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bioconversion research and techno economics analysis.

Summary of Research Results:

Conversion of Paper Mill Waste Substrates to Sugars
Prepared for Avatar Sustainable Technologies LLC
Dr. Roman Brunecky, Dr. Ling Tao

Executive Summary

Bioconversion of paper waste is an understudied area in the broader arena of biomass conversion
to sugars. In this work we have studied the saccaharification and ferementation of two types of
waste paper substrates with two different enzyme systems. We studied both a relatively clean
carboard waste (S3) and a mixed paper waste substrate. For the enzymes systems utilized we
used a commercial Ctec2 formulation, and a experimental hyperthermophilic enzyme mixture
based around the CelA enzyme (1-4). The results indicated that the experimental CelA based
formulation was clearly superior to Ctec2 when converting the clean carboard waste, but only
equivalent to Ctec2 when converting the mixed paper waste. Both substrates had unique issues
that are not encountered when dealing with traditional biomass substrates. In the case of the
clean carboard waste (S3) the presence of a hydrophobic waterproofing layer of PLA and high
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cellulose crystallinity proved to be somewhat inhibitory to the Ctec2 mixture, but not the CelA
based mix, which is crystallinity agnostic and may be capable of breaking down PLA. On the
other hand, the mixed paper waste (S4) with a large proportion of clays, binders, and possibly
other unknown inhibitors proved to illustrate problems with pH control and had a large neutral
buffering capacity. In both cases, the problems were solved, however both waste paper streams
tested illustrate the point that these substrates have unique properties and issues that not
encountered when dealing with natural biomass substrates. Our general recommendation is that
each type of waste paper substrate must be considered on a case by case basis. In a slight
departure from the original statement of work we also did a limited number of small scale Z.
mobilis fermentations to assess sugar quality from these substrates. Initially we used enzyme
digested Avicel substrate to establish a theoretical maximum. We found that the S3 material the
was very fermentable, 86% of theoretical max if large amounts of buffering compounds could be
avoided in the digestion step. The S4 material was somewhat less fermentable, providing 82% of
theoretical maximum if large amounts of buffering compounds can be avoided. Unsurprisingly
the presence of large amounts of acetate buffer used in the saccharification step was found to
inhibitory for fermentations, however in a commercial setting this would not be utilized as
buffers, and enzyme digestions and fermentations would have pH control mechanisms. The
techno-economic analysis (TEA) assumed a base case of 300 dry ton/day waste processing plant.
It was found that that CelA would be beneficial for the digestion of S1-3 samples due to its
significantly improved performance. The Mean Sugar Selling Price (MSSP) for S1-3 for CelA
are lower than those for Ctec2 cases. This 25 cents/Ib MSSP for whole S3 material for celA, vs
31 ¢/Ib MSSP for Ctec2 generated material is in the range of current NREL MSSP for biomass
processes. In the case of S4 the MSSP is higher due to both the much lower overall carbohydrate
content of the material, and the lower overall conversion extents and higher enzyme loadings
with the MSSP estimated at 52-59 ¢/lb without Szego milling. We believe that these MSSPs can
be further improved if additional enzyme mixture optimization is pursued and enzyme loading is
decreased and/or conversion yields increased, both of which we feel are attainable with
additional research.

Task 1: Substrate analysis
Waste Paper Sample Preparation

Two samples were received from Avatar, a sheet of white cardboard and a quantity of brown
paper mill waste. Samples S1-3 were made from a white cardboard paper provided by Avatar. S1
and S2 were generated from the whole S3 white cardboard sample provided by peeling S3 into
two layers. Samples were size reduced using a cross cut shredder, and then blended using a
wharing blender with 100ml H20. Sample S4 was a brown paper waste sample and was washed
with water four times to remove particulates such as styrofoam and aluminum foil and other bits
of plastic that was found in the sample.

Subsequently when the large buffering capacity of the S4 sample was observed, we washed the
raw material four times in sodium acetate buffer pH 5.0 to bring the overall pH into the range
where enzymes would be more effective.
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Sample Key:

S1: Peeled non-shiny side of S3

S2: Peeled shiny side of S3

S3: Whole white cardboard

S4: Brown cardboard waste material

Table 1: Compositional Analysis of substrates from Avatar
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S1 non-shiny 0.60 | 1.27 1 6 2| 066 | 3.20| 0.57| 0.00 9
S2 shiny side 18.2 | 58.3| 10.3 93.8
plastic 1.06 | 1.40 9 5 9| 062| 3.16 | 0.54| 0.00 1
174 | 60.0| 11.0 94.6
S3 whole 0.56 | 0.92 8 7 8| 0.65| 3.27 | 0.59| 0.00 3
32.3 205 | 31.2 98.4
S4 brown 41 3.50 2 9| 516 | 094 | 356 | 0.62| 0.53 5

The S4 sample has a very high ash content (acid insoluble residue) compared to what we are
used to seeing in pretreated biomass such as corn stover or switchgrass. We speculate that these
materials may be some binders or mineral clays used in the paper making process.

XRD analysis of waste paper samples

Cellulose crystallinity is a key contributor to biomass recalcitrance and enzymatic conversion.
To determine how crystalline the material provided was we utilized Xray diffraction (XRD).
Data was collected for samples S1-S3 and suggests the material is of intermediate to high
cellulose crystallinity; in comparison most natural biomass is ~30% crystalline cellulose and
highly processed crystalline cellulose controls such as Avicel are about 60-70%. XRD data for
sample S4 is could not be determined as the XRD readout lacks the correct peaks, we speculate
the material is not particularly crystalline or there is significant interference from other
compounds present, possibly minerals.
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Table 2: Sample crystallinity

Sample
Crystallinity
Sample Crl
S1 54.9%
S2 44.0%
S3 51.0%
S4 N.D.
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Figure 1: XRD data for S1-S3
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Figure 2: XRD data for Sample S4: Three replicates are shown.
Task 2: Enzyme production and cocktails utilized

Ctec2 was sourced commercially, because Ctec3 could not be sourced by Avatar sustainables.
The CelA based digestions utilized formulations from two different overall preparations of raw
C. bescii broth containing a high amount of the CelA enzyme. The primary formulation utilized
for the small scale low solids experiments has been utilized at NREL for several years as the
definitive CelA broth formulation. It was prepared from a large scale growth at UGA in 2014
and stored and compared against the original CelA formulation described in Brunecky et al 2013.
Other enzymes utilized in the mixture include AcCel5A from A. cellulolyticus purified from E.
Coli, and a thermostable [J. glucanase from T. maritima purchased from Megazyme and
subsequently desalted for use at NREL.

For the larger scale digestions, NREL contracted UGA on two occasions over the course of the
project to produce a large scale batch of C. bescii broth for testing. The first broth provided
proved to have significantly less activity when compared the older baseline C. bescii
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preparations previously described (2). A second run was performed and an additional
purification step involving ethylene glycol stripping of the phenyl sepharose column was
performed. This purification indicated that the majority of the activate enzymes remained on the
column until eluted by ethylene glycol. This preparation was tested and the best fraction (the
ethylene glycol eluted fraction EG wash) was found to be 20-30% less active on all substrates
tested, including the standard Avicel, and the S3 and S4 materials than the baseline preparation
utilized for all the low solids experiments (Figure 3). Therefore, for the high solids experiments
with CelA, data was normalized based on the data in the low solids experiments.
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Figure 3: C. bescii broths provided by UGA compared to the standard C. bescii NREL broth.
These are un-supplemented broths when compared to data present later in the report which
include supplementation with a BG and E1.

Task 3: Enzymatic performance testing

In order to evaluate the potential for paper waste hydrolysis we compared a CelA based
formulation to commercial enzyme mixes on the substrates provided, and we optimized the
digestion conditions on each substrate as necessary. The initial formulation ratio used throughout
the low solids studies was 10/4.5/0.5 mg/g glucan loading for C. bescii broth, E1, [I-glucosidase
respectively. For the subsequent high solids digests that were performed at 100ml scale versus the
proposed 10ml scale this general ratio was also utilized however the E1 component had to be
reduced to 2mg/g to conserve enzyme while the C. bescii broth portion was increased to 12.5 mg/g.
The data provided includes complementary digestion curves for each substrate supplied illustrating
% Glucan and % Xylan conversion.
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Low Solids Digestion Testing of S1-3

To evaluate the efficacy of the C. bescii based cocktails versus Ctec2 we digested samples S1-3
utilizing a mixture of enzymes from C. bescii supplemented with E1 from A. cellulolyticus and
B. glucosidase from T. maratima at a total 15mg enzyme/g cellulose loading for all samples. We
also digested samples 1-3 with the commercial preparation Ctec 2 also at an enzyme loading of
15mg/g. Results are presented in Figures 3. These tests indicate that at low solids (~1.5%) the C.
bescii formulation is superior on all S1-3 samples. As one can see in Figure 4, the CelA based
mixes rapidly achieves nearly full conversion of the substrate. With a typical 24 conversion rate
of CelA based mixes only matched by Ctec2 at 120 hours of digestion suggesting approximately
five-fold faster time to target conversion capability. Also the final endpoint conversions are
approximately 10% higher for the CelA based formulations versus the Ctec2 samples. Moreover,
as seen in Figure 4b, the S2 sample, with the hydrophobic coating appears to be somewhat more
inhibitory to Ctec2 while having only a minimal effect on the CelA-based mix sample suggesting
that CelA is better able to cope with this type of coating.
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Figure 4: Glucan conversion of S1-3 utilizing a C. bescii based cocktail vs Ctec2 a) S3 whole
paper product, b) S2 plasticized side, ¢) S1 non-plasticized side
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Figure 5: Xylan conversion of S1-3 utilizing a C. bescii based cocktail vs Ctec2 a) S3 whole
paper product, b) S2 plasticized side, ¢) S1 non-plasticized side

The CelA mix (Figures 4 and 5) is the clear winner when converting clean paper waste based on
both total extent of conversion as well as rate of conversion for both glucan and xylan. The CelA
mix is 5-fold faster when considering a 90% conversion target achieving in one day what it takes
the Ctec2 cocktail 5 days to reach. This holds true for both Glucan and Xylan conversion.

Mixed Paper Waste at Low Solids

Several low solids digestion experiments were initially conducted on the mixed paper waste
material (S4) with poor results (Figure 5d), it was determined that the reason for poor extent of
conversion was that as the digestion progressed the pH of the solution rose steadily toward
higher pH levels ~ph7-8 at the end of the experiment, presumably due to some intrinsic buffering
capacity of the material provided by the various clays and binders that are present. Given that
both the Ctec and CelA formulations have their optimal activity near pH 5, we concluded that
rapid inactivation of the cellulases was occurring. In these tests the CelA formulation was
slightly superior due to its broader pH tolerance (ph 5-6.5) when compared to fungal cellulases
utilized in the Ctec2 formulation pH (~4.8-5.5).
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Figure 5d: Initial tests digesting S4 material, total inactivation of Ctec2 observed, and poor
performance for the CelA based mix was also observed.

In subsequent low solids experimental runs, the conditions were modified to be heavily buffered
with either sodium citrate buffer pH 4.8 or acetate buffer 5.5. For the last experiment shown we
also reprocessed the S4 material which rewashed in pH 5 buffer to equilibrate it to pH of 5.5. It
should be noted that sodium citrate buffer can chelate calcium, which will inactivate CelA due to
the coordinating Ca* atoms present in CelA catalytic domains, and therefore sodium acetate
buffer was utilized for all the CelA mix experiments while either sodium citrate or acetate was
used for the Ctec2 experiments.
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O 207 -&- Ctec2 30mg/g
X
o 0 -¥- Ctec2 30mg/g tween20
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Figure 6: Equilibrated mixed waste glucan (S4) conversion at low solids

As shown in Figure 6 on the S4 material heavily buffered (200mM buffer), Ctec2 alone can
outperform CelA in glucan conversion with no surfactants present. Otherwise when 2% Tween
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20 is added to both samples CelA becomes more competitive but still does not outperform Ctec2.
The Tween 20 surfactant presumably helps the CelA based mix avoid inhibition by lignin and
presumably other compounds that present that may have an inhibitory effect on CelA as has been
reported previously (1-4). The effect does not appear to be as pronounced for the Ctec2
formulation in this case, but a benefit is still observed. The overall enzyme loading at low solids
yields glucan conversions in the mid 70% to low 80% extents of glucan conversion for the best
cases indicating that it is possible to convert a significant portion of the cellulose present in the
sample with existing enzyme formulations at low solids loadings.

100+

80+

60+

40

-@- CelA mix 30mg/g

- CelA mix 30mg/g tween20
-&- Ctec2 30mg/g

-¥- Ctec2 30mg/g tween20

204

% Xylan Conversion

0 50 100 150
Time(h)

Figure 7: Xylan conversion of equilibrated mixed solid waste (S4)

Shown in Figure 7, the xylan conversion of the S4 sample suggests that the xylanases present in
the Cel A mixture may be inactivated based on the fact the 24-hour conversion extent is nearly
the same as the 120-hour extent. When Tween 20 is added this improves, but it appears that the
xylanases present in the mixture are much less efficient, or more prone to inhibition when
compared to the Ctec2 cocktail which converts significantly better reaching nearly 80% xylan
conversion in 120 hours when Tween 20 surfactant is added. Again, there is only a minimal
improvement in extent of conversion when adding Tween 20 to Ctec? in this case.

10

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



In the final experiment with heavily buffered (200mM buffer) and pre-equilibrated biomass (ph
5.5), the results were somewhat different than the earlier low solids runs that were buffered but
not equilibrated. In terms of absolute extent of conversion, the 30mg/g samples were all lower
than the previous run by approximately 10% for Ctec2 and the CelA mix (Figure 8). This may be
due to the fact high amounts of acetate buffer were utilized for all samples in these experiments,
while citrate buffer was utilized for Ctec2 for the earlier experiments. This may suggest a
protective role for citrate buffer possibly due to its ability to chelate divalent ions that might
otherwise interfere with the Ctec2 cocktail. Also, in this case, the CelA based formulations in
both tests show slightly better extent (7% at endpoint for 30mg/g and 11% for the 20mg/g
loading) of conversion than Ctec2 whereas in the earlier set they had slightly worse extent of
conversion performance by ~7%.
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Figure 8: Glucan conversion of equilibrated and heavily buffered mixed waste (S4) a) 30mg/g
glucan enzyme loading b) 20mg/g enzyme loading

The commonalities between the two datasets however are also of interest. In both datasets we see
that Tween 20 is required for effective CelA function on this substrate (20% endpoint conversion
difference) while the effect on the Ctec2 formulation was nowhere near as drastic 3% difference
at the endpoint (Fig 8b). We have previously observed a similar effect on CelA based
formulations when digesting dilute acid pretreated corn stover and theorized that the Tween 20
was preventing binding and inactivation of CelA enzymes on the lignin present in the material.
Similarly, here we theorize that the Tween 20 is preventing some sort of hydrophobic
inactivation of the enzyme.
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Figure 9: Xylan conversion of equilibrated and buffered mixed waste (S4) a) 30mg/g glucan
enzyme loading b) 20mg/g enzyme loading

The extent of S4 xylan conversion (Figure 9) followed a similar trend to previous experiments
wherein the CelA mix even supplemented with Tween 20 showed significantly worse extents of
conversion when compared to the Ctec2 cocktail. Again, overall conversion from this set and the
previous set was about 8% lower for this set for Ctec2.

Based on this data we conclude that at this time that Ctec2 may be the better choice for
converting the mixed solid waste due to its superior performance in Xylan conversion, versus the
CelA mix, and the fact that Tween 20 is not required for good performance for either Glucan or
Xylan conversion on this specific substrate.

High Solids Conversion of the S3 White Paper Substrate

To evaluate the performance of both Ctec2 and CelA at high solids loadings we designed an
experiment where the whole white paper substrate (S3) was digested at 100ml scale and 20%
solids loading with several different enzyme loadings. Visual observation of the digest indicated
that CelA rapidly hydrolyzed the biomass present. For glucan conversion we observed a ~70%
conversion for CelA, and approximately ~60% for the higher loadings of Ctec2 (Figure 10).
Similarly, for xylan conversion the CelA mix yielded nearly full conversion at 95% xylan
converted, and the higher loading of Ctec2 yielded about 80% overall (Figure 12). In the case of
glucan conversion, it should be noted that CelA plateaued after about two days due to a pH drop
discussed below, while the xylan conversion continued, though at a much lower rate. If time to
target is a preferred goal, as observed in the low solids case, CelA significantly outperformed the
Ctec2 formulation.

Interestingly when compared to the Ctec2 based digests which had “plastic” backer/coating
material remaining at the end of the digestion (Figure 11a) while the CelA digest did not and the
remaining material was much less structured overall (Figure 11b)
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Figure 10: a) Glucan conversion of the high solids digest of white carboard (s3) with various
enzyme formulations and loadings, CelA outperforms Ctec2 under these conditions. b) Xylan
conversion of the high solids digest of white carboard (s3) with various enzyme formulations and
loadings, CelA outperforms Ctec 2 under these conditions.
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Figure 11: a) Ctec2 digested residual solids b) CelA digested residual solids
Possible PLA Deconstruction by the CelA Formulation

HPLC analysis indicated that the CelA based formulation rapidly hydrolyzed the S3 material
with a plateau at three days. Subsequent analysis at the end of the digestion indicated that the pH
of this solution actually dropped to pH ~4 likely inactivating the CelA enzyme formulation; this
pH drop was not observed for the Ctec2 samples. Based on the digestion curve we assume this
occurred at around Day 2 or 3. Concomitant with this pH drop we observed the “production” of
lactic acid by HPLC (Figure 12). Initially we thought there might be a contaminating
microorganism present producing this product, however we were unable to culture any
contaminating microorganisms from the sample. Moreover, microbial contamination is quite
unlikely at 75°C under aerobic conditions though there are a few species of geobacillus that can
grow aerobically at these temperatures. An alternative explanation for the lactic acid produced
may be that the hydrophobic backer coating composed of poly-lactic-acid (PLA) is being
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depolymerized or degraded by one of the enzymes present in the CelA broth. However further
work would have to be performed to validate this conclusion.
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Figure 12: Lactic acid production detected in C. bescii broth digested material only
Mixed Paper Waste at High Solids 20% (S4)

To evaluate the performance of Ctec2 at high solids loadings we designed an experiment where
the mixed waste paper substrate (S4) was digested at 20% solids utilizing a relatively high
loading of Ctec2 50mg/g. For Ctec2 we observed a ~40% glucan conversion, and ~40% xylan
conversion (Figure 13). The sample appeared to liquify after approximately 72 hours. As one can
see the digestion curves for both glucan and xylan significantly level off after about 48 hours,
which may be indicative of enzyme inactivation on this substrate. The pH of the solution was
monitored, and it rose only minimally from pH 5.0 to pH 5.25 due to extensive buffering with
citrate buffer (640mM).
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Figure 13: a) Glucan conversion of mixed paper waste (s4) at 20% solids loading by Ctec2 at a
50mg/g loading b) Xylan conversion of mixed paper waste (s4) at 20% solids loading by Ctec2
at a 50mg/g loading

Comparison to Corn Stover Biomass Digestions

This section was included at the request of Avatar sustainable. When comparing waste paper
digestions to traditional lignocellulosic biomass such as corn stover, we see that the importance
of the lignocellulosic substrate and the type of pretreatment utilized have dramatic impacts on the
performance of the enzymatic system utilized. For example Ctec2 was optimized to perform well
at the deconstruction of corn stover that was specifically pretreated using a dilute acid process
(Figure 14). Looking at a C. bescii based cocktail on this same material we see that has inferior
performance. However, one can substantially improve the performance of the C. bescii cocktail
on dilute acid treated corn stover (DACS) by the addition of surfactants that prevent enzyme
inactivation due to unproductive binding to lignin present (Figure 15). The same corn stover
substrate can also be treated using an alkaline peroxide process, and we can see in this case that
the C. bescii cocktail is equal or slightly superior to the Ctec2 cocktail on this substrate. When
compared to the conversion of waste paper that has been heavily processed already, no
pretreatment is required to achieve high extents of conversion on the S3 substrate at even lower
loadings than pretreated lignocellulosic biomass. The more difficult S4 material does require
somewhat higher enzyme loadings (30mg/g vs 15mg/g) to achieve similar extents of conversion
to what one would see on a pretreated lignocellulosic substrate. It should also be noted that the
C. bescii cocktail has not been optimized to specially perform on either waste paper or
lignocellulosic biomass, and further by tailoring or engineering either fungal or bacterial
cocktails it may be possible to reduce the overall enzyme loadings.
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Figure 14: Low solids digestion of dilute acid treated corn stover by ctec2 and a C. bescii
formulation similar to what was utilized for the waste paper digestions at low solids

100;
. 80
o
5
60
S
5 40l ® CelA DACS 14.5 mg/g
G & CelA DACS 14.5 mg/g Tween 20
X

207 4 CelA DACS 14.5mg/g Tween 80

¥ CelA DACS 14.5mg/g BSA
0
0 50 100 150
Time (h)

Figure 15: Improving the conversion performance of a C. bescii formulation on dilute acid
treated corn stover similar to what was utilized for the waste paper digestions at low solids
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Figure 16: Low solids digestion of alkaline-peroxide-treated corn stover by Ctec2 and a C.
bescii formulation like the formulation utilized for the waste paper digestions at low solids

Overall Enzymatic Conversion of Waste Paper Conclusions

For the white paper waster substrate S3, it was found that this substrate had relatively high
crystallinity (51%) when compared to typical biomass crystallinity of ~30%. The CelA mixture
excelled at conversion of this material at both low solids and high solids loading, having a
fivefold faster time to target and ~10% higher endpoint conversions (Figure 4 and Figure 10).
This is not surprising given that CelA is known to have excellent performance on both high and
low crystallinity substrates whereas Ctec2 struggles on higher crystallinity materials (4). Over
the course of the high solids testing it was also discovered that CelA may be capable of
degrading PLA type coatings, though further studies would be required to confirm this.

The mixed waste material (S4) was far more challenging to work with due to the large amounts
of clays and binders present. No level of crystalline cellulose could be detected by XRD in this
material though this may be due to the presence of interfering minerals present (Figure 2).
Enzymatic digestion of this material was challenging due to the fact the material has a significant
buffering capacity as it is degraded/digested, presumably due to some of the clays present which
significantly complicated the conversion analysis. Our results on equilibrated and well-buffered
biomass indicate that at low solids there is unlikely to be a significant difference in terms of
glucan conversion of this material by the CelA formulation supplemented with Tween 20 versus
a similarly supplemented Ctec2 formulation. However, in terms of xylan conversion the Ctec2
formulation was superior (20-30% improvement). It is likely that the xylanases in the CelA
formulation are being rapidly inactivated for some reason since xylan conversion after the first
24 hours is minimal. At a 20% high solid loading and a high 50mg/g Ctec2 enzyme loading we
observed approximately 40% conversion of glucose and xylose from the material.

Future Directions for Enzyme Work

It appears that some level of treatment or pH conditioning of the waste paper substrates as well
as additional characterization of the inhibitory compounds would be beneficial. In theory the
CelA cocktail has a broader operating optimal pH range from pH 5 to 6.5 versus Ctec2 mixtures
which operate better at pH 4.5-5.5. Furthermore, neither cocktail was developed to specifically
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work on this type of non-natural substrate. One unique and quite unexpected finding was that
when digesting the S3 material at high solids we see the presence of lactic acid in the CelA based
formulation, suggesting that C. bescii formulations may be capable of breaking down PLA. More
detailed work should be performed to confirm this preliminary finding. Moreover, given that
significant portions of current enzyme cocktails are tailored to deconstruct accessory linkages
that may not be present in these types of heavily processed non-natural substrates, it is very
likely that cocktail engineering efforts aimed at improving enzyme cocktail performance on
waste paper would yield reductions in enzyme loading and improve the total extent of conversion
of the material for the C. bescii broth. It is already known that a simple mixture of four enzymes
from the original broth can exceed the performance of the native broth (3).

Task 3a: Sugar quality and fermentation analysis

At the request of Avatar the work was expanded to include a sugar quality analysis to determine
the overall fermentability of the sugars produced from the process. The liquors recovered from
the high solids digestions were fermented utilizing Zymomonas mobilis. Various issues were
encountered mainly relating to the buffer systems that were used for the high solids digestion.
However, we believe that the sugars liberated are generally quite fermentable, and in an
industrial process pH control during both the saccharification and fermentation phase will have
to have further study and consideration.

Strain Organism

A frozen stock of Zymomonas mobilis (ATCC31821-5C aka PTA-6976) was purchased from
ATCC. This strain is also known more colloquially as “8b.” 8b was chosen as it is engineered
to utilize both glucose and xylose, whereas wild type Z. mobilis can only use glucose. The stock
was resurrected in Rich Media containing 5% glucose (RM5) and was sub-cultured at least once
to ensure healthy adequate growth. RM contains 10g/L yeast extract and 2g/L KH2POu4, pH 5.8.

Fermentation Conditions

Clarified sugars from digestions of avicel, S3, and S4 were added to RM in order to achieve
carbon loadings of 8% for avicel-liberated sugars, and 6% or less from S3 and S4 based upon
available glucose concentrations, via YSI. The Ctec2 digestion of avicel resulted in 114.4 g/L of
glucose, where the same digestions of S3 yielded 68.4-114g/L. Ctec2 digestions of S4 yielded
only 12-35¢g/L glucose due both to the lower glucan composition and lower extent of conversion
of the material. All fermentations were performed in 25ml of culture in 30ml non-baffled flasks,
120 rpm, 30°C with seeds achieving an OD of 0.1 at time zero. Cultures were fermented with no
pH control for multiple days to ensure all produced ethanol was detected.

Fermentation of Avicel Control

As a basis of comparison, we utilized the fermentation of sugars liberated from an avicel control
and this showed growth and ethanol production exactly as expected. Compared to previous
experience and literature of a maximum theoretical ethanol yield of 51%, this consumption of
carbon source and maximum ethanol titers at ~24 hours is comparable to growth on pure glucose
alone. A slightly low To glucose concentration is due to the inaccuracy of YSI instrument to
determine starting carbon source loadings.
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Figure 17: Z. mobilis fermentation of avicel control
Fermentation of Liquors from S3 Experiments

The Ctec2 and CelA digestions of S3 generated both glucose and xylose. While 8b consumes
and ferments both of these sugars at the same time, the rate of glucose consumption is much
greater than that of xylose. Still, both sugars were quickly consumed and co-fermented to
ethanol in all digestions except one CelA digestion. A large buffering capacity was required in
order to maintain pH during the CelA digestion, and the subsequently high levels of acetate
remaining inhibited 8b growth. Repeating the CelA digestion with lower acetate allowed 8b to
grow and ferment the released sugars, however, at a cost of reduced CelA efficiency and
therefore less total liberated glucose and xylose. Ctec2 loaded at 15mg/g resulted in the highest
yield of 44.1%, but Ctec2 at 10mg/g loading still gave a yield of 42% in the same time (see
table). The cost savings of 5mg/g of Ctec2 might be enough to offset the 2% loss of yield. It
should be noted that the low initial glucose concentrations reported are due to the fact that xylose
presence inhibits accurate glucose percentage for the YSI instrument.
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Figure 18: Z. mobilis fermentation of S3 high solids sugars
Fermentation of Liquors from S4 Mixed Waste

Two different Ctec2 digestions of the S4 material were both highly inhibited. Glucose generated
from these digestions were approximately a third to a full order of magnitude less than S3; ~13
to ~35 g/L (see Table 3). Attempting higher loadings of Ctec2 (50mg/g) and the subsequent
large amount of acetate buffering required, allowed the higher conversion of ~35 g/L glucose,
but similar to the S3 fermentations this also severely inhibited growth of 8b. When only 12.7
g/L of glucose was liberated from the S4 during a low acetate buffer digestion, reasonable yields
of 35.8% and 42% at 18 and 36 hours, respectively, were achieved.
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Figure 18: Z. mobilis fermentation of S4 high solids sugars

Table 3. Z. mobilis ethanol yields and production times

Fermentation

Sample Ethanol  Percentof Yield/hr Hours of
Yield  Theoretical Production
Yield
Avicel Control at 20mg/g 51% 100% 2.1% 24
S3 Ctec2 at 10mg/g 41.9% 82.2% 2.3% 18
S3 Ctec2 at 15mg/g 44.0% 86.3% 2.5% 18
S3 CelA at 10mg/g N/A N/A N/A N/A
S3 Ctec2 at 10mg/g 42.6% 83.5% 2.4% 18
S3 Ctec2 at 20mg/g 44.3% 86.9% 2.5% 18
S3 CelA at 10mg/g 29.9% 58.6% 1.6% 18
38.6% 75.7% 1.1% 36
S4 Ctec2 at 20mg/g 35.8% 70.2% 1.9% 18
42.1% 82.5% 1.2% 36
S4 Ctec2 at 50mg/g N/A N/A N/A N/A
21

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Fermentation Conclusions

Sugars themselves, liberated from a variety of sources including avicel and various paper wastes,
can indeed be fermented by Zymomonas mobilis to generate ethanol. While both S3 and S4
material can be directly digested with Ctec2 as well as CelA, certain digestion conditions and
source material inhibitors can drastically affect the performance of said fermentation. Most
notably, residual acetate and lactate liberated by CelA from digestion buffer will severely inhibit
8b growth. Carryover of unknown inhibitors or metabolites of S4 also do delay, but do not
prohibit, fermentation of its released sugars. Under the conditions tested the most efficient
fermentations were from the S3 material digested with Ctec2, at either 10 or 15 mg/g loading.
These 44% and 42% yields give 86% and 82% efficiency, respectively, compared to the 51%
theoretical maximum of Zymomonas mobilis on straight, clean avicel-derived glucose.

Task 4: Techno Economic Analysis

A techno-economic analysis (TEA) framework has been developed to assimilate this novel enzyme
concept with biofuel production pathways using an integrated system engineering approach, as
well as to synergize research or demonstration data from all the collaborators. The TEA illustrates
how the CelA enzyme system would make a Participant’s process more cost competitive to current
commercial enzyme cocktails. An example is illustrated in Figure 19. The integrated approach will
project cost potentials and research targets from an overall economic point of view. Additionally,
validation of the Participant process through a detailed TEA will provide economic insights for
making the investment decisions on a pilot-scale demonstration as well as on further deployment
to commercialization. The model enables understanding of several key parameters such as enzyme
production cost, sugar yields, energy integration, and process integration potentials. The TEA
model will be continuously updated as learning continues throughout the project. In addition, the
TEA models are built using both conventional enzyme systems and CelA enzyme system. Thus,
cost analyses are performed with the new CelA enzyme’s performance in comparison with Ctec2
enzyme performance. The key findings from TEA study will be used to guide future research and
application directions both for this project and for similar process concepts.
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Figure 19: Schematic process flow diagram for waste “fines” and reject hydrolysis from a tissue
mill (courtesy of Bhavin Bhayani of Avatar)

Conceptual Process Design

The process design includes feedstock handling and storage (included with delivered feedstock
cost per INL’s guidance), pretreatment (basically milling and size reduction) and enzymatic
hydrolysis (focus of this project), solid/liquid separation of hydrolysate after the enzymatic
hydrolysis step, sugar product concentration (optional), lignin combustion, product storage, onsite
wastewater treatment, and all other required utilities, as shown in Figure 20. All of these areas are
generally  consistent with the models from the FY17 sugar model (5)
(https://www.nrel.gov/extranet/biorefinery/aspen-models/), with changes to the operating
conditions and yields for enzymatic hydrolysis as appropriate for each scenario evaluated in this
work. An nt-plant commercial facility processing 10-300 dry metric ton per day of waste biomass
is assumed, with 7,884 operating hours per year. The modeled waste biomass feedstock
compositions are listed in Table 1. The enzymatic hydrolysis processing steps with additional
process description details are outlined below.
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Figure 20: Schematic process flow diagram for integrated process modeling used in Aspen Plus

Based on experimental approach, white paper sheet is size reduced with a cross cut paper shredder
to ~2mm particle size and “blended” with water to a slurry. And white paper sheet is also peeled
apart to test if any significant differences existed between the “shiny” treated side and the non-
treated “flat” side, then is cut and blended the same as the whole sample. The waste biomass
compositions are shown in Table 1 for processing modeling.
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Table 4: Waste biomass feedstock composition as inputs to the process models with 97.8% TS

Aspen Plus Inputs for feedstock composition (normalized and dry basis)

Normalized

to 1.0000 Extractives | Glucan | Xylan | Galactan | Arabinan | Manan | Fructose | Lignin | Ash | Acetate | Protein
S1 non

shiny 0.0461 | 0.6106 | 0.1132 | 0.0066 | 0.0320 | 0.0000 | 0.0057 | 0.1671 | 0.0060 | 0.0000 | 0.0127
S2 shiny

side plastic 0.0619 | 0.5835 | 0.1039 | 0.0062 | 0.0316 | 0.0000 | 0.0054 | 0.1829 | 0.0106 | 0.0000 | 0.0140
S3 whole 0.0538 | 0.6007 | 0.1108 | 0.0065 | 0.0327 | 0.0000 | 0.0059 | 0.1748 | 0.0056 | 0.0000 | 0.0092
S4 brown 0.0154 | 0.3129 | 0.0516 | 0.0094 | 0.0356 | 0.0000 | 0.0062 | 0.2052 | 0.3234 | 0.0053 | 0.0350
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Mechanical Refining or Size Reduction

For commercial design, the mechanical refining step is modeled using an Andritz Sprout Model
91cm (36 inch) commercial-scale disc refiner with a power demand set at 200 kwWh/dry ton of
biomass processed, based on previous consultation with Andritz and the vendor of the Szego mill.
A total of eight 36-inch disc refiners would be typically needed for a facility processing 2,000 dry
ton per day of biomass. The processing conditions of the milling or size reduction are shown in
Table 5. For the scale studied in this project, a scale exponent of 0.6 is used to scale down from
2,000 to 300 dry tons per day or to even smaller scales. This process may not be required for the
processing of the S4 material, however we provided the data with this step included.

Table 5: Summary of key design/cost parameters for the milling or size reduction step

Parameter

Equipment Type Disc Refiner+Szego Mill
Power 200kWh/dry ton
Number Required 8+12

Baseline Equipment Cost (SMM) $2.5MM+$0.6MM per

individual unit
Cost Year 2013
Baseline Installed Capital Cost ($MM) $19.7MM+$6.9MM

Enzymatic Hydrolysis and Hydrolysate Processing

Following milling or size reduction step, enzymatic hydrolysis is applied directly to the whole
slurry. The process parameters for enzymatic hydrolysis include a total one and a half to five
days hydrolysis time allocated between a one-day continuous vertical vessel and a half- to four-
day batch stirred tank reactor, leveraging NREL’s standard on-site enzyme production model (6),
using consistent process, design, and costing assumptions across all scenarios as have been
employed over other recent TEA efforts (7-9). Process parameters and demonstrated sugar yield
data are shown in Table 6. Due to lack of high solids data for samples S1 and S2 we modeled
them as 20% solids with the assumption that this could represent a best case future scenario,
given that CelA can perform better at 85°C and that recent work indicates that C. bescii based
mixes can outperform the bulk broth that we utilized (2, 3). Similarly, for the S4 mixed waste
substrate we likewise utilized the low solids data model at 20% solids in order to compare CelA
and Ctec2 formulations; it should be noted that the extents of conversion at high solids in this
case are likely overly optimistic for Ctec2 based on the actual high solids data. Sugar yields are
adjusted in the process simulation models based on experimental data on the conversion of
xylan-to-xylose and glucan-to-glucose at a design enzyme loading in between of 10-30 mg/g
cellulose.
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The resulting stream exiting enzymatic hydrolysis is further clarified through a solid/liquid
separation (vacuum filter press) step. In the case considering concentrated sugars, the clarified
dilute sugar stream is concentrated by a mechanical vapor recompression (MVR) evaporator, to
achieve 50% sugar in the final product. Any additional units to further “upgrade” or purify the
sugar product are not included here, thus the resulting sugar prices are best viewed as
“intermediate” hydrolysate transfer prices and are not directly comparable to clean commodity
sugars. As additional non-sugar impurities are present in these hydrolysate streams such as salts,
acetate, residual insoluble solids, etc., additional cleanup costs would be required to produce a
final product more directly comparable to standard commaodity sugars e.g. from sugarcane or corn

syrup.

Table 6: Enzymatic Hydrolysis Processing Conditions and Sugar Yields

s1ln02 S2 shlny ilde s3 whole S4 waste*
shiny plastic

Enzyme Cocktail CelA | Ctec2 | CelA | Ctec2 | CelA | Ctec2 | CelA | Ctec2

Enzymatic Hydrolysis

Solids Loading (wt%) 20% | 20% | 20% | 20% | 20% | 20% | 20% | 20%

Enzyme Loading mg/g 15 15 15 15 10 15 30 30

Combined

Saccharification Time 15 5.0 15 5.0 4.0 4.0 4.0 4.0
(d)

Hydrolysis Glucanto | 9400 | 9005 | 93% | 93% | 68% | 60% | 71% | 63%
Glucose

Xylan to Xylose 80% | 85% | 94% | 93% | 92% | 75% | 43% | 66%

*Based on low solids (2%) loading results but modeled as 20% solids under a best-case scenario.
OSBL Facilities

All the wastewater generated in the conversion process is sent to the on-site wastewater treatment
(WWT) system, using similar design and cost assumptions as documented in other recent TEA
reports (7, 8, 10-13). Although this is a costly operation, it produces clean and fully reusable water,
which reduces both the fresh makeup water demand and discharge to the environment. All residual
lignin and unconverted components, plus WWT biogas, sludge, and other gas streams are
combusted in an onsite boiler/steam turbine system to produce steam and electricity, which are
used to help meet the facility’s energy demands. Excess electricity is exported to the grid and
assigned as a co-product revenue according to standard biochemical TEA model assumptions. The
costing basis for the boiler/steam turbine and all other utility operations is also maintained
consistently with prior recent design cases (7, 11). Note that the S4 has a very high percentage of
ash content (see Table 1). Ash as an “inert” component will end up in the disposal stream, which
is landfilled at $38/ton. It should be noted that the mixed waste S4 has a very high ash content.
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Results for Modeling Scenarios

The plant scale data came from Avatar. For the baseline modeling, the plant scale is fixed at 300
dry ton per day waste. The maximum theoretical sugar production is listed in Table 3 for all four
feedstocks using facilities processing 300 dry metric tons per day waste biomass feedstock at the
given modeled composition. The plant scale ranging from 10 to 300 dry ton per day is analyzed in
the sensitivity analysis. The percentage of sugar yields (sum of glucose and xylose monomers)
versus theoretical sugar yields (all sugars including minor sugars and sucrose) are also listed in
Table 3. All minor sugars (arabinose, galactose and mannose) are assumed unconverted since they
were not quantified by HPLC. Note that the total carbohydrate content in S4 is substantially lower
than those in the other three feedstocks, resulting in almost 50% reduction in numbers for
theoretical sugar production.

Table 7: Theoretical sugar yields for a facility processing 300 dry ton biomass per day and
demonstrated sugar yields vs the theoretical values

S2 shiny side

S1 non shiny plastic

S3 whole S4 waste

CelA | Ctec2 | CelA | Ctec2 | CelA | Ctec2 | CelA | Ctec2

Theoretical Sugar Production MMIb/yr 167 159 164 90
The0|_’et|cal Sugar Production Ib/dry 1536 1461 1513 832
ton biomass
Demonstrated Sugar Production Ib/dry | 1555 | 1374 | 1362 | 1374 | 1001 | 947 | 523 | 496
ton biomass
Sugar | From Biomass (Sugar C | eeo0 | 6706 | 6506 | 67% | 520 | 46% | 35% | 34%
Carbon | /Biomass C)
Retention
Efficiencies | From Sugar in Biomass
(Sugar C /Sugar in 93% | 93% | 94% | 93% | 74% | 65% | 65% | 62%
Biomass C)

As shown in Table 7, both sugar yields for S1 and S2 are higher those for S3 and S4. Please note
that the enzymatic hydrolysis yield data for S1 and S2 and S4 came from experiments performed
at low total solid level as noted, while experiments for S3 were performed at higher TS.

The process concept includes a sugar concentration step, with inclusion of the vacuum MVR unit
and associated concentration power demands. Thus, the concentrated scenario has higher total
capital cost if compared with process alternatives without sugar concentration step (Figure 2). The
concentrated scenario is used in this study, representing a somewhat closer basis to standard
commodity sugars. The total installed capital cost ranges $62—$68MM for all cases and the total
project investment ranges $109—136MM (in 2014$), including capital costs for biomass size
reduction, enzyme production, enzymatic hydrolysis, sugar clarification and concentration,
wastewater treatment, and boiler/utilities, with capital cost distribution illustrated in Figure 3.
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The core conversion steps (size reduction, enzymatic hydrolysis, and cellulase enzyme production)
typically contribute to over 50% of total installed capitals. The capital expenses of the
boiler/turbogenerator and utilities could be dramatically reduced if the facility can be co-located
with a power or a chemical plant. The variation of total installed capital among all four feedstocks
studied here is not significant when plant scale (300 dry tons/day) is fixed.

The MSSP is calculated based on production of monomeric sugars using 2014$, with distributions
of processing areas illustrated in Figure 4. As illustrated in the figure, the cost contribution (both
capital and operating expenses) from enzymatic hydrolysis and cellulase enzyme production is
most significant if compared with other process area, such as mechanical size reduction,
boiler/utilities, or WWT. Typically, sugar yields have the most significant impact on sugar cost
across the scenarios considered. All MSSPs for CelA are lower than those for Ctec2 cases because
enzymatic hydrolysis yields using CelA are better. For instance, using an ideal case with the S1
biomass feedstock, the MSSP using CelA is €19.1/Ib, while it is €20.6/1b when using Ctec2. The
difference in cost is mainly due to the differences in yields and enzyme hydrolysis reaction
residence time. A note is also warranted to compare the MSSP estimated for S1 and S2 versus S3
and S4. The higher MSSPs for S3 is mainly due to lower sugar yields and higher enzyme loadings
required for the actual higher total solids loadings. This emphasizes that yield is still impacting the
sugar production cost most significantly. The MSSPs for S4 are higher than those for S3 because
the total carbohydrates in S4 is significantly lower than that is in S3, 41.6% in S4 (normalized dry
basis, Table 1) versus 75.7% in S3. It should also be noted that we are unsure if Szego milling of
the S4 feestock would be required since it is already quite size reduced as provided. The cost of
the milling is included in the process scenario, but a $10MM reduction in installed capital costs
would be realized if it was omitted (Figure 21), and similarly the MSSP for S4 derived sugars
would be approximately 9.1-9.66 ¢/Ib lower (Figure 22).
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Figure 21: Installed capital cost distributions for facility processing 300 dry tons per day wastes
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Figure 22: Minimum sugar selling prices for 8 cases studied in the project. Note that the waste
biomass feedstocks are assumed at no cost.

Sensitivity analysis with variation on plant scales and feedstock costs has been performed with
results shown in Figures 23 and 24. The MSSP increases significantly with reduction in plant
scales, following very typical trends of economy of scales. In the baseline, waste biomass
feedstock is assumed at no cost. As shown in Figure 24, feedstock prices (including collection and
transportation costs) would increase MSSP significantly. Also not modeled are any feedstock
disposal issues such as landfilling existing feedstock, assuming a $40 per ton disposal cost would
beneficially impact MSSP by approximately 3 ¢/Ib.
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Figure 23: Plant scale’s impact on minimum sugar selling process does follow a typically trend
of economic of scale.
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Figure 24: Variation of feedstock prices would give a strong linear and direct impact to
minimum sugar selling prices.

TEA Conclusions

We performed TEA using sugar cost models for the Avatar SBV project feeding with
experimentally demonstrated enzymatic hydrolysis data. The MSSP values for the hydrolysate
sugars are estimated to range from 19-20 ¢/Ib for S1, 19-20 ¢/Ib for S2, 25-31 ¢/Ib for S3 and 61-
68 ¢/1b for S4 with Szego milling and 52-59 ¢/lb without Szego milling. It is found that the
sugar yields with CelA are all higher than sugar yields with Ctec2. As a result, the MSSPs for
CelA are all lower than those for Ctec2 cases due to improved sugar yields as well as reduced
enzyme hydrolysis reaction time and reduced enzyme loadings for some cases. This implies that
yield, enzyme loading, and enzymatic hydrolysis time remain the key cost drivers in determining
projected MSSPs for each scenario. Similarly, higher MSSP for S3 is mainly due to lower sugar
yields encountered at high solids conditions (S1 and 2 were extrapolated from low solids
performance data). And higher MSSP for S4 is not only due to low yields but also due to low
total carbohydrate content in the feedstocks. Enzymatic hydrolysis capital costs and enzyme
loadings also play significant roles in impacting MSSP.

As the commodity sugar price varies around 11-23 ¢/Ib in the last five years
(https://www.nasdag.com/markets/sugar.aspx?timeframe=5y), a plant scale equal or higher than
100 dry ton per day is recommended for pilot demonstration or commercial deployment. Thus, in
addition to further research and development on enzymatic hydrolysis, strategically co-feeding or
blending various wastes with high carbohydrate content and low ash content should be explored
to increase the plant scale and optimize the sugar yields. Efforts on minimizing cost burdens on
collecting and transporting waste feedstocks into the conversion facilities should be taken into
consideration. Please also note that if the conversion facility can be co-located with a power or
chemical plant, the installed capital expenses on OSBL facility can be drastically minimized,
which can also improve the economic potentials for converting waste biomass into value-added
intermediates or chemicals commercially and promote near-term deployment. Compared to
NREL’s DMR biomass case for 2016, the MSSP in that specific case is 21-25c/lb (14).
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Overall Conclusions

In thinking about utilizing with waste paper streams versus traditional lignocellulosic materials
we have learned several important things. First, great care must be taken when considering the
type of waste paper substrate to be utilized as a feedstock for the process, for example the total
carbohydrate content of the S3 vs S4 material makes the economics of the S4 material
substantially worse. Secondly, the physical characteristics of the waste paper stream such as the
buffering capacity of the material and plastic coating composition and possible enzymatic
inhibitors such as clays that are not issues when dealing with raw lignocellulosic biomass can
become significant concerns when dealing with these sorts of substrates.

In terms of different enzyme systems on the waste paper material, we found that a raw
unoptimized CelA based formulation proved superior in terms of both extent of conversion and
time to target when compared to commercial cocktail Ctec2 on the S1-3 paper substrates but
offered comparable performance when tested on the S4 substrate. We strongly believe that
crystalline agnostic hyperthermophilic enzyme formulations such as CelA could be optimized for
the S1-3 substrates and result in a further reduction of enzyme loading in those cases. The case
for improving CelA based formulations on the S4 substrate is less clear though the native
xylanases in the broth are being inactivated on this material and that solving this problem would
improve performance. We also believe that re-formulations of existing cocktails such as Ctec2 or
utilizing more advanced fungal enzyme formulations would also likely result in improved
conversion of both the S3 and S4 material. It is also clear based on this work that a more
systematic understanding of these materials would be highly beneficial when considering which
enzymatic cocktails to use for their deconstruction that given that in this case the enzyme
cocktails used were optimized to deconstruct traditional lignocellulosic substrates. The S3
material was the most digestible at a relatively low enzyme loading of 10-20mg/g enzyme/glucan
loading. It converted well even at high solids loading conditions which typically are problematic
for many enzyme cocktails. The S4 material proved to be more challenging from the standpoint
of enzymatic conversion requiring somewhat higher enzyme loadings for efficient conversion.
One unexpected result was the production of Lactic acid from the S3 material by the CelA based
formulation, this may be interesting from a commercial standpoint as well, however further work
will need to be performed to verify the effect.

We also learned that the overall sugar quality derived from the enzyme digestions of paper waste
was actually quite good overall and basic fermentation testing showed ethanol titers reached
86.9% of theoretical maximum for S3 derived sugars and 82.5% for S4 derived sugar streams.

Finally, the technoeconomics of this process are primarily driven by total sugar conversion yield,
enzyme loading and enzymatic hydrolysis time which remain the key cost drivers in determining
projected MSSPs for each scenario. And enzymatic hydrolysis capital costs and enzyme loadings
also play significant roles in impacting MSSP. Therefore, further research into reducing the
enzyme loadings as well as improving sugar yields by using more advanced or tailored cellulase
formulations would be beneficial in reducing the MSSP for all scenarios considered.
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