
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

24
 7

:1
2:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Assessment of lo
Catalytic Carbon Transformation & Scale

Laboratory, Golden, CO, USA. E-mail: abhij

† Electronic supplementary informa
https://doi.org/10.1039/d3se00745f

Cite this: Sustainable Energy Fuels,
2023, 7, 4955

Received 6th June 2023
Accepted 29th August 2023

DOI: 10.1039/d3se00745f

rsc.li/sustainable-energy

This journal is © The Royal Society o
cation and energy utility options
for the implementation of pyrolytic biocrude
production†

Abhijit Dutta, * Michael S. Talmadge, Eric C. D. Tan and Joshua A. Schaidle

Efficient utilization of petroleum refining infrastructure for processing biocrudes can reduce biofuel

production costs and overall greenhouse gas emissions. Here we use two conceptual designs, a simpler

fast pyrolysis process and a more complex catalytic fast pyrolysis (CFP) process, to analyze the effective

use of energy byproducts during biocrude production. Biocrude production may occur either closer to

the biomass source or near the petroleum refinery; the choice of biorefinery location and its local

infrastructure will dictate options for the utilization of energy byproducts. Our analysis, with its

underlying assumptions, indicates that there are benefits of using hydrogen and raw energy utility

byproducts (fuel gas and steam) from the process. With local consumption of these utilities, our best

colocated CFP case has the potential for a ∼150% greenhouse gas reduction compared to a standalone

plant; for the same colocated case (with the underlying assumptions which do not include a graded

distance-based approach to feedstock volumes, costs, and emissions) there can be a cost reduction of

∼10%, even after offsetting feedstock transportation costs, if implemented at a 5× larger scale compared

to a standalone facility. Implementation decisions should be carefully weighed using specific analysis for

any facility, including feedstock availability at various distances from that location, with associated

feedstock costs and emissions, as well as available infrastructure and incentives.
Introduction

Sustainable aviation fuels (SAF) and other biofuels can be an
important tool towards the mitigation of greenhouse gas (GHG)
impacts while maintaining the conveniences offered by fossil
derived liquid fuels within the current transportation infra-
structure. Direct liquefaction of biomass via thermal break-
down, such as fast pyrolysis (FP) involving the rapid heating of
biomass, usually in the absence of oxygen, to approximately
500 °C can result in high yields of liquid upon condensation.1

This liquid biocrude, also known as pyrolysis-oil, can then be
further processed into liquid transportation fuels. The quality
of the biocrude from pyrolysis can be enhanced via catalytic
upgrading prior to vapor condensation, during or immediately
aer fast pyrolysis, via a process known as catalytic fast pyrolysis
(CFP).2,3 There is signicant ongoing research to enable the
upgrading of FP or CFP oils in petroleum reneries alongside
fossil derived fuels.4,5 This approach offers the advantage of
leveraging existing equipment and infrastructure at petroleum
reneries to help save on capital investments. Some renery
operations in California are now being dedicated to renewable
-Up Center, National Renewable Energy

it.dutta@nrel.gov

tion (ESI) available. See DOI:

f Chemistry 2023
sources such as plant- and animal-based Fats/Oils/Greases
(FOG).6 However, the supply of FOG and purpose-grown vege-
table oils is limited. The use of biomass-derived FP and CFP
oils, most commonly from woody biomass, including forest
residues, can signicantly increase the availability of renewable
liquid crudes that can be processed in reneries. Potential
biomass feedstock resources are more abundant and capable of
meeting US demand for SAF, if those resources are converted
appropriately.7 Besides increasing the supply of renewable
crude, the use of wood and forest residues which are more
prevalent feedstocks for fast pyrolysis processes, can enable
efficient and productive forest management, especially in areas
such as the western United States where dry weather has
resulted in increasingly large forest res. Commercial and pre-
commercial implementations for pyrolytic biocrude production
are being actively pursued, with many FP plants for biocrude
production, and some CFP plants focused on both fuels and
chemical products.8,9 One of the key questions for the use of
biocrude as a feedstock for petroleum reneries includes the
optimization of biomass conversion locations to allow the
effective use of byproducts such as off-gases and solid char from
pyrolysis, and maximization of environmental benets. Here,
we present two specic conceptual pyrolysis process congu-
rations (representing FP and CFP) with quantitative assess-
ments of the impacts of the usage of byproduct renewable
energy sources towards various utility options allowed by plant
Sustainable Energy Fuels, 2023, 7, 4955–4966 | 4955

http://crossmark.crossref.org/dialog/?doi=10.1039/d3se00745f&domain=pdf&date_stamp=2023-09-23
http://orcid.org/0000-0003-4258-7287
http://orcid.org/0000-0002-5754-8689
http://orcid.org/0000-0002-9110-2410
http://orcid.org/0000-0003-2189-5678
https://doi.org/10.1039/d3se00745f
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D3SE00745F
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE007019


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

24
 7

:1
2:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
locations. Those options have impacts on the economics and
GHG emission metrics of biomass conversion. It is assumed in
this study that the ultimate consumption of the biocrude for
nishing to fuels will happen at a petroleum renery where
uid catalytic cracking (for FP and CFP biocrude) and hydro-
processing operations (for CFP biocrude) can potentially
process or co-process the biocrude with petroleum feedstocks.
Fuel nishing from biocrude, a signicant area of research,10 is
not discussed in this paper. The scope of this study includes
biomass production, conversion, and ends with the arrival of
biocrude at the petroleum renery; the focus is on options for
the utilization of excess energy utilities available from bio-
renery conversion. Previously documented biorenery
assumptions, based on conceptual designs, form the basis of
this analysis. Economic estimates are indicative of relative
changes among the various options; it should be appreciated
that the absolute costs can vary based on specic industrial
implementations, with related assumptions andmarket factors.

Conceptual process designs

Simplied ow diagrams for the two conceptual biorenery
processes are shown in Fig. 1; one of them depicts a relatively
simple biorenery with FP, while the other is a more complex
CFP process. The two processes were chosen because, although
similar, they are differentiated by anticipated variations among
bioreneries with respect to the use of hydrogen and the
recovery of chemical coproducts; both hydrogen use and
chemical coproducts are included in the CFP process example,
but not relevant for a simple FP process. We point out some
high-level differences, although it is not our intent here to
present a comparison between FP and CFP; such comparisons
need to include the nishing of biocrude to fuel products within
the analysis scope. The FP process has higher liquid yields but
produces a poorer quality biocrude with higher oxygen content;
consequently, the FP biocrude has a lower cost. This cost
advantage for FP biocrude is offset during fuel nishing
because processing this poorer quality biocrude requires
greater downstream expenses and produces less hydrocarbon
fuel per volume of biocrude. The chemical coproducts, acetone
and methyl-ethyl ketone (MEK) in our CFP example, were
Fig. 1 Simplified flow diagrams for the fast pyrolysis (FP) and catalytic fas
study. Potential inputs, outputs, and utility integration options are listed.

4956 | Sustainable Energy Fuels, 2023, 7, 4955–4966
informed by bench-scale experimental results using a Pt/TiO2

catalyst for CFP.11 Other common coproducts expected from
CFP bioreneries may include olens and aromatics; those
products are typically produced when using zeolite-based
catalysts.12,13

Fast pyrolysis (FP) process

In the FP process, dried woody biomass with reduced particle
size (nominally 2–6 mm) is fed into the fast pyrolysis reactor. A
dual circulating uidized bed (CFB) reactor system with
a pyrolysis reactor and a char combustor is modeled for the fast
pyrolysis step; it includes a fast pyrolysis reactor where biomass
and a heat carrier (sand) are entrained by uidizing gases. The
hot sand rapidly heats the biomass to ∼500 °C, thus thermally
deconstructing the biomass into gases and condensable vapors,
with the remaining biomass converted to a solid char product.
The solids (sand and char) are separated from the gases and
vapors via cyclones. The solids are then sent to a uidized bed
char combustor where the carbonaceous char is combusted to
heat the sand that is then recirculated to the entrained ow fast
pyrolysis reactor (note that char use or sequestration is not
considered in this design); heat recovered from post-
combustion cooling trains can be used for preheating process
streams, steam generation, and electricity production. The
gases and vapors from the FP reactor are sent to a condensation
system where a liquid biocrude is recovered. Uncondensed off-
gases are partially recycled for entraining the solids in the FP
reactor and the remaining off-gases can be used for process
heat, steam, electricity, or otherwise be used as a fuel gas by
other colocated industrial consumers. Note that the condensed
water, including water produced during fast pyrolysis and
moisture present in biomass, remains mixed with organics in
the oxygenated FP biocrude,14 thus lowering its heating value on
a mass or volume basis. FP yields were modeled following
previously published design models.3,15

Catalytic fast pyrolysis (CFP) process

The CFP process uses the same fast pyrolysis reactor system
design as described above. The separated vapors then pass
t pyrolysis (CFP) conceptual biorefinery processes used to illustrate this

This journal is © The Royal Society of Chemistry 2023
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through a hot gas lter to remove particulates before the stream
goes into a xed bed system for catalytic vapor upgrading, where
the vapors are deoxygenated and hydrogenated. The xed bed
system is operated in a cyclic mode, with some reactors taken
offline for regeneration to remove coke deposits via oxidation,
while online reactors do the catalytic upgrading.16 Hydrogen is
fed to the front end pyrolyzer along with the uidizing gases to
help reduce coking and facilitate hydrodeoxygenation and some
hydrogenation during catalytic upgrading. The CFP vapors are
then sent to a condensation system where the liquid organic
product or biocrude is recovered. The condensed water phase
separates from the organic phase and is sent to wastewater
treatment, where the carbon in the water is oxidized in
a regenerative thermal oxidizer. The off-gases aer condensa-
tion contain uncondensed light oxygenates, including signi-
cant proportions of acetaldehyde, acetone, and MEK. Acetone
and MEK are recovered because of their market values as
chemical products. The recovery is carried out via adsorption/
desorption of the light oxygenates, followed by multi-step
distillation/decantation stages to produce chemicals grade
acetone and MEK. Like the FP process, the char and off-gases
can be combusted for process heat, steam, or electricity. In
addition, the off-gases in this CFP conguration may be used as
a fuel gas or for hydrogen production in a steam reformer to
help supply the hydrogen demand in the process, with any
excess hydrogen sold to a locally available consumer. The heat
generated from catalyst regeneration via oxidation of coke
deposited on the catalyst can also be recuperated via indirect
heat exchange. Interested readers can nd further details in the
related design reports and publications based on similar
processes.3,17 It is noted that the FP model design was at a lower
Fig. 2 Biocrude production for use in petroleum refineries: differences

This journal is © The Royal Society of Chemistry 2023
pressure compared to the CFP process; the FP reactor absolute
pressure was modeled at a lower pressure, close to 2 bars, to
allow for downstream pressure drops. On the other hand, the
CFP front end reactors in our conceptual design were modeled
at nearly 8 bars.17 Although we chose a specied CFP design for
this study, the conclusions will be similar for other CFP
systems, including those using zeolite catalysts; changes in the
disposition of energy byproducts from the process will have
similar impacts on GHG emissions and costs around other base
CFP designs.
Impact of location

A qualitative summary of the location-based congurational
differences, including feedstock transportation, the potential
use of shared utilities and coproduct purication options, are
depicted in Fig. 2. The biorenery is a facility converting solid
biomass to a liquid biocrude that may be further processed and
rened at a petroleum renery to produce infrastructure-
compatible liquid fuels. Our assumption for a standalone bio-
renery is a facility in the vicinity of biomass feedstock sources
and pre-processing depot. The biorenery is far from petroleum
rening facilities and hence cannot share utilities and pipelines
for optimal use of locally available energy resources. On the
other hand, a colocated biorenery can share industrial infra-
structure and utilities with the petroleum renery.

Biomass feedstock is solid, heterogeneous, and has lower
energy density compared to the liquid biocrude produced from
biomass. Transportation of low energy density biomass over
long distances is more expensive and results in higher emis-
sions compared to biocrude shipment. From this standpoint, it
between standalone (top) and colocated (bottom) biorefineries.

Sustainable Energy Fuels, 2023, 7, 4955–4966 | 4957
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is advantageous to locate a biorenery close to the biomass
source, produce the biocrude, and ship the higher energy
density biocrude over longer distances to a petroleum renery.

However, there are several advantages of colocating a bio-
renery near a petroleum renery. While feedstock trans-
portation costs and related carbon footprint will be larger,
a wider collection radius can allow diversity in biomass
sourcing; since a higher feedstock price due to transportation
distance will be inevitable in most cases, the increased radius of
collection can enable a larger feedstock supply and a larger
colocated biorenery that benets from economies of scale.
There will also be more exibility with respect to the utilization
of gaseous outputs from bioconversion in a colocated scenario.
Hydrogen produced from off-gases at a standalone biorenery
can be utilized to meet in-process hydrogen demand, but
surplus biogenic hydrogen cannot be produced in the absence
of a hydrogen infrastructure or other local consumers; thus,
a distant petroleum renery cannot benet from the lower
emissions from surplus bio-derived hydrogen, and hydrogen
production will typically rely on fossil sources at the petroleum
renery. Similarly, excess heat and steam, and off-gas fuel can
only be used for electricity production and export at a stand-
alone location since the electrical grid is ubiquitous. In a colo-
cated scenario, utility systems such as hydrogen production,
fuel gases, steam system etc. may be integrated with existing
facilities of a petroleum renery.

Gaseous products like olens at a standalone biorenery
may similarly be disadvantageous due to gas transportation
costs. Current petrochemical complexes include complex
distillation and product treating systems with signicant
throughputs and tight integration of utilities, including cold
temperature systems, and need to operate at large scales to be
protable. Transportation of liquid coproducts, such as chem-
icals (acetone and MEK in our example) and aromatics, is
signicantly less cost prohibitive. Even in the case of liquid
chemicals, the nal purication of compatible chemicals, such
as aromatics, should ideally be deferred to a chemical or
petrochemical complex where there are advantages of scale and
the use of existing process equipment. It should be noted that
our CFP example produces acetone and MEK, which are not
Table 1 Cases examined with variations in the use of excess heat and off
different illustrative configurations; unlike the CFP configuration, the FP c
coproducts. CFP-4 assumes H2 is produced locally by a gas supplier usin
a deficit for plant consumption that needs to be purchaseda

Excess heat and off-gas uses Case Fuel gas Process

Process steam, max electricity FP-1 0 4
Max steam, buy electricity FP-2 0 4
Steam, max fuel gas, buy electricity FP-3 [ 4
Process steam & H2, max electricity CFP-1 0 4
Process steam & electricity, max H2 CFP-2 0 4
Steam, buy electricity, max H2 CFP-3 0 4
Process steam, max elec., buy H2 CFP-4 0 4
Max steam. Buy electricity & H2 CFP-5 0 4
Steam, max fuel gas, buy elec. & H2 CFP-6 [ 4

a 0 = zero output; 4 = meet biorenery process needs or produce extra

4958 | Sustainable Energy Fuels, 2023, 7, 4955–4966
large volume products for petrochemical facilities. Hence, for
compatibility reasons, our basic conversion process designs
remained unaltered for standalone and colocated facilities; this
may be different for other CFP plants with different product
slates that include olens and aromatics. The impacts of
sharing feasible energy utilities are thus the primary focus of
our analysis and not confounded by additional assumptions
such as differences in chemical coproducts separations and
purication; other potential integration, such as wastewater
treatment, which will be process-specic, are not considered
here.
Modeled cases for the FP and CFP
configurations

Our model cost estimates assume mature plant performance of
the FP and CFP conceptual designs; uncertainties and addi-
tional costs associated with pioneer plant installations are not
included. The methods section outlines our key assumptions.
All the cases presented use the same basis; hence our assess-
ment of relative changes and sensitivities are expected to be
generally representative. Absolute cost estimates for any specic
project will depend on multiple other factors such as location,
access, existing infrastructure, site-specic manufacturing and
labor costs, technology maturity, carbon credits, market factors
etc.

Table 1 shows the various options for the use of excess heat
and off-gases available at the biorenery. Off-gases and excess
heat generated from the combustion of char are included in
most biomass fast pyrolysis process congurations1 and can
embody signicant proportions of energy from the biomass
feedstock. The amount of energy available for utilities depends
on the efficiency of the process because any energy not con-
verted to desirable products will be dissipated in some other
form. Some of the heat can be utilized for process heat exchange
within the biorenery. For lower conversion efficiencies towards
biocrude and products, a larger proportion of energy remains to
be utilized for utilities. Probable locations in Table 1 are only
indicative and may change based on site-specic infrastructure.
-gases at the biorefinery for different utilities. Note that we present two
onfiguration does not require hydrogen and does not include chemical
g piped natural gas. FP-1 maximizes electricity production, but there is

steam Extra steam Electricity H2 Probable location

0 [ $ 0 Standalone
[ $ 0 Colocated
4 $ 0 Colocated
0 [ 4 Standalone
0 4 [ Colocated
4 $ [ Colocated
0 [ $ Standalone
[ $ $ Colocated
4 $ $ Colocated

if no other option; [ = maximize output; $ = purchase.

This journal is © The Royal Society of Chemistry 2023
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The locations shown in Table 1 assume that the electric grid is
available at all locations, hence any excess electricity generated
can be sold at all locations. However, the sale of steam, fuel gas,
and hydrogen need colocation with industrial facilities, such as
petroleum reneries; rural standalone facilities will very likely
not have local consumers. Shared colocated facilities (i.e., by
integrating a biorenery with an adjacent petroleum renery)
can allow the benecial use of biogenic utility sources while also
sharing any compatible capital equipment. The modeled cases
consider options for the production and purchase of the various
utilities, with resulting impacts shown later.
High level summary of economics and
GHG emissions

We provide high-level summaries of the estimated minimum
selling prices (MSP) and GHG emissions before discussing
further details in the following sections. Fig. 3 (for the FP family
of cases) and Fig. 4 (for the CFP family of cases), in conjunction
with information in Table 1 will allow the reader to visualize the
best options for cost and GHG emissions, as estimated by our
analysis with its underlying assumptions. The results are pre-
sented for the base plant size in our analysis, i.e., 2000 dry
metric tonnes per day.
Fig. 3 High-level summary of minimum selling price (MSP) and GHG
emissions for FP cases with 2000 dry metric tonnes per day plant
capacities in standalone (SA) or colocated (CL) configurations as
shown in Table 1. Note that the y-axes scales are magnified and values
for the different cases are not significantly different.

Fig. 4 High-level summary of minimum selling price (MSP) and GHG
capacities in standalone (SA) or colocated (CL) configurations as shown

This journal is © The Royal Society of Chemistry 2023
Energy flows in the conversion
processes

Since this study is focused on the effects of various uses of
energy byproducts/utilities from biomass conversion, it is
important to visualize embodied energy in the inputs/outputs
for the various options shown in Table 1. A lower heating
value (LHV) basis was used in all the gures under columns (a)
in Fig. 5 (for the FP cases) and Fig. 6 (for the CFP cases). LHVs
were normalized to 100 LHV units of biomass feedstock input.
The energy ow Sankey diagrams are placed next to GHG
emissions and MSP charts to allow the reader to get a compre-
hensive snapshot of relevant metrics for each option. The FP
cases, with our modeled yields, are signicantly more efficient
towards the production of biocrude compared to the CFP cases
(ca. 76% vs. 42%, respectively). This leaves less energy available
for utilities. While the production of electricity is included in
the FP cases, there isn't enough excess energy available (using
our yield assumptions) to produce all the electricity necessary to
meet the entire biorenery power demand; hence, some elec-
tricity imported in all the FP cases, even when electricity
production is maximized in FP-1.

The more complex CFP conguration, with a lower efficiency
towards biocrude production compared to FP, has a higher
proportion of excess energy available for utilities; hence the
impacts of the similar process conguration changes get
magnied in the CFP process results. Hydrogen was added to
the mix of other utilities (electricity, steam, fuel gas) already
included for the FP cases since our CFP conversion design
requires hydrogen; this allows a broader set of process options.
It is notable that heat losses (air cooler losses) increase signif-
icantly as thermal resources such as steam and fuel gases get
converted to electricity (see cases CFP-1,4 generating electricity
versus cases CFP-3,5,6 purchasing electricity); this is to be ex-
pected since those losses are inherent in steam turbine power
generation without further use of the exhaust steam.18
GHG emissions

GHG emission impacts are captured in columns (b) of Fig. 5 (for
FP) and Fig. 6 (for CFP). We used the coproducts displacement
emissions for CFP cases with 2000 dry metric tonnes per day plant
in Table 1.

Sustainable Energy Fuels, 2023, 7, 4955–4966 | 4959
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Fig. 5 Detailed results for FP cases: (a) energy inputs and outputs of conversion process per 100 lower heating value (LHV) units of biomass, (b)
GHG emission contributions and net emissions attributed to the biocrude using coproducts displacement method for standalone (SA) and
colocated (CL) cases; circled SA or CL cases indicate probable locations of each biorefinery configuration option, as shown in Table 1. For
comparison, GHG emissions for petroleum gasoline is 93 g CO2e/MJ,19 (c) minimum selling price (MSP) of biocrude in 2020 US$ and units of
cents per gallon gasoline equivalent (GGE) on an LHV energy basis for different locations (SA and CL) and biorefinery sizes of 2000, 5000, and
10 000 dry metric tonnes per day; total capital investment (TCI) is shown for each case in billions of dollars. Detailed information corresponding
to the GHG and MSP charts is available in ESI (Sections 1 and 2).†
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Fig. 6 Detailed results for CFP cases: (a) energy inputs and outputs of conversion process per 100 lower heating value (LHV) units of biomass, (b)
GHG emission contributions and net emissions attributed to the biocrude using coproducts displacement method for standalone (SA) and
colocated (CL) cases; circled SA or CL cases indicate probable locations of each biorefinery configuration option, as shown in Table 1. For
comparison, GHG emissions for petroleum gasoline is 93 g CO2e/MJ,19 (c) minimum selling price (MSP) of biocrude in 2020 US$ and units of
cents per gallon gasoline equivalent (GGE) on an LHV energy basis for different locations (SA and CL) and biorefinery sizes of 2000, 5000, and
10 000 dry metric tonnes per day; total capital investment (TCI) is shown for each case in billions of dollars. Detailed information corresponding
to the GHG and MSP charts is available in ESI (Sections 1 and 2).†
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method to quantify the GHG impacts of using biogenic energy
utilities over more prevalent sources; emission factors used for
the utilities are provided in ESI Table SI-25.† There are other
accounting methods in lifecycle analysis (e.g., Fig. 2 in ref. 19),
but the displacement method is appropriate for this study as
there is one primary product (biocrude) with smaller quantities
of coproducts and no established physical relationship among
the products. However, different coproduct handling methods
may be necessary if the product slate shis. Two separate bars
are shown for the standalone (SA) and colocated (CL) cases. The
differences between the SA and CL case assumptions are related
to transportation only, since the core biomass conversion
process is assumed identical for the two cases; biomass feed-
stock is transported 800 miles to a colocated facility by rail,
This journal is © The Royal Society of Chemistry 2023
versus biocrude being transported 800 miles by rail from
a standalone biorenery facility to the petroleum renery. An
average of 800 miles was chosen as the supply distance because
it ensures sufficient availability of feedstocks for larger colo-
cated bioreneries, or transportation to already established
petroleum reneries located away from biomass feedstocks.
Hence, the same offset is seen between the net SA and CL
emissions for each family (FP and CFP) of cases. The offset is
0.6 g CO2e/MJ for FP, versus 2.8 g CO2e/MJ for the CFP cases; this
is because a higher proportion of the mass of biomass feedstock
is converted to the FP biocrude versus CFP biocrude. The FP
biocrude also retains the produced water that needs to be
transported, while most of the water separates from the CFP
biocrude at the biorenery. Note that CFP biocrude has a higher
Sustainable Energy Fuels, 2023, 7, 4955–4966 | 4961
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energy density and is less corrosive compared to FP biocrude
and thus expected to be easier to handle during bulk transport.
In both the FP and CFP cases, pumping energy and associated
GHG emissions for pipeline transport of the biocrude from
a colocated biorenery are miniscule compared to the overall
electricity footprint of the biorenery. Only one set of GHG
results is shown for all the CL cases because emissions from
operations at different scales are comparable since most of the
inputs and outputs scale linearly with different plant
throughputs.

Some of the smaller differences among the FP cases get
magnied in the CFP cases because more excess energy is
available in CFP. The air cooler losses associated with power
generation translate to lower GHG benets when electricity
production is included. Overall, it is most benecial to supply
biogenic renewable utilities in their rawest forms (steam and
fuel gas), offsetting similar utilities from fossil derived sources;
however, there need to be local consumers of those raw utilities
and thus only feasible in colocated cases. Note that fuel gas is
assumed to be used for combustion, displacing an equivalent
heating value of natural gas and associated GHG emissions.
Depending on the specics of an installation, the energy utility
offsets may more than overcome the GHG penalty paid because
of additional feedstock transportation distances for colocated
facilities. Our process model, along with emission factor
assumptions, show that greater GHG benets can be obtained
by using off-gases for hydrogen production rather than elec-
tricity (e.g., case CFP-3 vs. CFP-4). Once again, local infrastruc-
ture may not allow the consumption of any excess hydrogen
produced. Technically, purchasing and selling electricity is an
option available at all facilities, irrespective of location. When
sufficient infrastructure support is available, purchasing elec-
tricity to help maximize other energy utilities may benet GHG
reduction (case CFP-3). However, one needs to be cautious
drawing sweeping conclusions without a thorough review of
specic process implementations, including aspects such as
emission factors, allowable credits, and accounting methods.
Policy incentives can have signicant impacts on commercial
decisions but vary by location; they are not considered in this
study. Detailed breakdowns of GHG emissions are available in
the ESI (Section 1).† It is noted that lower efficiency towards
biocrude and correspondingly higher amounts of energy utili-
ties in the CFP process (compared to the FP process) translate to
better GHG reduction metrics aer the utilization of the energy
utilities for displacing fossil sources. However, the maximiza-
tion of biocrude for liquid fuels should continue to be the
primary objective for long-term sustainability, effective resource
utilization, and viable economics because future electricity and
hydrogen production technologies are expected to move
towards sustainable pathways using renewable electricity, while
liquid biofuels may be a substantial contributor towards SAF.

Techno-economics

Results from techno-economic analyses, reected by the MSP of
biocrude are shown in columns (c) of Fig. 5 (for FP) and Fig. 6
(for CFP). The sub-cases under each option are tagged by SA
4962 | Sustainable Energy Fuels, 2023, 7, 4955–4966
(standalone) or CL (colocated) followed by the feedstock pro-
cessing capacity of the biorenery; the SA cases are limited to
2000 dry metric tonnes per day (TPD), while facilities with 2000,
5000, and 10 000 TPD are considered for colocation. For
example, CL-5000 is a colocated (CL) facility with a capacity of
5000 TPD. 2000 TPD is the usual base case assumption in
previous conceptual designs leveraged for this study.3,11,15,17

Note that the same conversion process and related congura-
tions are maintained for both standalone and colocated facili-
ties, and no basic technology changes are assumed upon
scaleup. The key benets of scaleup are the lowering of capital
costs per ton of feedstock processed because of the use of larger
equipment, and lower xed operating costs such as personnel
requirements that do not grow signicantly with the increase in
plant size (these are known benets of economies of scale). The
estimated impact of size on total capital investment (TCI) in
billions of US dollars is noted in the gures. With future scaleup
and commoditization,20 larger scales may be possible at colo-
cated facilities without signicant additional penalties on
feedstock costs and GHG emissions beyond 800 miles of
transportation already accounted in this analysis; 800 miles
provides a larger feedstock collection radius and can potentially
allow enough feedstock availability for scaleup at distant
petroleum renery locations without signicantly affecting
local feedstock supplies and prices. It is also noted that 800
miles is a nominal distance assumed for this analysis; trans-
portation distances and feedstock costs will be dictated by
specic locational factors, with lower transportation costs and
GHG emissions for shorter distances, especially for smaller
bioreneries located near feedstock sources. Demand-supply
effects will be a separate consideration in a mature biofuel
economy. The base feedstock cost assumption for our analysis
is $70/dry US ton ($77/dry metric tonne) for woody feedstocks
aer rounding modeled cost projections for 2000 TPD CFP
processes.21 Feedstock costs and GHG emissions can vary due to
various factors in addition to transportation, including loca-
tional infrastructure, scale and local supply, logistics, and
aggregation quantities/strategies for preprocessing; the cost
and GHG contribution factors presented in the ESI† will allow
the interested reader to prorate the feedstock contributions
using different sets of assumptions, including the average
transportation distance. Rail transportation of 800 miles leads
to a feedstock cost of $111/dry US ton ($122/dry metric tonne) at
the colocated facility; this approximation captures general
impacts, although variations are expected for specic facilities
and feedstocks. Accounting for feedstock and biocrude trans-
portation is the only difference between cases SA-2000 and CL-
2000.

Fig. 5 and 6 indicate that this feedstock transportation
penalty can be overcome with increases in plant size at colo-
cated facilities. TCI per unit of feedstock processed drops more
rapidly when scaling up from 2000 TPD to 5000 TPD versus
when scaling up from 5000 TPD to 10 000 TPD; the potential
advantage of lower feedstock costs for smaller plants is not
included in this analysis but can be factored in separately with
information about specic locational supplies and costs. The
TCI trend is consistent with more rapid declines in cost
This journal is © The Royal Society of Chemistry 2023
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expected during scaleup at smaller scales. Scaleup cost reduc-
tion is also tempered in our analysis by an assumption that the
front-end FP reactor units (reactor units part of both our FP and
CFP congurations) are each limited to 1000 TPD throughputs,
necessitating the use of multiple duplicated units during sca-
leup; this may be overcome with further technology maturity,
but the 1000 TPD limit is a prudent near-term assumption with
the current state of industrial biomass fast pyrolysis imple-
mentations.8 The economic benets from scaleup are also more
pronounced for the more complex CFP conguration compared
to the simpler FP design. Detailed breakdowns of cost contri-
butions are available in the ESI (Section 2).†

Discussion

We see relatively at GHG emissions and cost responses in all
the FP cases within the options explored in this study (Fig. 3 and
5). This is because higher conversion efficiency to FP biocrude
leaves less excess energy from biomass for other uses. Thus, the
energy considerations presented in this article deserve more
attention in technologies with lower conversion efficiencies to
biocrude, such as CFP processes. As noted previously, the
advantages of higher efficiency and lower cost of FP biocrude
are offset later during downstream processing because of
signicantly higher losses compared to CFP biocrude during
nishing to hydrocarbon fuels; the current analysis stops with
the production of biocrude, and thus cannot be used for
a comparison between FP and CFP for nished fuel production.

Case CFP-3 is the lowest GHG emission option among all the
CFP cases, and the lowest cost option among the colocated (CL)
CFP plants (Fig. 4 and 6). CFP-3 benets from lower capital costs
by avoiding power generation equipment while getting value
from supplying excess steam to a colocated consumer. Note that
this case also maximizes hydrogen production, which provides
signicant GHG reduction benets. Specically, CFP-3 (−9.1 g
CO2e/MJ) has a ∼150% GHG reduction compared to the
standalone (SA) CFP-1 (17.7 g CO2e/MJ) case. For the same
colocated CFP-3 case (with higher feedstock transportation
costs) there can be a cost reduction of ∼10% by implementing
a 10 000 TPD colocated facility ($2.95/GGE) compared to the
2000 TPD standalone facility ($3.40/GGE) in CFP-1. A graded
distance-based approach to feedstock volumes, costs, and
emissions was not included in this analysis and it is noted again
that for all colocated (CL) plant sizes we assume a xed distance
(800 miles) for estimating long-distance rail transportation
costs and emissions for the entire feedstock, along with
a constant feedstock cost near biomass growth and pre-
processing locations; the interested reader can estimate results
by prorating different sets of feedstock related assumptions
using details in the ESI.† These conclusions may not be
immediately evident without detailed quantication because
biomass feedstock transportation introduces signicant cost
and GHG emissions penalties for the colocated facilities; an
average transportation distance of 800 miles is a generous
assumption for many petroleum reneries located in the
southeastern US, and this conclusion is likely relevant for some
of those reneries.
This journal is © The Royal Society of Chemistry 2023
Conclusion

This work illustrates some of the key considerations for the
efficient use of biomass resources if pyrolysis-derived biocrudes
are integrated into the petroleum rening infrastructure.
Hydrogen demand will increase if CFP oils are co-
hydroprocessed, and renewable hydrogen from biomass in
colocated facilities can improve sustainability at reneries. The
potential for hydrogen production leveraging off-gases from CFP
(FP to a lesser extent) and associated GHG emissions benets
align well with the growing hydrogen demand. The analysis
indicates that hydrogen as a byproduct may be relevant in the
near term and be even more attractive if the current steam
methane reforming (SMR) facilities' infrastructure in colocated
situations can be leveraged to use off-gases. This can be a bene-
cial near-term approach even as research and development on
sustainable low-cost hydrogen from renewable electricity makes
progress; with concurrent progress towards increased CFP bio-
crude efficiency, the availability of off-gases from CFP will also go
down, indicating potential synergy of this approach with other
low-cost hydrogen research, if CFP technologies start getting
implemented with an expectation of future efficiency gains
towards biocrude production. Electricity production is less
favorable compared to using excess energy in other forms; this
will be further reinforced from a GHG emissions standpoint as
the electric grid gets decarbonized. The benets of using excess
energy resources in raw forms (steam and fuel gas) without
substantial additional expenditure and potential use of off-gases
as a feedstock for hydrogen production can be leveraged only
with the availability of local consumers and infrastructure. The
synergistic consideration of energy ows, GHG emissions, and
costs presented can help understand the effectiveness of various
energy utility options. While we provide a guiding framework
with some key considerations, it should be noted that specic
details and assumptions need to be considered before deter-
mining the best options for any implementation.

Feedstock costs and associated GHG emissions have signi-
cant local variations, and that detailed topic and is not explored
in this article. Assumptions in this article about feedstock costs
and transportation are simplistic, using previously published
modeled costs and emissions for supply to the throat of a bio-
renery reactor, along with costs and emissions from rail trans-
portation over a distance of 800 miles to supply bioreneries
located in vicinities of petroleum reneries. Specically, a graded
approach with the increase in feedstock collection radius in
relation to any specic petroleum renery location is not
included in the feedstock assumptions. The granularity of the
results presented in the ESI† will allow the reader to substitute
different feedstock related cost and emissions assumptions to
reect information for any specic location; those efforts will be
complementary and not overlapping with the conversion-focused
analysis presented here and may easily be overlaid by stake-
holders who have specic feedstock information available.

While biomass liquefaction via FP and CFP are promising
routes for biocrude production, there remain signicant chal-
lenges towards the development of reliable large-scale biomass
Sustainable Energy Fuels, 2023, 7, 4955–4966 | 4963
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feedstock and conversion infrastructures; industrial invest-
ments are necessary for scaleup and the resolution of related
challenges. Careful design and adequate investments are
necessary for efficient biomass utilization because any wastage,
such as ared fuel gas or vented steam, will reduce GHG
benets and increase overall costs.
Methods
Process model

Detailed process models for CFP (including FP as a subset) were
developed using Aspen Plus.22 Assumptions and descriptions of
the modeling framework are discussed thoroughly in our 2015
design report.3 Sample models are also publicly available.23

Subsequent modications reecting our CFP research were pre-
sented in other publications.11,17,24 The FP and CFP processes are
presented in Fig. 1 and along with related overviews included
earlier in this article; the process models for this work were
adapted from our previously developed models. The models
included woody biomass feedstock with 10 wt% moisture and
elemental analysis maintained from our previous models (Table
2 in ref. 11). Products from the FP and CFP reactors included
model compounds shown in Appendix F of our 2015 design
report,3 with some subsequent additions to reect key major
compounds identied by experimental work, such as coproducts
acetone and MEK produced when using a Pt/TiO2 CFP catalyst.11

FP and CFP yields reect assumptions in previous work. FP yield
assumptions were based on a 2013 report (Table 5 in ref. 15) and
closely matched in subsequent modeling work for consistency,
with slight alterations to match experimental char yields (Table
ES-1 in ref. 11). CFP yields are consistent with the 2020 SOT (State
of Technology) reported in Tables A-1, ES-1, and ES-2 in ref. 11. As
noted previously a higher design pressure was proposed for CFP
to facilitate better hydrogen activation, and it also helped reduce
equipment sizes and capital costs because of smaller volumetric
ow rates at higher pressures when compared to a lower pressure
system. The Aspen Plus model ensures complete mass and
energy balances. Process heat integration duties were determined
via a separate pinch analysis exercise to ensure a thermodynam-
ically feasible biorenery (see Section 3.10 in ref. 3 for further
details of our approach); theminimum approach temperature for
process heat exchange, determined via pinch analysis, was
maintained at approximately 15° F for all models to ensure
a degree of parity with respect to heat integration among all the
modeled cases; note that increases in the minimum approach
temperature lowers capital costs for heat exchangers but also
lowers process energy efficiency (and vice versa). LHV basis energy
ows shown in Fig. 5(a) and 6(a) were derived from stream
information in the process model.
Economics

Detailed documentation of capital and operating cost bases are
included in our previous publications (Appendices A and B in ref.
3, Table 7 in ref. 11, and Table 2 in ref. 17). Total capital invest-
ment (TCI) for each of the cases, derived from equipment costs
using a factored approach (as described in Section 4.1 of ref. 11),
4964 | Sustainable Energy Fuels, 2023, 7, 4955–4966
are shown in Section 3 of the ESI.† Major operating cost contri-
butions are included in the tables in Section 2 of the ESI.† Note
that the equipment costs for any specic model were derived by
scaling the documented base equipment costs using the relevant
parameters (ow rates, heat duties, power consumption) from
each process model; no design changes were included as part of
the scaleup estimates. Economic assumptions and methodology
for calculating the MSP for biocrude using a discounted cash ow
rate of return analysis were also previously published (Section 1.1
of ref. 11); the income tax rate was modied to 25% in this study.
MSP is reported in cents per GGE; GGE or gallon gasoline
equivalent on an LHV basis is dened as 116 090 Btu/gallon.25 All
costs were converted to 2020 US$ using cost indices for equip-
ment,26 raw materials,27 and labor.28 Scaling exponents docu-
mented in previous work3 were used for the estimation of capital
costs at different biorenery capacities. Noting that there have
been signicant swings in energy prices in recent years, unit
prices of key energy byproducts vital for this analysis are shown
separately in the Table SI-22† to allow interested readers to derive
prorated estimates for alternate cost assumptions. Biomass and
biocrude rail transportation cost of 5.1 cents per ton-mile were
based on published information.29 Feedstock production and
preprocessing costs were previously published.21 Note that the
same feedstock assumptions aremaintained for all the cases, and
the only differences are related to feedstock or biocrude trans-
portation in the standalone and colocated cases, as stated earlier.
GHG emissions

The lifecycle inventory for all the cases, informed by the process
models, is shown in Section 5 of the ESI.† Key emission factors
derived from GREET25 are shown in Table SI-25† to allow the
interested reader to estimate prorated GHG emission impacts of
alternate emission factors.
Data availability

References with signicant details and sample models from
previous related work have been provided. ESI† provides
detailed breakdowns for the analysis presented, including key
underlying assumptions that may be altered by the interested
reader to estimate the impacts of alternate assumptions.
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