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Executive Summary:   

 

1. Technical Achievement(s) in Past Quarter 

 

Q3 Milestone 

 

The Q3 milestone was titled, “Determine the impact of lignin content and composition on 

carbon efficiency. In collaboration with C3Bio, the impact of lignin content and S:G ratio on 

FP+HT and CFP carbon efficiencies will be measured using GMO poplars samples. CFP 

experiments will be conducted at the milligram scale using a horizontal flow tube reactor and 

MBMS analysis at NREL. FP+HT experiments will be conducted at the bench-scale to produce 

FP oils that will be hydrotreated at PNNL (Tasks 1 & 2-Bench Scale & Rapid Screening).”  

This milestone was met by investigating the effect of lignin content and composition in 

genetically modified poplar trees on fast pyrolysis, hydrotreating, and catalytic fast pyrolysis 

yields.  The milestone completion report is included as appendix B. This sample set represented 

a variation in total lignin of 17.6-22.7% and an S:G range of 0.4-3.1. There appear to be small 

but statistically significant effects due to lignin modification for each of these thermochemical 

processing steps. The effects were most pronounced for fast pyrolysis oil yield, which was 6% 

lower for the low S/hydroxyl G sample, which also generated the most char – 15% vs. an 

average of 8% for the other samples. However, this cannot be attributed with certainty to the 

change in lignin itself because this sample also contained more potassium, which is also known 

to cause lower oil and higher char yields. It is possible that potassium could preferentially bind 

to this lignin structure during growth, but a larger sample set is needed to confirm this.  



 

Hydrotreating results show that the low S/hydroxy G and high S samples had slightly lower 

hydrocarbon yields than the control (2-3%), but the difference does not explain previously 

observed poor hydrotreating results with a high S:G feedstock that indicated more than 10% 

absolute reduction in yield. Other factors besides lignin are needed to explain the difference. 

Fast pyrolysis oils from the low S lignin samples produced less water, indicating lower labile 

oxygen contents, but the overall high H2 consumption of the low S/hydroxy G sample and the 

constant H2 consumption with low produced water in low S/high G sample would indicate a 

higher content of unsaturated C-C bonds that consume H2 without producing water. 

 

The effect on product yield was also relatively small for catalytic fast pyrolysis, but appeared 

to respond differently to lignin structure, with the low S/hydroxyl G sample performing the 

best in terms of aromatic hydrocarbon production over a ZSM5 catalyst. The catalyst 

deactivated slower and had less coke and higher surface area than the control and other 

poplar samples. 

 

Fast Pyrolysis Yield Prediction Model Development 

 

The data from the fast pyrolysis and hydrotreating experiments is shared between NREL, 

PNNL, and INL to develop models to predict conversion performance. The objective of this 

effort is to develop models that (1) predict fast pyrolysis bio-oil yields and quality based 

upon feedstock biomass composition and rapid screening and (2) predict fuel blendstock 

yields based on biomass composition, pyrolysis conversion performance, and rapid 

screening. The combination of (1) and (2) will enable BETO to predict the full fast 

pyrolysis/hydrotreating conversion performance of individual feedstocks as well as blends 

based upon feedstock composition and rapid screening. The results will be used to guide 

feedstock development efforts at INL and ORNL and selection of feedstocks and blends for 

future conversion tests and verifications at NREL and PNNL. 

 

Figure 1 shows the fast pyrolysis organic oil yields from NREL’s 2FBR for pure and blended 

feedstocks as a function of K+Na content. The meanings of abbreviations are given below in 

Table 1. To reduce noise in the data, the measured 2FBR points have been normalized as 

described in Appendix A, which essentially consists of accounting for particle grind size 

effects and averaging the results from blends with those of the pure feedstocks using 

appropriate weightings. The results of three predictive models are also shown for comparison 

and include models based upon K+Na (single variable), K+Na and lignin (two variables) and 

K+Na and arabinan (also two variables). The high degree of correlation between organic oil 

yield and K+Na content in the feedstock is obvious and is the reason why the data are plotted 

as a function of K+Na. Adding additional predictor variables, such as lignin or arabinan, does 

improve the prediction for a few samples, particularly clean pine; however, improvement to 

the model over a single variable fit (K+Na) is minimal.  

 

An “Extra Sum of Squares F test” indicates that the statistical confidence of adding arabinan 

or lignin as predictor variables is significant at the 96% and 79% confidence levels, 

respectively. However, the Extra Sum of Squares F tests assume that the samples are 

independent, which is not the case, especially for blends, so additional tests are needed for 



cross-validation to determine the range of reliability of the multivariate predictive models. 

Another important point is that some samples were excluded from the correlation. Sorted 

construction and demolition (C&D) waste, oriented strand board (OSB) and the blend 

containing 30% sorted C&D waste were excluded because they were outliers. These samples 

are not necessarily expected to follow the same trend as the other samples because they 

contain different type of K+Na (OSB which is also a major component of sorted C&D waste, 

includes 4% to 5% of glue to hold the wood particles together in the board). The very high 

fast pyrolysis yield of tulip poplar (several wt% higher than clean pine) is also somewhat 

suspect and merits a replicate test to verify the accuracy of its measurement. 

  

 
Figure 1.  Fast pyrolysis oils yields of all pure and blended feedstocks as a functions of K+Na content. Results 

include as-measured data and also values after the results were averaged as described in Appendix G. All 

results are on a dry, ash-free feedstock basis.   

 

Fast Pyrolysis Yield Rapid Screening Using Microwave-Enhanced Fast Pyrolysis (MEFP) 

MEFP was used to screen 23 distinct biomass samples for their potential conversion to 

pyrolysis oil through fast pyrolysis. Eleven of these samples had been run on the two-inch 

fluidized bed reactor (2FBR) at NREL to produce pyrolysis oils with good mass balances 

(90.7-97.6%) and the resulting oil yields were used to correlate total liquid and organic oil 

yields from the two fast pyrolysis systems. The model has an R2 value of 0.79 with tulip 

poplar and forest residues being the two samples that showed the greatest deviation between 

the predicted and measured results, as shown in Fig. 2 (sample IDs are presented in 

description for Task 2 below).  

 

As explained above, the yield of tulip poplar in the 2FBR is much higher than expected and 

should be repeated. For reasons explained in below, the liquid yield of forest residues is also 

somewhat suspect and merits replication. If tulip poplar and forest residues are excluded 

from the fit, the resulting correlation between the liquid yields of the two systems increases 

to 0.88, which is well within the experimental error of the 2FBR results, so a better fit is not 

sought or expected. These results indicate that liquid yields of the 2FBR system are highly 

correlated to those of the MEFP system.  

 



The objective of establishing this correlation is to enable use of the MEFP system to screen 

feedstocks for the 2FBR system to select samples and test conditions that will maximize the 

impact of the limited number of tests that can be conducted using the 2FBR system. The 

MEFP system is suitable as a screening reactor because as many as 10 tests can be conducted 

per day (compared to one test every 2 to 3 days for the 2FBR), and the results from the 

MEFP are highly stable with very little instrument drift over periods of many months. 

Because of its relatively high throughput and stability, the MEFT reactor can be used to 

confirm unreplicated results from the 2FBR and also assist in determining the impact of 

feedstock parameters and reactor conditions, which requires testing a large number of 

feedstocks at multiple temperatures and potentially using multiple catalysts (for catalytic fast 

pyrolysis). Developing the MEFP system as a screening reactor also supports biomass 

grading by providing an additional option that biorefineries can use to screen feedstocks. 

MEFP tests have a further advantage in that the microwave heating, which is internal to the 

particles, facilitates separating the effects of physical heat transfer from those of chemical 

reaction kinetics for improved understanding of the fundamental polymer deconstruction 

mechanisms that produce oils from solid feedstocks. 

 

 
Figure 2: Comparison of measured 2FBR liquid yield and predicted yield based upon MEFP liquid yield 

measurements (this is a direct comparison of yields, so no validation is necessary). The correlation 

equation between the two reactors is Liquid2FBR = -5.3% + 1.10*LiquidMEFP. 

 

As noted above, a total of 23 samples were also tested in the MEFP system, and the results 

were used to correlate fast pyrolysis liquid yields to feedstock composition. A multivariate 

model with two factors that included total alkali and alkali earth metals (K+Na+Ca+Mg) and 

volatile matter was selected as the predictive model with the best correlation. The calibration 

and validation results of this model are shown in Fig. 3. Full cross validation, also known as 

Leave One Out (LOO) cross validation, was employed to check the prediction reliability. The 

model had an R2 value of 0.85 for the calibration and 0.75 for the validation. As shown in 

Fig. 3, the only sample for which the validation test was significantly different than the 

calibration test was forest residues, which was the only woody residue material in the sample 

set. Testing additional woody residue materials would be expected to improve the model 

calibration and validation. 



 

 
Figure 3: Comparison of measured MEFP liquid yield and predicted yield based upon a two factor 

feedstock composition regression model (factor 1 = K+Na+Ca+Mg and factor 2 = volatile matter). 

Calibration data is shown with blue solid diamonds while validation data is shown with red hollow 

diamonds. 

 

Predictive Model Development using MBMS 

As reported in a separate NREL milestone report, efforts to develop a predictive fast pyrolysis oil 

yield model using molecular beam mass spectra continued in Q3. Figure 4 shows the PLS model 

results for predicted vs. measured oil yield. The model uses 3 factors and has an R2 value of 0.92 

for the calibration and 0.88 for the validation. The molecular detail afforded by using mass spectral 

data for these predictions allows a deeper look into the mechanisms at play during biomass 

vaporization and subsequent condensation, and could suggest paths to improve yields. This could 

be especially useful for catalytic fast pyrolysis as the yield from that process will be partially 

dictated by the molecular composition of the pyrolysis vapors. 

 

 
Figure 4: Measured vs. predicted fast pyrolysis oil yield using a PLS model based on mass spectra of 

pyrolysis vapor components. 



2. Project Schedule Status 

 

3. Project Budget Status 

 

4. Relevance to Programmatic Goals 

This project directly contributes to BETO’s goal of verifying a hydrocarbon biofuel 

production cost of $3/GGE using a blended feedstock that can be delivered for <$84/dry 

ton (2014$). Field-to-fuel conversion testing of INL least-cost formulated feedstocks at the 

bench scale is important to inform logistics and conversion cost models, as well as 

recommend blends to test for the pilot scale Verifications. This task is determining the 

sensitivities to feedstock blending and pursuing process optimization at a relevant scale for 

multiple conversion pathways (FP, CFP, HTL, IDL), as well as working with analysis 

projects to determine sensitivities of MFSP and sustainability metrics. 

 

5. Comparison to the State of the Art 

Individual pyrolysis systems show distinct variation between yields and product quality. 

Existing rapid screening fast pyrolysis reactors are based upon pyroprobe technologies 

that do not allow direct measurement of oil yields and material mass balances. The MEFP 

overcomes this limitation by using sample masses on the order of one gram, for which oil 

samples can be collected, weighed and analyzed. Testing a range of rapid screening and 

bench scale fast pyrolysis technologies will provide industry with choices for screening 

that are suitable for individual applications and will also provide information regarding 

the range of potential yields that can be expected based upon different conversion 

designs. Studies of scale factors for continuous flow hydrotreaters do not exist in the 

literature. 

 

6. Lessons Learned 

Measurements of reaction water continues to be a dominant source of error in fast 

pyrolysis experiments. Additionally, experimental noise in bench scale and rapid 

screening reactors make it difficult to develop multivariate correlations that are not 

significantly affected by experimental error (noise). 

 

Biomass lignin content and composition has a small but significant impact on conversion 

efficiency for fast pyrolysis, catalytic fast pyrolysis and hydrotreating, but does not 

explain previous results showing much poorer hydrotreating efficiencies for a high S:G 

lignin feedstock (tulip poplar). Hybrid poplar modified for low S/hydroxy G lignin may 

have increased potassium uptake during growth.  

 
Task 1: Integrated Bench-Scale Testing 

1. Planned Activities: 
a. Complete final combined INL/NREL/PNNL annual report detailing FP, CFP, and HTL 

tests with various feedstocks.  
b. Compile the catalytic fast pyrolysis (CFP) experimental results and develop a 

preliminary conversion model for this pathway. 
c. Complete analysis and report for FY17 Q3 milestone “Determine the impact of lignin 

content and composition on carbon efficiency.” 



d. Run five INL feedstocks in the NREL gasifier plus two blends and determine a 
feedstock or blend to be used for the DME production and high-octane gasoline 
synthesis.  

e. Complete hydrotreatment of hybrid poplar samples to evaluate the impact of S/G 
ratios. 

f. Complete 2D NMR analysis of raw bio-oil from 10 different feedstocks to compliment 
the analysis of the upgraded blendstocks generated from these oils. 

2. Actual Accomplishments:  
a. The FY16 annual combined INL/NREL/PNNL report detailing FP, CFP, and HTL tests 

with various feedstocks was completed as planned. A section will be added to describe 
Indirect Liquefaction (IDL) feedstocks that were prepared and tested at NREL to 
support the IDL verification. After that is complete, the report will be submitted. 

b. Completed production of five CFP oils on the NREL 2FBR/VPU system.  Product oils 
were shipped to INL for hydrotreatment.  Chemical analysis of the intermediate CFP 
oils is in progress and will be reported in FY17Q4. 

c. Completed Milestone report for FY17 Q3 milestone “Determine the impact of lignin 
content and composition on carbon efficiency.”  See Appendix B. 

d. Completed gasification tests with five INL feedstocks as planned. The results are 
reported in a separate NREL milestone report. Pine residues are being considered for 
the IDL verification. 

e. Hydrotreating of the bio-oils generated by FP of the hybrid poplar samples was 
completed as scheduled.  A full report on the results is given in Appendix B. 

f. All 2D NMR tests on the raw bio-oil feedstock were completed.  Results are being 
analyzed and compiled for delivery to the modeling team at PNNL. 
 

3. Explanation of Variance: The milestones were completed as scheduled (no variance).  
 

4. Plans for Next Quarter:  
a. Submit a manuscript to a peer-reviewed journal describing the combined 

NREL/INL/PNNL FP, CFP, and HTL tests with various feedstocks.   
 

Task 2: Rapid Screening Conversion Testing 
1. Planned Activities:  

a. An INL manuscript showing the results of microwave-enhanced fast pyrolysis (MEFP) 
of several samples has been prepared and will be submitted in Q3. This manuscript 
will also compare the yield of total fast pyrolysis oil, the water content in the pyrolysis 
oil, and the total acid number (TAN) of bio-oils obtained from the MEFP reactor for 10 
samples to the same measurements of bio-oils obtained from NREL’s 2FBR reactor. 

b. Finish MBMS screening experiments at NREL with 25 biomass samples and correlate 
with oil yields observed with the 2FBR. Conduct CFP screening experiments using 
horizontal reactor/MBMS and compare results to 2FBR CFP experiments as well as 
FP spectra of the feedstocks.  Conduct CFP screening of lignin-modified hybrid poplar 
samples. 

c. Submit milestone reports for two Q3 milestones, “Potential convertibility of a minimum 
of 25 biomass resources at three different severities” and “Determine the impact of 
lignin content and composition on carbon efficiency.” 

d. Complete CFP experiments of potassium-treated switchgrass and hybrid poplar 
samples for a publication. 
 

2. Actual Accomplishments:  



a. A manuscript comparing the product yields from NREL’s 2FBR and a rapid screening 
microwave-enhanced fast pyrolysis (MEFP) reactor at INL for 10 feedstocks and 4 
blends has been completed. This manuscript cites fast pyrolysis data obtained at 
NREL using their 2FBR system in FY17 and that has not yet been published. The 
MEFP manuscript will not be submitted for publication until the NREL researchers 
have separately submitted their work for publication.  

b. Fast pyrolysis MBMS screening was completed using the 25 biomass samples shown 
in Table 1, and a subset of 7 samples were used for CFP screening (same samples 
used in 2FBR/VPU system). Screening was also performed on the lignin-modified 
samples. These results are detailed in two NREL milestone reports. 

c. In addition to the eleven samples tested at bench scale in NREL’s 2FBR system, 
fourteen additional samples were prepared and sent to NREL for rapid screening using 
MBMS (25 samples total). Twenty three of these samples were also screening at INL 
using the MEFP system as mentioned above. All of the samples are listed with their 
abbreviations in Table 1. 

 

 Abbreviation Feedstock Name 

1 CP Clean Loblolly Pine 

2 HP Hybrid Poplar 

3 SG Switchgrass 

4 CS Corn Stover, Single Pass Harvest 

5 TP Tulip Poplar 

6 OSB Oriented Strand Board 

7 Misc Miscanthus 

8 CD Construction and Demolition Waste 

9 acFR air-classified Forest Residues 

10 PJ Pinion and Juniper 

11 FR Forest Residues 

12 GC Grass Clippings 

13 CP Clean Paper 

14 Euca Eucalyptus 

15 MG-CRP Mixed Grasses (from CRP) 

16 WS Wheat Straw 

17 Sorg Sorgum 

18 WO White Oak 

19 DF Douglass Fir 

20 RCG Reed Canary Grass 

21 CS-MP Corn Stover, Multi Pass Harvest 

22 SCB Sugarcane Bagasse 

23 CS-Si Corn Stover, Stored as Silage 

24 SW Shrub Willow 

25 SYP Southern Yellow Pine 

26 BS Barley Straw 

Table 1. Feedstocks prepared and tested for fast pyrolysis screening. 



27 CP33TP33SG33 Blend of CP, TP and SG at 33/33/33 ratios 

28 CP66HP33 Blend of CP and HP at a 66/33 ratio 

29 CP30acFR60HP10 
Blend of CP, acFR, and HP at 30/60/10 ratios 
(Blend 3) 

30 CP70OSB20SG10 Blend of CP, OSB, and SG at 70/20/10 ratios 

31 CP40OSB20SG40 Blend of CP, OSB, and SG at 40/20/40 ratios 

 
Several difficulties in obtaining highly accurate data at bench and rapid screening 
scales have been identified in previous years (Howe et al., 2016). One of the more 
challenging problems is accurately accounting for the amount and source of water in 
pyrolysis oils. Because each compound, including water vapor, in the product oils 
and tars tend to coat the condensing lines non-uniformly according to their respective 
enthalpies of evaporation and chemical adhesion, collecting representative oils for 
chemical characterization is difficult. This problem is particularly acute for small 
screening reactors, such as the MEFP system in situations in which the pyrolysis oils 
phase separate (such as corn stover fast pyrolysis oils). Another issue is that Karl-
Fischer titration procedure to measure moisture content in the oils is also not always 
highly accurate. Literature surveys indicate that there is much more variability in 
reports of fast pyrolysis organic oil yield than there is in total fast pyrolysis liquid 
(Klinger et al., 2017), and the increased variation is presumably due to the Karl 
Fischer titration method used to measure oil moisture content.   
 
A further challenge is separating the three sources of water in pyrolysis oils, which 
are surface (unbound) moisture content in the feedstock, bound moisture content in 
the feedstock and moisture generated during pyrolysis due to reactions. In the 
discussion below, the bound moisture from the feedstock and the moisture 
generated by decomposition reactions are referred to as the reaction water (i.e. the 
water that cannot be removed from the feedstock by conventional drying). Figure 4 
below compares the reaction water in the product liquids from the 2FBR and MEFP 
reactors to the total water in the same liquids. Overall, as expected there are strong 
correlations between the reaction water contents and the total water contents. 
However, there are also problematic outliers, which are marked with red arrows. For 
example, the corn stover (CS) sample from the MEFP reactor is not a reliable data 
point because the oil tends to phase separate, making it very difficult to obtain 
accurate moisture measurements at rapid screening scales on the order of 1 gram, 
as explained above. The forest residue (FR) sample from the MEFP reactor also 
appears outside the trend of the other samples, which may be a real artifact or it may 
be due to measurement errors. Interestingly, FR was the only outlier sample in the 
MEFP/2FBR validation displayed in Fig. 3. Importantly, although three FR samples 
were tested in the MEFP reactor and all of the total liquid products were averaged to 
improve reliability, the moisture content was only measured for a single sample, and 
it was assumed that the moisture contents were the same for the other FR samples. 
Additional oil moisture tests are needed to confirm the reliability of the moisture 
analysis for the MEFP oils.  
 



 
Figure 4: Comparison of reaction water in the product liquids from the 2FBR and MEFP reactors to the 

total water in the same liquids. Pure feedstocks are shown as solid symbols, while blends are shown as 

hollow symbols. 

 
There are also outliers in the 2FBR data. The most obvious outlier is FR, which has a 
reported reaction water content of approximately 2 wt%, which is far less than any other 
sample. It seems likely that this measurement is not accurate, and that the error could 
account for the unusually high product yields of FR from the 2FBR reactor shown in Fig. 
2 (comparison to liquid from the MEFP) and Fig. A.1 (comparison to 2FBR yields from 
clean pine and air classified forest residues. Pinyon juniper and corn stover also appear 
as potential outliers in the trend of Fig. 4. The pinyon juniper oil was very viscous, which 
complicates collection, and the corn stover oil phase separated, which requires a 
different oil collection method, so both of these samples have reasonable probability for 
unusually high bias in measured yields. Another interesting feature in Fig. 4 is the 
relatively wide variation in reported reaction water yields from clean pine using the 2FBR 
reactor (these points are labeled in red font). The total water content in the clean pine 
oils from the 2FBR was fairly consistent at approximately 21%, and it would be expected 
that the reaction water content would also be consistent because presumably the 
feedstock (dry basis) and reactor conditions were similar for all of the tests. However, 
the variation in the reaction water contents, which is similar in magnitude to the variation 
in organic oil yields from clean pine in Fig. A.1, indicates that measuring the reaction 
water content is a dominant source of error in the fast pyrolysis experiments.  
 
Considering the relatively large variation in in the reaction water measurements from the 
2FBR system and also the presence of apparent outliers, we have chosen not to attempt 
a direct correlation between organic oil yields from the 2FBR and MEFP systems but 
instead have correlated total liquid yields, as shown in Fig. 2 because those 
measurements appear to have less error. The trends in Figures 2 and 4 could be used to 
estimate a correlation between the organic oil yields of the 2FBR and MEFP systems; 
however, because of the few number of samples it would not be possible to estimate the 
accuracy or reliability of such a correlation. Consequently, it is not reported. 
 
d. Not performed. 

 
3. Explanation of Variance:  



A reduction in available project funds did not allow for investigation of task 2d. Plans, 
safety documentation, work control documents, and technical specifications for 
modification of the MEFP reactor to incorporate catalytic screen were complete but 
not implemented. 
 

4. Plans for Next Quarter:  
a. Perform additional screening tests and property tests on remaining prepared feedstock 

to inform the compositional screening model. At least 25 individual feedstock materials 
will be tested.  This will add additional rigor to the model to allow for cross-validation 
and better justify multi-parameter models.   

b. A manuscript will be drafted detailing a baseline compositional model to predict fast 
pyrolysis yield with the newly tested materials in the MEFP. This paper will explore 
biomass compositional characteristics and their apparent importance on predicting 
liquid/oil yield. Properties from proximate and ultimate analysis as well as the 
distribution of structural carbohydrates and lignin will be evaluated. In addition to the 
fuel properties, the mineral speciation will be explored as alkali and alkali Earth metals 
are known to catalyze organic decomposition during vapor evolution. Additional oil 
characteristic such as water content, and total acid number (TAN) will also be 
investigated for this expanded data set. Predicted yields will match the empirical 
values with an R2 of 0.85 or better. This manuscript will also explore the effect of 
reaction temperature on at least one biomass material (switchgrass). The resulting 
temperature-yield profile can be compared to results obtained for switchgrass at 
NREL. 
c. A manuscript will be prepared describing catalytic fast pyrolysis screening 

experiments with different feedstocks.  
  

Task 3: FY17 Verification Support 
1. Planned Activities: 

a. Participate in bi-weekly verification team conference calls. 
2. Actual Accomplishments: 

a. Participated in bi-weekly verification team conference calls. 
b. Assisted with preparation of fast pyrolysis analytical results for inclusion in conference 

calls. 
c. INL shipped the final two feedstocks for the IDL verification (10 kg each of forest 

residues and miscanthus). 
3. Explanation of Variance: None. 
4. Plans for Next Quarter:  

a. Participate in bi-weekly Verification team conference calls. 
b. Prepare and ship approximately 200 kg of forest residues to NREL to support the IDL 

verification. This material has an ash content between 1.0 and 1.5 wt%. It will be 
ground and dried as necessary to meet the moisture specification (which is still being 
determined by logistics analyses at NREL and INL). 

  



APPENDIX A: Averaging fast pyrolysis liquid yield data and correlation fitting 

 

Averaging fast pyrolysis liquid yield data  

Determining correlations between feedstock properties and fast pyrolysis performance requires a 

data set with as little noise and uncertainty as possible. To achieve this, the oil yields of the fast 

pyrolysis experiments were averaged by treating the results from blends as linear combinations 

of the pure feedstocks, so that their results could be averaged with those of the pure feedstocks. 

Figure A.1 shows the results of the individual fast pyrolysis experiments conducted at NREL 

after being normalized for particle size and also after the pure feedstocks and blends were 

averaged. The averaging process has little or no impact on the reported averages of most 

feedstocks. The only notable exception is acFR, whose reported FP oil yield increased from 47.8 

wt% to 50.6 wt% because the three replicates of Blend 3, which contains 60% acFR, exhibited 

very good fast pyrolysis yields, such that averaging the yields of the pure and blended feedstocks 

caused the yield from acFR to increase. The feedstock that exhibited the next-highest increase 

during the averaging process was OSB, which increased only increased 0.4% because the blends 

with OSB exhibited higher FP yields than expected. Other notable yields include those of tulip 

poplar and forest residues. The reported yield of tulip poplar is substantially higher than that of 

any other feedstock and merits replication to verify the test results. The measured yield of forest 

residues is also not strictly consistent with expectations because it is higher than that of air 

classified forest residues, even after the yield of air classified forest residues is averaged with the 

results from Blend 3.  

 

 
Fig. A.1. Fast pyrolysis oils yields calculated different ways based upon data provided to INL. 

All results are on a dry, ash-free feedstock basis. For the normalization process, tests conducted 

using 0.5 mm grinds were scaled down by 11%, which made the pyrolysis oil yields from clean 

pine and Blend 3 tests mutually consistent for those of the corresponding 1.0 mm grinds.      
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