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Abstract: Cellulosic biorefineries have attracted interest due to the growing energy security and
environmental concerns related to fossil fuel-based energy and chemicals. Using pelleted biomass as
a biorefinery feedstock can reduce their processing inputs while improving biomass handling and
transportation. However, it is still questionable whether energy and emission savings from feedstock
transportation and processing can justify pelletization. A life cycle assessment approach was used to
compare energy consumption and greenhouse gas (GHG) emissions from pelleted and non-pelleted
corn stover as a biorefinery feedstock. Operations considered were pelleting, transportation, and
soaking in aqueous ammonia (SAA) pretreatment. Despite greater GHG emissions (up to 25 times
higher than the transportation) generated from the pelleting process, the model showed a significant
opportunity to offset and even reduce overall GHG emissions considering the pretreatment process
benefits. Our process energy analysis showed that SAA pretreatment of pelleted biomass required
significantly lower energy inputs (56%) due to the lower-severity pretreatment’s effectiveness. Higher
pretreatment solid loadings are allowed when pelleted biomass is used and this reduces the process
chemicals and water requirements by 56% and 49%, respectively. This study demonstrated that
the SAA pretreatment of pelleted biomass might be a feasible option as the cellulosic biorefinery
feedstock.

Keywords: corn stover; cellulosic biomass; biorefinery; densification; pelleting; soaking in aqueous
ammonia pretreatment; solid loadings; greenhouse gas (GHG); life cycle analysis

1. Introduction

Biobased energy development has the potential to enhance energy independence,
rural economic growth, and environmental benefits. However, the large quantities of low-
density baled or loose biomass required to supply an industrial-scale cellulosic biorefinery
can cause significant challenges for biomass transportation, handling, and storage. Despite
the interest in uniform feedstock and better supply logistics, densified biomass has not
widely been considered as feedstock for biorefineries. Previous studies [1,2] assume
that feedstock’s densification costs primarily offset feedstock transportation cost savings.
However, the interactions or trade-offs between densification and conversion processing
within the system were overlooked. Recent studies reported process synergies between
densification and pretreatment efficacy, suggesting that using pelleted biomass could lead
to lower pretreatment costs [3,4].

Pretreatment, a crucial processing step in reducing the natural recalcitrance of biomass
for biological processing, still poses a significant economic challenge due to the costs and
environmental effects associated with severe pretreatment process conditions, including
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high temperature, time, and chemical inputs. Though pretreatment accounts for almost 20%
to 30% of the total cost of biofuel production [5], very few studies have looked at the critical
role of energy consumption during different pretreatment processes. Our previous study [3]
reported that pelletizing corn stover could reduce pretreatment temperature, time, and
ammonia concentrations for soaking in aqueous ammonia (SAA) pretreatment. Evaluating
energy consumption reductions associated with such reduced severity pretreatments of
densified biomass can provide a better understanding of the economic and environmental
benefits of processing densified biomass.

Although several studies [3,4,6–8] reported higher hydrolysis yields due to pelleting,
no studies have quantified pelleting impact on pretreatment in terms of energy and green-
house gas (GHG) savings. This study aims to analyze the energy requirement and GHG
emission trade-offs for the transportation and processing of pelleted and non-pelleted
biomass in a cellulosic biorefinery using soaking in aqueous ammonia (SAA) pretreat-
ment. Corn stover (Zea mays L.) is used as a model feedstock because it is considered a
potential large-scale biorefinery feedstock in the US due to high corn production [9,10].
Documenting the process synergies of pelleted and non-pelleted forms of biomass will
provide insights into improving system efficiency and reduce the environmental impact
for an industrial-scale biorefinery.

2. Materials and Methods

A life cycle assessment (LCA) approach was used to assess the fossil energy input
and GHG emission impacts of transporting and processing pelleted biomass compared
to non-pelleted biomass delivered as bales following the ISO guide [11,12]. Inventory
data were compiled from laboratory results, relevant literature, and Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation (GREET) databases [13–15]. Life
cycle energy inputs and GHG emissions were calculated in a Microsoft Excel spreadsheet.

2.1. The Goal, System Boundaries, and Functional Unit

This study investigates the energy inputs and GHG emissions for conducting a com-
parative LCA of using non-pelleted (base case scenario) and pelleted (densification scenario)
forms of corn stover. The system boundaries include feedstock transportation, densification
(as per scenario), and pretreatment to reach 90% theoretical glucose yields with enzymatic
hydrolysis (Figure 1).

In both scenarios, biomass is ground with a hammer mill before pretreatment and
subsequent enzymatic hydrolysis to produce fermentable sugars, which can be fermented
to biofuel or other chemicals.

The boundary for the base case scenario (Figure 1a) includes transportation of baled
biomass from the field edge to the biorefinery and pretreatment sufficient to reach 90%
glucose yields. The system boundary for the densification scenario (Figure 1b) includes
transportation of baled biomass to the nearest depot for pre-processing and pelleting,
delivering the pelleted biomass to the biorefinery, and pretreatment to reach 90% glucose
yields. Nahar and Pryor [3] modeled the hydrolysis yields of pelleted biomass as a function
of pretreatment conditions and showed that the pelleted biomass can reduce the severity of
SAA pretreatment while still producing glucose yields above 90%. Cellulase, β-glucosidase,
and hemicellulase were assumed to be 15 FPU/g glucan, 15 CBU/g glucan, and 300 XU/g
glucan, respectively, for enzymatic hydrolysis [3]. Because the amount of sugar generated
from each feedstock is the same for both scenarios, results can be compared on a feedstock
mass basis. Therefore, the functional unit of the assessment is considered as 1 Mg of
biomass.

The primary goal of this study was to quantify differences in energy inputs and carbon
emissions associated with transportation, densification, and biomass processing, using
SAA as an example of pretreatment. Pretreatment is the most energy-intensive processing
step, and primary processing varies based on feedstock form. A comparison of the different
process conditions for the pretreatment of both non-pelleted and pelleted biomass was
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included in this study. Energy consumption and GHG emissions were accounted for within
the system boundaries. Life cycle GHG emissions related to the transportation, pelleting,
and pretreatment were calculated as kg of CO2 equivalent (CO2 eq)/Mg of delivered
feedstock using the 100-year global warming potential (GWP). The term CO2eq is the sum
of CO2, CH4, and N2O emissions weighted with the accepted global warming potential
factors of 1, 25, and 298, respectively [14].

Figure 1. Supply and processing systems for (a) base case scenario (non-pelleted biomass) and (b) densification scenario
(pelleted biomass). Only the process stages in a dotted box were included in this study.

This study is a gate-to-gate study, where the model starts at the farm gate and ends at
the end of the biomass pretreatment step. The feedstock production system was excluded
from the system boundary in this study because the agricultural inputs are identical in
both scenarios. Similarly, GHG fluxes associated with indirect land-use change (ILUC)
impacts are not considered here as they will not affect the comparative LCA of our study
because agricultural production and hydrolysis yields are assumed identical.

Impact categories included in this study were fossil energy and GHG emissions.
Impacts were assessed for input diesel fuel and electricity production, as well as for
pretreatment chemical inputs. Fossil energy and GHG emissions were collected from the
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GREET model developed by the Argonne National Laboratory [13,15] and are listed in
Table 1. Embodied energy for the facility structure and equipment, including pellet mills,
reactors, and transportation vehicles, was assumed to have a minor contribution over the
project term and was ignored in this study.

Table 1. Fossil energy and GHG emissions for different inputs from GREET [15].

Parameter Fossil Fuel
(MJ)

GHG Emission
(kg CO2 eq)

Electricity production (MJ)
2 0.12(Distributed US mix)

Conventional diesel (L)
42 0.55(Conventional diesel from crude oil for US refineries)

Sulfuric acid production (kg) 0.596 0.043
Ammonium hydroxide production (kg) 20 1.25

2.2. Life Cycle Inventory (LCI)

Life cycle inventory data were collected from the GREET model developed by the
Argonne National Laboratory [13], peer-reviewed literature, and laboratory experiments
(Table 2). The data for pretreatment conditions required for 90% glucose yield production
were taken from our laboratory studies. Process differences between feedstock forms (non-
pelleted and pelleted) included feedstock transportation, densification, and pretreatment
conditions.

Table 2. Data required for the studied systems.

Unit Process Data Required Data Source

Biomass transportation
Fuel economy of trucks, emissions, and energy use for transporting

baled biomass to a pre-processing depot or biorefinery [13]

Feedstock collection and supply radius [16,17]

Densification and transportation of
pelleted biomass

Pelletization energy [1]
Emissions from electricity for pelletization [13]

Fuel economy of trucks, emissions, and energy use for transporting
pelleted biomass [13,18]

Pretreatment

Production scale [19]
Processing campaign length [19]

Water requirements Lab results
Chemical requirements Lab results

Pretreatment reactor (size and materials) [19]

2.2.1. Feedstock Availability

Corn stover is one of the most abundant lignocellulosic resources available and is
widely considered a primary feedstock for cellulosic biofuels [9,10]. Corn stover consists of
the stalks, cobs, and husks, and leaves left in the field to dry following grain harvest. We
assume that corn stover is field-dried to 15% moisture content (w.b.) when collecting bales
from the field edge during transportation.

An annual biomass supply of 1,000,000 Mg/year (dry basis) was assumed for both
scenarios. All assumptions made for corn stover availability and collection are given in
Table 3. Supply radius for a biorefinery depends on corn stover availability, which depends
on many factors including grain yield, stover to grain ratio, available stover collection
fraction based on soil conservation requirements, percent of acreage growing corn, and
the proportion of farmers participating. All of these factors may vary significantly across
regions. We assumed that corn stover was uniformly distributed and collected from a
circular area around the biorefinery. We also assumed that the biomass was uniformly
distributed within the circular area. Based on the assumptions in Table 3, an 87 km
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(54 miles) radius is necessary to collect 1,000,000 Mg biomass for the base case. Collection
area, transportation distance, and other aspects of each scenario were calculated based
on the required supply of 1,000,000 Mg/year baled or pelleted corn stover delivered to a
biorefinery.

Table 3. Assumptions and calculated values used for a commercial-scale cellulosic biorefinery
(1,000,000 Mg/year).

Assumptions/Variables Value Source

Annual corn stover demand 1,000,000 Mg
Road tortuosity factor 1.3 [19,20]

Biorefinery annual operating days 350 days [19,21,22]

Corn grain yield (annual average) 1176 Mg/km2

(4.76 tons/ac)
[23]

Stover: grain yield 1:1 [17]
Corn stover harvest rate 35% [17]

Average harvested corn stover 311 Mg/km2

(1.26 tons/ac)
Percent of acreage growing corn 45% [16]

Farm participation rate 30% [24]

2.2.2. Transportation

Identifying the transportation distance is vital as biomass densification can signifi-
cantly reduce the cost and energy associated with this step of the supply chain. Baled corn
stover from the field edge is loaded on trucks and transported directly to the biorefinery in
the base case scenario or to a processing depot for pelleting in the densification scenario.

For the base case scenario, a heavy-duty diesel truck with a capacity of 16 Mg [25]
was assumed to deliver baled biomass from the field edge to the biorefinery. The average
distance between the center of a circle and any other point within the circle is 2/3rd of the
full radius [26]. Therefore, the average delivery distance (field edge to biorefinery) for all
biomass within the collection area is 58 km (36 miles).

In the densification scenario, most corn stover is assumed to be transported from field
edge to a pelleting depot within a 16 km (10 miles) draw radius as baled biomass and then
from pelleting depot to biorefinery as pelleted biomass. The biomass produced within
22 km of the biorefinery (7% of total biomass) was assumed to be delivered directly to
the biorefinery as bales, where biomass can be pelleted on-site before pretreatment. Pellet
mills are distributed at distances of 38 km and 70 km from the biorefinery, resulting in
two collection rings around the biorefinery (Figure 2). The stover produced farther than
22 km from the biorefinery (93% of total biomass) was only transported for an average of
10 km from the field edge to the pelleting depot as bales. The stover transported in pelleted
form from the pellet mill to the biorefinery is thus either 38 km (33% of total biomass) or
70 km (60% of total biomass) (Figure 2). The first set of 10 pellet mills was assumed to be
located 38 km away from the biorefinery to collect all biomass produced between 22 and
54 km away from the biorefinery (Figure 2). The second set of 19 pellet mills was located
70 km away from the biorefinery to collect biomass between 54 and 87 km (Figure 2). Each
pelleting depot would have a capacity of 34,000 Mg/year (Table 4). The pelleting depot
size would need to process biomass at 4.1 Mg/h, assuming 24-h pelleting operation on
350 days a year.

In the densification scenario, pelleted biomass was assumed to be transported to
the biorefinery via a heavy-duty diesel truck with a capacity of 27.3 Mg as used for corn
grain [18]. A tortuosity factor of 1.3 was used for both scenarios to account for nonlinear
paths from the depot to the biorefinery [19,20]. The average fuel efficiency of 2.76 km/L was
considered in this study, which was the average of high and low efficiency (3.4 km/L and
2.13 km/L) of commercial semi-trucks, assuming low efficiency when the truck is loaded
and high efficiency on the empty return trip [18]. The assumptions made for transportation
are listed in Table 4.
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Figure 2. Schematic of pelleting depot and transportation in densification scenario (not to scale).
Dotted lines represent the location of the pelleting depot, and solid lines represent the boundary for
corn stover collection.

Table 4. Life cycle analysis (LCA) system assumptions for transportation.

Parameter Non-Pelleted Pelleted

Biorefinery processing capacity (Mg/year) 1,000,000 1,000,000
Pelleting depot processing capacity (Mg/year) – 34,000

Truckload capacity (Mg) 16 a 27.3 b

Source: a [25]; b [18].

2.2.3. Pelletization

Pellet production includes a combination of sequential operations: grinding, pelleting,
cooling, and screening. Dried corn stover (15% moisture) is milled in a hammer mill (6-mm
screen) before feeding to the pellet mill. The ground feedstock is then fed into a pelleting
chamber, where additional grinding occurs, and rollers force the material through holes on
the inside face of a 6.3 mm die. High pressures and temperatures generated in the pellet
mill soften lignin and bind the biomass particles together to make uniform and durable
pellets. Finally, the pellets are cooled before further handling and transportation.

The biomass pelleting requires electricity for milling, pelleting, cooling, and screening.
Pelleting process energy was taken from Sokhansanj and Fenton [1] and only included
energy for the pellet mill, cooling, and screening. Drying and grinding were not modeled
in the pellet production process for two reasons: i) stover was assumed to be field-dried
to a moisture content of 15% (w.b.) for both scenarios, and ii) biomass grinding using
a hammer mill with a 6-mm screen was assumed to be required before pelleting in the
densification scenario or as the first step of bale processing at the biorefinery in the base
case scenario.

The pelleting process requires only energy (electricity) and corn stover as inputs
and produces pellets as the single output. Small amounts of liquid water or steam are
sometimes added to improve the pelleting process, but this input was not included in this
study. Pelletization does not create any solid waste stream. All residues from the process
are recycled, and airborne particulate emissions (dust) were assumed to be insignificant
and not included in the analysis.

2.2.4. Pretreatment

In soaking in aqueous ammonia (SAA) pretreatment, biomass is submerged in a
diluted ammonia solution for hours at a relatively low temperature. Our previous study [3]
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quantified the pretreatment parameters (solid pretreatment loadings, temperature, time,
and ammonia concentration) required to reach 90% glucose yields at 24 h of enzymatic
hydrolysis for pelleted biomass. Pretreatment parameters to achieve 90% glucose yields at
24 h for non-pelleted biomass were taken from preliminary lab experiments. Preliminary
study tested the SAA pretreatment efficacy of non-pelleted loose stover at 40, 50, and 60 ◦C
for 24 h with 15% ammonia and found that 90% yield was only achieved with the SAA
pretreatment at 60 ◦C for 24 h. The enzymes cellulase, β-glucosidase, and hemicellulase
were added at 15 FPU/g glucan, 15 CBU/g glucan, and 300 XU/g glucan, respectively, for
both non-pelleted and pelleted biomass. The pretreatment parameters for the base case
and densification scenarios are listed in Table 5.

Table 5. Soaking aqueous ammonia (SAA) pretreatment parameters for the base case and densifica-
tion scenarios.

Parameter Base Case Scenario
(Non-Pelleted)

Densification Scenario
(Pelleted)

Solid loadings (%) 10 20
Temperature (◦C) 60 56
Residence time (h) 24 4

Ammonia (%) 15 12

Soaking in aqueous ammonia pretreatment requires a simple reactor configuration for
holding the biomass slurry at a moderate temperature. A cylindrical steel reactor (Table 6),
as described for hydrolysis by Humbird et al. [19], was assumed as an SAA pretreatment
reactor in this study.

Table 6. Soaking aqueous ammonia (SAA) pretreatment reactor specifications (adapted from
Humbird et al. [19]).

Items Specifications

Material Stainless steel
Capacity 950 m3

Working volume of the reactor 618 m3

Diameter 5.79 m
Height 36.57 m

Insulation Glass wool (0.05 m)

Biomass is first mixed with aqueous ammonia to obtain 10% solid loading for non-
pelleted biomass and 20% solid loading for pelleted biomass [3]. The mixture is heated with
steam to the desired pretreatment time and temperature, as outlined in Table 5. Once the
pretreatment is completed, pretreated biomass is discharged into a flash tank for cooling
and neutralization with sulfuric acid. After neutralizing, the mixture is transferred to
another reactor for enzymatic hydrolysis. The intermediate time for reactor set-up was
assumed to be 4 h for both scenarios.

The energy requirement for pretreatment is assumed to be supplied from steam
generated by burning biomass lignin residue. Energy from lignin combustion exceeding
heating needs would be used to produce electricity. Pretreatment energy requirements
were calculated using the energy necessary to increase the temperature from 25 ◦C to the
assumed pretreatment temperature and the energy required to maintain this temperature
throughout pretreatment based on reactor contents, geometry, and insulation [27].

The supply of steam to the pretreatment reactor to reach the desired temperature with
non-pelleted or pelleted corn stover was calculated using Equation (1):

Q1 = m × Cp × ∆T (1)
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where Q1 is the energy to increase the pretreatment temperature in MJ/Mg; m is the mass
of the reactor contents in kg; Cp is the specific heat capacity for the ammonia [28] and
biomass [29] mixture in KJ/(kgK); ∆T is the pretreatment temperature increase depending
on the biomass forms in ◦C (environmental temperature was set at 25 ◦C).

For the pretreatment reactor, the assumption was that heating to maintain the temper-
ature is equal to heat loss during the process. Heat loss was considered constant through
the sidewall and the top and bottom of the cylindrical reactor. The total heat necessary to
maintain the temperature during the pretreatment process was calculated considering the
pretreatment residence time using Equation (2).

Q2 = U × A × ∆T × t (2)

where Q2 is the energy to maintain the pretreatment temperature, MJ/Mg; U is the overall
heat transfer coefficient for the insulated reactor in W/(m2K); A is the area of the reactor in
m2; ∆T is the pretreatment temperature increase depending on the biomass forms in ◦C; t
is the pretreatment time (h), 24 h (base case scenario) and 4 h (densification scenario).

Overall heat transfer coefficient calculation included conduction for stainless steel
reactor, conduction for insulation, and convection of outside of the reactor. However,
convective heat transfer inside the reactor was not included. The overall heat transfer
coefficient for the cylindrical wall and the top and bottom of the reactor was calculated
using Equation (3):

U =
1[

r2ln
(

r2
r1

)
k1

+
r3ln

(
r3
r2

)
k2

+ r3
r1×h

] +
1[

(r2−r1)
k1

+
(r3−r2)

k2
+ 1

h

] (3)

where U is the overall heat transfer coefficient in W/(m2K); r1 is the inside radius of the
reactor in m (2.9 m); r2 is the outside radius of the reactor in m (2.906 m); r3 is the outside
radius of the reactor with insulation in m (2.956 m); k1 is the thermal conductivity of
stainless steel in W/(m.K) (16 W/(m.K) [30]); k2 is the thermal conductivity of glass wool
in W/(m.K) (0.038 W/(m.K) [31]); L is the reactor height in m (36.57 m); h is the convective
heat transfer coefficient of the outside insulation surface in W/m2K (50 W/(m2K) [29]).

3. Results and Discussion
3.1. Energy and Chemical Requirements

Energy consumption for pelleting and transportation for the base case and densifica-
tion scenarios is shown in Table 7. Although bale transportation requires 34% more energy
than pellet transportation, energy inputs for the pelleting process were 3.5 times more than
the energy needed for transporting bales. However, the amount of energy used to produce
pellets is only 3% of the biomass’s total energy content (17,000 MJ/Mg [32]). Electricity is
the primary energy source for the pellet mill. The pelleting energy inputs were taken from
Sokhansanj and Fenton [1], as detailed pelleting unit processes and corresponding energy
requirements were specified in this study. A pelleting energy requirement of 287 MJ/Mg
was assumed, in the form of electricity, which included energy consumption for the pellet
mill, in addition to cooling and screening [1]. Drying and grinding energy requirements
were not included in the total pelleting process energy as biomass was assumed to be
field-dried, and the grinding energy would be the same for both scenarios.

Table 7. Energy required for the base case and densification scenarios within the system boundary.

Operation Energy Input (MJ/Mg)

Base Case Scenario Densification Scenario

Pelleting 0 521
Transportation 147 110
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Although trucks can carry 70% more biomass as pellets than in bale form, the trans-
portation energy requirement is only 25% less for pelleted biomass. Total trucking distance
for transporting 1,000,000 Mg of biomass in the base case scenario (4,714,916 km/year, one
way) is 75% higher than for the densification scenario; lower trucking capacity for baled
biomass leads to a higher number of trips to transport the same total mass. Transportation
energy saving in the densification scenario is moderated because biomass still needs to
be transported in bale form to the pellet mill before the transportation efficiencies can be
realized. Truck transportation was considered because it is used almost exclusively for
biomass transportation in North America. However, dependence on truck delivery may be
challenging for a large-scale biorefinery due to the higher transportation costs and traffic
congestion [33,34].

Pretreatment input parameters (temperature, time, and ammonia concentration) re-
quired to achieve 90% of theoretical glucose yields for the densification scenario were as-
sumed to be lower than for the base case scenario (Table 5) based on the previous study [3].
Additionally, total pretreatment solid loading was twice as high for pelleted biomass in
the densification scenario than for non-pelleted biomass in the base case (Table 5). Higher
solid loading resulted in pretreating 87% more pelleted biomass in the same-sized reactor.
Assuming a biorefinery with 350 operating days per year and a 4 h interval for reactor
unloading and loading, only nine pretreatment reactors would be needed to pretreat
1,000,000 Mg of pelleted biomass. Pretreating this amount of non-pelleted biomass at the
given solid loading and with the same reactor downtime would require 59 reactors of
the same size. From a processor’s perspective, the considerable number of pretreatment
reactors necessary for processing non-pelleted biomass is non-economical and unrealistic.

The doubling of the solid loading enabled by the use of biomass pellets not only
significantly lowers the heating energy needs and the number of required reactors but
substantially reduces the energy needs and GHG emissions associated with pretreatment
chemical use (Figure 3). Similarly, the gross water requirement for pretreating pelleted
biomass is reduced by 49% compared with what would be needed for non-pelleted biomass.
Requirements for ammonium hydroxide, the main chemical for SAA pretreatment, are re-
duced by 60% when pretreating pelleted biomass, while the sulfuric acid for neutralization
is reduced by 37%.

Figure 3. Required chemicals (kg/Mg biomass) for pretreatment of non-pelleted and pelleted
biomass.

The analysis of total energy required for heating the pretreatment reactor shows that
the energy needed for the initial temperature increase was 98% or higher of total heating
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energy for pretreating either form of biomass (Figure 4). The heating energy required for
pretreatment for combining increasing and maintaining the reactor temperature was 1681
MJ/Mg for non-pelleted biomass, comparable with the NREL-reported energy of around
1692 MJ/Mg for loose corn stover pretreatment.

Figure 4. The energy required for pretreatment of non-pelleted and pelleted corn stover.

Models showed that by increasing solid loadings from 10% to 20% and reducing
pretreatment time from 24 h to 4 h in the densification scenario for pelleted biomass, the
overall pretreatment heating energy requirements were reduced by around 56% compared
with the base case of using non-pelleted biomass (Figure 4).

In cellulosic biorefinery models, lignin residue is assumed to generate sufficient steam
and electricity for all on-site energy needs [19]. The energy content of corn stover is around
17,000 MJ/Mg [32], and we assume that roughly 30% of this energy (5000 MJ/Mg) would
remain in lignin and other solid residues such as undigested cellulose, hemicellulose,
protein, etc., to generate steam and electricity. The modeled pretreatment energy require-
ment for SAA pretreatment of pelleted biomass required significantly less heating energy
(748 MJ/Mg) than non-pelleted biomass in the base case scenario (1681 MJ/Mg). Steam and
heat produced from combusting lignin residues from pelleted biomass in the densification
scenario should be sufficient to cover pretreatment reactor heating and probably other
heating needs in downstream processing. The lower energy requirement and fewer re-
quired pretreatment reactors both indicate that SAA pretreatment of pelleted biomass may
be a feasible option. However, the amount of ammonia recovered and recycled through
the system will affect GHG emissions, economics, and, thus, the overall process feasibil-
ity. Information on ammonia recovery from SAA has not been reported in the literature,
although recovery of up to 93% of liquid ammonia (NH3) from AFEX pretreatment has
been suggested by Tao et al. [35]. However, processes and equipment required to recover
pretreatment chemicals will also contribute to the overall pretreatment system energy and
capital costs [35].

3.2. Greenhouse Gas Emissions

The GHG emissions data considered in this study were those associated with pel-
letization (electricity), transportation (diesel fuel), and pretreatment inputs (chemicals).
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Because electricity is the primary energy source for pelleting, the source of the fuel used
for electricity generation is essential in determining the environmental impacts of these
processes. Electricity inputs for this study were taken from GREET [15], as outlined in
Table 1. Electricity production in GREET identified the primary electricity generation
sources such as natural gas (40%), renewable energy (21%), nuclear (19%), and coal (19%)
on average in the US. As the primary fuel sources for electricity generation in the US were
fossil fuels (59%), these inputs significantly influence GHG emissions. Total GHG emissions
for pellet production in this study were 34 kg CO2eq/Mg biomass (Table 8).

Table 8. Greenhouse gas (GHG) emissions for non-pelleted and pelleted corn stover.

Operation GHG Emission (kg CO2 eq/Mg)

Base Case Scenario Densification Scenario

Pelleting 0 34
Transportation 1.88 1.41

Chemical production 1773 720
Total 1775 755

The emissions from transportation fuel consumption are significantly lower (25%)
for pelleted biomass than non-pelleted biomass due to fewer truck trips necessary for
pellet transportation in the densification scenario (Table 8). This correlates directly with
transportation energy reductions. However, Table 8 shows that the transportation-related
GHG emissions for both scenarios are a minor component compared to the emissions
associated with other processing steps within the system boundaries. This result agrees
with Daystar et al. [36], who also found transportation to be a minor contributor (~1.4%) in
the overall GHG emissions.

Greenhouse gas emissions from pelleting were 18 to 24 times higher than the emissions
from transporting biomass. Relative to pelletizing and transportation steps, significantly
more emissions were associated with pretreatment chemical production (Table 8). Emis-
sions from chemical production were 52 times and 21 times higher than emissions from
pelleting in the base case and densification scenario, respectively. However, recycling and
reuse of chemicals were not accounted for in this estimation. The higher magnitude of
GHG emissions related to chemical production shows the importance of recycling and
reuse of ammonia for SAA pretreatment. Pretreatment heating energy is not included
because we assume that energy would come from lignin residues rather than an external
energy source.

3.3. Interpretation

One of the primary goals of the current renewable energy policy is the reduction of
GHG emissions. Previous research using SAA pretreatment for cellulosic biomass showed
high yields with this pretreatment [3,37–39]. Other aspects of the practical feasibility of
SAA and many different experimental pretreatments have not been considered extensively.
The selection of the appropriate pretreatment techniques for a biorefinery not only depends
on yields but also economic feasibility and environmental indicators. In this aspect, pelleted
biomass shows more realistic potential as a biorefinery feedstock. In particular, the higher
solid loadings and significantly lower pretreatment residence times that are only possible
with pelleted biomass make SAA pretreatment a feasible option.

The results of this study emphasize the importance of reducing pretreatment residence
times for SAA and other pretreatments. If pretreatment residence time could be reduced
from 24 h to 4 h for non-pelleted corn stover, total pretreatment heating energy would be
reduced by 56%. Lowering the pretreatment temperature from 60 ◦C to 56 ◦C, as used for
pelleted biomass, would only reduce energy needs by 12%. However, further reductions
are still possible by varying temperature, residence time, and ammonia concentrations
while maintaining pretreatment effectiveness. The pretreatment energy and emissions are
much lower with the conditions tested using pelleted biomass, but these are not the only
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conditions possible. Conversely, additional benefits could be gained for pelleted biomass
by increasing the temperature beyond 60 ◦C while reducing pretreatment residence time.
Pretreatment residence time had the most substantial influence on energy requirements;
hence, pretreating at a higher temperature might allow lowering the pretreatment residence
time well below the 4 h modeled here, which would further reduce both the number of
required reactors and the pretreatment energy requirements.

There are no other publications that have conducted an LCA using SAA or differ-
ent alkaline pretreatments with pelleted biomass. Kumar and Murthy [40] conducted
a comparative LCA of dilute acid, steam explosion, hot water, and alkali pretreatment.
Their study showed that alkali pretreatment had the highest fossil energy use and GHG
emissions. Their study simulated alkali (NaOH) pretreatment at an operating tempera-
ture of 180 ◦C with 15-min residence time, whereas the base case scenario in this study
considered pretreatment at 60 ◦C for 24 h. Mahmud and Rosentrater [41] compared low-
moisture anhydrous ammonia (LMAA), autohydrolysis, soaking in aqueous ammonia
(SAA), and soaking in sodium hydroxide (NaOH) pretreatments for making biobutanol
from lignocellulosic feedstock. They reported that SAA pretreatment demonstrated lower
GHG emissions than autohydrolysis but higher emissions than LMAA and soaking in
sodium hydroxide. Variation in process technologies, system boundaries, and functional
units between studies makes the comparison of life cycle studies challenging. For example,
system boundaries for ethanol production in Kumar and Murthy [40] included biomass
pre-processing, alkali pretreatment, simultaneous saccharification and co-fermentation,
and ethanol recovery. However, they did not identify fossil energy use for individual
processing steps. Therefore, it is difficult to determine what percentage of total energy
was explicitly used for the pretreatment. Several assumptions were made for estimating
pretreatment energy in this study using the same functional unit (MJ/MJ): 36% glucan
content in biomass, 90% hydrolysis efficiency, 95% fermentation efficiency for glucose. Our
study’s pretreatment heating energy requirement for non-pelleted and pelleted biomass
was 0.38 MJ/ MJ and 0.17 MJ/MJ, respectively.

Life cycle assessments of cellulosic biorefineries based on actual process data are not
available since industrial-scale biorefineries have not been established yet. The literature on
pretreatment technologies consists mainly of lab-scale experiments and techno-economic
models. Although techno-economic models provide valuable information, these are also
based on a wide variety of assumptions. Currently, NREL’s model is the most widely used
techno-economic model [19] to predict cellulosic ethanol’s performance based on dilute acid
(DA) pretreatment. Differences between DA and SAA pretreatment processes will strongly
influence the overall cost. Lower-severity SAA pretreatment requires less costly pretreat-
ment reactor materials than DA reactors. However, lower SAA pretreatment temperatures
require longer residence times than higher-temperature pretreatments, which will increase
the required reactor volume and energy requirements. Inhibitory product separation with
DA pretreatment also needs to be accounted for in cost comparison between DA and SAA
pretreatments. Therefore, a comparative LCA along with techno-economic analysis for
different types of pretreatment with densified and non-densified biomass would provide
valuable insights into the potential environmental and economic performance of cellulosic
biorefineries.

4. Conclusions

This study shows remarkable differences in fossil energy requirements, GHG emis-
sions, and water and chemical use for SAA pretreatment of pelleted and non-pelleted
biomass. Soaking in aqueous ammonia pretreatment appears unrealistic for non-pelleted
biomass but potentially feasible with biomass pellets despite high energy requirements
in the pelleting process. Energy inputs and total reactor volume for SAA pretreatment of
non-pelleted biomass are the most significant problem areas. The majority of system-wide
energy reductions from processing pelleted biomass are due to lower pretreatment severity,
precise temperature, time, and higher pretreatment solid loadings. Higher pretreatment



Energies 2021, 14, 2518 13 of 14

solid loadings for pelleted biomass not only reduce the amount of chemicals, water, and
energy inputs for the pretreatment, but the required pretreatment reactor volume is re-
duced by 85%. The use of pelleted biomass may allow effective, but otherwise unrealistic,
pretreatment technologies to be realistically considered for a cellulosic biorefinery.
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