignin conversion

	270°C, 
20 minutes
	30.9%
	87.3%
	2.3%
	17.0%

	360°C, 
5 minutes
	61.1%
	100.0%
	99.0%
	18.3%


[bookmark: _Toc450818554]Table 1.1: Kinetic model weight loss predictions for oak biomass





[bookmark: _Toc450818528]Figure 1.4: Kinetic model weight loss prediction at 270°C


[bookmark: _Toc450818529]Figure 1.5: Kinetic model weight loss prediction at 360°C



[bookmark: _Toc450822214]Chapter 2: Experimental
[bookmark: _Toc449925693][bookmark: _Toc450048284][bookmark: _Toc450822215]2.1 Feed Material
Red oak sawdust, generated with a table saw from oak boards acquired at a local wood supplier, was used as a starting material for single step fast pyrolysis and stage 1 experiments. Sawdust was sieved to sizes between 425-1000 µm (i.e. sawdust passing through sieve 18 and retained on sieve 40 was collected) before loading into the hopper. For stage 2, the solid product (solid residue) obtained from stage 1 was used as the feedstock, while for stage 3 (or fast pyrolysis), the solid residue produced from stage 2 was the starting material.
[bookmark: _Toc449925694][bookmark: _Toc450048285][bookmark: _Toc450822216]2.2 Reactor Description
The bench-scale micro-pyrolysis unit (figure 2.1) consists of a gram scale reactor and utilizes a twin-screw loss-in-weight feeding auger to load the biomass into the reactor. This unit is divided into three sections, viz., feeding section, reaction section and collection section. The entire feeding unit (comprising hopper, twin-screw auger and motor) rests on a 120 kg capacity scale which continuously measures mass of the feeding unit and an automated controls system maintains a constant mass flowrate. A flexible silicone union is used to decouple the reactor from the feeder to minimize the downstream effects on the scale. In the reaction section, a stainless steel reactor with an inner diameter of 22 mm and 0.4 m in length is placed inside an electrical furnace which acts as a heat source and heats the reactor to the desired temperature. The reactor is heated to the desired temperature before the biomass is fed to it. A thermocouple is inserted 8 cm inside the reactor from the bottom to directly measure the biomass temperature. Two streams of nitrogen gas, one to the bottom of the reactor and another one to the end of the feeding tube (but above the furnace), are used as fluidizing and sweep gas (or carrier gas). Nitrogen gas flowrate for the two streams are monitored and controlled using electronic mass flow controllers (calibration of nitrogen gas flowrate for the two flow controllers is shown in figure A1 in the appendix A). The nitrogen gas with a flow rate of 710 ml/min is pre-heated by flowing through 15 feet of 1/8” stainless steel tubing coiled around the reactor before flowing into the reactor from the bottom. 
[image: ]
[bookmark: _Toc450818530]Figure 2.1: Schematic diagram of micro-pyrolysis unit

The pre-heated carrier gas is used both as fluidizing and heat transfer medium, eliminating the need for sand as a heat carrier as in other systems. Additionally, this pre-heated gas sweeps (or carries) the vapors produced inside the reactor to the sequential ice water and liquid nitrogen condensers (or traps) where the vapors are condensed and the liquid is collected for further analyses. The nitrogen flow at the end of feeding tube prevents any vapors produced inside the reactor from entering and subsequently condensing in the feeding channel. The overall cold nitrogen flowrate from the top of the reactor is low (300 ml/min) to minimize temperature effects inside the reactor. A cyclone separator is positioned in series between the reactor and the condensers to ensure the solid residue is not carried into the condensers along with the effluent gas. The cyclone separator and the tubing between the reactor and the condensers are wrapped with heating tapes and maintained at the same temperature as the reactor to prevent condensation of product vapors. The effluent gas (carrier gas + non-condensable gases) exiting the liquid nitrogen condenser flows through the wet test meter before it is vented. Wet test meter is primarily used to measure the volume of non-condensable gases. Additionally, it can be employed to check for leaks in the system by flowing nitrogen gas at a constant flowrate of 1 L/min (as set by the electronic flow controller) and ensuring it with wet test meter.
[bookmark: _Toc449925695][bookmark: _Toc450048286][bookmark: _Toc450822217]2.3 Reactor Limitations
The micro-pyrolysis unit was initially designed and built to operate at steady state pyrolysis conditions (≥450°C) where 80-95% of the biomass was converted to products (liquid + gaseous products); thus large quantities of biomass (20-100 grams) could be fed to the reactor over time before char started accumulating inside the reactor and caused unsteady state conditions. In the case of torrefaction, the conversion to products is not as high as for pyrolysis (29% for stage 1 and 48% for stage 2) and as more biomass is fed, the residue accumulates inside the reactor. The accumulation leads to unsteady state operation and introduces heat and mass transfer effects, unknown secondary reactions, etc. To compensate, the unit is operated as a semi-batch reactor at torrefaction conditions (<450°C) where a batch of not more than 15 grams is rapidly fed to the reactor. This method of operation limits the ability to collect large amounts of liquid product for the first two stages of torrefaction because of the relatively low liquid product yields. For example, 3.8 g of liquid product is collected at stage 1 conditions (270°C, 20 min.) from a batch of 15.5 g of biomass fed to the reactor, and after various analyses, not enough liquid (<1 g) is left to carry out typical liquid phase catalytic upgrading studies. Hence for each stage, multiple batch runs must be carried out to produce enough liquid product for various analyses and upgrading studies and also generate adequate solid for the subsequent stages. 

[bookmark: _Toc450818531]Figure 2.2: Temperature profile of the thermocouple inside the reactor bed at stage 1 conditions

Furthermore, at lower temperatures (<450°C) the reactor operates at unsteady state conditions and, in particular, the biomass temperature changes significantly over the course of reaction time. Figure 2.2 shows the temperature of the thermocouple in contact with the biomass inside the reactor at stage 1 conditions as a function of reaction time. Initially, just before the biomass is introduced into the reactor the thermocouple placed inside the reactor reads the temperature of carrier gas which is 270°C. As the biomass is fed, the measured temperature decreases to as low as 170°C before increasing to 270°C after 11-12 minutes and further continues to increase slowly beyond 270°C. Even after turning the furnace off at the end of reaction time, the biomass temperature is above 270°C for a few minutes before it starts decreasing. The initial drop in biomass temperature becomes more pronounced as the size of the batch increases. The disadvantage of small batches is low liquid product yield.
[bookmark: _Toc449925696][bookmark: _Toc450048287][bookmark: _Toc450822218]2.4 Mass Balance
[bookmark: _Toc449925697][bookmark: _Toc450048288][bookmark: _Toc450822219]2.4.1 Feed Quantification
The amount of biomass fed to the reactor is quantified by recording the weight of the feeding unit (resting on top of a 120 kg capacity scale) before and after introducing the biomass into the reactor. This difference in weight of the feeding unit is considered as the mass of biomass fed to the reactor. However, some amount of biomass (generally 0.3-0.5 g) is left behind in the feeding channel (tubing between the outlet of the hopper and inlet of the reactor) and this biomass is quantified by collecting it separately and weighing. Total biomass fed includes the difference in the scale reading minus the biomass left in the feeding channel.
[bookmark: _Toc450048289][bookmark: _Toc450822220]2.4.2 Solid and Liquid Product Characterization
The two glass condensers (or traps) are weighed before and after condensing the vapors and the difference is noted as the mass of the liquid product. The solid product is also recovered and weighed after the reactor has cooled down and analyzed to obtain its elemental composition. Total liquid products include the liquid collected in both the condensers, while the total solid products include the solid collected in the char collector and the solid inside the reactor.
[bookmark: _Toc449925699][bookmark: _Toc450048290][bookmark: _Toc450822221]2.4.3 Non-Condensable Gases Quantification
During the pyrolysis and torrefaction experiments, the non-condensable gases are quantitatively analyzed using a CARLE® Series 400 Analytical Gas Chromatograph (AGC) equipped with a dual thermal conductivity detector. The Series 400 AGC has multi-column/multi-valve capability which enables to quantify C1-C6 hydrocarbons along with CO, CO2, N2 and O2 gases. All the above mentioned gases are selectively adsorbed on different columns and the valves switch position at different times such that the gases are eluted separately and are swept by the helium carrier gas to the TCD detector. Additionally, the Series 400 has a hydrogen transfer system (HTS) incorporated to quantify hydrogen in the gas sample. An internal palladium membrane, at elevated temperature, is selectively permeable to hydrogen. Hydrogen transfers across the membrane into a nitrogen carrier and is detected on a separate TCD. The wide thermal conductivity difference between the nitrogen carrier gas and hydrogen provides linearity and sensitivity impossible to achieve with a helium carrier. 
Figure A2 in the appendix shows the calibration curve (TCD area vs Conc. %) of different standard gases. The gas is sampled after the ice water condenser using a 20 ml syringe at different reaction times and injected into the AGC. Effluent gas flowrate is measured using wet test meter after each gas sample. Condensation of carbon dioxide (the major non-condensable gas) in the liquid nitrogen condenser mandates sampling the gas between the two condensers. PeakSimple Chromatography Software from SRI Instruments is used to integrate the peaks and get the TCD area. After obtaining the peak area, the calibration curves are used to estimate the concentration (mole %) of non-condensable gases in the injected samples. Finally, the amount of non-condensable gases in terms of grams is calculated by using the effluent gas flowrate and assuming STP conditions (one mole of an ideal gas at STP occupies 22.4 liters). The instrument is checked for its repeatability once a month or whenever questionable behavior is observed by recalibrating it with a standard gas mixture.
One of the assumptions in quantifying the amount of non-condensable gases is approximating the effluent gas flowrate to carrier gas flowrate since some of the non-condensable gases are condensed in the liquid nitrogen condenser. However, these gases are evaporated once the condenser is removed out of the liquid nitrogen bath. Additionally, the amount of C3-C6 hydrocarbons is assumed to be negligible. The Carle AGC has two sample inlet ports; Sample Inlet I & Sample Inlet II. In order to measure C1-C6 hydrocarbons along with CO, CO2 and H2, the gas sample must be injected through inlet II but the method is 40 minutes long. Therefore, injecting multiple gas samples collected during a single experimental run is not possible as there is a probability for the gases to escape from syringe. For the gas sample injected through inlet I, the method is 12 minutes long but only CO, CO2, H2, CH4, C2H6 and C2H4 gases can be quantified. Thus, multiple gas samples can be analyzed with this shorter method but at the cost of assuming the amount of C3-C6 hydrocarbons is insignificant.
[bookmark: _Toc449925700][bookmark: _Toc450048291][bookmark: _Toc450822222]2.5 Characterization Techniques for Solid and Liquid Products
The condensed liquid in both the traps is recovered into the same glass vial using a pipette and then analyzed using various techniques to obtain a detailed product distribution and elemental composition. The solid product is also analyzed to get its elemental composition.
[bookmark: _Toc449925701][bookmark: _Toc450048292][bookmark: _Toc450822223]2.5.1 Water Quantification
The water content (wt.%) in the condensed liquid products is quantified using METTLER-TOLEDO V20 Volumetric Karl Fischer Titration Unit, which is capable of measuring water contents in the range of few 100 ppm to 100%. Figure 2.3 shows the setup of the Karl Fisher Unit. HYDRANAL®-Composite 5 titrant and HYDRANAL®-Solver (crude) oil solvent are the two conventional reagents used to determine the water content in bio-oils. Typically, 0.01-0.1mg (depending on the water content in the liquid sample; larger amount in case of lower water content) of liquid sample is injected into the titration cell using a syringe and the result is displayed as weight percent (wt. %) of the injected amount. Multiple injections are carried out to check for repeatability and the average is considered as amount of water present in the entire liquid product. The titrant is often (preferably every day) standardized by using HYDRANAL®-Water Standard 10.0 (water content = 1 wt. %) to examine for any contamination (probably by absorption of air humidity by the titrating reagent). In case of any contamination (which can be concluded based on the measurement of water % for water standard 10.0), the titrating reagent is replaced.
[image: ]
[bookmark: _Toc450818532]Figure 2.3: Mettler-Toledo V20 Karl-Fischer Volumetric Titration Unit
[bookmark: _Toc449925702][bookmark: _Toc450048293][bookmark: _Toc450822224]2.5.2 Elemental Composition
The carbon, hydrogen, and nitrogen content in the liquid and solid products as well as of the raw biomass (raw oak) is measured using a CE-440 Elemental Analyzer, purchased from Exeter Analytical, Inc. Oxygen content is obtained by difference based on the assumption that the amount of other elements (S, Mg, Ca, K, N, etc.) in biomass and solid and liquid products is negligible. Due to its chemically inert nature and high thermal conductivity, helium gas is used to carry the combustion products through the analytical system to atmosphere, as well as for purging the instrument. The weighed sample is introduced into a high temperature furnace and passes through combustion and reduction chambers to finally produce CO2, H2O and N2 gases. The sample gases are then carried into a mixing volume chamber where they are homogenized at precise volume, pressure and temperature. Finally, the homogenized mixture passes through three pairs of thermal conductivity cells with adsorption traps between each pair of cells selectively adsorbing water in the first trap and carbon dioxide in the next trap. The differential signal read before and after each trap reflects the concentration of water and carbon dioxide and, therefore, the amount of hydrogen and carbon respectively in the original sample. The nitrogen concentration is measured by comparing the output signal of the remaining gas (gas after second trap, i.e. nitrogen and helium) obtained from the final thermal conductivity cell to the one obtained from a reference cell though which pure helium flows. 
Typically, the mass of the solid and liquid samples introduced into the analyzer are 1-3 mg and 1-5 mg, respectively. It is observed that the CE-440 shows greater error in measuring C/H/N for liquid samples compared to solid samples due to sample evaporation, especially with highly volatile liquid samples. The error can be reduced by minimizing the time between sample preparation and its introduction into the analyzer. 
[bookmark: _Toc449925703][bookmark: _Toc450048294][bookmark: _Toc450822225]2.5.3 Organic Compounds Identification and Quantification
Capillary Gas Chromatography (GC) is the most powerful technique for the separation of pyrolysis products, while mass spectrometry (MS) and flame ionization detection (FID) are the most suitable methods for compound identification and quantification, respectively, in association with the GC technique.
A known amount of liquid product is diluted in known amount of solvent (usually ethanol) and 1µl of this liquid mixture is injected into a Shimadzu QP-2010S GC/MS-FID system via a Shimadzu Auto Injector AOC20i. A 60m long semi-polar RTX-1701 column (25μm diameter, 0.025μm film thickness) is used with the temperature program on the column beginning at 45°C for 2 minutes, then increasing at a rate of 3°C/min for 78.33 minutes to a final temperature of 280°C, held for 20 minutes. The mass spectrometer scanned masses from m/z 35.00 to 250.00 at 0.5 seconds per scan. The resulting ion chromatogram was used to identify significant peaks in the chromatogram.
Two publications by Faix et al. (22, 23) were used as the primary means of compound identification. As Faix et al. used a 15m DB-1701 column, the retention order (but not absolute time) of the pyrolysis products they observed are the same as in this work, and additionally they list the base peak (intensity 100%) mass along with intensities of nine other abundant masses which eases the compound identification. In the case that a peak was unable to be identified using these two publications, the peaks were either assigned identifications based on NIST library search, assigned to compound lumps based on major ions, or left unidentified. Identified compounds were assigned into lumps of compounds (or compound groups) based on organic functionalities, in a similar manner to that described by Dauenhauer et al. (24).
The identified peaks from the ion (or MS) chromatogram were then matched to the corresponding peaks from the FID chromatogram. The area of each of the peaks were then determined by integration. Calibration of the FID was performed by injecting varying concentrations of phenol in methanol at known quantities to develop a response curve (calibration curve for phenol is shown in figure A3 in the appendix). For each identified compound in the liquid product, the response factors (grams/area) were calculated using the effective carbon number (ECN) model in tandem with the phenol calibration curve. Table 1 in the appendix lists the response factor, effective carbon number and compound group of all the compounds identified in this study. Based on the area of each compound obtained from integration, their respective response factors from ECN model and the dilution ratio of liquid product to the solvent injected into the GC, the mass of each compound in the liquid product is calculated and finally the carbon content of the liquid product is computed. 
[bookmark: _Toc449925704][bookmark: _Toc450048295][bookmark: _Toc450822226]2.6 Carbon Balance
	After obtaining a detailed compound distribution of liquid product and non-condensable gases along with elemental composition of feed and solid product, carbon balance for each experiment is computed. While the amount of carbon in the feed and solid product is obtained from elemental analysis, the carbon content in the liquid product can be obtained either from elemental analysis or from GC/MS-FID analysis. Also, the carbon in non-condensable gases is computed from Carle GC. 
[bookmark: _Toc449925705][bookmark: _Toc450048296][bookmark: _Toc450822227]2.7 Oligomers Quantification
	Even though the liquid product is analyzed soon after it is produced to minimize the secondary reactions during storage, there is still a possibility for the formation of oligomers especially at higher reaction temperatures due to presence of different functionalities in the liquid product. Therefore, it is important to quantify these oligomers and study their impact during liquid phase catalytic upgrading. Unfortunately, these compounds are present in the invisible portion of GC chromatogram i.e. they cannot be detected by GC/MS-FID. However, these compounds can still be combusted at high temperatures and thus the carbon content of the liquid product obtained from elemental analyzer also includes that of oligomers as well. Therefore, the difference in the carbon content of the liquid product measured from elemental analysis and GC/MS-FID analysis is assigned to oligomers.











[bookmark: _Toc450822228]Chapter 3: Stage 1 Torrefaction
The stage 1 thermal treatment or stage 1 torrefaction or low temperature torrefaction is operated at nominal conditions of 270°C for 20 minutes. A known amount of raw oak (not oven dry) is loaded into the hopper and the reactor is pre-heated to 270°C. The oak is fed to the micro-pyrolysis reactor using the twin screw feeder at a nominal rate of 15 g/min.  The amount of oak left over in the hopper is recovered after the reaction and weighed to get the amount of oak fed to the reactor and also confirm it with the feeder scale reading. A batch of typically 15.5 g of oak is introduced into the reactor within a short time (here in one minute) so that all the oak particles are inside the reactor almost for the same time (maximum variance in residence time of solid is one minute).

[bookmark: _Toc450818533]Figure 3.1: Temperature profile of thermocouple inside the reactor at stage 1 conditions

Figure 3.1 depicts the changes in temperature of oak measured using the thermocouple in the oak bed from the moment the oak feeding starts until its temperature falls below 200°C after the oven is turned off. At t = 0 minutes, the temperature measured is that of pre-heated carrier gas. Due to limitations in the reactor design as described in the experimental section, oak is not maintained at 270°C for the entire 20 minutes. Once the oak is introduced into the reactor, the thermocouple reading falls to as low as 170°C and then a dynamic heating period is observed for about 12 minutes till the thermocouple reads 265°C.  The temperature measured here is the temperature of the thermocouple that is at the center inside the reactor. The oak particles that are in contact with the thermocouple show similar reading as that of the thermocouple but a temperature gradient exists from center to walls of the reactor.  After the dynamic heating period, changes in the thermocouple readings are small and it reads temperatures between 265°C and 275°C for 11 minutes. The vapors are collected until the temperature of oak falls below 200°C when it is assumed that further decomposition of biomass is negligible.
[bookmark: _Toc450048299][bookmark: _Toc450822229]3.1 Mass Balance
Mass balance for the entire stage 1 batch run is obtained by noting down the difference in feeder scale reading for the amount of oak fed to the reactor, weighing the solid residue inside the reactor, quantifying the non-condensable gases with Carle-GC and weighing the liquid condensed in the traps.
Carbon dioxide and carbon monoxide are the only two non-condensable gases observed at low temperature torrefaction and are quantified by Carle AGC equipped with TCD detector. A plot of GC area vs. the time at which different gas samples were taken is shown in Figure 3.2 and the total area under the curve is calculated by assuming straight lines between two successive points. Finally, the amount of non-condensable gases is computed using calibration curves for CO and CO2, measuring effluent gas flowrate with wet-test meter and assuming standard conditions. 

[bookmark: _Toc450818534]Figure 3.2: GC-TCD area of non-condensable gases sampled at different reaction times during stage 1 torrefaction and injected into Carle-GC

Table 3.1 shows the overall mass balance for stage 1 torrefaction. The overall yield of products accounts to 99% and the remaining unaccounted mass (1%) can be attributed to a combination of different things. Primarily, some of the vapors may not be condensing in the traps which would lead to lower mass balance. Another significant source of uncertainty is that, the present technique of measuring the biomass fed to the reactor is accurate to 0.2g.  This results in random errors where the amount of biomass fed to the reactor could sometimes be lower or higher or same as what the difference in the feeder scale reading shows. Finally, some of the minor reasons that contribute to the un-weighed mass could be inaccuracy of the balance used for weighing the products and assumption of straight lines between successive points in the quantification of non-condensable gases.
	Oak fed to the reactor
	15.5 gm
	100%

	Stage 1 solid residue
	10.8 gm
	69.7%

	Stage 1 liquid product
	3.9 gm
	25.2%

	Non-condensable gases
	0.63 gm
	4.1%

	Unaccounted mass
	0.17 gm
	1.0%


[bookmark: _Toc450818555]Table 3.1: Mass balance for stage 1 thermal treatment

[bookmark: _Toc450048300][bookmark: _Toc450822230]3.2 Liquid Product Characterization
	Major compounds identified in stage 1 liquid product are water and organic compounds such as acetic acid, furfural, acetol, light oxygenates and lignin-derived methoxy phenols. The water content was determined by Karl-Fischer titration to be 50.3% by weight. Organic compounds are quantified by FID analysis. Nearly 86% of the total FID area is identified and assigned to different organic compounds and the remaining unidentified area is evenly distributed to all the identified peaks. The mass of each compound in the liquid product is calculated by using their respective response factors obtained from ECN model in combination with phenol response curve. A detailed sample calculation to obtain the mass of acetic acid present in the liquid is provided in Appendix B. Similarly, the amount of all the other identified organic compounds present in the liquid are also computed. After most of compounds present in the liquid product are identified and quantified, they are lumped into groups.  
Figure 3.3 shows the selectivity of different compounds lumps present in the liquid collected from stage 1 thermal treatment. Water and acetic acid constitute 73% of the total liquid mass. The relatively low selectivity to phenolic species and anhydrous sugars confirm that at these mild conditions, hemicellulose breakdown is the primary source of the volatile products formed. About 94% of the total liquid product is accounted by water and organic compounds and the remaining 6% which is not measured is indicated as “undetected” in figure 3.3. There are several things that contribute to this unquantified mass either by FID analysis or Karl-Fischer titration. Firstly, acetic acid and furfural existing in the stage 1 liquid can engage in different reactions and form high molecular weight oligomers which cannot be detected by the GC column. Secondly, the response factors predicted from ECN model could be different from the one obtained by manual injections. Another minor reason could be the inaccuracy of the Karl-Fischer titration unit in the measurement of water content.

[bookmark: _Toc450818535]Figure 3.3: Gram selectivity of compounds present in stage 1 liquid product separated by compound groups

The carbon content measured in the condensed liquid product from stage 1 with respect to oak is shown in figure 3.4 and sums to 51.38 mg of carbon/gram of oak.

[bookmark: _Toc450818536]Figure 3.4: Stage 1 liquid carbon yields separated by compound groups

[bookmark: _Toc450822231]3.3 Carbon Balance
Carbon and hydrogen content in solid and liquid products as well as in the raw biomass is measured using elemental analyzer while the oxygen content is taken as the difference assuming the amount of nitrogen, sulphur and other minerals is negligible.
	Sample
	% C
	% H
	% O

	Oak
	46.21
	5.88
	47.91

	Stage 1 liquid product
	25.82
	8.33
	65.85

	Stage 1 solid residue
	51.94
	53.67
	42.39


[bookmark: _Toc450818556]Table 3.2: Carbon, hydrogen and oxygen content in oak and solid and liquid products from stage 1 thermal treatment as measured with elemental analyzer



	
	grams of carbon
	Yield

	Oak fed to the reactor
	7.16
	100%

	Stage 1 solid product
	5.61
	78.4%

	Stage 1 liquid product
	1.01
	14.1%

	Non-condensable gases
	0.19
	2.6%

	Balance
	0.35
	4.9


[bookmark: _Toc450818557]Table 3.3: Carbon balance of stage 1 thermal treatment

Table 3.3 shows the overall carbon balance for stage 1 torrefaction. The grams of carbon present in different materials are calculated based on their masses as provided in Table 3.1 and their respective carbon weight percentage as given in Table 3.2. About 5% of the carbon in oak is not recovered in any of the products and this could be due to carbon lost in the unrecovered mass as reasoned in mass balance section.  Moreover, some mass of the liquid condensed in the traps is not recovered into glass vial (mainly because it is condensed on the walls of the traps) (but its mass is taken into consideration in mass balance) and it is assumed that the composition of this unrecovered liquid is the same as the recovered one. However, the FID chromatogram (Figure 3.4) of the unrecovered liquid shows that it is more concentrated in higher molecular weight compounds. Therefore, the carbon content of the liquid product will likely be higher than calculated assuming the same composition in the unrecovered liquid. Nevertheless, the unrecovered liquid mass only constitutes 10-15% of the total liquid product so the increase in carbon content will be small. The liquid sticking on the walls of the condensers is recovered by diluting in solvent but diluting complicates the quantification of carbon content by elemental analysis and FID analysis due to evaporation of solvent.
[image: C:\Users\RajivReddy\Desktop\Capture.PNG]
[bookmark: _Toc450818537]Figure 3.4: FID chromatogram of the stage 1 liquid remaining in the liquid nitrogen trap diluted with methanol

The carbon content of the liquid product can be quantified either by elemental analysis or by FID analysis. Figure 3.5 shows the carbon yield of stage 1 products with the only difference between the two columns being the carbon content in the liquid product as quantified with different analyses. The carbon content in stage 1 liquid product measured from elemental analysis is 20% more than that obtained from FID analysis. The major reason for the difference in carbon content as quantified by these two analyses could be due to the presence of oligomers. While the carbon in oligomers could still be combusted and measured by the elemental analyzer, this carbon passes through the GC undetected and is eventually not quantified by the FID. Additionally, in the case of FID analysis, the unidentified area (about 14% for stage 1) is evenly distributed among all the compounds. These unidentified compounds are mainly present in latter part of the chromatogram (after 20 minutes retention time) where furfurals and methoxy phenols are evolved and they have higher carbon to oxygen ratio (>2:1) compared to the light oxygenates (carbon to oxygen ratio is ≤ 1 for most of the compounds) observed at lower retention times. 

[bookmark: _Toc450818538]Figure 3.5: Carbon yield of different stage 1 products with carbon in stage 1 liquid product quantified by both elemental analysis and FID analysis











[bookmark: _Toc450822232]Chapter 4: Stage 2 Torrefaction
The stage 2 thermal treatment or stage 2 torrefaction or intermediate temperature torrefaction is operated at nominal conditions of 360°C for 5 minutes. The solid residue obtained from stage 1 thermal treatment is the starting material. Typically, for stage 2 torrefaction, a batch of approximately 10 g of stage 1 residue (which can be obtained from a single stage 1 batch run of about 15 g) is fed into the reactor. However, several batches of stage 1 torrefaction are carried out to collect enough stage 1 solid for several stage 2 batch experiments. The maximum difference in the carbon content in stage 1 solid obtained from different stage 1 runs is less than 5%, so the solid obtained from different stage 1 batch runs is mixed. Similar to stage 1 thermal treatment, the feed is introduced into the reactor at a nominal rate of 15 g/min within 40 seconds so that the residence time of all particles inside the reactor is almost the same. 

[bookmark: _Toc450818539]Figure 4.1: Temperature profile of thermocouple inside the reactor at stage 2 conditions

[bookmark: _Toc450048303]Figure 4.1 shows the changes in thermocouple reading during stage 2 thermal treatment where we notice a similar decrease in thermocouple temperature as that of the stage 1 once the biomass is introduced into the reactor followed by a temperature increase when the feeding is complete. The thermocouple measures the temperature of the biomass around it and there exists a temperature gradient from the center to the walls of the reactor. The vapors are collected until the temperature of stage 1 residue falls below 220°C. It is assumed that no further decomposition of biomass occurs.
[bookmark: _Toc450822233]4.1 Mass Balance
Similar to stage 1 torrefaction, multiple gas samples are taken during reaction and injected into the Carle-GC to quantify the non-condensable gases in stage 2 vapors. CO2 and CO are the major compounds identified and a small peak of methane is observed but not big enough to get an integration area. 

[bookmark: _Toc450818540]Figure 4.2:  GC-TCD area of non-condensable gases sampled at different reaction times during stage 2 thermal treatment

Table 4.1 shows the overall mass balance for a single stage 2 torrefaction batch experiment. About 95% of the stage 1 residue is recovered in the products.  
	Stage 1 solid residue (feed)
	9.7 gm
	100%

	Stage 2 solid residue
	4.4 gm
	45.4%

	Stage 2 liquid product
	4.0 gm
	41.2%

	Non-condensable gases
	0.80 gm
	8.2%

	Unaccounted mass
	0.50 gm
	5.2%


[bookmark: _Toc450818558]Table 4.1: Mass balance for stage 2 thermal treatment

[bookmark: _Toc450048304][bookmark: _Toc450822234]4.2 Liquid Product Characterization
During stage 2 thermal treatment, any remaining hemicellulose is expected to decompose along with significant cellulose and lignin decomposition. As a result of cellulose decomposition, a significant fraction of sugar derived compounds is expected in the stage 2 liquid product. Levoglucosan is a major cellulose decomposition product and to lesser extent furanics which are also a sugar derived class of molecules should be observed. The water content was determined by Karl-Fischer titration to be 33.5% by weight. A know concentration of stage 2 liquid and ethanol (solvent) is injected into the GC/MS-FID. 
Figure 4.3 shows the selectivity of different compounds lumps present in the liquid collected from stage 2 thermal treatment. Levoglucosan constitutes 16.2% of the total liquid product and is the largest single organic compound present in the liquid stream. As cellulose pyrolysis is not a major producer of acetic acid (26), any acetic acid formed in stages 2 and 3 must come from decomposition of any remaining unreacted hemicellulose and from lignin decomposition (25). The high selectivity of water in liquid product also points towards incomplete decomposition of hemicellulose (although water as a reaction product is also likely from cellulose and lignin decomposition). Having knowledge about the content of biopolymers in the torrefied solid could facilitate prediction of optimum residence time at different temperatures for stage 1.

[bookmark: _Toc450818541]Figure 4.3: Mass selectivity of compounds present in stage 2 liquid product separated by compound groups


[bookmark: _Toc450818542]Figure 4.4: Stage 2 liquid carbon yields separated by compound groups with reference to raw oak

The carbon content measured in the condensed liquid product from stage 2 with respect to oak is shown in figure 4.4 and sums to 91.1 mg of carbon/gram of oak
[bookmark: _Toc450048305][bookmark: _Toc450822235]4.3 Carbon Balance
	Sample
	% C
	% H
	% O

	Stage 1 solid residue (feed)
	51.96
	5.75
	42.28

	Stage 2 liquid product
	35.03
	7.56
	57.41

	Stage 2 solid residue
	67.65
	4.91
	27.44


[bookmark: _Toc450818559]Table 4.2: Carbon, hydrogen and oxygen content of feed and solid and liquid products as measured by elemental analyzer for stage 2 thermal treatment

Table 4.3 show shows the overall carbon balance for stage 2 torrefaction. The grams of carbon present in different materials are calculated based on their masses as provided in Table 4.1 and their respective carbon weight percent as given in Table 4.2. About 92% of the carbon present in stage 1 residue is accounted for in the products. 
	
	grams of carbon
	Yield

	Stage 1 residue fed to the reactor
	5.04
	100%

	Stage 2 solid product
	2.94
	59%

	Stage 2 liquid product
	1.44
	27.8%

	Non-condensable gases
	0.24
	5.1%

	Unaccounted carbon
	0.42
	8.1%


[bookmark: _Toc450818560]Table 4.3: Carbon balance for stage 2 thermal treatment

About 8.1% of the carbon in stage 1 residue is not accounted for in the products and this could be due to combination of many reasons like loss of carbon in the unaccounted mass, evenly distributing the carbon present in unidentified peaks (mainly phenolics and furfurals) to all the compounds and assuming the composition of the unrecovered liquid in the traps is the same as the recovered liquid when it is concentrated in longer carbon chain molecules.










[bookmark: _Toc450822236]Chapter 5: Stage 3 Torrefaction & Single Step Fast Pyrolysis of Oak
The stage 3 thermal treatment or stage 3 torrefaction and single stage fast pyrolysis of oak are both carried out at similar conditions of 520°C with the residence time of the vapors inside the reactor less than 5 seconds. Unlike stages 1 & 2, the biomass is introduced into the reactor at low nominal rate of 1 g/min because the biomass undergoes decomposition as soon as it is introduced into the reactor and little or no further decomposition happens as the biomass resides inside the reactor. Due to the introduction of biomass at a low rate, the temperature profile of the thermocouple inside the reactor is almost a straight line with the maximum observed drop in temperature of ~5°C. While stage 2 solid residue obtained from stage 2 thermal treatment is the starting material for stage 3 torrefaction, raw oak is the starting material for single step fast pyrolysis. Fast pyrolysis of oak is considered as a base case for comparison purposes – i.e., the cumulative product yields/carbon yields obtained from three stage thermal treatment is compared with product yields/carbon yields from single step fast pyrolysis However, it must be emphasized that the purpose of the three stage treatment is not increased total yield, but rather decreased complexity of the intermediate streams to facilitate subsequent upgrading, i.e., improve catalyst stability, increase carbon capture, and decrease hydrogen consumption.
It is also observed that for stage 3 torrefaction and single stage fast pyrolysis experiments operating at pyrolysis conditions, the area profile of the non-condensable gases is nearly a straight line, i.e., the area of non-condensable gases sampled at different times during the feeding have similar GC-TCD area (the areas are within 5% of one another). This supports the assumption that at pyrolysis conditions, no further significant decomposition of biomass occurs as it resides inside the reactor after the first few seconds. For example, Figure 5.1 shows the area profile of non-condensable gases observed during fast pyrolysis of oak for a total feeding time of 10 minutes. Similar behavior is observed in case of stage 3 thermal treatment as well.

[bookmark: _Toc450818543]Figure 5.1: GC-TCD area of non-condensable gases sampled at different reaction times during fast pyrolysis of oak

[bookmark: _Toc450048309][bookmark: _Toc450822237]5.1 Stage 3 Torrefaction
	Similar to stage 1 thermal treatment, multiple batch runs of stage 2 torrefaction are carried out to obtain stage 2 solid residue for stage 3 experiments. The carbon content in the solid residue is measured after each batch experiment to ensure the carbon contents are similar before mixing the stage 2 solid obtained from different batch experiments.
Table 5.1 shows the overall mass balance for a single stage 3 torrefaction experiment. About 95.6% of the feed is recovered in the products. 

	Stage 2 solid residue (feed)
	5.0  gm
	100%

	Char
	2.9 gm
	58.0%

	Stage 3 liquid product
	1.2 gm
	24.0%

	Non-condensable gases
	0.68 gm
	13.6%

	Unaccounted mass
	0.22 gm
	4.4%


[bookmark: _Toc450818561]Table 5.1: Mass balance for stage 3 thermal treatment

One of the major challenges in analyzing the stage 3 liquid product is its low liquid yield. Also, in the case of stage 3, the condensate tends to adhere to the walls of the traps rather than pooling at the bottom. Therefore, a known amount of solvent (ethanol) is used to recover the liquid on the walls of the container from both the traps. A known concentration of stage 3 liquid in ethanol is obtained and analyzed using GC-FID and KF analyses. The carbon content of the liquid product is obtained from FID analysis since analyzing a diluted sample for carbon content in the elemental analyzer introduces significant error due to evaporation of solvent inside the furnace. 
Figure 5.2 shows the selectivity of different compounds lumps present in the liquid collected from stage 3 thermal treatment. It is expected that at stage 3 conditions, the thermally stable lignin would decompose and produce a liquid stream comprising primarily phenolic species. Interestingly, levoglucosan which is derived from cellulose is the major organic product in the liquid stream rather than phenolic species, showing that at current stage 2 conditions, cellulose decomposition is largely incomplete. This result strongly suggests modifying stage 2 conditions to either increase cellulose decomposition (although more lignin decomposition will also occur), or to shift cellulose decomposition to stage 3.

[bookmark: _Toc450818544]Figure 5.2: Mass selectivity of compounds present in stage 3 liquid product separated by compound groups

The carbon content measured in the condensed liquid product from stage 3 with respect to oak is shown in figure 5.2 and sums to 32.1 mg of carbon/gram of oak.

[bookmark: _Toc450818545]Figure 5.3: Stage 3 liquid carbon yields separated by compound groups with reference to raw oak biomass


[bookmark: _Toc450822238]5.2 Fast Pyrolysis of Oak
Fast pyrolysis of oak is used as a base case in order to compare the product yields with those obtained in the multi-stage torrefaction scenario. 
Table 5.2 shows the overall mass balance for single step fast pyrolysis. About 95.6% of the raw oak is recovered in the products. 
	Oak fed to the reactor
	6.2 gm
	100%

	Char
	0.7 gm
	11.3%

	Bio-oil
	3.8 gm
	61.3%

	Non-condensable gases
	1.3 gm
	21.0%

	Unaccounted mass
	0.4 gm
	6.4%


[bookmark: _Toc450818562]Table 5.2: Mass balance for fast pyrolysis of oak

As mentioned previously, the unaccounted mass could be due to the non-condensation of vapors in the traps, as well as random error in the feed measurement due to the accuracy of feeder scale
Figure 5.3 shows the selectivity of different compounds lumps present in the bio-oil collected from fast pyrolysis oak. The bio-oil is a complex mixture of hundreds of compounds with no major compound/compound group and this is again reinstated in Figure 5.3. This poses serious challenges during catalytic upgrading as no one catalyst cannot be optimized to convert this complex mixture.


[bookmark: _Toc450818546]Figure 5.4: Mass selectivity of compounds present in fast pyrolysis bio-oil separated by compound groups

The carbon content measured in the condensed bio-oil from fast pyrolysis is shown in figure 5.4 and sums to 210 mg of carbon/gram of oak.

[bookmark: _Toc450818547]Figure 5.5: Carbon yields of fast pyrolysis bio-oil separated by compound groups


[bookmark: _Toc450822239]Chapter 6: Comparison of Multi-Stage Torrefaction with Single Step Fast Pyrolysis
The following sections give detailed mass balance and carbon balance for each stage and compares the cumulative yields from multi-stage thermal treatment with single-step fast pyrolysis by assuming 100 kg raw oak biomass is available initially.
[bookmark: _Toc450822240]6.1 Mass Balance
	
	Stage 1 torrefaction
	Stage 2 torrefaction
	Stage 3  torrefaction
	Cumulative multi-stage torrefaction
	Single step fast pyrolysis

	Feed
	100 kg
	69.7 kg
	31.6 kg
	100 kg
	100 kg

	Solid product
	69.7 kg
	31.6 kg
	18.3 kg
	18.3 kg
	11.3 kg

	Liquid product
	25.2 kg
	28.7 kg
	7.6 kg
	61.5 kg
	61.3 kg

	Non-condensable gases
	4.1 kg
	5.7 kg
	4.3 kg
	14.1 kg
	21.0 kg

	Unaccounted mass
	1.0 kg
	3.6 kg
	1.4 kg
	6.1 kg
	6.4 kg


[bookmark: _Toc450818563]Table 6.1: Mass balance for each individual stage and comparison of cumulative mass of products obtained from multi-stage torrefaction with single step fast pyrolysis of oak biomass

Initially, it is assumed that 100 kg of oak biomass is the starting quantity for each of the two scenarios. Table 6.1 presents product yield from each stage and compares the cumulative yields of three stage thermal treatment with single step fast pyrolysis. The total liquid product yield from both the routes is approximately the same but the total organic yield is higher in the case of fast pyrolysis due to higher water content from three stage thermal treatment. The total organic yield (total liquid product minus total water content) from fast pyrolysis is 43.3% compared to 38 % from multi-stage thermal treatment. 
[bookmark: _Toc450048313][bookmark: _Toc450822241]6.2 Carbon Balance
The carbon content in the feed and the solid product is obtained by elemental analysis, carbon in non-condensable gases is quantified by Carle-GC and carbon content in liquid product is obtained from GC-FID analysis. Table 6.2 presents the carbon balance for the multi-stage scenario and compares it with single step fast pyrolysis. 
	
	Kilograms of Carbon

	
	Stage 1 torrefaction
	Stage 2 torrefaction
	Stage 3  torrefaction
	Cumulative multi-stage torrefaction
	Single Step fast pyrolysis

	Feed
	46.2
	36.2
	21.4
	46.2
	46.2

	Solid product
	36.2
	21.4
	15.2
	15.2
	9.8

	Liquid product
	5.2
	9.1
	3.2
	17.5
	21.0

	Non-condensable gases
	1.2
	1.8
	1.8
	4.8
	9.1

	Unaccounted carbon
	3.6
	3.9
	1.2
	8.7
	6.3


[bookmark: _Toc450818564]Table 6.2: Carbon balance for each individual stage and comparison of carbon mass in the products obtained from multi-stage torrefaction with single step fast pyrolysis of oak biomass

As discussed in earlier sections, the carbon unaccounted for in both the scenarios is primarily attributed to presence of oligomers in the liquid sample which is undetected by GC analysis (either retained on the column or elutes at very long time) and therefore are not quantified by the GC-FID. Another significant factor could be the carbon lost in the unaccounted mass, i.e., 6.1% of oak is not recovered in any of the products and some part of the carbon is certainly lost in this unrecovered mass.  Moreover, most the unidentified peak area in case of all the stages is observed at longer retention times in a GC chromatogram, where mainly methoxy phenols and furfurals are evolved and they have higher carbon to oxygen ratio (>2:1) compared to the light oxygenates (carbon to oxygen ratio of ≤ 1 for most of the compounds) observed at lower retention times.

[bookmark: _Toc450818548]Figure 6.1: Comparison of liquid carbon yields between multi-stage thermal treatment and single step fast pyrolysis separated by compound groups

The observed lower total carbon yields from multiple stage torrefaction compared to the single step fast pyrolysis (especially in case levoglucosan as shown in Figure 6.2) is attributed to the increased thermal stability of biomass due to repolymerization and condensation reactions during stages 1 & 2 that are not kinetically favored in case of fast pyrolysis. Zheng et al. noticed increase in peak area of the signal on the FTIR spectra at 1160 ppm which is assigned to C-O-C asymmetric vibration and this is as a result of crosslinking of cellulose during torrefaction (27). The mechanism for the effect of torrefaction on cellulose pyrolysis as reported in the literature is shown Figure 6.3 (27-29). In the case of direct fast pyrolysis of cellulose, initially active cellulose species are formed which subsequently decompose to sugar derived compounds (mainly levoglucosan). The levoglucosan can undergo further decomposition to form bio-oil, char and non-condensable gases. However, in the case of pyrolysis of torrefied cellulose, crosslinking of active cellulose unit occurs during torrefaction and this results in increased char yields during pyrolysis. Wen et al. (30) observed similar crosslinking behavior in the case of lignin where the ß-O-4 bonds have disappeared during torrefaction and increased aromatic C-C bonds are observed within lignin. These new refractory bonds have much higher dissociation enthalpies, and may not dissociate at typical fast pyrolysis temperatures, leading to enhanced char formation and corresponding loss of organic vapor yield.
The increase in char yields from multi-stage thermal treatment as reported in Table 7.1 could be due to crosslinking and charring of cellulose and lignin units. The crosslinking of cellulose units is further confirmed by the increase in char yields (Table 6.1) and decrease in levoglucosan yield (Figure 6.2) (Levoglucosan is a major cellulose decomposition product (31)) from multi-stage fractionation. Moreover, the decrease in yields of non-condensables and light oxygenates is also due to crosslinking of cellulose units as light oxygenates are obtained from cellulose decomposition whereas the non-condensables are obtained from levoglucosan decomposition (32). 
[image: ]
[bookmark: _Toc450818549]Figure 6.2: Effect of torrefaction on fast pyrolysis mechanism of cellulose

[bookmark: _Toc450822242]6.3 Discussion
	The following sections lists two possible ways of improving the liquid carbon yield from staged fractionation and reducing the char yields.
[bookmark: _Toc450048315][bookmark: _Toc450822243]6.3.1 Optimizing Process Conditions
	The overall yield of char from multi-stage thermal treatment is higher compared to fast pyrolysis, as the extended heating time would lead to the solid becoming more refractory and also due to repolymerization and condensation reactions happening during the stages 1 & 2. This increase in char formation coupled with decrease in the carbon yields from multi-stage thermal treatment could potentially be decreased by optimizing the process conditions for the first two stages. The optimal stage 1 conditions should achieve nearly complete degradation of the hemicellulose with minimal lignin and cellulose degradation while optimal stage 2 conditions should achieve thermal separation of cellulose- and lignin- derived products (e.g. levoglucosan and methoxy phenols) . Characterizing the stage 1 and stage 2 solid products for hemicellulose, cellulose and lignin contents and comparing their respective content in raw oak could enable more accurate determination of optimum residence time at different temperatures. Analytical pyrolysis studies on the pyroprobe can be carried out varying the process conditions such as time and temperature and processing it up to larger scale unit.
[bookmark: _Toc450048316][bookmark: _Toc450822244]6.3.2 Improving the Efficiency of Condensers
	A major part of the unaccounted mass is attributed to the non-condensation of vapors in the condensers. Therefore, it is necessary to improve the contact time of the vapors in the traps. This can be done by lowering the nitrogen carrier gas flowrate.  However, that change would lead to longer residence time of the vapors inside the reactor and increased secondary reactions. Further, one can use glass beads to increase the contact time of the vapors inside the traps but recovering liquid on the glass beads would be problematic. Another alternative is to connect a third condenser in series with the current two and maintain it at ice water temperature. It is also noticed that, due to the extremely low temperature of liquid nitrogen, the vapors are condensed soon after entering the traps and this leads to condensation on the walls of the traps. Therefore, having a second ice water condenser before the liquid nitrogen trap may help in avoiding the condensation on the walls of the trap as well as increase the residence time of the vapors inside the traps.
[bookmark: _Toc310579475]
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[bookmark: _Toc450822246]Appendix A: Supplementary Figures and Tables

[bookmark: _Toc450818550]Figure A1: Flowrate calibration of nitrogen carrier gas for the two flow controllers with wet test meter


[bookmark: _Toc450818551]Figure A2: Calibration curve of various standard gases with Carle-GC

[bookmark: _Toc450818552]Figure A3: Calibration curve of phenol with GC-FID

	Name of the compound
	Compound group
	ECN
	Response factor (grams/area)

	Acetic acid
	Acetic Acid
	0.6845
	2.046E-08

	
	
	
	

	2-Propenal
	Light Oxygenates
	1.9031
	6.868E-09

	Propanal-2-one
	Light Oxygenates
	1.9031
	8.830E-09

	Butanal
	Light Oxygenates
	2.8876
	5.820E-09

	1-Penten-3-one
	Light Oxygenates
	3.8720
	5.063E-09

	2,3-Butanedione
	Light Oxygenates
	1.8373
	1.092E-08

	3-Pentanone
	Light Oxygenates
	3.8720
	5.184E-09

	2-Butanone
	Light Oxygenates
	2.8876
	5.820E-09

	Hydroxyacetaldehyde
	Light Oxygenates
	0.4117
	3.402E-08

	2-Butenal (cis or trans)
	Light Oxygenates
	2.8876
	5.658E-09

	2-Hydroxypropanal
	Light Oxygenates
	1.3166
	1.312E-08

	Hydroxypropanone
	Light Oxygenates
	1.3962
	1.237E-08

	2-Propenoic acid methyl ester
	Light Oxygenates
	2.4949
	8.046E-09

	1-Hydroxy-2-butanone
	Light Oxygenates
	2.3806
	8.628E-09

	3-Hydroxypropanal
	Light Oxygenates
	1.3962
	1.237E-08

	2-Hydroxy-3-oxobutanal
	Light Oxygenates
	1.2508
	1.903E-08

	1-Acetyloxypropane-2-one
	Light Oxygenates
	2.4291
	1.115E-08

	2-Hydroxy-butanedial
	Light Oxygenates
	1.2508
	1.903E-08

	Butanedial
	Light Oxygenates
	1.8373
	1.092E-08

	2,3-Dihydroxyhex-1-ene-4-one
	Light Oxygenates
	3.6834
	8.238E-09

	Furan
	Furans
	3.7662
	4.214E-09

	2-Methylfuran
	Furans
	4.6105
	4.151E-09

	2-Acetylfuran
	Furans
	4.6849
	5.480E-09

	2,3-Dihydro Furan
	Furans
	3.8520
	4.241E-09

	(2H)-Furan-3-one
	Furans
	1.3829
	1.418E-08

	2-Furaldehyde
	Furfurals
	2.3674
	9.465E-09

	2-Furfuryl alcohol
	Furfurals
	2.9107
	7.858E-09

	5-Methyl-2-furaldehyde
	Furfurals
	3.3518
	7.660E-09

	(5H)-Furan-2-one
	Furfurals
	1.3829
	1.418E-08

	Dihydro-methyl-furanone
	Furfurals
	2.3674
	9.662E-09

	2-Hydroxy-1-methyl-1-cyclopentene-3-one
	Furfurals
	4.2699
	6.122E-09

	Methyl-butyraldehyde derivative
	Furfurals
	3.8720
	5.184E-09

	gamma-Lactone derivative
	Furfurals
	0.9902
	2.027E-08

	gamma-Butyrolactone
	Furfurals
	0.9902
	2.027E-08

	5-Hydroxymethyl-2-furaldehyde
	Furfurals
	2.8449
	1.034E-08

	4-Cyclopentene-1,3-dione
	Furfurals
	2.8218
	8.271E-09

	2-Furoic acid methyl ester
	Furfurals
	2.9591
	9.938E-09

	OH-methyl-dihydropyranone
	Furfurals
	4.2699
	6.997E-09

	4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one
	Furfurals
	3.2855
	8.099E-09

	3-Hydroxy-2-methyl-pyran-4-one
	Furfurals
	2.7653
	1.063E-08

	Methyl-dihydro-(2H)-pyran-2-one
	Furfurals
	3.3518
	7.799E-09

	
	
	
	

	Levoglucosan
	Levoglucosan
	1.1378
	3.323E-08

	1,4:3,6-Dianhydro-glucopyranose
	Anhydrous Sugars
	0.8062
	4.169E-08

	1,6-Anhydro-beta-D-mannopyranose
	Anhydrous Sugars
	1.1378
	3.323E-08

	1,5-Anhydro-beta-D-xylofuranose
	Anhydrous Sugars
	0.7399
	4.164E-08

	Anhydrosugar: unknown
	Anhydrous Sugars
	1.1378
	3.323E-08

	
	
	
	

	Toluene
	Alkyl Benzenes
	6.4936
	3.307E-09

	Phenol
	Alkyl Phenols
	4.8243
	4.548E-09

	Styrene
	Alkyl Benzenes
	7.4780
	3.246E-09

	Benzene, ethyl-
	Alkyl Benzenes
	7.4780
	3.308E-09

	Benzene, 1,2-dimethyl-
	Alkyl Benzenes
	7.3378
	3.372E-09

	Benzaldehyde
	Alkyl Benzenes
	5.5836
	4.431E-09

	Anisole
	Alkyl Benzenes
	5.6302
	4.477E-09

	Benzylalcohol
	Alkyl Benzenes
	6.1268
	4.114E-09

	o-Cresol
	Alkyl Phenols
	5.6685
	4.447E-09

	Catechol
	Alkyl Phenols
	3.9992
	6.420E-09

	Acetophenone
	Alkyl Phenols
	6.5680
	4.264E-09

	Phenol, 4-vinyl-
	Alkyl Phenols
	6.6530
	4.210E-09

	Phenol, 2,6-dimethyl-
	Alkyl Phenols
	6.5128
	4.372E-09

	Phenol, 2-ethyl-
	Alkyl Phenols
	6.6530
	4.280E-09

	Benzaldehyde, 4-hydroxy-
	Alkyl Benzenes
	4.7585
	5.984E-09

	Guaiacol
	Methoxy Phenols
	4.8052
	6.023E-09

	Catechol, 3-methyl-
	Alkyl Phenols
	4.8434
	5.975E-09

	Phenol, 4-allyl-
	Alkyl Phenols
	7.6374
	4.095E-09

	Phenol, 4-propenyl-
	Alkyl Phenols
	7.6374
	4.095E-09

	Anisole, 2,4-/2,5-dimethyl-
	Alkyl Benzenes
	7.3187
	4.337E-09

	Phenol, 2-propyl-
	Alkyl Phenols
	7.6374
	4.156E-09

	Guaiacol, 3-methyl-
	Methoxy Phenols
	5.6494
	5.701E-09

	Guaiacol, 4-vinyl-
	Methoxy Phenols
	6.6339
	5.278E-09

	Guaiacol, 3-ethyl
	Methoxy Phenols
	6.6339
	5.348E-09

	Vanillin
	Methoxy Phenols
	4.7394
	7.486E-09

	Syringol
	Methoxy Phenols
	4.7860
	7.510E-09

	Eugenol
	Methoxy Phenols
	7.6183
	5.024E-09

	Isoeugenol
	Methoxy Phenols
	7.6183
	5.024E-09

	Guaiacol, 4-propyl-
	Methoxy Phenols
	7.6183
	5.086E-09

	Homovanillin
	Methoxy Phenols
	5.5836
	6.939E-09

	Acetoguaiacone
	Methoxy Phenols
	5.7238
	6.769E-09

	Syringol, 4-methyl-
	Methoxy Phenols
	5.6303
	6.964E-09

	Vanillic acid
	Methoxy Phenols
	4.5052
	8.704E-09

	Guaiacol, 4-(oxy-allyl)-
	Methoxy Phenols
	6.7083
	6.193E-09

	Coniferaldehyde
	Methoxy Phenols
	6.5681
	6.325E-09

	Syringol, 4-vinyl-
	Methoxy Phenols
	6.6147
	6.351E-09

	Guaiacyl acetone
	Methoxy Phenols
	6.5681
	6.396E-09

	Propioguaiacone
	Methoxy Phenols
	6.7083
	6.263E-09

	Coniferyl alcohol
	Methoxy Phenols
	7.1113
	5.908E-09

	Syringol, 3-ethyl-
	Methoxy Phenols
	6.6147
	6.422E-09

	Dihydroconiferyl alcohol
	Methoxy Phenols
	7.1113
	5.973E-09

	Syringaldehyde
	Methoxy Phenols
	4.7203
	8.999E-09

	Syringol, 4-allyl-
	Methoxy Phenols
	7.5992
	5.959E-09

	Propioguaiacone, alpha-oxy-
	Methoxy Phenols
	5.6580
	8.003E-09

	Syringol, 4-propenyl-
	Methoxy Phenols
	7.5992
	5.959E-09

	Syringol, 4-propyl-
	Methoxy Phenols
	7.5992
	6.020E-09

	Homosyringaldehyde
	Methoxy Phenols
	5.7047
	8.019E-09

	Acetosyringone
	Methoxy Phenols
	5.7047
	8.019E-09

	Syringol, 4-(oxy-allyl)-
	Methoxy Phenols
	6.6892
	7.327E-09

	Sinapaldehyde
	Methoxy Phenols
	5.5645
	8.725E-09

	Syringyl acetone
	Methoxy Phenols
	6.5489
	7.484E-09

	Propiosyringone
	Methoxy Phenols
	6.6892
	7.327E-09

	Sinapyl alcohol
	Methoxy Phenols
	7.0922
	6.911E-09

	Propiosyringone, alpha-oxy-
	Methoxy Phenols
	5.6389
	9.272E-09


[bookmark: _Toc450818565]Table A1: Effective carbon number, response factor and compound group of identified compounds in this study

	Trial
	Water content (wt. %)

	
	Stage 1
	Stage 2
	Stage 3
	Single step fast pyrolysis

	1
	51.0
	37.8
	15.5
	29.8

	2
	50.6
	37.1
	14.8
	29.1

	3
	49.3
	38.1
	14.7
	29.3

	Average
	50.3
	37.6
	15.0
	29.4


[bookmark: _Toc450818566]Table A2: Water content present in the liquid product obtained from three torrefaction stages and single step fast pyrolysis as quantified by Karl Fischer titration

	gas
	grams

	
	Stage 1
	Stage 2
	Stage 3
	Single step fast pyrolysis

	CO2
	0.52
	0.56
	0.29
	0.52

	CO
	0.10
	0.24
	0.27
	0.54

	CH4
	0
	0
	0.08
	0.07

	C2H4
	0
	0
	0.02
	0.09

	C2H6
	0
	0
	0.02
	0.08


[bookmark: _Toc450818567]Table A3: Composition of non-condensable gases from different torrefaction stages and single step fast pyrolysis as quantified with Carle-GC




	Compound group
	Kilograms of compound/100 kg of raw oak biomass

	
	Stage 1
	Stage 2
	Stage 3
	Cumulative multi-stage
	Single step fast pyrolysis

	Water
	12.66
	9.63
	1.14
	23.42
	18.00

	Acetic Acid
	5.81
	2.04
	0.30
	8.16
	6.79

	Light Oxygenates
	1.38
	3.54
	1.01
	5.93
	7.40

	Furans
	0.00
	0.02
	0.07
	0.08
	0.22

	Furfurals
	1.60
	3.09
	0.42
	5.11
	4.02

	Anhydrous Sugars
	1.01
	7.15
	2.72
	10.89
	14.78

	Methoxy Phenols
	1.26
	2.40
	0.98
	4.63
	4.70

	Alkyl Phenols
	0.00
	0.02
	0.22
	0.24
	0.94

	Alkyl Benzenes
	0.00
	0.00
	0.18
	0.18
	0.29

	Undetected
	1.43
	0.82
	0.57
	2.81
	4.15

	Total
	25.15
	28.70
	7.60
	61.45
	61.30


[bookmark: _Toc450818568]Table A4: Detailed liquid product distribution of the three stages of torrefaction and single step fast pyrolysis quantified by GC-FID and separated by compound groups







	Compound group
	Milligrams of carbon/gram of raw oak biomass

	
	Stage 1
	Stage 2
	Stage 3
	Cumulative multi-stage
	Single step fast pyrolysis

	Acetic Acid
	23.25
	8.18
	1.24
	32.67
	28.43

	Light Oxygenates
	6.42
	16.86
	5.77
	29.05
	43.25

	Furans
	0.00
	0.10
	0.51
	0.60
	1.71

	Furfurals
	9.36
	18.29
	2.56
	30.21
	25.48

	Anhydrous Sugars
	4.50
	31.97
	12.46
	48.94
	68.67

	Methoxy Phenols
	8.38
	15.63
	6.54
	30.55
	32.51

	Alkyl Phenols
	0.00
	0.12
	1.69
	1.81
	7.07

	Alkyl Benzenes
	0.00
	0.00
	1.65
	1.65
	2.88

	Total
	51.92
	91.15
	32.42
	175.48
	209.99


[bookmark: _Toc450818569]Table A5: Carbon content in liquid product obtained from three stages of torrefaction and single step fast pyrolysis separated by compound groups and quantified by GC-FID









[bookmark: _Toc450822247]Appendix B: Stage 1 Torrefaction Sample Calculation
CO and CO2 Quantification
Figure B1 shows the area profile (GC area vs. reaction time) of CO and CO2 as a function of time, measured during stage 1 torrefaction from a gas sampled at regular intervals during a reaction and injected into Carle AGC.

[bookmark: _Toc450818553]Figure B1: Area profile of CO and CO2 for stage 1 torrefaction

The total area under the curve for each of CO and CO2 curves is obtained by calculating the area under the curve between two successive points and finally summing all the areas. Average area is obtained by dividing the total area with the total reaction time, i.e., the time taken for the biomass to stop decomposing and producing vapors (time taken for biomass to drop below 200°C in the case of stage 1).
	
	0-5 min
	5-10 min
	10-15 min
	15-20 min
	20-27 min
	Total

	CO2 Area
	169.98
	354.26
	309.16
	196.69
	86.16
	1116.25


[bookmark: _Toc450818570]Table B1: Area of CO2 under the curve between two successive time intervals
	
	0-5 min
	5-10 min
	10-15 min
	15-20 min
	20-26 min
	Total

	CO Area
	0
	54.09
	104.38
	80.16
	35.85
	274.48


[bookmark: _Toc450818571]Table B2: Area of CO under the curve between two successive time intervals

· Total reaction time = 26 minutes
· Average effluent flowrate = 1032.16 ml/min
· Average CO2 area = 1116.25/26 = 41.343
· Calibration curved of CO2 is represented by the equation (refer figure A2)
Y = 42.278*X
Y= TCD area of CO2
X = mole %
· Average CO2 mole % = 41.343/42.278 = 0.978
· Mass of CO2 assuming STP conditions = (1032.16*26/1000)*(0.978/100)*(44/22.4)
					         = 0.515 g
· Average CO area = 274.48/26 = 10.56
· Calibration curved of CO is represented by the equation (refer figure A2)
Y = 36.349*X
Y= TCD area of CO
X = mole %
· Average CO mole % = 10.56/36.349 = 0.29
· Mass of CO assuming STP conditions = (1032.16*26/1000)*(0.29/100)*(28/22.4)
					        = 0.097 g
· Total mass of non-condensable gases = 0.515+0.097 = 0.61 g

Mass Balance
· Total oak fed to the reactor = 15.5 g
· Total stage 1 residue collected = 10.8 g
· Total stage 1 liquid product collected = 3.9 g
· Mass of non-condensable gases computed using Carle GC = 0.61 g
· Total mass unaccounted for (by difference) = 0.19 g
Organic Compound Quantification from FID Analysis
Since more than 50 organic compounds are identified in the stage 1 liquid product, the sample calculation for obtaining the grams of only one organic compound is outlined. The sample calculation for acetic acid is described here because it is one of the major compounds in stage 1 liquid product.
· Total FID area after integration = 28208.98
· Total FID area identified = 24488.99
· % of FID area identified = 24488.89/28208.98 = 86.81%
The remaining unidentified FID area is evenly distributed among all the compounds, i.e., the area of each compound is multiplied by a factor of (1/0.8681)
· FID area of acetic acid obtained by integration = 8762.06
· FID area of acetic acid after area correction = 8762.06*(1/0.8681) = 100093.05
Response factor of acetic acid is obtained by using a combination of phenol calibration curve and ECN model
· Response factor (grams/area) of acetic acid (refer table A1) = 2.046E-08 grams/area 
· Grams of acetic acid in 1µL of solution injected into GC = 100093.05*2.046E-08
							     	 = 0.207 mg
		
The 1µL solution injected into the GC is mixture of stage 1 liquid and ethyl alcohol (solvent). It is therefore necessary to determine how much of this injected solution is stage 1 liquid. A known amount of stage 1 liquid and ethyl alcohol is taken in a GC vial and 1µL of this solution is injected into GC
· Amount of stage 1 liquid in GC vial = 1.219 g
· Amount of ethanol in GC vial = 0.232 g
· Density of ethanol = 0.789 g/ml
· Density of stage 1 liquid = 1.14 g/ml
Density of stage 1 liquid is obtained by pipetting out known volume of liquid and measuring its weight. This procedure is followed multiple times and the average value is taken as the density of stage 1 liquid.
· Density of solution =  = 1.064 g/ml
· Amount of the solution injected = 1µL * 1.064 g/ml = 1.064 mg 
· Mass fraction of stage 1 liquid in GC vial = 1.219/ (1.219+0.232) = 0.84
· Amount of stage 1 liquid injected = 1.064*0.84 = 0.894 mg
Therefore, 0.207 mg of acetic acid that is obtained when 1µL of solution is injected is actually obtained from injecting 0.894 mg of stage 1 liquid.
· Grams of acetic acid in 1 g of stage 1 liquid injected = 0.207*1000*(1/0.894)
							        = 0.231 g  
· Grams of carbon from acetic acid in stage 1 liquid = 0.231 *12*2/60 = 0.0924 g 
Similarly, the amount of other organic compounds and their respective carbon content in stage 1 liquid product is computed
· Total amount of all the organic compounds in 1 g of stage 1 liquid from FID analysis = 0.44 g
· Grams of water in stage 1 liquid = 0.50 g
· Mass of liquid product unaccounted for in 1 g of stage 1 liquid 
= 1-0.44-0.50 = 0.06 g (6%)
· Total amount of carbon in 1 g of stage 1 liquid from FID analysis = 0.206 g 
Carbon Balance
While the amount of carbon in oak and stage 1 solid product can be obtained from elemental analysis, the amount of carbon in stage 1 liquid product can be obtained from either elemental analysis or FID analysis. The following table gives the CHO breakdown from elemental analysis.
	Sample
	% C
	% H
	% O

	Oak
	46.21
	5.88
	47.91

	Stage 1 solid residue
	25.82
	8.33
	65.85

	Stage 1 liquid product
	51.94
	5367
	42.39


[bookmark: _Toc450818572]Table B3: Elemental analysis of different materials involved in stage 1

Based on the carbon content in the feed and products obtained from various analyses, the following calculation shows how much of the carbon that is fed to the reactor is recovered in the products.
· Carbon content in oak = 15.5*0.462 = 7.156 g 
· Carbon content in stage 1 solid residue = 10.8*0.519 = 5.609 g 
· Carbon content in stage 1 liquid from EA = 3.9*0.258 = 0.997 g 
· Carbon content in non-condensable gases = (0.515*12/44)+(0.097*12/28) = 0.182 g
· Carbon unaccounted for considering elemental analysis on liquid product = 0.368 g 
· % of carbon unaccounted for considering elemental analysis on liquid product = 0.368/7.156 = 5.14%
· Total amount of carbon in stage 1 liquid from FID analysis = 0.795 g 
· % of carbon unaccounted for considering FID analysis on liquid product  = 7.96%
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Compound Selectivity of Stage 1 Liquid Product

Water	0.503	Acetic Acid	0.23099202572098465	Light Oxygenates	5.4828702609942923E-2	Furfurals	6.3670850876619278E-2	Methoxy Phenols	4.9958786831631498E-2	Anhydrous Sugars	4.0278447239194284E-2	Undetected	5.7271186721627454E-2	Compound selectivity




Stage 1 Liquid Product Carbon Yields

Water	Stage 1 liquid	Acetic Acid	Stage 1 liquid	23.009786304077441	Light Oxygenates	Stage 1 liquid	6.3557812404460661	Furfurals	Stage 1 liquid	9.2688545985191713	Methoxy Phenols	Stage 1 liquid	8.290990694460012	Anhydrous Sugars	Stage 1 liquid	4.4580589632484573	
milligrams of carbon/gram of oak




Carbon Yield of Stage 1 Products

Stage 1 solid residue	Elemental analysis	 FID analysis	0.78384881741886259	0.78384881741886259	Stage 1 liquid product	Elemental analysis	 FID analysis	0.1392676185445719	0.11129143685936783	Non-condensable gases	Elemental analysis	 FID analysis	2.5435481909285705E-2	2.5435481909285705E-2	Balance	Elemental analysis	 FID analysis	5.1448082127279866E-2	7.9424263812483922E-2	
Carbon yield
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Compound Selectivity of Stage 2 Liquid Product

Water	0.3354933726067747	Acetic acid	7.12322745352377E-2	Light Oxygenates	0.12326179108204935	Furans	5.2493879250544936E-4	Furfurals	0.10769592904512781	Levoglucosan	0.16241055691470827	Anhydrous Sugars	8.6887030936404194E-2	Methoxy Phenols	8.3519653041116498E-2	Alkyl Phenols	5.4845416176519161E-4	Alkyl Benzenes	0	Undetected	2.8425998884310869E-2	


Stage 2 Liquid Product Carbon Yields

Water	Stage 2 liquid	Acetic acid	Stage 2 liquid	8.177465116645287	Light Oxygenates	Stage 2 liquid	16.863999466115512	Furans	Stage 2 liquid	9.8612138257569121E-2	Furfurals	Stage 2 liquid	18.290054849434497	Levoglucosan	Stage 2 liquid	20.716368815342786	Anhydrous Sugars	Stage 2 liquid	11.251314734759942	Methoxy Phenols	Stage 2 liquid	15.628763858665149	Alkyl Phenols	Stage 2 liquid	0.1205665616884672	Alkyl Benzenes	Stage 2 liquid	
milligrams of carbon/gram of oak
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Compound Selectivity of Stage 3 Liquid

Water	0.15000000000000002	Acetic acid	3.9717567598806972E-2	Light Oxygenates	0.13270179314420658	Furans	8.7024234366958522E-3	Furfurals	5.5384508107671954E-2	Levoglucosan	0	Anhydrous Sugars	0.35830778437399985	Methoxy Phenols	0.12835867512140189	Alkyl Phenols	2.9198988923139348E-2	Alkyl Benzenes	2.324471726912853E-2	Undetected	7.4383542024949095E-2	Selectivity




Stage 3 Liquid Carbon Yields

Water	Stage 3 liquid	Acetic acid	Stage 3 liquid	1.2440356841495139	Light Oxygenates	Stage 3 liquid	5.7690844309750631	Furans	Stage 3 liquid	0.5063284525780597	Furfurals	Stage 3 liquid	2.5560329395745325	Levoglucosan	Stage 3 liquid	0	Anhydrous Sugars	Stage 3 liquid	12.464576837248668	Methoxy Phenols	Stage 3 liquid	6.5420132152423438	Alkyl Phenols	Stage 3 liquid	1.6876734084759417	Alkyl Benzenes	Stage 3 liquid	1.6474888858562624	
milligrams of carbon/gram of oak




Compound Selectivity of Fast Pyrolysis Bio-oil

Water	0.29363784665579118	Acetic acid	0.11800713106762886	Light Oxygenates	0.12864996601777001	Furans	3.8923178725197138E-3	Furfurals	6.9848732561399146E-2	Levoglucosan	0	Anhydrous Sugars	0.25685236853103988	Methoxy Phenols	8.1590302452224608E-2	Alkyl Phenols	1.6353725835493473E-2	Alkyl Benzenes	5.1093795725069427E-3	Undetected	2.6058229433626168E-2	Selectivity




Fast Pyrolysis Bio-Oil Carbon Yields

Water	Bio-oil	0	Acetic acid	Bio-oil	30.256075594317998	Light Oxygenates	Bio-oil	46.035044613133437	Furans	Bio-oil	1.8178040193827414	Furfurals	Bio-oil	27.11609218995989	Levoglucosan	Bio-oil	0	Anhydrous Sugars	Bio-oil	73.090544791537297	Methoxy Phenols	Bio-oil	34.60336000902317	Alkyl Phenols	Bio-oil	7.5247688034916278	Alkyl Benzenes	Bio-oil	3.0621212361149874	
milligrams of carbon/grams of oak




Comparison of Liquid Carbon Yields

multi-stage torrefaction	Acetic Acid	Light Oxygenates	Furans	Furfurals	Anhydrous Sugars	Methoxy Phenols	Alkyl Phenols	Alkyl Benzenes	32.669730486261642	29.054728155572352	0.60494059083562879	30.210992694248606	48.936516852809632	30.547684770382638	1.808239970164409	1.6474888858562624	single step fast-pyrolysis	Acetic Acid	Light Oxygenates	Furans	Furfurals	Anhydrous Sugars	Methoxy Phenols	Alkyl Phenols	Alkyl Benzenes	28.426265220406172	43.250962390241817	1.7078678631870645	25.476180013165351	68.670214842350589	32.510636948514723	7.0696899557740851	2.8769319445774171	
milligrams of carbon/gram of oak
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