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ABSTRACT: Resource recovery from wet organic wastes can support
circular economies by creating financial incentives to produce
renewable energy and return nutrients to agriculture. In this study,
we characterize the potential for hydrothermal liquefaction (HTL)-
based resource recovery systems to advance the economic and
environmental sustainability of wastewater sludge, FOG (fats, oils, and
grease), food waste, green waste, and animal manure management
through the production of liquid biofuels (naphtha, diesel), fertilizers
(struvite, ammonium sulfate), and power (heat, electricity). From the
waste management perspective, median costs range from −193 $·
tonne−1 (FOG) to 251 $·tonne−1 (green waste), and median carbon
intensities range from 367 kg CO2 eq·tonne−1 (wastewater sludge) to
769 kg CO2 eq·tonne−1 (green waste). From the fuel production
perspective, the minimum selling price of renewable diesel blendstocks are within the commercial diesel price range (2.37 to 5.81 $·
gal−1) and have a lower carbon intensity than petroleum diesel (101 kg CO2 eq·MMBTU−1). Finally, through uncertainty analysis
and Monte Carlo filtering, we set specific targets (i.e., achieve wastewater sludge-to-biocrude yield >0.440) for the future
development of hydrothermal waste management system components. Overall, our work demonstrates the potential of HTL-based
resource recovery systems to reduce the costs and carbon intensity of resource-rich organic wastes.
KEYWORDS: circular bioeconomy, catalytic hydrothermal gasification (CHG), resource recovery, techno-economic analysis (TEA),
life cycle assessment (LCA), greenhouse gas (GHG), quantitative sustainable design (QSD)

■ INTRODUCTION
More than 100 million tonnes (i.e., metric tons) of wet organic
wastes, including wastewater sludge, FOG (fats, oils, and
grease), food waste, green waste (waste from gardening and
landscaping), and animal manure, were produced in the United
States in 2017.1,2 These wastes represent a very real challenge
for waste management due to their high production rate and
the inefficiency of conventional management methods.
Currently, the majority of these wastes are sent to landfills,
leading to significant amounts of greenhouse gas (GHG)
emissions. For example, food waste�the single largest
component of municipal solid waste sent to landfills�
represents more than 15% of total U.S. human-caused methane
emissions,2 and nutrients in these wastes can cause additional
environmental consequences (e.g., via leachate and runoff3).
Other common resource recovery methods, such as inciner-
ation and anaerobic digestion with land application, can also
lead to unwanted environmental consequences including
fugitive NOx emissions during incineration

4 or the release of
antibiotic resistant bacteria,5,6 heavy metals,7 or emerging
contaminants like per- and polyfluorinated substances (PFAS)8

from the land application of biosolids. Further, these
management methods are costly (40 to 880 $·tonne−19,10)

and often underutilize the resource potential embedded in
organic wastes. Alternatively, these waste streams have the
potential to serve as feedstocks for biofuels and bioproducts
and support broader efforts to decarbonize communities.1

One promising technology for wet organic waste valorization
is hydrothermal liquefaction (HTL), which converts wet
organic wastes (50 to 90% moisture) under subcritical to
supercritical temperatures (250 to 450 °C) into four product
phases: biocrude oil, aqueous phase, hydrochar, and the CO2-
dominant gas phase.11−13 Among these products, biocrude has
high organic content and can be refined through hydrotreating
and hydrocracking to produce drop-in liquid biofuels (e.g.,
naphtha, diesel).14 The aqueous phase can also have organic
compounds, with compositions dependent on the feedstock
and reaction conditions. With regard to nutrients, feedstock
nitrogen is distributed between the biocrude and aqueous
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phases, whereas feedstock phosphorus is distributed between
the hydrochar and aqueous phases.14 Nutrients embedded in
the aqueous and hydrochar product phases can be recovered
by further processing (e.g., precipitation of P- and N-
containing struvite; gasification of aqueous organic nitrogen
and electrochemical stripping of the resulting ammonia).15−17

By selling these products, hydrothermal waste management
systems have the potential to drive down net waste
management costs. In addition, HTL may help address
environmental concerns related to emerging contaminants
(e.g., it has been reported HTL can destroy persistent organic
pollutants like PFAS which can accumulate in waste organic
feedstocks18,19).
HTL has been applied to multiple organic wastes including

wastewater sludge,20−22 FOG,23,24 food waste,25−27 animal
manure,27−29 green waste,30 and their mixtures.22,31,32 These
feedstocks have different biochemical (carbohydrate, protein,
lipid) compositions and macrostructures, leading to varia-
bilities in product yields and characteristics (e.g., the energy
content of biocrude). For example, FOG (which are nearly
100% lipids) has a high biocrude yield of more than 80% but
very low nutrient recovery potential,23 while gases and
hydrochar have been reported to be the main products from
carbohydrate-rich feedstocks such as green waste.30 To better
understand the full-scale implications of HTL for waste
valorization, several models have been developed to predict
HTL performance33−36 and techno-economic analysis (TEA)
and life cycle assessment (LCA) studies have examined the
economic viability and environmental impacts of hydrothermal
waste management systems. Previously, LCAs on cultivated
feedstocks such as microalgae have demonstrated the environ-
mental benefits of HTL (e.g., a carbon intensity of −1.2 to 40.1

kg CO2 eq·MMBTU−1,37−39 compared to the 101 kg CO2 eq·
MMBTU−1 reported for fossil fuels39), but TEAs have
demonstrated high feedstock costs (e.g., 331 to 779 $·tonne−1

for microalgae15,40) can significantly undermine the financial
viability of the integrated feedstock-to-biofuel system (e.g.,
achieving a minimum fuel selling price [MFSP] of 4.49 to 12.1
$·gal−1,37,38,40,41 compared to the average diesel price of 3.13 $·
gal−1 from 2018 to 202242). Alternatively, high-organic-content
waste streams are generated as products of societal metabolism
and generally incur costs to manage. Thus, entities operating
HTL-based treatment trains could potentially acquire low-cost
(or even negative cost; e.g., a tipping fee can be charged for
managing the waste43) feedstocks, thereby creating an
opportunity for a financially viable and low-environmental
impact alternative for waste management through resource
recovery and processing.44

The objectives of this work were (i) to characterize the
economic and environmental sustainability of HTL-based
treatment trains for the management and valorization of wet
organic wastes and (ii) to set research and development targets
for key technological parameters (e.g., minimum biocrude
yield) for HTL-based resource recovery systems to out-
compete conventional approaches to waste management. To
this end, we leveraged two open-source modeling platforms�
QSDsan45,46 and BioSTEAM47,48�for the design, simulation,
TEA, and LCA of hydrothermal waste management systems
under uncertainty. We focused our analyses on five
representative wet organic wastes identified in the U.S.
DOE’s waste-to-energy report1 and U.S. EPA’s organic waste
management report2 (wastewater sludge, FOG, food waste,
green waste, and animal manure) and benchmarked the
performance of a HTL-based resource recovery system against

Figure 1. Simplified flowchart of the hydrothermal waste management system. The system was separated into three parts: hydrothermal
liquefaction (HTL) and supporting units (left, gray shaded region), bio-oil upgrading (upper right, orange shaded region), and coproduct
valorization (lower right, green shaded region). Inside-battery limit and outside-battery limit units are shown in blue and gray blocks, respectively.
Units in yellow blocks relate to decision variables in alternative design scenarios. Specifically, an acid extraction unit was included in the baseline
design but was excluded in one scenario (Alternative 1) to consider trade-offs stemming from phosphorus recovery, and a pressure swing
adsorption unit was not included in the baseline design but was added in another scenario (Alternative 2) to explore the impacts of recycling
hydrogen gas. WWTP stands for wastewater treatment plant. Some processes and streams were not included for figure clarity; full-scale system
configurations are available online.46
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conventional waste management strategies. We further
performed global sensitivity analyses to identify drivers of
uncertainty and Monte Carlo filtering to set explicit targets for
key technological parameters to achieve financial viability. In
addition to these technological parameters, we also evaluated
the implications of two decision variables (whether to include
phosphorus recovery and/or hydrogen recycling) and two
contextual parameters (plant size and internal rate of return)
which are critical to the successful deployment of hydro-
thermal waste management systems. Overall, this study
supports the potential of hydrothermal systems and HTL-
based resource recovery trains for the management and
valorization of wet organic wastes and provides guidance on
the prioritization of research and development targets to
increase the opportunities for successful technology deploy-
ment.

■ METHODS
System Description. The system modeling, simulation,

and analyses were performed in QSDsan and BioSTEAM.
Specifically, a hydrothermal waste management system (Figure
1) was designed with a daily capacity of 100 dry tonnes (this
value was adjusted in the sensitivity analysis) and simulated
over 30 years of operation. The system was designed to receive
wet organic wastes and adjust the moisture content to 80% by
adding water if necessary for HTL reactions,49 after which the
wet feedstocks were pressurized and heated before being fed
into the HTL reactor.40 The conversion of feedstocks to
biocrude oil, an aqueous phase, off-gas and hydrochar was
simulated to occur within 15 min at 350 °C and 21 MPa under
air headspace, a condition that has been previously reported
for HTL-based organic waste conversions.22,50 Then, the HTL
products were passed through knockout drums for gas
separation and a solid filter for hydrochar recovery. The
biocrude and aqueous phases were then separated through a
gravimetric oil/water separator.40,51 The separated biocrude oil
was upgraded through hydrotreating to remove heteroatoms
(i.e., non-carbon/-hydrogen elements) using presulfided
CoMo/alumina catalyst (cobalt molybdenum on an alumina
support)40 under high-pressure hydrogen.52 The upgraded bio-
oil was then fractionated into fuel gas, naphtha, diesel, and
heavy oil based on the boiling points via a simulated series of
flash vessels and distillation columns. The heavy oil was further
processed by hydrocracking using presulfided Co/Mo
catalyst40 under a hydrogen headspace to break down the
large-molecule compounds into naphtha and diesel.52 Similar
to hydrotreating, the hydrocracking products were separated
via flash vessels and distillation columns. The compositions of
hydrotreating and hydrocracking oil products (Table S6 in the
Supporting Information, SI) were based on simulated results
following the methodology of Jones et al.40

The vented fuel gases from hydrotreating and hydrocracking
contained more than 90% v/v H2 and were sent to a combined
heat and power (CHP) unit to meet the system’s heating
needs; excess energy was used to generate electricity that was
sold to the local grid. HTL-produced hydrochar was treated
with 0.5 M sulfuric acid at 1 g:10 mL to extract phosphorus.
The extractant was mixed with the HTL aqueous phase14 and
was supplemented with MgCl2 for struvite (NH4MgPO4·
6H2O) precipitation. A catalytic hydrothermal gasification
(CHG) unit was designed to generate additional value by
mineralizing and gasifying the residual dissolved organics in the
aqueous phase (typically g·L−1 concentrations) to fuel gases

with 7.8% Ru/C as the catalyst (i.e., 7.8% w/w ruthenium on a
carbon support; ruthenium is an active hydrogenolysis catalyst
that is selective for volatile hydrocarbons production53,54).40

The produced fuel gases contained approximately 70% v/v
CH4

40 (Table S6) and were sent to the CHP unit. CHG
effluent was then directed to a membrane distillation unit to
recover the remaining ammonium (NH4

+).55−59 In the feed
stream of membrane distillation, pH and temperature were
maintained at values >10 and >60 °C, respectively, so NH3(g)
was the dominant species; the separated NH3(g) was absorbed
by a 5% sulfuric acid sweep solution to produce ammonium
sulfate ((NH4)2SO4). Facilities included a system-wide heat
exchanger network (designed through pinch analysis with a
minimum approach temperature of 86 °C, consistent with the
minimum temperature difference observed in heat exchangers
in Jones et al.;40 Figure S1) to offset part of the system’s
heating and cooling demand.60 It should be noted that we used
a retroactive method for the system’s heating and cooling
utilities demand calculation. Specifically, we built our model
first without CHP or a heat exchanger network. Then, we
added these two units to reduce the system’s utilities demand,
determining the cost reduction and carbon intensity reduction
from utility offsets. A detailed description of the full system
(e.g., reactor parameters, unit process conditions) is provided
in the Supporting Information (section S2) and all python
scripts for the system setup and analyses (described in the
following sections) are available online.46

Mass and Energy Balance. The biochemical composi-
tions of feedstocks�with the ash-free portion comprised of
lipid, protein, and carbohydrate (initially modeled as C8H16O,
C16H24O5N4, and CH2O, respectively,

61 and varied in the
uncertainty analysis)�were used as input parameters for a
multiphase component additivity model to predict HTL yields
and product characteristics.34 It should be noted that we
simplified the assumed composition of green waste, which can
also have a relatively high content (8% to 29%)62 of
degradation-resistance lignin.63−65 The effect of this assump-
tion is discussed in the Opportunities and Challenges section.
Consistent with past work, the coefficients of the model
parameters for the aqueous phase were adjusted to fulfill mass
balance requirements (as described in Leow et al.;15 Tables S3
and S4). This model has been validated for wastewater sludge
and animal manure in Li et al.34 and was validated in this study
for other organic wastes using data from the literature (Table
S5). Additional details can be found in section S3 of SI.
Techno-economic Analysis (TEA) and Life Cycle

Assessment (LCA). For TEA, capital cost and operation
and maintenance cost (e.g., chemicals, catalysts, labor)
calculations were automated using existing algorithms in
QSDsan66 and the results were included in the Supporting
Information (section S4). The TEA was performed through
discounted cash flow rate of return analysis (with a net present
value of 0) with two framings: (i) a waste management
perspective, such that the waste management price (per dry
tonne of waste managed) was calculated assuming produced
biofuels and fertilizers can be sold at their market price, and
(ii) a renewable diesel producer perspective, such that the
minimum diesel selling price (MDSP) was calculated assuming
waste generators would continue to pay existing market prices
for waste management. To reflect the likely financing
mechanisms for these two cases, different internal rates of
return (IRR; the annual rate of growth an investment is
expected to generate) and interest rates (the rate paid on a
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loan) were assumed. In the case of waste management, both
IRR and interest rate had a baseline value of 3% given that
utilities may be eligible for low interest loans (e.g., 0 to 5%
through the State Revolving Loan Fund in the United
States67,68) and it is appropriate to use the same value for
IRR and interest rate when developing planning level costs for
utilities.67 From the renewable diesel producer perspective,

capital investment was assumed to come from venture capital
with an expected IRR of 10% and an interest rate of 8%, which
are consistent with Snowden-Swan et al.22 All costs were
converted to 2020 U.S. dollars using Gross Domestic Product
chain-type price index and the Chemical Engineering Plant
Cost Index (also consistent with Snowden-Swan et al.22). A

Figure 2. Comparison of carbon (C), nutrient (N, P), and energy (E) recovery rate, waste management costs, and carbon intensity (CI) for
hydrothermal liquefaction (HTL)-based waste valorization systems receiving different feedstocks (wastewater sludge, FOG, food waste, green
waste, and animal manure). Left panel shows the elemental compositions (as fractions of ash-free dry weight) and unprocessed energy content of
each feedstock. In the middle, Sankey diagrams showed average flows of C, N, P, and E through each stage of the treatment train (acid extract.: acid
extraction; struvite precip.: struvite precipitation; HT: hydrotreating; HC: hydrocracking; CHG: catalytical hydrothermal gasification; membrane
distill.: membrane distillation). All flows were scaled to 100% of initial inputs, as indicated in the figure legend along the bottom. Streams
accounting for less than 1% of the elemental mass or energy as well as energy that was consumed internally (i.e., energy associated with carbon in
the aqueous phase was consumed in the combined heat and power unit to provide system heating utilities) were not shown for figure clarity. On
the right side, bar charts reflected the average N, P, and E recovery ratio with the error bar representing 5th to 95th percentiles. Box plots show the
waste management cost and the caron intensity. Whiskers, boxes, and midlines represented 5th/95th, 25th/75th, and 50th percentile values. Gray-
shaded areas represent ranges of cost and CI associated with the current waste management methods. The absence of a gray bar means that the
related data were not readily available. For wastewater sludge, the gray areas only cover part of the current management cost (110 to 882 $·
tonne−1) and CI (−245 to 2200 kg CO2 eq·tonne−1) for figure readability. All uncertainty results were from 1000 Monte Carlo simulations.
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complete list of assumptions for the cash flow rate of return
analysis can be found in Table S9.
For LCA, life cycle inventory data were acquired from the

Ecoinvent v3.8 database69 (Table S10) and the U.S. EPA’s
Tool for the Reduction and Assessment of Chemicals and
Other Environmental Impacts (TRACI)70 was used for life
cycle impact assessment. From the waste management
perspective, LCA results were normalized per dry tonne of
waste managed, which considers credits (i.e., offsets) from the
generated biofuels and fertilizers. From the renewable diesel
producer perspective, the LCA results were normalized per
MMBTU (million British thermal units) of diesel produced,
including impact offsets by avoiding traditional waste manage-
ment strategies. LCA findings in the results and discussion
center on carbon intensity (i.e., global warming potential,
GWP), but other TRACI indicators are also reported in SI
(Table S14).
Uncertainty, Sensitivity, and Scenario Analyses. For

uncertainty analysis, we performed Monte Carlo simulations
with Latin hypercube sampling (N = 1000) for 78 decision
variables, technological parameters, and contextual parame-
ters71 in addition to life cycle inventory data and character-
ization factors (a complete list of these parameters and their
distributions can be found in Table S11). Sensitivity analyses
focused on wastewater sludge as a representative example.
Specifically, we prescreened parameters using Spearman’s rank
order correlation coefficients with cost and carbon intensity
indicators, where parameters with a p-value less than 0.05 and
an absolute ρ-value larger than 0.1 were defined as the key
drivers of uncertainty. Then, we performed Monte Carlo
filtering with Kolmogorov−Smirnov test on identified key
technological parameters (e.g., biocrude yield) to set targets for
their future advancement by generating frequency distribution
curves for each parameter for when the simulated MDSP was
either higher or lower than the upper level of the market diesel
price (5.81 $·gal−142). The value of the intersection of the two
distribution curves represented the parameter value at which
MDSP was equally likely to be above or below 5.81 $·gal−1;
this value was set as the target value these parameters need to
reach to shift hydrothermally produced diesel toward financial
viability. In a separate scenario analysis, we designed two
alternative system configurations (Figure 1) to characterize the
implications of these discrete choices: (alternative 1) removing
the acid extraction step for phosphorus recovery or (alternative
2) adding a pressure swing adsorption unit for hydrogen
recycling from hydrotreating gas products.

■ RESULTS AND DISCUSSION
Mass and Energy Flows. Mass flow rates of carbon,

nitrogen, and phosphorus were strongly correlated to the
biochemical composition of the feedstocks (Figure 2;
elemental and biochemical compositions were represented as
fractions of the ash-free dry weight). Among the five feedstocks
for which compositional data were gathered from the literature,
FOG�which was 91.2 to 100% lipid (C8H16O)

72�had the
highest carbon content (73.9% [67.4% to 80.2%]; 5th to 95th
percentiles in brackets) and the highest unprocessed (i.e.,
feedstock) energy content (39.5 [35.5 to 43.2] MJ·kg−1,
calculated based on eq S15). During the HTL reaction, lipids
were mainly converted to medium- and long-chain fatty acids73

and partitioned into the biocrude phase, while negligible
amounts of off-gas, aqueous, and hydrochar byproducts were
produced. As a result, 97.9% [82.6% to 100%] of carbon in

FOG was transferred to biocrude for further hydrotreating and
hydrocracking, leading to the highest energy recovery (54.8%
[47.1% to 64.7%], the percentage of energy in feedstocks and
hydrogen recovered in biofuels) among the evaluated feed-
stocks. In contrast, nitrogen recovery (the percentage of
nitrogen in feedstocks recovered as fertilizers) from FOG was
only 27.9% [13.5% to 39.7%] because a significant fraction of
the feedstock nitrogen was simulated to partition into the
biocrude phase and was lost to wastewater during subsequent
hydrotreating. However, the system-level impacts of limited
nitrogen recovery were minimal since the total nitrogen
content in FOG was less than 0.20%. On the other end of the
spectrum, only 40.7% [26.8% to 54.9%] of carbon in green
waste was recovered in biocrude, and the total energy recovery
was limited to 45.8% [30.7% to 58.5%]. This was due to the
high (93.2% [90.2% to 96.3%]) carbohydrate content of green
waste,74,75 which led to the lowest carbon content (41.3%
[37.8% to 44.8%]) and unprocessed energy content (11.4 [8.6
to 14.3] MJ·kg−1) among all feedstocks. As carbohydrate is
readily decomposed into CO2 off-gas and polar water-soluble
molecules (e.g., methanol, ethanol40) which stay in the
aqueous phase during hydrothermal conversion, a much
smaller fraction of feedstock energy was recovered as biocrude
(48.9% [31.9% to 66.5%] for green waste compared to 92.2%
[78.5% to 100%] for FOG). Though the nitrogen recovery rate
for green waste (83.6% [76.2% to 89.7%]) is the highest across
the five feedstocks, the systems-level benefits can be negligible
due to low total nitrogen content (0.78% [0.30% to 1.27%]).
Sludge was the most protein rich (38% to 51%22,76−78)
feedstock in this study and had the highest nutrient content
(7.10% [6.30% to 8.15%] nitrogen and 2.74% [1.86% to
3.69%] phosphorus). After HTL, 71.7% [65.6% to 77.3%] of
the total nitrogen was in the aqueous phase and primarily in
the form of NH4

+. The CHG unit process also mineralized
aqueous organic nitrogen to NH4

+. In the designed system,
there were two mechanisms to recover nitrogen from the
aqueous phase: (i) coprecipitation with phosphorus to form
struvite (MgNH4PO4·6H2O) and (ii) membrane distillation
and recovery in a sulfuric acid sweep solution to produce
ammonium sulfate ((NH4)2SO4). In the case of sludge, these
two processes accounted for the fate of 11.8% [7.9% to 15.8%]
and 59.3% [52.6% to 66.2%] of the nitrogen, respectively. The
remaining nitrogen remained in the biocrude phase by forming
indole, pyridine, pyrazine, and amine groups73 and can be
removed through hydrodenitrogenation reactions during
hydrotreatment.79 Though it was hard to recover this fraction
of the nitrogen, efforts (e.g., sequential HTL, chemical washing
off proteins from feedstock) have been made to redirect more
nitrogen from biocrude to the HTL aqueous phase to reduce
the burden of biocrude upgrading and also increase nitrogen-
fertilizer production.80−82 Phosphorus recovery (the percent-
age of phosphorus in feedstocks recovered as fertilizers) was
high (>68% average phosphorus recovered) regardless of
feedstock type, consistent with experimentally demonstrated
phosphorus recovery.17,83,84 However, the benefits of recover-
ing phosphorus can be negligible if the feedstock is not
phosphorus-rich (e.g., FOG, green waste). Detailed feedstock
biochemical compositions and the modeled elemental
(including carbon, nitrogen, and phosphorus) and energy
flows can be found in Tables S1 and S12, respectively.
Sustainability Implications Across Feedstocks. Waste

Management Perspective. In addition to feedstock properties,
the financial viability and relative environmental sustainability
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of HTL-based valorization will also depend on the benchmark
against which it is compared: for instance, whether the
technology is being deployed by stakeholders primarily focused
on waste management or renewable diesel production. In the
context of waste management, we compared the cost and life
cycle GHG emissions of the HTL-based process (simulated in
this work) to current waste management practices (i.e., landfill,
land application, incineration9) for the final management of
residual biomass (Figure 2, right panels). As expected, the
hydrothermal system was the most cost-effective for FOG
management (−193 [−408 to −13.8] $·tonne−1), while it was
largely outcompeted by existing strategies for green waste
management (251 [160 to 329] $·tonne−1, compared to the
current 53.9 to 165 $·tonne−185). These results suggest lipid-
rich waste streams have the potential to generate significant
revenue via hydrothermal systems whereas alternative manage-
ment strategies should be considered for carbohydrate-rich
waste (e.g., fermentation which aims for ethanol production86).
For sludge, the cost of the hydrothermal system (33.0 [−77.2
to 121] $·tonne−1) was generally below the lower end of the
cost for existing management strategies: less expensive than
land application (331 to 882 $·tonne−1) and incineration (331
to 551 $·tonne−1) but partially overlapping with landfill (110
to 717 $·tonne−1).9 Notably, approximately 32% of the
simulated sludge management costs and 96% of simulated
FOG costs were negative, suggesting that waste managers
handling sludge and FOG could (in some cases) charge a
hydrothermal plant for their renewable waste resources instead
of paying a tipping fee. In addition, food waste has a
hydrothermal management cost (86.4 [−44.6 to 185] $·
tonne−1) at the lower end of the current management
strategies (40 to 400 $·tonne−110), while the cost for
hydrothermal management of animal manure (158 [52.8 to
242] $·tonne−1) is at the higher end of the current practices (6
to 165 $·tonne−187).
With regard to life cycle GHG emissions for wastewater

sludge management, the hydrothermal system (367 [206 to
497] kg CO2 eq·tonne−1) had lower carbon intensity than
landfilling (732 to 2200 kg CO2 eq·tonne−188) and comparable

values to incineration (−245 to 1450 kg CO2 eq·tonne−188)
and land application (150 to 715 kg CO2 eq·tonne−188). No
existing life cycle GHG emissions data were available for the
other four wastes evaluated in this study. Similar to the trend
observed for management cost, among these four wastes, FOG
generated the lowest simulated carbon intensity (391 [162 to
628] kg CO2 eq·tonne−1), which was followed by food waste
and animal manure (535 [359 to 695] kg CO2 eq tonne−1 and
591 [477 to 704] kg CO2 eq tonne−1, respectively), while
green waste demonstrated the highest carbon intensity (769
[651 to 901] kg CO2 eq tonne−1). Overall, the HTL-based
resource recovery systems showed promising economic and
environmental benefits, especially for feedstocks such as FOG
and wastewater sludge.
As feedstocks for hydrothermal systems may be a mixture of

several organic wastes, we further extended our analyses to
examine across the spectrum of biochemical compositions
(Figure 3). While a strong negative correlation between cost
and feedstock lipid content was expected and observed, we also
found protein was the strongest biochemical driver of carbon
intensity. This was because protein content was directly
associated with the total nitrogen content in the feedstock.
Though a larger portion of nitrogen in protein-rich feedstocks
may be transferred to biocrude due to intensified Maillard
reaction,89 a higher absolute mass of nitrogen in the aqueous
phase (consistent with experimental data34) could led to
greater production of ammonium sulfate and greater
subsequent fertilizer offsets: the environmental benefits of
this increased fertilizer production were more impactful than
increased biofuel yields (which were impacted most signifi-
cantly by lipid content). As a result, for waste streams
comprised entirely of protein, the carbon intensity could reach
a minimum value of 14.7 [−280 to 280] kg CO2 eq·tonne−1. In
practice, cotreatment of different organic wastes could achieve
greater economic scale and help mitigate the costs and CIs of
carbohydrate-rich feedstocks.31 For example, existing waste
management infrastructure could serve as intermediate
destinations for carbohydrate-rich feedstocks with later trans-
port to an HTL-based system, where they can be comanaged

Figure 3. Waste management (A) cost and (B) carbon intensity (CI) for all combinations of biochemical compositions. A total of 66 biochemical
compositions were simulated, with the median value of 1000 Monte Carlo simulations shown in the figure. A constant moisture content (80%) and
a constant ash content (15%, on a dry weight basis) were assumed for each biochemical composition. Carbohydrate, lipid, and protein are reported
on an ash-free dry weight basis. The biochemical compositions for each representative feedstock were (sludge) 8% to 30.8% lipid and 38 to 51%
protein,22,76−78 (FOG) 91.2% to 100% lipid and 0% to 1.2% protein,72 (food waste) 13% to 30% lipid and 15% to 25% protein,72 (green waste)
1.0% to 2.6% lipid and 1.6% to 8.2% protein,74,75 and (animal manure) 3.8% to 24.7% lipid and 14.3% to 26.4% protein.22,91 For all feedstocks,
carbohydrate was calculated as 100%−lipid%−protein%.
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with locally produced feedstocks with higher lipid or protein
content. Ultimately, HTL-based systems could be deployed to
manage regionally relevant combinations of waste resources.
Through locality-specific optimization of HTL-based resource
recovery, regional organic waste management systems could be
optimized to reduce or eliminate specific waste management
practices (e.g., by replacing aging incinerators90) and support
broader benefits for communities.
Renewable Diesel Producer Perspective. Given that HTL-

based systems have the potential to support biofuel
production, we also characterized the cost and life cycle
GHG emissions of HTL-based renewable diesel production
(simulated in this work) from the perspective of a fuel
producer and benchmarked it against fossil-based diesel
production (from the literature; Figure 4). In the case of
sludge, MDSP and carbon intensity for produced renewable
diesel were estimated to be 6.39 [4.42 to 8.78] $·gal−1 and 98.5
[75.0 to 132] kg CO2 eq·MMBTU−1 if we do not consider
offsetting current sludge management costs and environmental
impacts. However, the fuel producer would be providing a
waste management service that could have an associated fee
and offset the life cycle GHG emissions of the current waste
disposal route. If waste managers paid at least 144 $·tonne−1 in
management costs for sludge disposal (to the fuel producer)
and at least −154 kg CO2 eq·tonne−1 of carbon offsets were
allocated to the fuel producer (both of which are toward the

low end of typical costs [110 to 882 $·tonne−1, Figure 4] and
emissions [−245 to 2200 kg CO2 eq·tonne−1, Figure 4] of
sludge management), the MDSP and carbon intensity of
renewable diesel would be comparable to petroleum diesel
(Figure 4). Similarly, fuel producers can charge a similar price
to traditional management methods for food waste (193 $·
tonne−1 compared to the current range of 40 to 400 $·
tonne−110) to achieve a cost competitive fuel. For FOG, our
analysis has shown that there is no need to charge any fee for
financially viable renewable diesel production (Figure 4).
However, FOG has been commoditized and the fuel producer
may need to purchase FOG at additional expenditure.87,92 In
that case, the more negative avoided management cost and
carbon intensity can make HTL-based renewable diesel
production less competitive (Figure S2). Alternatively, a fuel
producer would need to charge green waste generators at least
411 $·tonne−1 to produce a cost competitive fuel, which is
significantly higher than current management costs (53.9 to
165 $·tonne−1).85 In all cases, findings related to financial
viability to HTL-supported renewable diesel are sensitive to
assumptions of IRR, and perceived risks could increase the
necessary IRR to garner investment, which would subsequently
increase MDSP values. Thus, it is important to identify the key
contributors to the cost and carbon intensity of hydrothermal
systems and further improve its competitiveness.

Figure 4. (Left) Minimum diesel selling price (MDSP) and (right) carbon intensity (CI) of HTL-based resource recovery systems for different
feedstocks. Middle lines and the band represent 50th and 5th/95th percentiles of 1000 Monte Carlo simulations. Purple bands/lines indicate the
market price of diesel (data from 2018 to 2022; 2.37 to 5.81 $·gal−142) in the left panel and petroleum diesel carbon intensity (101 kg CO2 eq·
MMBTU−139) in the right panel. Vertical dashed lines in all figures indicate the break-even point, where the 95th percentile of simulated HTL-
based systems is equivalent to the upper level of the current diesel price or carbon intensity. Arrows are oriented to highlight the x-axis values that
represent the opportunity space for the HTL-based system. Shaded areas represent the current management cost (left panel) and CI (right panel)
for feedstocks. For CI of wastewater sludge, the gray shaded area only covers part of the current value (−245 to 2200 kg CO2 eq·tonne−1) for figure
readability. Note as more negative avoided waste management costs and CI could be available for FOG, another version of this figure for FOG with
extended x-axis (Figure S2) was included in the Supporting Information.
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Cost and Carbon Intensity Drivers. Based on the
potential environmental and economic benefits of wastewater
sludge valorization with the HTL-based process, we used this
feedstock as an example to systematically identify the key
drivers of cost and environmental impacts of the system and to
provide targeted guidance for future research and develop-
ment. Across the HTL-based process, CHP was the most
capital-intensive unit, accounting for 34.2% [28.4% to 41.1%]
of the total installed cost (TIC, 32.7 [29.2 to 37.1] MM$
[million dollar]), followed by HTL (23.6% [18.6% to 28.2%])
(Figure S3A). In our system, the installed cost of the HTL
reactor and its auxiliary units (e.g., reactor heater, knockout
drums, solids filter) was estimated to be 7.7 MM$ (Table S8).
This value is lower than the reported HTL installed cost in
Snowden-Swan et al. (15.9 MM$, excluding dewatering, HTL
aqueous phase recycle, and balance of plant to be consistent
with our design).22 This difference is largely explained by our
attribution of the steam generators and heat oil systems
(estimated to be 4.7 MM$ in our system) to a centralized
heating utility generation system (i.e., CHP), rather than the
HTL unit. Through sensitivity analysis, the uncertainty in the
capital cost of the HTL reactor (Table S11) was not identified
as a key cost driver of uncertainty in cost and CI indicators
(i.e., it did not meet the criteria to be included in Table S13).
For the material cost, hydrotreating and hydrocracking were
the largest contributors (representing 52.3% [40.9% to 62.8%]
combined) because of H2 costs. However, most of the H2 was
not consumed and represented 90% v/v of the off-gas from
hydrotreating and hydrocracking, indicating that the plant
could benefit from recycling this stream (discussed as
Alternative 2 in the following section). Nutrient recovery
also consumed a large amount of chemicals including H2SO4
and MgCl2, accounting for a combined total of 28.7% [20.5%
to 39.1%] of the total material cost. HTL and CHG were the
two most predominate utility users, accounting for 41.6%
[40.2% to 43.0%] and 42.6% [44.7% to 47.1%] of the system
heating needs and 38.3% [36.7% to 39.9%] and 43.1% [40.8%
to 45.5%] of the cooling demand, respectively. However, due
to heat integration, 63.0% [62.5% to 63.4%] of the system
heating and 59.7% [58.9% to 60.8%] of the cooling could be
offset through heat exchange (pinch analysis in Figure S1).
With regard to environmental impacts, the construction

phase accounted for a total of 5.1 [4.7 to 5.5] k-tonne CO2 eq
(k-tonne: thousand tonne), with the HTL part (including
HTL reactors and other auxiliary units such as pumps and
reactor heaters) accounting for more than half of the total
construction emissions (60.3% [56.8% to 62.9%]). This was
due to a large amount of stainless steel needed to withstand the
high pressure, temperature, and loading rate of the HTL
reactor and the fact that heat exchangers for HTL are often
overdesigned to overcome the plugging issue due to the high
viscosity of the feedstock.50 To reduce this source of
environmental impacts, an innovative HTL-based system
called Flashing for Low-fouling, Steam-based Heat recovery
in Hydrothermal Liquefaction (FLASH-HTL) has been under
development to eliminate the HTL heat exchanger and reduce
the associated environmental impacts and cost.93 Beyond the
HTL reactor and associated units, CHP was responsible for
18.5% [15.6% to 22.7%] of the GHG emissions from the
construction phase, which was consistent with its high
construction cost. However, when the heating and electricity
offsets were considered (as describe in the System Description
section), the net contribution of CHP to the carbon intensity

of the system was largely negative (−90 [−230 to 18] k-tonne
CO2 eq over 30 years). The system products also yielded GHG
offsets, with the produced biofuels yielding −1.7 [−2.9 to
−0.4] k-tonne CO2 eq·yr−1 and fertilizer substitutes yielding
−4.9 [−7.0 to −2.8] k-tonne CO2 eq·yr−1. Utility consumption
was again an important factor, responsible for 15.6 [11.1 to
18.8] k-tonne CO2 eq·yr−1 with CHG and HTL as the two
major utility users in the system.
In addition to cost and life cycle GHG breakdown, we also

leveraged Spearman’s rank of order correlation coefficients to
prescreen all uncertain parameters (Table S11) for the
wastewater sludge case. Key parameters identified by the
analysis could be categorized into distinct groups of contextual
parameters and technological parameters, the latter of which
was broken into subcategories based on the relevant unit
operation (Table S13). Further analyses were included to
discuss these parameters based on their subcategory.
Opportunities to Advance the Sustainability of the

HTL-Based Resource Recovery System. Navigating
Nutrient and Hydrogen Recovery. In exploring the impacts
of potential system design, we included two alternative system
configurations and compared their costs and environmental
impacts to the baseline design. For nutrient recovery, we
removed the acid extraction step (thus phosphorus in the
hydrochar would not be recovered; Alternative 1, Figure 1)
and assumed hydrochar to be a neutral end-product (i.e., not
generating value or environmental offsets). With these
modifications, the sludge management cost increased to 72.7
[−32.1 to 154] $·tonne−1 (vs a median cost of 33.0 $·tonne−1

of the baseline system) due to less material input for struvite
production (Figure S4A) but improved the environmental
performance of the system (carbon intensity decreased to 275
[113 to 408] kg CO2 eq·tonne−1). This indicated the life cycle
GHG emissions associated with the chemicals (e.g., H2SO4,
MgCl2) input for struvite precipitation were more significant
than the benefit of recovering phosphorus (Figure S4B),
revealing the cost-environmental impact trade-off on nutrient
recovery from hydrochar. To reduce these costs, alternative
chemical sources (e.g., magnesium from seawater or brine94)
can be used, but the quality of products may be
compromised.94

Given that our analysis identified H2 as a major cost
contributor, we designed an alternative system by adding a
pressure swing adsorption (PSA) unit to recycle the H2 vented
from hydrotreating (Alternative 2, Figure 1). Compared to the
baseline design, up to 90% of the hydrogen can be reused,
significantly reducing material costs and CHP TIC (as a
smaller CHP unit was needed to burn less fuel gas; Figure
S5A), although less GHG credit was produced in CHP (due to
less electricity production; Figure S5B). Collectively, this
alternative configuration led to a decreased management cost
of −1.11 [−108 to 93.1] $·tonne−1 with 50.8% of simulations
being negative, but an increased carbon intensity (457 [366 to
553] kg CO2 eq·tonne−1) compared to the baseline design.
Deployment Considerations for Waste Valorization. The

loading rate of feedstocks (100 dry tonne·day−1)�which is, for
example, equivalent to the food waste of around 337,000
people (assuming 0.279 kg food waste·capita−1·day−1)95 or
wastewater sludge from a water resource recovery facility
(WRRF; a.k.a. wastewater treatment plant, WWTP) of around
100 million gallon per day (MGD)�significantly affected the
relative sustainability of the HTL-based waste management
system. Taking sludge as an example, we varied the WRRF size
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from 20 to 320 MGD (Figure S6). Although carbon intensity
remained stable (median value between 351 to 397 kg CO2 eq·
tonne−1), the sludge management cost varied from 815 [659 to
971] $·tonne−1 (at 20 MGD) to −99.4 [−213 to 0.9] $·
tonne−1 (at 320 MGD). Therefore, from an economic
perspective, the system size is a critical factor in determining
the location specific viability of hydrothermal HTL-based
systems.
Due to the large capital investment for the HTL-based plant

(with a TIC of 32.7 [29.2 to 37.1] MM$), the IRR was another
parameter that significantly affected the system’s economic
performance (but not life cycle carbon intensity; Figure S7A).
In our study, we assumed different IRR ranges for waste
management and renewable diesel production based on
potential financing mechanisms. For waste management, a
low IRR (0% to 5%) could be achieved through the State
Revolving Loan Fund,67,68 for instance. The management cost
for wastewater sludge varied from 7.3 [−117 to 96.2] $·
tonne−1 at a 0% IRR to 64.8 [−49.6 to 158] $·tonne−1 at a 5%
IRR (Figure S7A), demonstrating consistent economic benefits
over traditional management methods. However, IRR can be
higher when evaluating the system from the biofuel production
perspective (5% to 15%) because financing may rely on
venture capital. Increasing IRR increased MDSP from 5.25
[3.59 to 7.14] $·gal−1 at a 5% IRR to 7.51 [5.70 to 10.1] $·
gal−1 at a 15% IRR (Figure S7A), with the latter mostly higher
than the commercial diesel price range. Therefore, the
accessibility to low interest capital can be a critical factor in
determining the financial viability of HTL-based systems,
especially when the target is biofuel production.
Technology Targets for Financially Viable Renewable

Diesel Production. To better understand the implications of
key technological parameters on the financial viability of the
HTL-based process, we performed Monte Carlo filtering
(Figure 5) to quantitatively set explicit targets using the upper
level of the commercial diesel price (5.81 $·gal−1) as the
threshold while assuming a sludge management cost of 0. In
other words, we determined the target value each parameter
needs to reach for the produced renewable diesel to have a
greater likelihood (than not) of being in the price range of
commercial diesel (i.e., the arrow pointed sides of the blue and
red lines cross in Figure 5) without cost offsets paid by
wastewater sludge generators. The technological parameters
evaluated included HTL biocrude yield, HTL aqueous yield,
and hydrotreating yield; these parameters were selected due to
their strong influence on MDSP, as identified in the
Spearman’s rank order correlation results (Table S13).
Among these three parameters, HTL biocrude yield was a
key driver of uncertainty (Kolmogorov−Smirnov test p = 1.37
× 10−15). When it reached the target of >0.440, the MDSP
decreased to 5.58 [4.10 to 7.73] $·gal−1, with 56.6% of the
samples having a MDSP lower than the upper level of
commercial diesel price. Recent experimental observations
have reported HTL biocrude yields from 0.09496 to 0.4422 for
wastewater sludge, only with the higher end approaching the
target. Future research may include the use of acid or alkaline
catalyst97 or optimize the separation across the HTL phases to
further improve the biocrude yields and increase the financial
viability of the HTL-based process. For the other two
parameters (HTL aqueous yield and hydrotreating yield),
though they were identified as key drivers, experimental works
have demonstrated performance that already exceeds the
proposed targets: HTL aqueous yield target of 0.254, with

reported achievements up to 0.36,22 and hydrotreating yield
target of 0.883, with reported achievements of 0.82 to
0.9522,98−100). Although further improvements beyond these
experimentally demonstrated results will have a marginal
benefit in terms of achieving MDSPs below the threshold
value, they will continue to improve resource recovery
potential, drive down costs, and increase the financial viability
of the system.

■ OPPORTUNITIES AND CHALLENGES
As we pursue a more circular economy, HTL-based waste
valorization systems could help close the supply chain loop by
converting organic wastes to biofuels and fertilizers. In this
study, we systematically evaluated the economic and environ-

Figure 5. Monte Carlo filtering results for technological parameters
that had a Kolmogorov−Smirnov test p < 0.05 for MDSP, including
(A) the yield of biocrude from the feedstock during hydrothermal
liquefaction (HTL), (B) the yield of aqueous phase from the
feedstock during HTL, and (C) the yield of hydrocarbons from
biocrude and hydrogen during hydrotreating. The lines represent the
distribution of corresponding parameters when the simulated
minimum diesel selling price (MDSP) was (blue) lower or (red)
higher than the upper level of the price threshold (set as the
maximum market price of diesel from 2018 to 2022; 5.81 $·gal−142),
respectively. The “target” values identified represent the parameter
value at which the simulated MDSP is equally likely to be above or
below the price threshold. The black arrows indicate the research
direction in which each parameter could further lower the MDSP. Box
plots in (A) compare the MDSP with (light blue) baseline
assumptions to MDSP if (dark blue) parameter targets are achieved.
The whiskers, boxes, and midline of the box plots represented 5th/
95th, 25th/75th, and 50th percentiles, respectively. Gray shaded areas
indicate the market price of diesel (data from 2018 to 2022; 2.37 to
5.81 $·gal−142). *Reactants in hydrotreating include biocrude and
hydrogen.
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mental sustainability of hydrothermal systems across all
feasible feedstock biochemical compositions. The results
demonstrated that lipid- and protein-rich feedstocks can
reduce management costs and environmental impacts. But
for carbohydrate-rich feedstocks like green waste, even without
considering degradation-resistant lignin, higher costs and
environmental impacts were predicted. Moreover, by consid-
ering alternative system configurations, we found that both
phosphorus recovery from hydrochar and hydrogen recycling
from hydrotreating can lower costs but at the expense of higher
environmental impacts. Finally, through sensitivity analyses, we
set specific targets (i.e., increasing the wastewater sludge-
biocrude yield to 0.440) for future research and development.
While promising, there are still challenges for the practical

implementation of HTL-based treatment systems. For
example, recovered fertilizers from this study were assumed
to be sold at their market prices. However, public reluctance to
use “waste-derived” fertilizers may lead to a lower selling price
and undermine the financial standing of the HTL-based
system. Also, energy-dense feedstocks such as FOG have
become commoditized within some industries and in some
localities.87,92 To characterize the implications of FOG supply
incurring costs, we repeated our analysis in Figure 4 for
avoided waste management costs to −600 $·tonne−1 (i.e., a
FOG purchase cost up to 600 $·tonne−187) and found a
purchase cost more than 187 $·tonne−1 resulted in the cost of
produced diesel higher than the market diesel price range
(Figure S2). However, as some amounts of FOG from much
smaller, distributed sources (as opposed to, for example,
rendering plants) are still disposed of landfills or incinerated,92

or are sent to municipal WRRFs,101 shifting this part of FOG
to be the feedstock for the HTL-based system (assuming free
of charge, Figure S2) could be financially viable. Therefore, the
ultimate decision to deploy HTL-based valorization systems
should be guided by locality-specific evaluations, replacing the
full ranges evaluated here with more specific contextual
parameters and logistical considerations,71 while paying special
attention to highly sensitive parameters like waste types,
quantities, and market dynamics as identified in this work.
To offer further economic and environmental incentives for

HTL-based waste management, alternative HTL product
targets, unit operations, and treatment benefits can be
explored. For instance, HTL could produce propylene�an
important industrial precursor�from polyhydroxybutyrate
(PHB)-enriched biomass relevant to wastewater treatment
operations.102 For lignin-rich feedstocks, the HTL process can
be optimized for polyols (precursors of polyurethane)
production.103 In addition, HTL-derived hydrochar could be
a potential solid fuel after acid leaching,104 and beyond
struvite, the phosphorus extracted could be recovered as
calcium phosphate105 or hydroxyapatite.84 Further, the HTL
aqueous phase could also be used for the cultivation of algae
and/or bacteria after proper pretreatment (e.g., partial
oxidation, nanofiltration, adsorption) removing inhibiting
compounds,106 or be recirculated to the HTL influent as the
reaction solvent to improve biocrude production.82 In terms of
additional treatment benefits, the HTL-based system could
also offer a value proposition with the destruction of
recalcitrant contaminants. In particular, recent experimental
results have demonstrated HTL could destroy >99% of all
tested PFAS under alkaline conditions within 30 min.19 As
experimental data become available, additional units (e.g., for
higher value product synthesis and separations) or relation-

ships (e.g., dependency of PFAS destruction on HTL
temperature and reaction time) can be integrated in QSDsan
and considered in future TEA and LCA studies to set
technology targets and prioritize the research, development,
and deployment (RD&D) of HTL-based resource recovery
systems.
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