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Abstract: Fungal pretreatment is a biological process that uses rotting fungi to reduce the recalcitrance
and enhance the enzymatic digestibility of lignocellulosic feedstocks at low temperature, without
added chemicals and wastewater generation. Thus, it has been presumed to be low cost. However,
fungal pretreatment requires longer incubation times and generates lower yields than traditional
pretreatments. Thus, this study assesses the techno-economic feasibility of a fungal pretreatment
facility for the production of fermentable sugars for a 75,700 m® (20 million gallons) per year cellulosic
bioethanol plant. Four feedstocks were evaluated: perennial grasses, corn stover, agricultural residues
other than corn stover, and hardwood. The lowest estimated sugars production cost ($1.6/kg) was
obtained from corn stover, and was 4-15 times as much as previous estimates for conventional
pretreatment technologies. The facility-related cost was the major contributor (46-51%) to the sugar
production cost, mainly because of the requirement of large equipment in high quantities, due to
process bottlenecks such as low sugar yields, low feedstock bulk density, long fungal pretreatment
times, and sterilization requirements. At the current state of the technology, fungal pretreatment at
biorefinery scale does not appear to be economically feasible, and considerable process improvements
are still required to achieve product cost targets.

Keywords: biorefinery; fungal pretreatment; lignocellulosic biomass; process model; techno-economic
analysis

1. Introduction

Cellulosic biorefineries are anticipated to produce a collection of renewable biofuels and
bioproducts from lignocellulosic biomass to allow a significant displacement of petroleum-derived fuels
and chemicals [1]. The main sources for lignocellulosic biomass include forestry resources, agricultural
residues, and energy crops, such as switchgrass and Miscanthus [2]. A sustainable bioeconomy would
require the use of different types of feedstocks, subject to availability and price, in order to meet
the demands of renewable fuels and products [2]. However, the composition and physico-chemical
properties of feedstocks vary significantly with the feedstock type and source. Thus, different types of
feedstocks require different processing conditions and generate distinct product yields [3].

Lignocellulosic biomass is mostly composed of cellulose, hemicellulose and lignin. Most of
the products in a cellulosic biorefinery are generated via fermentation of the sugars released from
cellulose and hemicellulose by enzymatic saccharification. However, lignocellulosic biomass is highly
recalcitrant and requires pretreatment prior to enzymatic hydrolysis to increase feedstock digestibility
and allow a substantial sugar recovery. Pretreatment has been considered one of the main contributors
to the cost of final products in cellulosic biorefineries [4]. Conventionally, pretreatments are performed
at high temperature and pressure, use harsh chemicals such as acids or bases, and require high amounts
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of water [5]. Additionally, most commercially available pretreatments, such as dilute acid and liquid
hot water pretreatment, require an additional detoxification step, because their severe conditions
promote the generation of compounds derived from lignocellulose, such as furans, weak acids and
aromatic compounds, which could inhibit fermentative microorganisms, such as yeast and bacteria [6].

A series of alternative methods have been proposed to reduce the severity of the conditions
required for biomass fractionation and pretreatment. Use of extrusion, microwaves, ultrasound, or
pulse electric field has shown to improve the biomass pretreatment process and allowed for the
use of milder pretreatment conditions [7]. Biomass pretreatment with aqueous organic solvents
(organosolv) [8,9], ozone (ozonolysis) [10], ionic liquids [11,12], or deep eutectic solvents [13] has
shown promising results in biomass fractionation [14,15]. However, concerns about the costs, handling,
and recovery of the chemicals present limitations in their large-scale applicability [14,16].

Fungal pretreatment is as an alternative to conventional pretreatments that is performed at
25-30 °C, atmospheric pressure, in solid-state with low water use, and without added chemicals
that can be corrosive and would need disposal or recovery [17]. Fungal pretreatment is generally
performed using wood-rotting fungi, such as white-, brown-, or soft-rot fungi, due to their ability
to modify the components of the lignocellulosic biomass. Brown-rot fungi mainly degrade cellulose
and hemicellulose, with little modification to the lignin, which is detrimental for the production of
fermentable sugars [18]. Some soft-rot fungi have shown the ability to degrade lignin, while most of
soft-rot fungi can only slightly modify it, while significantly degrading the structural carbohydrates [19].
White-rot fungi are preferred for fungal pretreatment due to their ability to completely mineralize
lignin under aerobic conditions and, in some cases, doing so preferentially over cellulose [20]. The
mild conditions of the fungal pretreatment are unlikely to produce microbial inhibitory compounds,
and thus post-pretreatment washing and/or detoxification are not required. Additionally, fungal
pretreatment is effective at larger feedstock particle sizes than most conventional pretreatments [17].
However, fungal pretreatment has some potential disadvantages compared to traditional pretreatments,
including long reaction times (several weeks compared to hours), lower sugar yields (maximum sugar
yields around 75% vs. >90%), and feedstock sterilization requirements [18].

The fungal pretreatment of woody and herbaceous feedstocks has been performed using a variety
of white-rot fungal strains. The fungal pretreatment of hardwoods such as poplar, willow, and
rubberwood has resulted in 18-30% lignin degradation and a glucose yield of 17-55%, using strains such
as Ceriporiopsis subvermispora, Echinodontium taxoddi, Trametes orientalis, and Trametes velutina [21-26].
The fungal pretreatment of herbaceous agricultural wastes such as wheat, paddy, canola, barely and
rice straw, and sorghum and sugarcane bagasse, has reported sugar yields between 25 and 70% with
20-52% lignin degradation, using white-rot fungi such as Pleurotus ostreatus, Trametes versicolor, and
C. subvermispora [27-38]. Similar results have been found after the fungal pretreatment of switchgrass
and Miscanthus with C. subvermispora and Pycnoporus sp. SYBC-L3 [22,39,40]. The fungal pretreatment of
corn stover has shown particularly promising results, producing sugar yields of approximately 45-75%
and up to 60% lignin degradation, with Cyathus stercoreus, Pycnoporus sanguineus, Phlebia brevispora,
Trametes hirsuta, Phanerochaete chrysosporium, L. lacteus, and C. subvermispora [22,33,41-46].

Several authors have claimed that fungal pretreatment is a low-cost technology due to the use
of a solid-state process with low energy and chemical inputs [17,20,47,48]. However, Baral and
Shah [49] found that, for a corn stover-to-butanol biorefinery, biological pretreatment required a higher
capital investment than dilute acid, steam explosion, and ammonia fiber expansion pretreatments.
Considerations about the sterility required for the effectiveness of the fungal pretreatment, the long
residence time and its implications into the equipment size, the substantial amount of heat generated
by the fungal metabolic rate, and the high aeration rate needed for effective delignification could
have an important influence in the techno-economic analysis of the fungal pretreatment process at
commercial scale, and have yet to be studied.

The purpose of this work is to compare the techno-economic feasibility of commercial scale fungal
pretreatment for the production of fermentable sugars from different lignocellulosic feedstocks. Corn
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stover, herbaceous energy crops, agricultural residues other than corn stover, and woody feedstocks
are considered, based on fungal pretreatment literature. The total cost of fermentable sugars produced
from each feedstock is estimated, and the effect of process parameters on this cost is evaluated to
determine the key potential bottlenecks of the fungal pretreatment process at commercial scale.

2. Materials and Methods

2.1. Process Modeling

A process model for the transformation of lignocellulosic feedstocks into fermentable sugars
using fungal pretreatment and enzymatic hydrolysis was developed using SuperPro Designer software
v.9.5 (Intelligen Inc., Scotch Plains, NJ, USA). The process facility capacity was 135,000 metric ton
(t) sugars/year, in order to supply a cellulosic biorefinery producing 75,700 m® of ethanol per year
(20 million gallons/year), assuming 90% and 80% of the theoretical conversion of glucose and xylose
into ethanol, respectively [50]. The fungal pretreatment-based facility included feedstock storage,
sterilization by autoclaving, solid-state fungal pretreatment, and enzymatic hydrolysis (Figure 1).
A process flow diagram was completed, and the data and expressions necessary to perform material
and energy balances, equipment capacity limitations, purchase price, and installation and maintenance
expenses were included in the model. The material and energy balances were used to determine
the required equipment size and quantity, raw materials, and utilities, as well as other direct and
indirect costs.

Inoculum
preparation

Air—» ]—T

Air
compression

Enzymes
Water
Size p- N
reduction _ .
Storage N N
\ Y \ / \ P \
—, > \}C /—b( Sterilization | —» -~
WY/ A / Fungal .
pretreatment . s
T \ ’/ ugars
Steam Enzymatic
hydrolysis
]

Iy

Air —% ]—
Air
compression

Figure 1. Overview of the fungal pretreatment process for the production of fermentable sugars.

2.1.1. Data Collection

A collection of recent experimental studies on the fungal pretreatment of lignocellulosic
biomass using white-rot fungi was selected as data source for the fungal pretreatment conditions
and performance. These studies were classified according to the feedstock used into four
categories: hardwood [21-26,51], perennial grasses (switchgrass and Miscanthus) [22,39,40,52,53],
corn stover [22,33,41-46], and agricultural residues other than corn stover (including wheat, rice,
canola, and barley straw) [27-38]. Corn stover was evaluated independently from other agricultural
residues because a significant body of literature was found for the fungal pretreatment of this particular
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substrate compared to other agricultural residues, and because there is a particular interest in the use of
corn stover as a biorefinery feedstock in the U.S. due to its availability [2]. These studies were selected
because they showed experimental results of the fungal pretreatment of lignocellulosic feedstocks
using white-rot fungi in solid-state conditions, and subsequent enzymatic hydrolysis with commercial
cellulases, reporting the corresponding sugar yields. The white-rot fungi used in these studies included
C. stercoreus, C. subvermispora, E. taxoddi, P. ostreatus, Pycnoporus sp. SYBC-L3, P. sanguineus, P. brevispora,
P. chrysosporium, T. orientalis, T. velutina, T. versicolor, and T. hirsuta. Different cellulase cocktails were
used for the enzymatic saccharification of the fungal pretreated feedstocks, including Celluclast 1.5 L
plus Novozyme 188 and Cellic CTec2 plus Cellic HTec2 from Novozymes (Denmark), Accelerase
1500 from Genencor (DuPont, Rochester, NY, USA), and Cellulase Y-NC from Yakult Pharmaceutical
Industry (Tokyo, Japan). Enzyme loading (10-40 FPU/g substrate), enzymatic saccharification time
(16-96 h), and solid loading (1-10%) varied among the studies surveyed (Table S1) [21-46,51-53].

Composition of the feedstocks (Table 1), fungal pretreatment conditions (Table 2), component
degradation during fungal pretreatment, and sugar yields (Table 3) were obtained from these studies.
The average values for each feedstock were used as inputs for the modeling (Figure 2) and the
maximum and minimum values obtained from this set of studies were used for the sensitivity analysis,
as described in Section 2.3 (Table S1). Feedstock prices at biorefinery gate and feedstock moisture
content were based on the Billion Ton Report [2], and other feedstock properties and sources are
reported in Table 1.

Table 1. Feedstock composition and properties used for the process model.

Feedstock
. Grasses Corn Stover Ag. Residues Hardwood
Property Units
Value Ref. Value Ref. Value Ref. Value Ref.
Bulk density (baled) kg/m?3 215 [54] 220 [55,56] 180 [57,58] N/A N/A
Bulk density (grinded) ~ kg/m3 160 [59,60] 125 [61] 110 [62] 320 [63]
Composition
Cellulose * 349 38.1 36.3 35.2
Hemicellulose * 20.8 [22,40, 25.0 [22,33, 24.5 16.6 -
Lignin * 21.5 52,53] 19.0 41-46] 20.5 [27-31,33-38] 23.9 [22-26,51,53]
Ash* 3.7 6.0 35 3.6
Moisture Y% 15 [2] 20 [2,50] 15 [2] 50 [57,63]
Cost $/dry
(facility gate) ¢ 97.1 2] 97.4 [2] 97.4 [2] 76.3 2]
Specific heat J/kgK 1394 [64] 1395 [64] 1356 [64] 1330 [64]

* Dry basis; values correspond to average from surveyed literature and ranges are provided in Table S1.
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Figure 2. Glucose (Glu) and xylose (Xyl) yields at the end of the process, as a percentage of the glucose
and xylose present in the original feedstock, respectively. Data from: [21-46,51-53]. Grey circles
represent individual data from literature. Black circles represent the average used for process modeling.
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2.1.2. Feedstock Preparation and Preprocessing

For herbaceous feedstocks (corn stover, grasses, and other agricultural residues), it was assumed
that the feedstock was delivered as large rectangular bales (2.4 x 1.2 X 0.9 m) to the biorefinery, and
stored for an average time of 5 days before being processed [2]. Herbaceous feedstocks were debaled
and grinded using a hammer mill with a 50.8-mm (2 in) screen [39]. Wood was assumed to be delivered
as chips of less than 15 mm in size and no further size reduction was necessary, since it has been shown
that fungal pretreatment is effective at that particle size [22], and a particle size too small could cause
high compaction and restrict the air flow during fungal pretreatment [17]. The bulk density of the
materials (Table 1) was incorporated throughout the model to calculate the volume occupied and,
thus, the equipment capacity required. With the addition of water and other components through the
process, the bulk density of the wet mixture was calculated at each step [59].

Comminuted feedstock was transported using a bucket elevator and belt conveyor into horizontal
batch autoclaving units for sterilization with saturated steam (Table 2). The feedstock’s specific heat
(Table 1) was used to calculate the steam flow required for sterilization [64]. Feedstock sterilization
was included because previous work with certain fungal strains has shown that fungal pretreatment
underperformed under unsterilized conditions [53] and all the fungal pretreatment studies used as
data source included feedstock sterilization prior to fungal inoculation [21-46,51-53]. Water was added
to the feedstocks before autoclaving to adjust the initial moisture content of the fungal pretreatment to
75%. The sterilized feedstock was transported out of the autoclave by a screw conveyor into the fungal
pretreatment bioreactors.

Table 2. Process conditions used for modeling of the fungal pretreatment-based facility for the
production of fermentable sugars.

Unit Value Reference
Feedstock preparation
Storage residence time days 5 [65]
Sterilization
Sterilization temperature °C 121
Sterilization time (time holding 121 °C) min 20
Total heating time min 40
Dry matter loss % 2 [22]
Inoculum preparation
Medium cost $/kg 5 [66]
Medium concentration % 2 [22]
Aeration rate vvm 0.4 [67]
Incubation time h 120 [22,25,27]
Incubation temperature °C 28 [14-16,18,19,21,25,27,31,32,35,40]
. . kg fungal biomass/
Biomass yield (Yx/s) kg glucose 0.5 [68]
Heat of reaction for fungal growth (AH®) kJ/kg O, 1.4E4 [69]
Fungal pretreatment
Biomass yield (Yx/s) kg fungal biomass/ 0.5 [70]
kg glucose
Residence time days 28 [25,36,39,41,43]
Incubation temperature °C 28 [14-16,18,19,21,25,27,31,32,35,40]
Moisture % 75 [21,22,27,29,33,36,37,40,41,45,51]
Inoculation rate % (v/v) 10 [71]
Aeration rate vvm 0.01 [72]
Heat of reaction for fungal growth (AH®) kJ/kg O, 1.4E4 [69]
Enzymatic hydrolysis
Reaction temperature °C 50 [21-26,30,33,35,39-41,44,45,51]
Residence time h 72 [22,23,26,31,35-41,43,46,51]
Solid loading % 20 [50]
Enzyme cost $/kg 6.50 [73]
Enzyme loading g enzyme/ 20 [74]

kg cellulose
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2.1.3. Fungal Pretreatment Unit

Fungal pretreatment was performed in packed-bed bioreactors, which is the most common design
for solid-state aerobic fermentation with microorganisms that are sensitive to shear stress [72], such as
white-rot fungi [75]. Packed-bed bioreactors were selected because of the need to keep the sterilized
conditions during the fungal pretreatment [53]. The feedstock was inoculated with fungal mycelium
grown on liquid culture in an air-lift fermenter (Table 2), and the bioreactor was aerated from the
bottom with compressed air (Figure 1). Mechanical aeration was required to supply the high oxygen
requirement for the biomass delignification during fungal pretreatment, and to help dissipate some of
the metabolic heat produce by the white-rot fungi [76]. The temperature of the bioreactors (both the
packed-bed bioreactor and the air-lift fermenter) was kept at 28 °C using cooling water, due to the
heat produced by the metabolism of the white-rot fungi (Table 2). Other conditions and parameters
used were as included in Table 2. Degradation rates of structural carbohydrates and lignin during
fungal pretreatment due to the fungal metabolism and lignin mineralization were based on the fungal
pretreatment literature collection (Section 2.1.1) and are reported in Table 3.

Table 3. Component degradation (%) during fungal pretreatment and overall sugar yields (%) after
enzymatic hydrolysis for the fungal pretreatment-based facility.

Grasses Corn Stover  Ag. Residues Hardwood
Fungal pretreatment
Lignin degradation ? 20.8 413 33.1 20.2
Cellulose degradation # 1.0 17.3 33.9 52
Hemicellulose degradation ? 12.8 40.3 38.3 18.3
Total solids degradation ? 13.0 24.8 30.4 14.9
Enzymatic hydrolysis
Glucose yield © 58 61 51 30
Xylose yield ¢ 30 39 39 23

Data from: grasses [22,39,40,52,53], corn stover [22,33,41-46], agricultural residues other than corn stover [27-38],
and hardwood [21-26,51]. # Percentage of component degradation due to the fungal pretreatment process, based on
the initial amount of said component in the original feedstock entering the fungal pretreatment unit. ® Total solids
degradation aggregated the degradation of the components described above (lignin, cellulose and hemicellulose)
plus the degradation of additional components, such as extractives, as a fraction of the original dry matter content.
These components are lost mostly in the form of CO, and water [17]. € Sugar yield: (sugar released after enzymatic
hydrolysis [kg]/sugar in the original feedstock entering the facility [kg])*100.

2.1.4. Enzymatic Hydrolysis Unit

After fungal pretreatment, the biomass was transferred using a screw conveyor directly into stirred
tank reactors for enzymatic hydrolysis. No washing or detoxification step was included. Enzymatic
saccharification was performed using commercial hydrolases at an enzyme loading rate of 20 g of
protein/kg of cellulose [74]. The price of the enzymes was estimated according to previous studies [73].
Enzymatic saccharification conditions used are reported in Table 2 and the overall sugar yields were
based on the fungal pretreatment literature collection (Section 2.1.1), and are included in Table 3.

2.2. Economic Analysis

Parameters to estimate capital and operating costs were determined according to previous studies
(Table A1) [49,50,77-79]. The facility was considered to operate 330 days per year, working 24 h per
day [49,50]. The cost of each equipment was based on the literature and on the built-in data from
the modeling software, as shown in Table A2. The equipment cost obtained from the literature was
adjusted to the analysis year and the modelled scale using the power law with exponent 0.6, unless a
different exponent was suggested in the literature [80].

Total capital investment (TCI) was determined as the sum of direct fixed capital (DFC), working
capital, and start-up cost. DFC included total plant direct cost (TPDC), total plant indirect cost
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(TPIC), and contractor’s fee and contingency. TPDC comprised equipment cost, installation, piping,
instrumentation, insulation, electrical, buildings, yard improvement, and auxiliary facilities. TPIC
was estimated as the cost of the engineering and construction. Working capital included cost of raw
materials, labor and utilities needed to run the plant for 30 days. Start-up cost was estimated as 5% of
the DFC. Annual operating cost included cost of raw materials, labor, utilities, and facility-related, and
laboratory- and quality control-related costs.

2.3. Sensitivity Analysis

Sensitivity analysis was performed to evaluate the effect of changes in process parameters over the
sugar production cost. Parameters evaluated were glucose and xylose yields; fungal pretreatment time,
temperature, and moisture content; feedstock and enzyme costs; feedstock bulk density; enzymatic
hydrolysis solid loading and time; enzyme dosage; and inoculum incubation time. Minimum and
maximum values for each parameter were selected from literature. Each parameter was varied
independently in the process model for each feedstock, and the mass and energy balances and
economic analysis were re-calculated in each case to estimate the sugar production cost.

The effects of eliminating the sterilization step and performing other process improvements based
on the sensitivity analysis were evaluated for the feedstock with the lower sugar production cost under
the baseline conditions. The changes to the process model were performed in sequence, in order to
estimate the potential reduction of the sugar production cost under these conditions.

3. Results and Discussion

3.1. Material and Energy Balances

Approximately 3 dry t of corn stover were needed to produce 1 t of fermentable sugars (glucose
and xylose) in the fungal pretreatment facility, while almost 4 dry t of grasses or agricultural residues,
and approximately 7 dry t of hardwood, were required for the same purpose (Figure 3). Water was
added in the feedstock preparation step to adjust for the desired initial moisture content for the
fungal pretreatment. A dry matter loss of 2% was included during the sterilization step, as reported
previously [22]. There was a slight increase in dry matter after enzymatic hydrolysis due to the
chemical incorporation of water-derived hydrogen and oxygen in the sugars during the hydrolysis of
carbohydrates. Two streams were derived from the enzymatic hydrolysis: a liquid stream including
the soluble sugars, and a solid waste stream, mostly composed of lignin and recalcitrant carbohydrates.
Generally, the solid waste stream is burned for heat and power, but this operation and its potential
economic benefits were not included in the model due to difficulties predicting the stream properties
for each feedstock.

The higher amount of hardwood required to produce 1 t of fermentable sugars, in comparison to
the other feedstocks, increased the requirements of water, inoculum, and enzymes in this process. Even
though hardwood had higher moisture content than the other feedstocks evaluated (Table 1), it also
required a higher amount of total water to reach the 75% moisture content for the fungal pretreatment
process due to the higher mass input to the process. The fungal pretreated hardwood also required 1.7
to 2.7 times as much enzyme for hydrolysis as the other feedstocks (Figure 3).

The sugar concentration of the liquid stream after enzymatic hydrolysis varied considerably
between feedstocks. Corn stover produced a higher total sugar concentration of approximately
95 g/L, followed by 74 g/L from agricultural residues, 72 g/L from grasses, and only around 30 g/L
from hardwood (Figure 3). Since the cost of sugar recovery was not included in the model, the
differences due to the sugar concentrations were not accounted. However, it is clear that a higher
sugar concentration would be preferable for fermentation downstream and may generate additional
economic benefits.
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Figure 3. Mass balance for the production of 1 t of fermentable sugars (combination of glucose and
xylose) in the fungal pretreatment-based facility. All values in t, unless otherwise stated. Values in []
and bold represent the whole stream (top line), while values in () and italics represent the equivalent
flows in terms of dry matter (bottom line). Different colors represent different feedstocks: grasses
(green), corn stover (yellow), agricultural residues other than corn stover (blue), and hardwood (red).
Notes: no dry matter was shown in the inoculum stream, because values are lower than the significant
figures. Values might not balance exactly due to rounding. Aeration streams are not shown.

3.2. Process Economics

Total capital investment ranged from 700 million dollars for grasses to 1.2 billion dollars
for hardwood (Figure 4), which was 5- to 10-fold of that estimated previously for conventional
pretreatments at similar scale [49]. This high capital investment was mostly influenced by the
large investments required for equipment purchasing, and other expenses that were proportional
to the equipment cost, such as installation, piping, instrumentation, construction, and engineering
(Table S3). The high equipment expenses were due mostly to the large size of the equipment needed,
and the requirement of several units for each of the key processes, such as fungal pretreatment,
enzymatic hydrolysis, and autoclaving (Tables A2 and A4). Between 66-70% of the equipment
expenses corresponded to the cost of the packed-bed bioreactors used for the fungal pretreatment
process (Table A4), which was primarily due to longer residence times.
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Figure 4. Capital investment required for the fungal pretreatment-based facility for the production of
fermentable sugars.
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The estimated production cost of the fermentable sugars in the fungal pretreatment facility
was $1.6-$2.8/kg sugars (Figure 5). These costs were 4- to 15-fold of the previously reported sugar
production costs using conventional pretreatments [49,50], and 5- to 8-fold the average market price of
sugar as a commodity in 2017 [81]. Fungal pretreatment has been believed to be a low cost pretreatment
due to the low energy and chemical requirements [17,20,47,48]. However, this analysis estimated
that the fungal pretreatment cost was considerably higher than conventional pretreatments and
approximately one order of magnitude over that expected for a pretreatment to be commercially
feasible [50].
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Figure 5. Fermentable sugar production cost in the fungal pretreatment-based facility.

The fungal pretreatment-based facility using corn stover as feedstock generated the lowest sugar
production cost, followed by grasses, other agricultural residues, and hardwood (Figure 5). These
results were driven mostly by differences in sugar yields (Table 3). Corn stover had higher glucose and
xylose yields, but also the highest content of cellulose and hemicellulose compared to other feedstocks
(Table 1), which directly benefited the economics of its processing. Additionally, corn stover is readily
available in the U.S. and used for the pioneer cellulosic biorefineries [2]. Agricultural residues had the
highest sugar production cost of the herbaceous feedstocks. This was due to the lower sugar yields
(Table 3) and the lower bulk density of most of these feedstocks (Table 1), a phenomenon that has been
described previously [82].

The highest sugar production cost was obtained with hardwood, and it was between 35 and 75%
higher than those from the herbaceous feedstocks (Figure 5). Hardwood had a lower feedstock cost and
a considerably higher bulk density, thus requiring less bioreactor space to pretreat the same amount of
feedstock compared to herbaceous feedstocks. In addition, hardwood was delivered with a higher
moisture content and required less water per mass of feedstock to adjust the level to those appropriate
for fungal pretreatment. However, hardwood is more recalcitrant than the herbaceous feedstocks, and
the sugar yields were lower (Table 3). Thus, approximately two-times the amount of hardwood was
needed to produce the same amount of fermentable sugars compared to the herbaceous feedstocks.
This required a much bigger facility with more bioreactors and autoclaves, and a higher amount of
resources, such as enzymes, water, and utilities. Labor, however, was slightly lower for hardwood than
the rest of the feedstocks, because hardwood was delivered as woodchips at the desired particle size,
thus avoiding the milling operation at the beginning, and the labor related to that operation (Table A3).
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The total annual operation cost ranged from 218 to 374 million dollars, depending on the feedstock
(Table A3). These values were 2- to 3.5-fold those previously obtained for conventional pretreatment,
and similar to that reported for biological pretreatment [49]. Facility related costs comprised 46-51%
of that cost, materials corresponded to 25-35%, and utilities represented 16-21% of the total sugar cost
(Figure 5).

The high facility-related cost was mostly attributed to the high capital investment required for the
fungal pretreatment-based facility (Figure 4), which in turn was driven by the equipment purchase cost,
mostly the packed-bed bioreactors for the fungal pretreatment and the enzymatic hydrolysis tanks. The
high demand for fungal pretreatment bioreactors (Table A4), which was also observed previously [49],
was mainly due to the long residence time for fungal pretreatment. While conventional pretreatments
are generally performed in minutes or hours, fungal pretreatment usually requires at least 2-3 weeks
to significantly increase feedstock digestibility [27,41,83]. Reducing the fungal pretreatment time is
one of the biggest challenges to improve this process economic feasibility.

The materials cost was the second main contributor to the sugar production cost (Figure 5). The
feedstock cost constituted 18-22% of the total sugar production cost (Table A3). This contrasted
with most economic studies of cellulosic biorefineries, which have found that the feedstock cost was
the major contributor to the production cost in cellulosic biorefineries, with a share of over 50% of
the products cost [16,49,50,79]. For biological pretreatment, a feedstock cost share of approximately
35% of the total sugar production cost was previously estimated [49]. In the current analysis, the
feedstock cost constituted 18-22% of the sugar production cost (Table A3). However, the feedstock
cost remains an important portion of the product cost and it is still one of the major bottlenecks for the
feasibility of cellulosic refineries [84]. The enzyme cost corresponded to 22-33% of the total material
cost, which was equivalent to 6-11% of the total sugar production cost (Table A3), similarly to previous
reports [49,50,85]. However, continuous advances in commercial hydrolytic enzymes could have an
impact on the cost and enzyme dosage and thus likely reducing the share of enzyme cost on the sugar
product cost on the fungal pretreatment-based facility.

Utilities accounted for more than a fifth of the annual operating cost (Figure 5). Service water
constituted 45-55% of the total utility expenses for the facility (Table 4). Even though important
quantities of superheated steam were used for feedstock sterilization, the highest contribution to the
utility expenses was water used to cool down the feedstocks after sterilization and to maintain the
temperature of the bioreactors. Since the optimal temperature of the fungal pretreatment is only 28 °C
and the sterilization was performed at 121 °C, reduction of the sterilized feedstock temperature was
required prior to fungal inoculation. Additionally, since the fungal pretreatment was performed in
solid-state fermentation in large packed-bed bioreactors without agitation, the dissipation of the heat
produced by the fungal metabolism had a high demand of chilled water. At small scale, the heat
produced during the fungal pretreatment is easy to dispel; but at a larger scale, a lower transfer area
per volume ratio constitutes an impediment to heat dissipation. Heat recovery has a low potential
to improve the process economics due to low temperature gradients and, thus, it was not included
in this analysis. Alternative ways of dissipating the heat, such as adjusting the temperature and
moisture content of the compressed air, could be explored. However, this would likely cause an
important amount of water vaporization, and it would need to be experimentally evaluated to ensure
that the fungal pretreatment is still effective under those conditions. The optimal temperature for
white-rot fungi (25-30 °C) is lower than that for other fungi. Fungi used for different applications
have been selected to withstand higher temperatures than the original strains [86]. The possibility
of identifying or engineering thermophilic fungi capable of lignin degradation would benefit the
feasibility of the fungal pretreatment process at commercial scale by allowing the implementation of
the fungal pretreatment at a higher temperature and reducing the need for a cooling agent.
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Table 4. Labor and utilities requirements for the fungal pretreatment-based facility producing
fermentable sugars (cost in million dollars).

Grasses Corn Stover Ag. Residues Hardwood
Annual Annual Annual Annual
Parameter Amount Cost Amount Cost Amount Cost Amount Cost
Labor (h) 84,627 5.8 83,916 5.8 84,550 5.8 77,413 5.3
Electricity (MWh) 91,816 9.2 94,502 9.5 115,059 11.5 123,184 12.3
Steam (million t) 0.9 10.9 0.8 9.1 14 16.5 19 22.5
Cooling water (million t) 207.2 10.4 169.0 8.5 201.1 10.1 387.2 194
Chilled water (million t) 15.5 6.2 35.2 14.1 51.9 20.8 34.6 13.8

3.3. Sensitivity Analysis

The sugar production cost was highly sensitive to changes in fungal pretreatment time, glucose
yield, and bulk density (Figure 6 [87-99]). Variations in the fungal pretreatment time between 7 and 60
days, which are the minimum and maximum values reported in the fungal pretreatment literature
used as a data source (Section 2.1.1), produced the greatest change on the sugar production cost for
perennial grasses, corn stover, and agricultural residues (Figure 6). Increasing the fungal pretreatment
time to 60 days increased the sugar production cost by 42-53%, while reducing it to 7 days decreased
it by 33-37%. Decreasing the fungal pretreatment time, while assuming that the process conditions
and yields remained unaltered, reduced the numbers of packed-bed bioreactors and the size of the
corresponding air compressor, thus reducing the sugar production cost to 1.1, 1.0, and 1.3 $/kg for
grasses, corn stover, and agricultural residues, respectively.

The glucose and xylose yields varied between the minimum and maximum values reported in
the fungal pretreatment literature surveyed for each feedstock (Figure 2). The sugar production cost
decreased when the sugar yields increased. Changes in the glucose yield highly influenced the sugar
production cost (Figure 6), similarly to previous reports for biological pretreatment [49]. The glucose
yield was the most sensitive parameter evaluated for hardwood, and changes in the glucose yield in the
range considered caused a 40-45% variation on the sugar production cost from hardwood (Figure 6D).
The glucose yield affected the size of the equipment required, thus affecting the facility-related portion
of the cost.

Feedstock bulk density was varied between values reported in literature for each type of feedstock
(Figure 6). Assuming a higher bulk density reduced the volume of the equipment needed throughout
the facility, hence decreasing the sugar production cost. For example, in the case of chopped agricultural
residues, the bulk density of wheat straw has been reported around 50-100 kg/m? [62,95], while canola
straw has shown a bulk density of around 140-160 kg/m? [94]. Assuming the bulk density in the
higher range for agricultural residues decreased the sugar production cost by 11%, while assuming the
bulk density in the lower range increased the sugar production cost from 2.0 to 3.1 $/kg (Figure 6C).
The low bulk density of the lignocellulosic feedstocks constituted an important disadvantage for the
economics of the process because fungal pretreatment is performed in solid-state. The flowability of
biomass in the fungal pretreatment plant could also present difficulties that were not included on
this model.

As expected, the cost of materials, such as feedstock and enzymes, or the amount of those materials
used for the process, directly affected the sugar production cost. In particular, decreasing the amount
of enzymes used for the hydrolysis process from 20 to 5 g/kg of cellulose, while assuming that the
sugar yields remained unaltered, decreased the sugar production cost by 5-8% in grasses and corn
stover (Figure 6). However, feedstock and enzyme costs were not as sensitive as they have been found
with conventional pretreatments [49,50,65], because fungal pretreatment was highly influenced by the
high capital cost.
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Sugar production cost ($/kg)

12 0f 23

1.00 1.50 2.00 2.50 Base Min Max Units Ref.
Pretreatment time I I ‘ I 28 7 60 d [38]
Glucose yield 58 38 76 % [22,53]
Bulk density 215/1602  150/120@  280/235  kg/m? [59,60,87]
Enzyme loading 20 5 35 g/kgcell. [73]
Xylose yield 30 21 41 % [22,53]
Enzyme cost 6.5 1.25 10.14 $/kg [73]
Feedstock cost 97.1 65 125 $/t [2]
Solid loading enz. hydrolysis 20 10 22.5b % [33]
Enzymatic hydrolysis time 72 16 96 h [29,44,45,88]
Moisture during pretreatment 75 60 80 % [23,40,53]
Pretreatment temperature oMin 28 23¢ 50d °C
Inoculum incubation time uMax 120 24 336 h [33,89]
B Sugar production cost ($/kg)
1.00 1.50 2.00 2.50 Base Min Max Units Ref.
Pretreatment time : I ‘ ‘ 28 7 60 d [38]
Bulk density 220/1252  120/602 240/160°  kg/m3 [82,90-92]
Glucose yield 61 47 75 % [44,46]
Enzyme loading 20 5 35 glkgcell.  [73]
Feedstock cost 97.4 65 125 $/t [2,93]
Enzyme cost 6.5 1.25 10.14 $/kg [73]
Xylose yield 39 31 44 % [46]
Pretreatment temperature 28 23¢ 504 °C
Moisture during pretreatment 75 60 80 % [23,40,53]
Solid loading enz. hydrolysis 20 10 21b % [33]
Enzymatic hydrolysis time aMin 72 16 96 h [29,44,45,88]
Inoculum incubation time mMax 120 24 336 h [33,89]
C Sugar production cost ($/kg)
1.00 150 200 250 3.00 3.50 Base Min Max Units Ref.
Pretreatment time I : ' ‘ ‘ I 28 7 60 d [38]
Glucose yield 51 25 69 % [30,36]
Bulk density 180/1102  120/552 240/140°  kg/m3 [59,94-96]
Xylose yield 39 15 59 % [31,33,38]
Feedstock cost 97.4 65 125 $/t [2]
Pretreatment temperature 28 23¢ 50d °C
Moisture during pretreatment 75 60 80 % [23,40,53]
Enzyme loading 20 5 35 g/kgcell. [73]
Enzyme cost 6.5 1.25 10.14 $/kg [73]
Solid loading enz. hydrolysis 20 10 22.4p % [33]
Enzymatic hydrolysis time @ Min 72 16 96 h [29,44,45,88]
Inoculum incubation time m Max 120 24 336 h [33,89]

Figure 6. Cont.
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D Sugar production cost ($/kg)
1.50 2.00 2.50 3.00 3.50 4.00 4.50 Base Min Max Units Ref.
Glucose yield B 30 17 55 % [21,22,26]
Pretreatment time 28 7 60 d [38]
Bulk density 320 180 400 kg/m3 [57,97]
Xylose yield 23 11 29 % [22,23]
Feedstock cost 76.3 53 125 $/t [63,98,99]
Enzyme loading 20 5 35 g/kgcell.  [73]
Enzyme cost 6.5 1.25 10.14 $/kg [73]
Solid loading enz. hydrolysis 20 10 27.8 % [33]
Moisture during pretreatment 75 60 80 % [23,40,53]
Enzymatic hydrolysis time 72 16 96 h [29,44,45,88]
Pretreatment temperature oMin 28 23¢ 504 °C
Inoculum incubation time = Max 120 24 336 h [33,89]

Figure 6. Sensitivity analysis of the fungal pretreatment-based facility for the production of fermentable
sugars from: (A) perennial grasses, (B) corn stover, (C) agricultural residues, and (D) hardwood. ? Bulk
density of baled and chopped biomass, respectively. ® Achieved by eliminating water addition to the
enzymatic hydrolysis process. © Room temperature. ¢ Same temperature as enzymatic hydrolysis,
assuming use of fungi that would withstand that temperature.

The assumed 20% solid loading for the enzymatic hydrolysis process is considered a high-solid
loading. High-solid loadings are preferred for enzymatic hydrolysis and are usually beneficial for
the process economics, but can produce challenges related to the rheology of the mixture [100]. Most
experimental results in enzymatic hydrolysis are obtained using very low solid loading of 1-5%,
including the values from literature used as a data source in this model (Table S1) [21-46,51-53].
However, for the purpose of this analysis, it was assumed that similar yields to those reported would
be obtained at 20% solid loadings. Reducing the solid loading to 10%, while maintaining the sugar
yields, increased the sugar production cost for all feedstocks by 4-5%. However, reducing the solid
loading could generate an increase on the sugar yields, which was not accounted for in this study. The
maximum solid loading possible for enzymatic hydrolysis corresponded to the final solid loading of
the fungal pretreatment, and to model this scenario, no additional water was added with the enzymes
to the enzymatic hydrolysis process. The actual maximum solid loading varied between feedstocks
(Figure 6), because some of the reactions during the fungal pretreatment process produced water, such
as the lignin mineralization and the sugar metabolization and, therefore, the actual moisture content at
the end of the fungal pretreatment was different for each feedstock.

The low temperature used for fungal pretreatment (25-30 °C) has been considered an advantage
because of low energy requirements [17]. However, these results showed that the fungal pretreatment
process at this scale (Table A2) actually required cooling water due to the heat produced by the
fungal metabolism (Table 4). In addition, an important amount of water was required to decrease the
temperature of the sterilized feedstock. Therefore, increasing the fungal pretreatment temperature to
that of the enzymatic hydrolysis (50 °C) reduced the sugar production cost by 4-6%, by reducing the
demand for cooling water.

Fungal pretreatment has been performed successfully at 60% initial moisture content [101].
Reducing the initial moisture content for the fungal pretreatment to that level decreased the sugar
production cost by 4-6% (Figure 6), mostly because service water was saved in the cool down process
after autoclaving of the feedstocks with 60% moisture content, since water has a high specific heating
capacity. The time required for operations such as inoculum preparation or enzymatic hydrolysis were
reduced to 24 and 16 hours, respectively, which are levels already reported in the literature [33,46].
This time reduction decreased the equipment needs for those processes and, thus, reduced the sugar
production cost by 2-5%.
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3.4. Potential Strategies to Reduce the Sugar Production Cost

To study the effect of some potential strategies to reduce the sugar production cost, the model
for corn stover was selected as baseline, since it produced the lowest sugar production cost (Figure 4).
Feedstock sterilization was reportedly performed on all the experiments used as a data source for
the fungal pretreatment conditions and yields (Section 2.1.1) and, therefore, was included in the
baseline process models. Some recent research interest has been focused on reducing the sterilization
requirements of the fungal pretreatment [39,102,103]; however, the results have shown significant
limitations of this approach [53]. If eliminating the sterilization step was possible, the estimated
sugar production cost in the fungal pretreatment-based facility from corn stover would be around
$1.4/kg (Figure 7). Furthermore, by reducing the fungal pretreatment time to 7 days, the sugar
production cost could be decreased to $0.9/kg (Figure 7). However, this short pretreatment time would
unlikely produce sufficient changes in the recalcitrance of the feedstocks to maintain the required
sugar yields [17], and improvements on the fungal strains would be necessary to make this time
reduction feasible.

Sugar production cost ($/kg)
0.00 0.50 1.00 1.50 2.00

Base case |

Eliminate sterilization |
Pretreatment time (28 d --> 7 d) |
Glucose yield (61% ->90%) [ ]
Xylose yield (39% —>60%) [ ]

Enzyme loading (25 g/kg->5g/kg) [ |

Enzyme cost ($6.50/kg -->$1.25/kg) | |

Enz. hydrolysis time (72h-->16h) [ |
Pretreatment temperature (28°C —>50°C) [ | $0.45/kg

Figure 7. Potential strategies for the reduction of fermentable sugar production cost in a fungal
pretreatment-based facility from corn stover.

It has been reported that, to make a pretreatment economically feasible, a glucose yield of at least
90% should be achieved [4]. If that were possible for fungal pretreatment in this process model, the
sugar production cost would be further reduced to approximately $0.6/kg (Figure 7). An increase
of the xylose yield to levels previously reported for other feedstocks was also considered [33]. Other
considerations evaluated in the sensitivity analysis were also included to reduce the sugar production
cost, such as reducing the enzyme loading cost and enzymatic hydrolysis time, and increasing the
pretreatment temperature to 50 °C. The latter assumed that a white-rot fungus is selected or modified
to be effective at that temperature. By combining these strategies, an estimated cost of $0.45/kg of
fermentable sugars could potentially be achieved (Figure 7). Previous reports have estimated a cost of
approximately $0.25/kg of fermentable sugars for cellulosic biorefineries [49,50].

In the sensitivity analysis, it was shown that decreasing the initial moisture content of the fungal
pretreatment considerably decreased the sugar production cost. However, this was mostly due to
cooling water saved after the sterilization process. Since sterilization was eliminated in the analysis
performed in Figure 7, the reduction of the initial moisture content had only a slight effect on the sugar
production cost and was, therefore, not included in this analysis.

Feedstock sterilization is usually considered as an important step prior to fungal pretreatment,
to avoid the outcompetition of the white-rot fungi by microorganisms present in the feedstock [104].
However, the amount of energy required for sterilization by autoclaving could be detrimental to the
process economics of the fungal pretreatment. Alternative methods of sterilization, such as gamma
radiation or ethylene oxide, could be more appropriate for lignocellulosic feedstock at this scale, but
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need to be explored experimentally. Eliminating feedstock sterilization reduced the sugar production
cost by approximately 12% in the fungal pretreatment-based facility analyzed (Figure 7). In addition,
elimination of the sterilization requirement would allow the fungal pretreatment process to take
place in less enclosed environments. Fungal pretreatment in piles, similar to composting, instead of
packed-bed bioreactors would notably reduce the costs. Fungal pretreatment concurrent with wet
storage has been proposed previously for the scale up of this process [88], and the elimination of the
feedstock sterilization would benefit the feasibility of this approach. However, it is not clear if the
complete elimination of sterilization is feasible. Fungi with high growth rates and/or mechanisms that
allow them to outcolonize the microorganisms present in the feedstock would be required to eliminate
the sterilization process. An incomplete microbial reduction, instead of sterilization, could perhaps
create an environment that would allow the white-rot fungi to properly colonize the feedstock and to
perform an effective fungal pretreatment.

In order to improve the fungal pretreatment process towards feasibility at commercial scale,
several bottlenecks need to be overcome. Reducing the fungal pretreatment time and increasing
the sugar yields constitute some of the biggest challenges. To increase the sugar yields and reduce
the pretreatment time, more advanced strategies for the optimization of the fungal pretreatment
are necessary. Combination with other low severity pretreatments has been studied for a long time,
achieving high sugar yields and significantly reducing energy and chemical inputs [105]. These
processes should be optimized not only from the technical perspective at laboratory scale, but also from
the techno-economic perspective for commercial scale application. Genetic modifications of fungal
strains in order to improve lignin degradation, restrict carbohydrates loss, raise the growth rate, or
increase the optimal growth temperature have the potential to improve the fungal pretreatment process
in the future. White-rot fungi have been modified for overexpression of ligninolytic enzymes [106],
heterologous expression of lignocellulases [107,108], and avoidance of cellulase production to restrict
cellulose loss [32]. Developing new microbial strains that exploit the ligninolytic systems of white-rot
fungi, while including benefits of different microorganisms, such as the higher growth rate of bacteria
or yeast, could help develop a better platform for the optimization of biological pretreatment.

4. Conclusions

The production of fermentable sugars for a cellulosic biorefinery producing 75,700 m® of ethanol
per year (20 million gallons per year) in a fungal pretreatment-based facility does not appear to be
economically feasible at the conditions evaluated. The sugar production costs estimated in this analysis
were 1.7, 1.6, 2.0, and 2.8 $/kg for perennial grasses, corn stover, agricultural residues other than corn
stover, and hardwood, respectively. These values were 4-15 times as much as those obtained previously
for conventional pretreatments. The main bottlenecks of the fungal pretreatment process were the
long pretreatment time, the low sugar yields, the low feedstock bulk density, and the sterilization
requirements. These conditions generated high requirements in equipment size and number of units
for key processes, such as fungal pretreatment, enzymatic hydrolysis, and autoclaving, which had a
direct impact on the capital cost and, thus, the fermentable sugars production cost. In a hypothetical
optimization of the fungal pretreatment process, by eliminating the sterilization step, reducing the
pretreatment time from 28 to 7 days, and increasing the glucose yield to 90%, the sugar production cost
from corn stover could be potentially reduced by more than 60%, to $0.6/kg. Thus, the improvement
of key parameters, such as sugar yield, pretreatment time and sterilization requirements, are necessary
to improve the techno-economic performance of the fungal pretreatment of lignocellulosic biomass.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/5/2/30/s1.
Table S1: Summary of data from fungal pretreatment literature, Table S2: Cost of utilities used for model, Table S3:
Direct fixed capital estimate summary (million dollars).
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Appendix A
Table A1l. Economic evaluation parameters.
Time Parameters Value Financing Parameters Value Construction Plan Value
Analysis year 2017 Equity (%) 40 1st year (% of DFC) 30
Year construction starts 2017 Loan term (years) 12 2nd year (% of DFC) 40
Construction period . o o
(months) 18 Loan interest (%) 8 3rd year (% of DFC) 30
Startup period (months) 12 Depreciation method Straight line Plant direct cost parameters:
Project life (years) 30 D‘*Prec(l;et;‘fs‘)l’e“"d 15 Process piping (% of PC) 35
Inflation rate (%) 2 Income tax rate (%) 40 Instrumentation (% of PC) 40
Fixed cost parameters: Operating parameters: Insulation (% of PC) 5
Auxiliary facilities (% of PC) 40 Annual operating time (h) 7920 Electrical (% of PC) 10
Engineering (% of TPDC) 20 Salvage factor (% of DFC) 5 Buildings (% of PC) 45
Construction (% of TPDC) 20 Startup cost (% of DFC) 5 Yard improvement (% of PC) 15
Contractor’s fee (% of TPC) 5
Contingency (% of TPC) 10

Based on: [49,50,77-79]. PC: purchase cost of equipment; TPDC: total plant direct cost (physical cost); TPC: total
plant cost (includes TPDC and indirect cost,); DFC: direct fixed capital.

Table A2. Major equipment characteristics, number, size, and cost.

. F k
Equipment Characteristics cedstoc Relileorteegce/
Grasses Corn Stover 'l.&g' Hardwood
Residues
Width (cm) 100 100 100 - Set-up to fit bales
Length (m) 100 100 100 - [80]
Bale conveyor Power (kW) 15 15 15 - [109]
Number 1 1 1 - Calculated
Unit cost ($) 344,000 344,000 344,000 - [61]
Screen (in) 2 2 2 - [17]
Max. 40,000 kg/h
Bale grinder Throughput (kg/h) 38,634 32,989 36,915 - [110]
Specific power (kW/kg) 0.025 0.03 0.025 - [97]
Number 2 2 2 - Calculated
Unit cost ($) 571,000 519,000 556,000 - [110]
Power (kW) 75 75 75 75 [109]
Bucket elevator Number 1 1 1 1 Calculated
Unit cost ($) 20,000 20,000 20,000 20,000 [80]
Width (cm) 107 107 107 107 [109]
Length (m) 7.6 7.6 7.6 7.6 [109]
Belt conveyor Power (kW) 3.7 3.7 3.7 40 [97,109]
Number 1 1 1 1 Calculated
Unit cost ($) 70,000 70,000 70,000 70,000 [80]
Size (m3) 94 92 9 96 Max. 100 m3 [80]
Designed pressure (psi) 100 100 100 100 Set-up for sterilization
Autoclave Material Cs CS Cs CS [110]
Number 11 12 14 17 Calculated
Unit cost ($) 173,000 171,000 175,000 175,000 [80]
Diameter (cm) 86 20 91 98 Max. 100 cm [80]
s . Length (m) 10 10 10 10 [80]
; Cr;,w Convﬁygrb 4 Power (kW) 94 101 130 150 Calculated
ee lg,g packed-be Material cs cs cs CS [50]
loreactor Number 1 1 1 1 Calculated

Unit cost ($) 140,000 118,000 136,000 229,000 [50]
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Table A2. Cont.
Equipment Characteristics Feedstock Reference/
Ag. Notes
Grasses Corn Stover . Hardwood
Residues
Airlift fermenter Size (m3) 980 787 936 900 Calculated
(inoculum Material SS316 SS316 SS316 SS316 [80]
preparation Number 1 1 1 2 Calculated
bioreactor) Unit cost ($) 1,208,000 1,054,000 1,174,000 1,146,000 [80]
Pressure change (psi) 16 16 16 16 [50]
Gas compressor for Efficiency (%) 70 70 70 70 [80]
inoculum Power (kW) 646 519 617 1188 Calculated
preparation Number 1 1 1 1 Calculated
Unit cost ($) 257,000 225,000 250,000 370,000 [50]
Packed-bed Size (ng3) 3999 3972 3974 3976 Max. 4000 m?
bioreactor (fungal Material Concrete Concrete Concrete Concrete [50]
Number 85 92 120 142 Calculated
pretreatment) Unit cost (9) 986,000 983,000 983,000 983,000 [50]
Pressure change (psi) 16 16 16 16 [50]
Gas compressor for Efficiency (%) 70 70 70 70 [80]
fungal pretreatment Power (kW) 6000 6450 4208 4957 Calculated
Number 1 1 2 2 Calculated
Unit cost ($) 978,000 1,022,000 791,000 872,000 [50]
Diameter (cm) 78 80 91 92 [80]
Screw conveyor 2 - Length (m) 15 15 15 15 [80]
feeding enzymatic Power (kW) 115 119 156 197 Calculated
hydrolysis reactor Material CS CS CS CS [80]
Number 1 1 1 1 Calculated
Unit cost ($) 165,000 138,000 157,000 270,000 [50]
Size (m3) 2300 2321 2333 2482 Max. 2500 m? [50]
Enzymatic Material SS304 SS304 SS304 SS304 [50]
hydrolysis reactor Number 11 8 10 22 Calculated
Unit cost ($) 958,000 963,000 966,000 1,003,000 [50]

Materials: CS — Carbon steel, SS304 — Stainless steel grade 304, SS316 - Stainless steel grade 316. Costs were
calculated using the power law based using the references provided in the last column as based price.

Table A3. Annual operating costs for the fungal pretreatment-based facility for the production of

fermentable sugars from different feedstocks (million dollars).

Cost Item Grasses Corn Stover Ag. Residues Hardwood
Feedstock 50.5 40.7 48.4 72.9
Enzymes 22.9 16.8 15.2 40.7
Other materials 5.5 44 5.3 10.3
Labor 59 5.8 5.8 53
Facility-dependent 104.2 108.0 139.8 175.8
Laboratory/QC/QA 0.9 0.9 0.9 0.9
Utilities 36.7 411 58.9 68.0
TOTAL 226.6 217.6 274.2 373.8
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Table A4. Cost of major equipment for fungal pretreatment-based facility (thousand dollars).

Grasses Corn Stover Ag. Residues Hardwood
Equipment Quantity ?‘::tl Quantity EO(::: Quantity ?;:: Quantity Fg);::
Packed-bed bioreactor 85 83,810 92 90,436 120 117,960 142 139,586
Enzymatic hydrolysis 1 10,538 8 7704 10 9660 2 22,066
reactor
Autoclave 11 1903 12 2052 14 2450 17 2975
Airlift fermenter 1 1208 1 1054 1 1174 2 2292
Hammer mill 2 1142 2 1036 2 1112 - -
Gas compressor for fungal 1 978 1 1022 5 1582 5 1744
pretreatment
Bale conveyor 1 344 1 344 1 344 - -
Gas compressor for 1 257 1 225 1 250 1 370
inoculum
Screw conveyor 1 1 140 1 118 1 136 1 229
Screw conveyor 2 1 165 1 138 1 157 1 270
Belt conveyor 1 70 1 70 1 70 1 70
Bucket elevator 1 20 1 20 1 20 1 20
Other equipment - 25,181 - 26,080 - 33,762 - 42,469
TOTAL 125,756 130,299 168,677 212,091
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