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Biorefining lignocellulose into
feed and food: the case of
sugarcane and a technology
outlook

Fernando Roberto Paz Cedeno?, Gabriel P. Petrielli?,
Sergio R. de Medeiros?, Alexandre Berndt?,

Thayse A. D. Hernandes™*, Antonio Bonomi* and
Carlos Driemeier™*

Brazilian Biorenewables National Laboratory (LNBR), Brazilian Center for Research in Energy and
Materials (CNPEM), Campinas, Brazil, ’(Embrapa Pecuéria Sudeste, S&o Carlos, Brazil, *School of
Mechanical Engineering, University of Campinas, Campinas, Brazil

This Perspective explores how new technologies can expand lignocellulose
biorefineries to include coproducts for animal feed and microbial protein with
potential applications in human food. Using the Brazilian sugarcane industry as a
case study, the analysis highlights synergies from the spatial coexistence of
sugarcane and livestock, as well as economies of scale and product
multiplicity in biorefineries. The technology outlook examines selected
biomass pretreatments that can generate pretreated biomass with dual use:
reactive intermediate for cellulosic ethanol production and ruminant nutrition.
However, reliance on biorefined feed requires rebalancing ruminant diets and
enhancing nutritional value. Emerging technologies for microbial protein
production from biorefining streams are briefly contextualized, considering
the potential addition in the diets of livestock and humans. In conclusion,
research and development in this domain can unlock key opportunities to
enhance the sustainability of bio-based value chains.
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1 Introduction

Biomass is a valuable renewable carbon source with competing end uses for food, feed,
materials, chemicals, fuels, and carbon removal (Muscat et al., 2020; Dees et al., 2023).
Biorefineries fractionate and transform biomass components into a portfolio of renewable
bio-based products. As elements of industrialization, biorefineries enhance the economic,
societal, and environmental value obtained from biomass, partly mitigating the competition
among the distinct biomass uses (Kumar et al., 2020; Paone et al., 2020; Singh et al., 2022).

Ethanol is the predominant biofuel globally, with production exceeding 100 Mm”® yr™'.
Ethanol from cereal grain, chiefly corn, is obtained from biorefineries that coproduce edible
oil and protein-rich distiller’s grains, widely used as feed (Scholey et al., 2016; Eckert et al.,
2018). In the case of sugarcane, most industrial plants transform the sucrose-rich juice into
both ethanol and edible sugar (de Souza Dias et al., 2015; Klein et al., 2019; Vandenberghe
et al,, 2022), further evidencing that coproduction of fuel, feed, and food is mainstream
practice in first-generation (1G) ethanol technologies.
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Biorefining of lignocellulose represents a technology frontier,
often called second-generation (2G) technologies. Lignocellulose
comprises the structural, non-edible fractions of plants, primarily
cellulose, hemicelluloses, and lignin. As the most abundant type of
biomass, lignocellulose serves as the main renewable carbon source
(Langholtz, 2024). The sugarcane industry is currently leading the
deployment of new lignocellulose biorefining technologies in
commercial-scale cellulosic ethanol facilities based on bagasse
and straw pretreatment, enzymatic hydrolysis, and sugar
fermentation (Vandenberghe et al, 2022; Menezes et al., 2023).
This leadership stems from several favorable conditions: the on-site
availability of sugarcane bagasse (the fibrous residue left after juice
extraction from the stalks); the additional availability of straw (leafy
matter); and the synergies in integrating 2G technologies with the
established 1G industry (Junqueira et al., 2017; Negrao et al., 2021;
Nascimento et al., 2024).

In considering these 1G and 2G scenarios, it is sensible to
evaluate the potential of expanding lignocellulose biorefining
technology to include feed and food coproducts. This objective
aligns with the bioenergy-livestock integration (BLI) studies in
Brazil, which aim to identify opportunities for maximizing
synergies and minimizing trade-offs in the joint production of
food, feed, and bioenergy (Rinke Dias de Souza et al, 2021).
Nonetheless, the BLI studies have not yet assessed the potential
of lignocellulose biorefining to enhance an integrated food-feed-
bioenergy system. Additionally, a comprehensive overview of
lignocellulose biorefining into feed and food, beyond the
specificities of the Brazilian context and sugarcane cases, is
missing and could significantly contribute to the advancement of
biorefining.

This Perspective addresses these knowledge gaps through a
spatial analysis of the Brazilian Center-South (Section 2), a
description of economies of scale and process streams in
biorefineries (Section 3), a presentation of biomass pretreatments
for multiproduct biorefining (Section 4), an explanation on
ruminant diet rebalancing for biorefined feed (Section 5), and a
contextualization on microbial protein integration into biorefinery
products (Section 6). The concluding remarks (Section 7) emphasize
the need for R&D to turn the identified potential into reality.

2 Sugarcane and livestock in Brazilian
center-south

The potential geographic area for the integration between
sugarcane and livestock productions was assessed in six states
(GO, MT, MS, MG, PR, and SP) of the Brazilian Center-South
region. These states collectively represent more than 90% of the
country’s sugarcane area (CONAB, 2023) and around 63% of the
country’s livestock (IBGE, 2022). Two scenarios of sugarcane
production were considered: (i) the current cultivated area from
the Canasat Project (Rudorff et al., 2010) and (ii) an expansion of
sugarcane cultivation over pastureland inside the Sugarcane
Agroecological Zoning (Manzatto et al., 2009) as a conservative
approach to avoid cropland conversion (Hernandes et al., 2021). The
availability of sugarcane biomass for both scenarios was estimated
using the Crop Assessment Tool (CAT), quantified in tonnes of
sugarcane (t) on a wet stalk basis. The CAT model uses
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georeferenced climate data (Xavier et al, 2016) and provides
attainable yields constrained by water availability. This model’s
outputs align closely with commercial observations (Petrielli
et al., 2023) and ensure better spatial resolution, replicability, and
consistency across both current and expansion cultivation areas.
Livestock production was extracted at the municipality level from
Municipal Livestock Production for 2020 (IBGE, 2022). The
comparison between sugarcane and livestock productions was
performed at a geographic level of microregion to be consistent
with the supply of an optimized sugarcane biorefinery with a
processing capacity of at least 4 Mt. yr' (Junqueira et al.,, 2016).
For each microregion, the ratio between sugarcane biomass
availability (t.) and livestock production in animal units (AU)
was calculated (t. AU™") to examine the spatial coexistence of the
two activities. AU is defined as one adult bovine equivalent weighing
approximately 450 kg (IBGE, 2022).

Sorting the microregions by the sugarcane:AU ratio shows an
exciting pattern. In the current sugarcane scenario (Figure la), both
activities coexist within a range of approximately 10-100 t. AU™". This
range is approximately maintained in the expansion scenario
(Figure 1b), although it shifts to the lower boundary. Areas below
10 t. AU ™" have significant livestock production but minimal sugarcane.
Conversely, areas above 100 t. AU exhibit significant sugarcane
production but limited livestock. The coexistence range (10-100 t.
AU™) is found in 45 microregions of the current scenario (Figure 1c)
and 80 microregions of the expansion scenario (Figure 1d). These areas
of the current scenario produce 451.7 Mt, with 19.3 MAU of livestock
(Figure le). Meanwhile, the areas of the expansion scenario have the
potential to produce 1194.0 Mt with 48.0 MAU of livestock (Figure 1e).
These numbers underscore the potential of technologies that convert
sugarcane biomass into livestock feed.

Since the expansion of crops such as sugarcane has raised the debate
of direct and indirect land use change impacts, a conservative sugarcane
expansion scenario is proposed to occur over pasturelands, as recently
occurred (Hernandes et al, 2022). Current livestock is primarily
produced extensively on pastureland, and shifting to feedlots is part
of the proposed strategy of intensification for sugarcane expansion
(Rinke Dias de Souza et al., 2021). Moreover, biorefined feed is one
possible tool to be integrated in strategies for intensification without
livestock displacement.

3 Economies of scale and multiple
streams in biorefineries

Biomass processing costs benefit from economies of scale in
biorefineries. Figure 2A compares a representative lignocellulose
cost (40 USD/tgy) with the annualized CAPEX of a cellulosic
ethanol plant’s pretreatment area using high-temperature
aqueous acidic pretreatments, like steam explosion. The graph
shows CAPEX in USD/ty,y for seasonal (200 days, approximately
April-November) and year-round (330 days, complemented by
maintenance time) operations. It uses techno-economic data
(CAPEX of the pretreatment area, plant capacity, 25-year project
lifespan, 12% internal rate of return, short-term scenario) from
Junqueira et al. (2017), assuming a scaling exponent of 0.7 (Humbird
et al,, 2011). Current scales of sugarcane cellulosic ethanol facilities

(about 80 ML yr™') correspond to capacities of about 40-50 tq,y h™.
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GO 3 48.0 0.6 3.8 12.6 GO 12 299.3 4.0 14.9 20.1
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SP 27 250.0 3.4 7.6 32.9 SP 34 203.9 2.7 8.0 255

FIGURE 1

Potential areas for sugarcane-livestock integration through biorefineries. (a,b) Aggregated percentages of sugarcane and livestock production
sorted by sugarcane-livestock ratio for the current and expansion scenarios. Significant coexistence of both activities is observed for sugarcane-livestock
ratios within 10-100 t. AU (gray-shaded ranges). (c,d) Spatial distribution of geographic microregions with sugarcane-livestock ratios within 10-100 t.
AU for the current and expansion scenarios. (e,f) Production data aggregated at the state level for the current and expansion scenarios.
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illustrating biorefinery streams that may be used as feed and food.

At these scales, processing costs may be lower than the costs of
lignocellulosic feedstocks. However, Figure 2a simplifies the benefits
of scale, not considering additional advantages in reactor and
control technologies or operational and administrative costs.

Besides economies of scale and year-round operation,
lignocellulose biorefineries deal with multiple process streams.
Figure 2b shows a simplified process flowchart of lignocellulose
biorefining into ethanol and potential feed and food coproducts.
Pretreated biomass can be used as feed, as further discussed in
Section 4 and Section 5. In the biomass-to-ethanol process,
pretreated biomass undergoes enzymatic hydrolysis to convert
cellulose and hemicelluloses into monomeric sugars (glucose and
xylose), which are then fermented, followed by distillation to obtain
ethanol (Su et al., 2020; Raj et al., 2022).

Sugar-rich hydrolysates can be fermented into ethanol or used to
produce microbial protein for various diets, including those of
monogastric animals (e.g., pork, poultry, and fish), pets (e.g., cats
and dogs) and humans (Matassa et al., 2016; Cedeno et al., 2025), as
further discussed in Section 6. However, the sugar hydrolysate
stream is valuable, and lower-value streams such as vinasse (the
aqueous residue from distillation) and pretreatment liquors (e.g.,
alkaline liquor) may be preferred for microbial growth. Utilizing
dilute, low-value streams would not compete with sugar
fermentation but instead with anaerobic digestion to produce
biogas (Moraes et al., 2015).

Comparing biomass availability and livestock feed demand is
important. Equation 1 represents a hypothetical balance between
lignocellulose-derived feed supply and demand,

(1)

L'Srefined~sfeed =N 'In~$feedlot~sintake~

In Equation 1, feed supply is the product of the lignocellulose
availability L (tg), the share of lignocellulose that is biorefined
Srefined (%), and the share of biorefined lignocellulose that is directed
for feed sp.cq (%). The feed demand is the product of the livestock
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TABLE 1 Examples of results from feed analysis of raw bagasse compared to
bagasse pretreated by steam explosion (StEx), mild alkaline (MA), and
ammonia fiber expansion (AFEX).

Parameters Raw  StEx*  MA*  AFEX**
Dry matter (%) 85.7 35.0 442 94.7
Crude protein (%)" 3.0 39 38 13,8
Neutral detergent fiber (%) 93.5 60.3 72.7 78.0
Acid detergent fiber (%) 78.9 54.1 62.2 61.8
Digestibility (%) 7.8 474 56.8 59.0
Total nitrogen (%) 0.48%* 0.62** 0.6 22

fTotal nitrogen x 6.25.
*(Molina et al., 1983).
**(Mokomele et al., 2018b).

population N,y (AU), the feed intake In (tq,, AU™"), the share of
livestock in feedlots with biorefined feed ss.cio; (%), and the share of
the intake made of biorefined feed s;,,4k. (%). One t. comprises about
0.13 tg,y of stalk fibers (bagasse) and about 0.07 tgy, of straw,
although straw availability depends on local conditions (Negrao
et al, 2021). Lignocellulose availability thus becomes 0.20 tgy/t..
Sugarcane-livestock coexistence ratio (10-100 t. AU™', Figure 1)
means L/Nyy of 2-20 ty, AU™". Demand for feedlot ration would
occur primarily during the dry season when pasture is scarce,
coinciding with the sugarcane harvest season. With a 200-day
season and a daily feed intake of 0.01 tg,, AU™" (about 2% of the
animal’s weight), estimated In is about two ta,, AU™". After having
these estimates for L/N,yand In in Equation 1, matching supply and
demand of lignocellulose-derived feed can be adjusted by multiple
factors (Syefineds Sfeeds Seedionr ANd Sinrare). Due to this flexibility,
livestock feed coproduction in lignocellulose biorefineries must be
understood as a versatile concept adaptable to different technologies
and strategies.
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TABLE 2 Chemical composition of raw bagasse and bagasse pretreated by steam explosion (StEx), mild alkali (MA), and ammonia fiber expansion (AFEX).
Data is expressed as percentage of raw bagasse and discriminates solid and liquid streams after StEx and MA pretreatments.

Components

Liquid
%

Pretreatment yield (%) — 73.6 26.4 86.0 14.0 —

Cellulose 40.5 39.8 — 4.7 — 39.5
G-0S — — 1.9 — 0.3 —
Glucose — — 0.03 — 0.0 —

Xylan 23.1 7.8 — 225 — 252
X-08 — — 14.4 — 1.2 -
Xylose — — 1.3 — 0.0 —

Arabinan 1.6 0.4 — 2.5 — N.R
Arabinose — — 0.7 — 0.0 —

Acetyl groups 33 1.0 1.3 0.03 — N.R.
Free acetic acid — — 0.2 — 31

Lignin 25.1 21.6 5.8 15.7 8.2 15.9

Ashes 3.0 1.2 — 1.2 — 2.8

Raw bagasse has an extractives content of 3.79% + 0.48%.
OS, oligosaccharides.

N.R., not reported.

*(Mokomele et al., 2022).

4 Biomass pretreatments

Biomass pretreatments aim to reduce the natural recalcitrance of
lignocellulosic biomass. Amongst the many biomass pretreatment
technologies (Sun et al., 2016; Chen et al., 2017), this section focuses
on three technologies—steam explosion (StEx), mild alkali (MA), and
ammonia fiber expansion (AFEX) — that present higher technological
readiness levels (TRL) and a recognized potential for dual use (fuel and
feed). Table 1 shows feed analysis of raw bagasse and bagasse pretreated
by StEx, MA, and AFEX technologies. Digestibility increases from 7.8%
in raw bagasse to 47.4%-59.0% after pretreatments, demonstrating the
reduced biomass recalcitrance that serves both the conversion into
ethanol and the value as feed.

Table 2 shows compositional data for raw and pretreated
bagasse. The severity of pretreatment reactions affects biomass
response, so the data should be seen as examples of each
pretreatment type.

The StEx pretreatment belongs to a family of high-temperature
(170-210°C) aqueous acidic pretreatments currently utilized in the
pioneer cellulosic ethanol biorefineries (TRL 8-9) (Nascimento et al.,
2024). This group of pretreatments includes variations with and without
the addition of mineral acids (e.g, H,SO,), but only the versions
without acid addition produce material suitable for livestock feed
(Manzano et al., 2000). Batch reactors known as “hydrolyzers” have
been used in several sugarcane biorefineries to create “hydrolyzed
bagasse” for use as feed (as further discussed in Section 5). As a
feed component, StEx improves the bagasse digestibility (Table 1),
but loses fiber integrity. From a compositional standpoint (Table 2),
lignin and cellulose are mostly preserved in the solid fraction, albeit with
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structural changes (Langan et al.,, 2014; Driemeier et al., 2015; 2016; Ruiz
et al, 2020). Minor portions are solubilized as oligomers (lignin
fragments and gluco-oligosaccharides). Conversely, most xylan is
solubilized, predominantly forming xylo-oligosaccharides. Acetyl
groups from hemicelluloses are partly released as free acetic acid,
while some remain bound to the xylo-oligosaccharides. The release
of acetic acid in the aqueous phase is primarily responsible for the low
pH of StEx-pretreated bagasse.

Mild alkaline (MA) pretreatments also improve digestibility
(Table 1) and bagasse intake (Molina et al., 1983; Ezequiel et al.,
2005). Versions of MA pretreatments have been developed and
scaled up (TRL 6-7) to be the backbones of cellulosic ethanol
biorefineries, such as the Deacetylation and Mechanical Refining
(DMR) pathway (Chen et al., 2016; 2019; Li et al, 2021). This
technology has been tested with bagasse at low temperatures
(55°C-90°C) with NaOH concentration within 0.1%-0.7% for
1-5 h and shows promise for ethanol production and alkaline
liquor biodigestion (Lima et al.,, 2018; Volpi et al.,, 2021).

Ammonia as a pretreatment reagent has also sparked interest
because of the potential for ammonia recovery and the dual use as a
nitrogenous nutrient (Zhao et al., 2020). AFEX, an ammonia-based
pretreatment, has reached pilot/demonstration scale (TRL 6-7) and
is considered for ethanol and feed production (Mokomele et al.,
2018a). AFEX is a dry-to-dry process (i.e., no aqueous stream) that
treats lignocellulosic biomass with ammonia at moderate
temperatures (100°C-140°C) and pressures (7-28 bar), during
15-60 min, followed by rapid decompression. The process
envisions decentralized facilities (depots) near the fields (Jin and
Dale, 2019; Mokomele et al, 2022). AFEX-treated bagasse
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significantly increases total nitrogen content (Table 1) (Mokomele
et al., 2018b), primarily due to non-protein nitrogen linked during
pretreatment. This provides valuable nitrogen for ruminants, but
raises concerns about acetamide formation, which has been detected
in milk and beef from AFEX-fed cattle, warranting further
regulatory and health investigations (Bals et al., 2019). Notably,
the rumen microbial population can convert non-protein nitrogen
to microbial protein, turning a low-cost nitrogen source into an
important protein supply for the animal (Huntington and
Archibeque, 2000).

5 Rebalancing ruminant diets

Livestock diets must be tailored for production goals,
considering local constraints and the producers’ objectives.
Among possible scenarios for livestock production, scarcity
justifies the utilization of low-digestibility feedstuff such as raw
bagasse. However, it results in low dry-matter intake, sometimes
merely to alleviate hunger and keep the animals alive.

Conversely, beef feedlot diets in Brazil have shifted towards
high-concentrate feed, ie., low-fiber, high-energy, high-protein
feedstuff (Millen et al., 2009; Oliveira and Millen, 2014; Pinto
and Millen, 2019). Advantages of high-concentrate diets include
lower operational costs, better feed efficiency, and a higher rate of fat
deposition, enabling precocious finishing and slaughtering to
produce superior-quality meat. The inclusion of fibrous feed is
thus trending towards the minimum for proper rumen function.
Raw bagasse is inserted in amounts as low as 9%-14% of dry matter
(Bulle et al., 2002), being a good source of fiber, especially if nearby a
biorefinery, also saving land area that would otherwise be needed to
produce an equivalent amount of fiber, most likely corn silage
(Silvestre and Millen, 2021). A serious drawback of high-
concentrate diets is the competition for edible resources,
undermining the unique advantage of ruminants in utilizing
non-edible fibrous feed, the main reason livestock uses only 14%
of human-edible grains (Mottet et al., 2017). High-concentrate diets
are also vulnerable to the price volatility of the concentrate, which
can be further aggravated by climate change and the growing global
demand for food and feed.

Biorefined feed offers a middle ground between the scarcity and
the high-concentrate diets. It provides better digestibility than crude
fiber (Table 1) but is less nutritious than concentrates. Since the
1980s, several attempts have been made to increase bagasse
digestibility and inclusion in ruminant diets (Burgi, 1985; Lanna
etal., 1999; Manzano et al., 2000). Steam treatment of bagasse (StEx)
became the preferred choice before the development of cellulosic
ethanol biorefineries. StEx bagasse has been included up to 40%-
60% (dry matter) in ruminant diets. However, the StEx process
generates organic acids, presents an intrinsic low pH, and destroys
fiber integrity (Burgi, 1985; Medeiros and Machado, 1993). The
lower fiber effectiveness in stimulating rumination induces a more
acidic ruminal environment, adding stress to the ruminal buffering
system, as demonstrated by Weiss et al. (2017), who further showed
that increasing particle length can mitigate the issue. Alkaline
pretreatments that preserve fiber effectiveness and help to control
the ruminal pH might be of interest if their enhanced digestibility
allows higher inclusions in competitive diets. Nevertheless, the low
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protein content in raw and pretreated bagasse (Table 1) is a key
limitation for balancing a diet enriched in biorefined feed.
Addressing the low protein content in bagasse through protein
production in lignocellulose biorefineries could help balance such
diets, offering a valuable adaptation strategy for regions facing
climate change-induced challenges like droughts (Han and
Singh, 2023).

6 Microbial protein

Microbial protein, also known as single-cell protein (SCP), refers
to dried cells of microorganisms used as functional ingredients in
animal feed and human food (Banks et al., 2022; Li et al., 2024;
Cedeno et al., 2025). Animal feed or human food applications
with safety and
frameworks. Feed-grade microbial protein typically undergoes

require compliance specific regulatory
less stringent purification than food-grade products. However, it
must still meet regulatory standards for safety, toxicity, and
nutritional adequacy before market approval (Grigore et al,
2025). Human food applications demand more rigorous safety
evaluations, higher purity levels, and regulatory approvals
2021).

microorganisms, including fungi, bacteria, and algae, are used to

(Lahteenmiki-Uutela et al, Various species of
produce microbial protein, with many of them being Generally
Recognized as Safe (GRAS) and having a Protein Digestibility-
Corrected Amino Acid Score (PDCAAS) close to 1 (Koukoumaki
et al., 2024). It has been proven to be highly nutritious, presenting
excellent amino acid profiles, particularly highlighting lysine,
methionine, and threonine, making it ideal as a supplement in
animal diets (Sharif et al., 2021). Also, it offers an alternative to
plant-based protein with advantages such as higher protein content,
faster growth and production, and independence of seasonal
variations (Tian et al, 2023). Beyond nutritional benefits,
microbial protein production offers potential environmental
advantages, with life cycle assessments indicating significantly
lower GHG emissions compared to soybean meal or fishmeal
(Matassa et al., 2016).

Microbial protein can be produced by either solid-state or
submerged fermentation, followed by downstream processing of
Solid-state
microorganisms on solid substrates without free-flowing water,

microbial ~ biomass. fermentation  cultivates
mimicking natural habitats and allowing efficient substrate
utilization (Soccol et al., 2017). Pretreated bagasse and straw are
suitable substrates containing carbohydrates accessible for microbial
growth. For example, assays at laboratory scale using Pleurotus
ostreatus and Fusarium venenatum have reached 25 and 33 g of
microbial protein per kg of treated bagasse (Lourens et al., 2025).

In submerged fermentation, microorganisms are cultivated in
liquid media, which allows for better control of environmental
conditions, nutrient availability, and scalability of the process.
The sugar-rich enzymatic hydrolysate (Figure 2B) may be used
for microbial protein production. This method allows a higher yield
of microbial protein, compared to solid-state fermentation, reaching
levels of 100-300 g per kg of substrate (Zhao et al., 2023; Sun et al.,
2024). However, using sugar hydrolysate for microbial protein
competes with ethanol production. An alternative is to use lower-

value streams from biorefining, such as pretreatment liquor or
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vinasse, which can be environmentally hazardous if not treated
adequately, and may require conditioning (e.g., pH adjustment,
detoxification) before microbial cultivation. The superior process
control of submerged fermentation may enable enhanced-quality
microbial products, possibly for higher-value applications, including
monogastric feed and even human food (Cedeno et al., 2025).

7 Concluding remarks

This Perspective explored the potential of integrating feed and
food coproducts within lignocellulose biorefineries. It showed that
the sugarcane industry is particularly suited for this due to its
leadership in cellulosic ethanol and proximity to livestock
production in Brazil's Center-South region. Lignocellulose-
derived feed and food is presented as a broad concept that
encompasses multiple technologies, including the dual use of
pretreated biomass (fuel and feed), the production of microbial
protein, and the rebalancing of livestock diets. Advancing R&D is
crucial as the cellulosic ethanol industry is new, still needing
reductions in biomass processing costs and gains in product
revenues to enhance its sustainability.

The breadth of the topic covered in this Perspective indicates that
lignocellulose biorefining might open a promising new domain in feed
and food science and technology, encompassing sustainability,
engineering, nutrition, health, safety, and regulatory issues. Although
there is potential for incremental additions to the existing lignocellulose
biorefining technologies, this path may lead to a limited impact. A
broader and more impactful approach requires the concerted action of
policy, investment, and R&D to transform how lignocellulose
biorefining is thought, designed, and deployed.
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