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ment of renewable fuel production
via hydrothermal liquefaction of manure in
Germany†

Leonard Moser, Benjamin W. Portner, Christina Penke, Kathrin Ebner
and Valentin Batteiger

Hydrothermal liquefaction (HTL) is a promising option for transforming wet feedstock into liquid fuels. In

this work, the Global Warming Potentials (GWP) of HTL fuels obtained from manure have been analyzed

for different process configurations using life-cycle assessment (LCA). The GWP of the baseline case

amounts to 1.18 kg CO2-eq. per kgfuel mix, which equals to an emission reduction of about 70%

compared to conventional jet fuel. Key emission drivers are H2 production via steam methane reforming

(SMR) and process heat provision from natural gas. Improvements are observed when the H2 demand is

covered by reforming of internally produced biogas or water electrolysis. The latter option is highly

sensitive to the carbon intensity (CI) of the electricity input. As a consequence of different CIs, the best

performing HTL process configuration strongly depends on the respective local electricity supply.

Moreover, the potential emission savings from reduced manure storage durations are analyzed and

quantified as −0.38 kg CO2-eq. per kg manure. Integration into a consequential LCA approach leads to

carbon negative fuel production via the HTL pathway in most of the investigated scenarios.
Introduction

The European Union has pledged to achieve climate neutrality
by 2050, delivering on its commitments under the Paris Agree-
ment.1 Achieving this target requires rethinking established
practices, especially in economic sectors that contribute
signicantly to the current greenhouse gas (GHG) emission
budget. So far, measures to reduce overall GHG emissions in
agriculture and transportation have not been effective.2,3

The transportation sector accounts for about one third of the
EU GHG emission budget.4,5 GHG emissions from transportation
are predominantly linked to fuel use. It is likely that battery-
electric vehicles and, to a lesser extent, H2 and fuel cells, will
play a dominant role in the decarbonization of transportation.
However, specic transportation sectors, most notably aviation,
will continue to rely on liquid hydrocarbon fuels for decades.6

Advanced biofuels from residues and wastes present promising
options that can contribute to the future supply of sustainable
liquid hydrocarbon fuels.

To this end, the utilization of manure could enlarge the raw
material pool for advanced biofuel production. At the same
time, manure conversion could be linked with an emission
reduction in the agricultural sector. In 2021, the agricultural
en, Germany. E-mail: leonard.moser@

tion (ESI) available. See DOI:

23, 7, 4898–4913
sector accounted for about 8% of Germany's total GHG emis-
sions.3 Farm fertilizer, which is dominated by manure (85%)
contributes about 16% of all agricultural GHG emissions.3,7,8

GHG emissions from manure management mainly stem from
CH4 and N2O emissions, which are almost exclusively attributed
to manure storage.9,10 Normalizing these emissions by the
amount of manure produced in Germany results in about 0.6 kg
CO2-eq. per kg manure.10–12 A key variable in reducing these
emissions is the duration of storage. Continuous use of manure
as a feedstock for fuel production can reduced storage dura-
tions and presents a lever for signicant emission avoidance.

Hydrothermal liquefaction (HTL) has emerged as a prom-
ising option for the conversion of a broad range of organic
feedstock into an intermediate biocrude, which subsequently
can be upgraded to liquid hydrocarbon fuels via hydro-
treating.13 HTL is in particular suitable for wet feedstock, such
as sewage sludge and manures, the conversion of animal
excretions via HTL has therefore been studied for more than
a decade.14–20 Within a catchment area of 10 km, the highest
theoretical feedstock potentials in Europe have been found in
the range of 150 kt dry matter (DM) per year for cattle manure.21

Therefore, the utilization of HTL for manure conversion
unlocks signicant potential for liquid transportation fuel
production.

This paper aims to provide a detailed LCA of the HTL fuel
production pathway with manure as feedstock, focusing on
a future commercial plant in Germany. Furthermore,
different process congurations of the HTL pathway are
This journal is © The Royal Society of Chemistry 2023
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Table 1 Fuel fractions and their respective yield from the HTL process
for manure samples 1 and 2. Boiling ranges are used based on ref. 13

Fraction Manure 1 Manure 2

Naphtha (27–193 °C) 19.8 14.9
Jet fuel (194–271 °C) 31.1 28.4
Diesel (272–425 °C) 44.0 51.6
Heavy fuel oil (>425 °C) 5.1 5.1

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 3

:5
4:

14
 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
studied, providing valuable insights for the eld of LCA
studies on HTL fuel production. In particular, utilization of
internally produced biogas for H2 production via SMR as well
as utilization of electricity for process heat and H2 generation
are compared to the baseline case scenario, in which heat and
H2 are produced from natural gas (NG).

Methodology

The methodology section of this manuscript comprises three
major parts. First, general methodological details on life-cycle
assessment (LCA) are given. Next, the HTL fuel production
model is described. The third part deals with the description of
the manure reference process.

Life-cycle assessment

LCA is a methodology to conduct environmental impact
assessments standardized in ISO 14040 and ISO 14044.22,23 In
this work, we performed LCA with the Brightway2 soware,
using the Activity Browser as a graphical user interface.24 Typi-
cally, an LCA includes four stages:

� Goal and scope denition.
� Inventory analysis (LCI).
� Impact analysis (LCIA).
� Interpretation.

Goal and scope

This assessment has three goals: (1) quantify the climate
change impact (GWP100) of fuel production from hydro-
thermal liquefaction. (2) Perform a scenario analysis on
parameters that strongly affect the climate change impact
(GWP100) of HTL fuel production. (3) Analyze the potential
GHG emission savings from an alternative manure manage-
ment practice in Germany. This study intends to create
awareness among sustainability and renewable fuel experts
about the environmental impact associated with current
manure management practice and the potential benets of
effective repurposing. Furthermore, this work aims at
advancing knowledge on the HTL fuel production pathway,
which can help to decarbonize transportation and thus
mitigate climate change. For comparability and verication
purposes, all data will be disclosed and are available in the
ESI.† Details on the modeling assumptions are discussed
below. For the baseline (BL) case, it is assumed that manure
comes free of upstream burdens (cut-off approach). Manure
collection and transport present the starting point in this
model. In addition to the cut-off approach, an alternative
consequential approach is discussed. Fuel combustion is
implicitly modelled as the re-release of biogenic carbon into
the atmosphere.

Inventory analysis (LCI)

The LCI comprises material and energy inputs/outputs for the
entire life cycle of HTL fuel production, starting from manure
collection and transport over conversion to fuel transport and
subsequent fuel use. Background activities are modeled using
This journal is © The Royal Society of Chemistry 2023
the Ecoinvent 3.7.1 database, APOS system model.25 Fore-
ground activities are modeled in Brightway2 and made
available in the ESI.†

Impact analysis (LCIA)

The herein performed impact assessment is focused on the
category of climate change. Characterization factors from the
“ReCiPe 2016, 1.1 (20180117), Midpoint, Global Warming, 100
year timescale, Hierarchist” method are used.26 Characteriza-
tion factors for biogenic CH4 and N2O are 34 and 298 kg CO2-eq.
per kg gas, respectively.26–28

All results are based on the functional unit of 1 kg of hydro-
treated and distilled HTL product. This fuel mix consists of the
following liquid product fractions: naphtha, jet fuel, diesel and
heavy fuel oil. The choice of 1 kgfuel mix as functional unit corre-
sponds to the product output of a simple HTL renery concept
that only involves the necessary hydrotreatment and fractionation.
As a consequence, a specic composition of the feedstock directly
translates into a specic composition of the fuel product. Table 1
lists the product fractions of the different fuel types for manure 1
and manure 2, which result from the Aspen Plus® model used as
basis for the study.29 Details on the Aspen Plus® model will be
discussed later. In particular, we do not consider additional
rening steps that can tailor the composition of the fuel mix
towards a specic target product at the cost of other liquid
hydrocarbon fuel fractions. This approach ensures a high gener-
ality of our LCIA results. The fractionated mix of upgraded HTL
fuel corresponds to the fractionated output of a conventional
renery. In the section “Results and Discussion” we choose the
GWP of conventional jet fuel as a specic comparator (see Fig. 4),
but the results may as well be compared to naphtha for the
renewable chemistry, diesel or heavy fuel oil for themarine sector.

Interpretation

The LCIA results are discussed and interpreted in the “Results
and Discussion” section. This includes interpretation and
conclusions from the baseline case as well as the scenario
analysis, including scenarios resulting from a cut-off LCA
approach only looking at the fuel production, as well as
consequential LCA scenarios, including the impact of
upstream manure supply. Based on the baseline case, several
key parameters, such as the heat and hydrogen supply
(different process congurations), the carbon intensity (CI) of
the electricity input and the chemical composition of the
manure feedstock were identied and varied (see Fig. 4 and
5). Limitations and issues related to data uncertainty are also
Sustainable Energy Fuels, 2023, 7, 4898–4913 | 4899
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View Article Online
discussed. Furthermore, recommendations for future work in
this eld are given.
Baseline process conguration and modelling

The baseline process conguration is based on a concept for
HTL fuel production that was investigated in the EU-H2020
project HyFlexFuel. The fuel production system includes the
following process steps:30

� Manure collection and transport.
� Manure pretreatment.
� Hydrothermal liquefaction (HTL).
� Treatment of the HTL aqueous phase (AP).
� Nutrient recovery (NR).
� Hydrotreatment (HT).
� Treatment of the HT offgas.
� Process heat production.
� H2 production.
� Fuel transport.
Modelling of the HTL, HT, catalytic hydrothermal gasication

(cHTG) and NR process steps has been performed in Aspen Plus®.
The model and results for the conversion of other feedstock
(Spirulina, sewage sludge and wheat straw) have been described
and published before.29,31 The feedstock biomass is modelled by
more than 50 chemical compounds representing the hydrolysis
products of the main biochemical groups as well as the ash
components. This allows modelling of various biomass feedstock.
The threemajor process steps (HTL,HT, cHTG) aremodelled with
an RStoic reactor, including more than 270 reactions each. To our
knowledge, this is the only Aspen Plus® model investigating the
extremely complex HTL reaction network in such depth. Never-
theless, fractional conversion factors need to be adapted such that
the resulting streams match experimental results. The main
results that can be deduced from the model are mass and energy
balances, including biogas production from cHTG, biocrude and
upgraded biocrude yield, H2 consumption in the HT unit and fuel
fractions aer distillation. Furthermore, data on individual
streams, such as gas compositions, elemental analysis of all
streams, boiling point distributions, chemical compositions,
molecular mass distributions and densities of biocrude and
upgraded biocrude streams can be obtained from the modelling.
Details on these results are given in Tables S2–S5 and Fig. S1 in the
ESI.†

In addition to the in-depth representation of the main chem-
ical conversion process, further assumptions are required for an
LCA of the entire process chain. In the baseline case, modelling of
the entire process chain starts with manure collection and
transport. Manure is collected at the farm and transported to the
HTL plant by truck over a distance of 50 km. It is assumed that
manure has an average dry matter (DM) content of 10 wt%.32 In
a pre-treatment step, the DM content is increased to 20 wt% using
a centrifuge. This ensures the thermal efficiency of the HTL
process while still maintaining pumpability of the feed slurry. The
feed slurry is pressurized to 220 bar and then preheated by heat
exchange with the HTL product streams. In terms of energy
recovery, it was assumed that 80% of the heat demand of each
process can be recovered from the hot product side. Subsequently,
4900 | Sustainable Energy Fuels, 2023, 7, 4898–4913
the reaction temperature of 350 °C is reached using a boiler. Aer
conversion, the HTL product mixture is cooled down to 80 °C to
achieve separation of the four product phases: biocrude, HTL
aqueous phase (AP), HTL solids and HTL gas phase. The main
product, a biocrude, is transferred to the hydrotreating unit,
where it is reacted with an excess amount of H2 at 400 °C
temperature and 70 bar pressure to yield a mixture of trans-
portation fuels. H2 is produced via steam methane reforming
(SMR) of natural gas. SMR is modelled based on literature data
and on a stoichiometric calculation with direct fossil CO2-emis-
sions.33 The carbon intensity of the electricity input is given by the
German grid mix in 2019.34 The HTmodel accounts for the energy
demand of catalytic hydrotreating and vacuum distillation.
Subsequent transport of theHT product fuelmix to the airport/gas
station is modelled by truck transport over a distance of 200 km.

Apart from the main product, the sustainability and
economic feasibility of the pathway depend on the effective
valorisation of the HTL and HT side streams. HT produces an
off-gas, which consists primarily of excess H2. Two consecu-
tive pressure swing adsorption (PSA) units recover this H2 and
cycle it back to the HT unit. The remaining HT off-gas is rich
in gaseous hydrocarbons and used together with the HTL off-
gas for internal heat production. The HTL aqueous phase (AP)
contains up to 50% of the manure carbon, which is recovered
as biogas via catalytic hydrothermal gasication (cHTG). The
AP is passed through a salt separator to remove salts and
metals, which inhibit the ruthenium based cHTG catalyst.
The AP is then pressurized to 280 bar and heated to 400 °C
before entering the cHTG reactor. In the model, 90% of the
organic content in the AP is converted into biogas (50 vol%
CH4, 35 vol% CO2, 15 vol% H2O, NH3 and others). Brine from
the salt separator as well as HTL solids, serve as an input for
NR. Since phosphorous is dened as scarce material by the
European Commission, NR may be mandatory in the near
future.35 NR consists of three steps. In a rst leaching step,
the HTL solids are mixed with a 1 M sulphuric acid solution
dissolving 50% of the solids. Unsolvable remnants are treated
as solid waste. In a second step, the dissolved solids are mixed
with the brine phase from the cHTG unit and a magnesium
source, e.g. magnesium sulphate. Finally, the pH value of the
solution is shied to alkaline (pH = 9), to initiate the
precipitation of struvite, a solid fertilizer. Due to a lack of
quantitative data, it was assumed that fertilizers (manure,
inorganic fertilizer, struvite) and the digestate of anaerobic
digestion (manure reference process) have the same
bioavailability and subsequent fertilizing effect associated
with an equal amount of nutrient (nitrogen or phosphorous).

Although no specic data is available at the time of writing,
experimental results within the HyFlexFuel project allowed to
distinguish at least two different grades of pollution.30 The
process water aer cHTG is signicantly less polluted than the
process water from NR.
Fuel production scenarios

Scenario analysis of the HTL fuel production pathway is per-
formed on the following parameters:
This journal is © The Royal Society of Chemistry 2023
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� H2 provision (SMR vs. alkaline water electrolysis (AEL)).
� Heat provision (natural gas vs. product gas vs. electrical

heating).
� GHG intensity of the electricity input.
� Manure composition.
� Manure reference process (cut-off vs. consequential

modeling).
Parameters 1 to 4, which are varied in the cut-off approach

scenarios, are described in this section. The manure reference
process, which is the essential part of the consequential
modelling, will be described in the section “Modelling of
manure reference process”.

The variation of heat and H2 supply leads to ve different
process congurations. Besides the Baseline (BL) process cong-
uration, Fig. 1 shows two other process congurations (SMR-BG
and AEL-BG), which differ in terms of H2 provision. AEL was
chosen because it is well established and state-of-the-art. The AEL
unit consumes 56.5 kW h of power per kg H2 at an outlet pressure
of 33 bar.36,37 It is assumed that the unit consists of multiple 1MW
stacks at a yearly operation time of 8300 hours. The inventory
includes the production of the electrolyzer unit and the Balance of
Plant (BOP), considering material inputs for cell and stack
construction as well as water, electrolyte, electricity and other
operational inputs for H2 production.36,37 BOP includes inputs for
electronic equipment as well as pumps and tanks (full description
in the ESI†). In addition, the impact of the heat source is inves-
tigated in two further congurations, which employ electrical
resistance heating. The use of internally produced biogas (BG)
differs signicantly in the different process congurations. In the
BL-scenarios, all of the internally produced BG is used to substi-
tute heat on the market for heat, while in the SMR-NG/EL-
scenarios internally produced biogas is rstly used for H2 supply
via SMR. CO2-emissions from SMR of internally produced biogas
(SMR scenarios) are biogenic and carry no climate impact.‡ Excess
biogas is subsequently used for internal heat production. In the
AEL-BG/EL-scenarios, biogas is rstly used for internal heat
production, while excess biogas is used to substitute heat on the
market for heat.

Three different carbon intensities (CIs) for the electricity input
are chosen to represent the German grid mix (GGM) from 2019
(baseline case), as well as two future grid mixes with an increased
share of renewable electricity. Table 2 gives an overview of the
three chosen CIs. From a chemical perspective, manure is a very
diverse feedstock. Table S1† lists a number of proximate analyses
of manures, showing their diversity. Differences arise from factors
such as animal species, diet, manure storage conditions and
duration. For the scenario analysis, two representative manure
samples are compared.38 The ultimate and proximate analyses are
listed in Table 3. Differences in manure compositions have
a variety of impacts on the nal product. Fuel yield is inuenced
by feedstock ash content while the fuel mix composition (fuel
fractions) and fuel properties (biochemical composition) are
inuenced by different proximate feedstock composition. In
‡ It was decided to model the direct CO2-emissions from SMR as fossil emissions
and balance these emissions in the cHTG process step to emphasize the
importance of the HTL AP for the environmental viability of the HTL process.

This journal is © The Royal Society of Chemistry 2023
summary, ve different process congurations, three different CIs
of the electricity input and two manure samples yield 30 different
HTL fuel production scenarios discussed in the cut-off approach.
For each process conguration, an exemplary scenario is dened
in Table 4.
Modelling of an alternative manure
management process

Manure is a side product of agricultural livestock breeding, the
main products being milk and meat. As a consequence,
increased manure demand does not automatically trigger
additional manure production. Instead, manure consumption
by new market actors (e.g. HTL operators) will reduce the
availability of manure for other uses (fertilizer use, biogas
production). The manure reference model accounts for the
avoided burdens as well as foregone benets of these current
uses. Manure management involves two stages: (1) collection
and storage and (2) use phase. Fig. 2 schematically depicts
current practices.
Modelling of manure use

As mentioned above, CH4 and N2O emissions cause the largest
part of the climate impact of manure management. It has been
shown that GHG emissions from manure storage generally
exceed GHG emissions from the use phase by up to three orders
of magnitude.10 Current use of manure is modelled as fertilizer
use for 67% of manure, while 33% is used for biogas production
via anaerobic digestion. Substitution of the current manure
practice leads to two changes in the emission balance:

� Avoided burdens due to the fact that emissions from the
current uses are no longer emitted.

� Foregone benets due to the fact that the products of the
current uses have to be substituted by other production
pathways.

Avoided burdens are generated by avoiding emissions from
manure as fertilizer and from using manure as substrate for
anaerobic digestion, since manure is used as feedstock for HTL.
However, the products of these processes, namely energy in the
form of heat and electricity from “biogas” as well as fertilizer in
the form of manure have to be substituted by conventional
products. In the case of fertilizer, this means that emissions
resulting from conventional N and P fertilizer production need
to be accounted for, while in the case of anaerobic digestion
(AD), emissions from conventional heat and electricity
production are considered. Electricity and heat production in
the foreground system are adapted according to the respective
HTL fuel production scenario from the cut-off approach.
Modelling of German manure mix

The Germanmanure mix has been estimated based on livestock
data and volatile solid excretions rates.10,12 It is dominated by
cattle (85%) and swine (15%).
Sustainable Energy Fuels, 2023, 7, 4898–4913 | 4901
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Fig. 1 Relevant process configurations investigated in this work. The main differences between the process configurations are: BL: H2
production via steam methane reforming with natural gas, SMR-BG: H2 production via steam methane reforming with internally produced
biogas, AEL-BG: H2 production via water electrolysis using electricity. HT: hydrotreatment; PSA: pressure swing adsorption; WW: wastewater.
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Modelling of manure storage

Estimated emission data for manure management in Germany
have been found in the FAOSTAT database.11 Due to a lack of
publicly available data on manure storage systems, we were not
able to reproduce the value from the FAOSTAT database. In an
effort to represent the range of possibilities, we differentiate the
following two extreme cases: storage in uncovered anaerobic
4902 | Sustainable Energy Fuels, 2023, 7, 4898–4913
lagoons (worst case) and storage in dry lots (best case). For both
cases, literature values for emission factors from ref. 10 have
been used to calculate the GHG emissions, assuming a storage
time of six months (details in the SI).

GHG emissions from manure storage are time and temper-
ature dependent. Therefore, a model that simulates the emis-
sions of storage on a daily basis, by applying time and
This journal is © The Royal Society of Chemistry 2023
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Table 2 GHG intensities of different electricity production
technologies34,39,40

Electricity
input CI [g CO2-eq. kW

−1 h−1]

CI1 20
CI2 80
GGM 410

Table 3 Ultimate and proximate analyses of the two selectedmanures
as used in the Aspen Plus® model based on ref. 38a

Ultimate analysis

Manure C H N O S Ash

1 49.3 6.9 2.9 40.2 0.7 38.6
2 53.1 7.3 5.3 33.7 0.5 17.0

Proximate analysis

Manure Lip Car Pro Lig Ext

1 2.9 46.8 7.4 4.1 0.8
2 8.6 48.4 20.5 5.3 0.8

a Lip: lipids, Car: carbohydrates, Pro: proteins, Lig: lignin, Ext:
extractives. All values are given in wt%.

Fig. 2 Depiction of the current manure management practice.
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temperature dependent emission proles, is created. In this
way, the estimated value from the FAOSTAT database can be
disaggregated and emission savings due to a reduced storage
duration can be quantied.10,41–43

Based on the yearly seed times, different cases can be differ-
entiated. In Germany, there are two seed times, leading to two
fertilizer applications per year and therefore two manure storage
periods between four and eightmonths. A signicant temperature
dependency of GHG emissions from manure storage can be
observed, and GHG emissions during cold temperatures are <7%
of GHG emissions during warmer periods.41–43 Therefore, only
summer storage periods are considered in this work. Based on
hourly temperature data for Germany, monthly average tempera-
tures were calculated as arithmetic mean and used to create the
emission prole for Germany (see Fig. S3†).44 As already described,
Table 4 Abbreviations of different scenarios discussed in this paper. The
that all scenarios, which have the same process configuration (H2 and he
part of the abbreviations describes the used market for heat (neglected
scenarios). The third part describes the used electricity input while the f
power

Abbreviation H2 provision H

Baseline (BL-GGM-M1) SMR of natural gas N
SMR-NG-CI1-M2 SMR of internal biogas N
AEL-NG-CI2-M2 Water electrolysis N
SMR-EL-CI1-M1 SMR of internal biogas El
AEL-EL-CI2-M2 Water electrolysis El

This journal is © The Royal Society of Chemistry 2023
GHG emissions from manure storage are composed of CH4 and
N2O emissions. For CH4 emissions, a threshold temperature of
13.93 °C was found,41 leading to cumulative emissions that are
about 14 times higher than below the threshold temperature. For
N2O emissions there is a similarly strong temperature depen-
dency.42,43 Since no particular threshold temperature is stated in
the literature for N2O emissions, the CH4 value was used.

It is assumed that manure is collected once every day and that
adding new manure does not affect the emissions of the already
stored manure, e.g. through coverage or other mechanisms. For
each month of storage, 28 days of storage and therefore 28 heaps
of manure are assumed. Each heap of manure starts to emit CH4

and N2O one day later than the heap before. Depending on the
temperature of the investigated month, we distinguish between
a cold and a warm individual emission prole for both types of
emissions (cf. Fig. S2†). The threshold temperature of 13.93 °Cwas
used to decide, which individual emission prole was used each
month to establish the cumulative emission prole. Adding up all
individual emission proles for each heap (or day) over a whole
storage cycle creates a country specic cumulative emission
prole. Assuming a shorter storage period, only a fraction of the
emissions is released. Most importantly, subtracting the emis-
sions for a shorter storage time from the estimated emissions give
first letters describe the used process configuration. It should be noted
at from NG) as the baseline case, are abbreviated with BL. The second
in the baseline scenarios, since there is only one option (NG) in those
ourth part shows the used manure sample. CHP: combined heat and

eat provision
Electricity
input Manure

atural gas CHP GGM Manure 1
atural gas CHP CI1 Manure 2
atural gas CHP CI2 Manure 2
ectrical resistance heating CI1 Manure 1
ectrical resistance heating CI2 Manure 2
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the emissions savings by the timely usage of manure in the HTL
plant (cf. Fig. S3†).

Results and discussion
LCA of HTL fuel production pathway – cut-off approach

Baseline case. Fig. 3 shows the LCA Sankey diagram of the
baseline scenario (BL-GGM-M1). The individual contributions
are given relative to the total GWP100 score of 1.18 kg CO2-eq.
per kgfuel mix. Red streams indicate an environmental burden,
while green streams depict avoided emissions. Red boxes
indicate a process step with net-emissions, while green boxes
display process steps with a net-avoidance of emissions. It
becomes evident that H2 supply via SMR of natural gas (48%)
has the highest impact in the BL scenario, followed by heat
demand of the HTL unit (30%) and feedstock collection and
transport (23%). Electricity for the HTL and cHTG unit also
contributes signicantly with 12% and 11%, respectively.
Fig. 3 LCA Sankey diagram of the baseline case BL-SMR-NG-GGM-M1. E
of 410 g CO2-eq. kW

−1 h−1 Major impacts can be observed from H2 supp
process. Emissions are denoted in red, while avoided emissions are show
linked to the process, while process steps shown in red involve direct emi
amount of emissions of a specific stream of process in relation to the am
impact is chosen as 1%.

4904 | Sustainable Energy Fuels, 2023, 7, 4898–4913
Wastewater treatment has an impact of 4%. Slightly polluted
wastewaters fall below the threshold impact of 1% and are not
shown. Major emission savings are generated by the substitu-
tion of heat from natural gas with internal heat production
(−25%) from HT (−15%) and HTL (−8%) off-gases as well as
from cHTG (−36%). They are indicated by the green process
heat streams. Red process heat streams display that external
input of process heat via natural gas is needed for the respective
process. In the HTL BL-scenario (BL-GGM-M1), 46% of the total
emissions trace back to a total of 9.1 MJ of external heat
demand.

In conventional jet fuel is chosen as a comparator, while the
GWP100 values in this study refer to a fractionated fuel mix as
functional unit. This comparator is introduced as a necessary
reference in order to deduce relative results that facilitate the
interpretation in terms of emission reduction.

Scenario analysis. Fig. 4 features the GWP100 results of all 30
studied scenarios in the scenario analysis.
lectricity input is modelled as the grid mix of Germany with a GWP100
ly and heat demand. 100% is defined as the GWP100 value of the whole
n in green. Process steps shown in white do not have direct emissions
ssions (e.g. steammethane reforming, SMR). Each percentage gives the
ount of emissions of the whole fuel production process. The threshold

This journal is © The Royal Society of Chemistry 2023
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Analysing the M1-scenarios, it can be observed that the
GWP100 value of the baseline case is 1.18 kg CO2-eq. per kgfuel
mix. The two alternative H2 supply scenarios (AEL-BG-GGM-M1
and SMR-BG-GGM-M1) display emissions of 2.25 and 0.87 kg
CO2-eq. per kgfuel mix, respectively. When furthermore changing
the heat input from natural gas to electrical heating (AEL-EL-
GGM-M1 and SMR-EL-GGM-M1), emissions are found to
increase signicantly. With the constraint that the electricity
input was only changed in the foreground system, it becomes
clear that a lower carbon intensity of the electricity input leads
to lower GWP100 emissions for every process conguration.

To study the inuence of the type of manure, all M1-
scenarios are contrasted with their respective M2-scenarios.
While the observed trends for M2-scenarios are fully consis-
tent with what is found for the baseline feedstock M1, each M2-
scenario shows a lower GWP100 value compared to its respec-
tive M1 counterpart. This can be explained by the higher
organic content (lower ash content) in manure 2, leading to
higher biocrude and fuel yields, thereby decreasing the impact
per kgfuel mix produced. For the baseline conguration, replac-
ing the feedstock with M2 leads to an impact reduction of
roughly 30% (1.18 kg CO2-eq. per kgfuel mix to 0.80 kg CO2-eq.
per kgfuel mix, respectively).

Within each process conguration, differences between the
corresponding M1 and M2 scenarios grow with increasing carbon
intensity of the electricity input. Within each electricity input, the
differences between respective M1 and M2 scenarios are highly
dependent on the process conguration and the respective elec-
tricity input. All investigated scenarios show GWP100 results
below the emissions of conventional jet fuel production. Accord-
ing to the European Renewable Energy Directive II (EU RED II),
biofuels consumed in the transport sector need to show a GHG
Fig. 4 GWP of HTL fuel production for scenarios BL, SMR-BG, SMR-EL, A
to right). Grey bars show BL scenarios, blue bars show SMR scenarios (BG
dark). Results for manure 1 are always shown on the left side, results for m
the carbon intensity of the respective electricity input used. Emissions a
dashed line (3.8 kg CO2-eq. per kgfuel mix), while the green dashed line sho

mix; 65% reduction compared to fossil comparator).38

This journal is © The Royal Society of Chemistry 2023
emission saving of 65% or more compared to the fossil compar-
ator.45 Using an electricity mix with a high or medium share of
renewable electricity as electricity input, all studied scenarios are
well below this threshold. Employing the GGM from 2019 as
electricity input, half of the studied scenarios do not show suffi-
cient emission savings. RED II-compliant scenarios are BL-GGM-
M1/M2, BL-NG-M1/M2, SMR-BG-GGM-M1/M2, SMR-BG-NG-M1/
M2, SMR-EL-GGM-M2 and SMR-EL-NG-M2.

Out of all considered scenarios, AEL-EL-CI1-M2 shows the
highest GHG emission reduction potential amounting to 98.6%
(i.e. 0.05 kg CO2-eq. per kgfuel mix), followed by SMR-EL-CI1-M2
(95.6%) and AEL-NG-CI1-M2 (95.5%). AEL-EL-CI1-M1 presents
a reduction potential of 94.2%.

Interestingly, several shis of the best performing scenario
with varying electricity input can be observed. Using the GGM
from 2019 as electricity input shows that the SMR-NG-scenarios
have the highest reduction potential, while an electricity input
with a medium share of renewables leads to the SMR-EL-
scenarios having the highest GWP100 reduction potential. An
electricity input with a high share of wind favours the AEL-EL-
scenarios. Based on these ndings, actual transition points
and regimes for the best performing scenarios with manure 1 as
feedstock are investigated.

Fig. 5 depicts the GWP100 scores of M1 scenarios with the
carbon intensity of the electricity source as a continuous variable.
Different slopes correspond to different sensitivities of the
respective process congurations to the carbon intensity of the
electricity source. The BL and SMR-BG process congurations
have the same electrical energy demand (2.9 MJel kgfuel mix

−1),
while heating the SMR scenarios with electrical resistance heating
leads to a signicant increase of electrical energy demand (SMR-
EL, 12.0 MJel kgfuel mix

−1). Using electrolysis for H2 provision
EL-BG and AEL-EL with manure 1 and manure 2 as feedstock (from left
: dark, EL: bright) and yellow bars show AEL scenarios (BG: bright, EL:
anure 2 are next to manure 1 results on the right. Yellow dots indicate
ssociated with conventional jet fuel production are indicated by a red
ws the threshold of the EU RED II for biofuels (1.3 kg CO2-eq. per kgfuel
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Fig. 5 Dependency of GWP100 of fuel production on emission intensity of electricity input. SMR-EL-M1, AEL-BG-M1 and AEL-EL-M1 scenarios
show a strong dependency on the carbon intensity of the electricity input due to either electrical heating or H2 supply via AEL or both. BL-M1 and
SMR-BG-M1 scenarios are rather insensitive to changes in the carbon intensity of the electricity input.
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further raises demand (17.0 MJel kgfuel mix
−1). Consequently, the

highest electricity input is found for the AEL-EL scenarios (25.1
MJel kgfuel mix

−1). Electricity demands for the M2-scenarios as well
as a comparison to other fuel production pathways, which also
show a noticeable electricity demand can be found Table S11.†

Besides revealing the electricity demand of each process
conguration, Fig. 5 also provides regimes in which different
Fig. 6 GWP100 of individual process steps of the HTL fuel production p
nology. Scenarios BL-M1, BL-M2, SMR-BG-M1, SMR-BG-M2, AEL-BG-M1
M2, dark blue bars: SMR-M1, light blue bars: SMR-M2, dark yellow bars:

4906 | Sustainable Energy Fuels, 2023, 7, 4898–4913
process congurations excel. When only high carbon-intensive
electricity, such as the GGM from 2019, is available at the site
of production, the SMR-BG outperforms the other congura-
tions. At an intermediate carbon intensity of around 80 g CO2-eq.
kW−1 h−1 (CI2), which may be achieved in Germany when the
2030 political targets of coal phase out and an 80% renewable
electricity share is achieved, SMR-EL is found to be the favourable
rocess chain with GGM (410 g CO2-eq. kW
−1 h−1) as electricity tech-

and AEL-BG-M2 are shown. Dark grey bars: BL-M1, light grey bars: BL-
AEL-BG-M1, light yellow bars: AEL-BG-M2.

This journal is © The Royal Society of Chemistry 2023
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Table 5 Heat balance for scenarios BL-M1, BL-M2, SMR-M1, SMR-M2, AEL-M1 and AEL-M2 normalized to the production of 1 kg of HTL fuel mix.
All values are given in MJ/kgfuel mix

process step BL-M1 BL-M2 SMR-M1 SMR-M2 AEL-M1 AEL-M2

Demands H2 separator (SMR) 0.03 0.03 0.03 0.03 0 0
HTL 12.5 8.7 12.5 8.7 12.5 8.7
HT 1.8 1.8 1.8 1.8 1.8 1.8
SMR 1.0 0.9 1.0 0.9 0.0 0.0
Treatment of HT offgas via PSA 0.6 0.4 0.6 0.4 0.6 0.4
Treatment of HTL AP retentate 3.3 2.5 3.3 2.5 3.3 2.5

Sum 19.3 14.3 19.3 14.3 18.2 13.4
Production Fluegas from HTL 3.4 1.9 3.4 1.9 3.4 1.9

Fluegas from HT 6.8 6.2 6.8 6.2 6.8 6.2
Sum 10.2 8.1 10.2 8.1 10.2 8.1
Difference Remaining heat demand 9.1 6.2 9.1 6.2 8.0 5.3

Biogas production 15.0 15.6 15.0 15.6 15.0 15.6
Use of biogas Biogas for SMR 0 0 7.8 6.8 0 0

Biogas to custom market for heat 0 0 7.2 6.2 8.0 5.3
Biogas to custom market for heat –
substitution

15.0 15.6 0 2.6 7.0 10.3

Use of external natural gas External NG demand 9.1 6.2 1.9 0 0 0

Table 6 MIN (solid storage) and MAX (storage: uncovered anaerobic
lagoons) GHG emissions for manure storage in Germany based on ref.
10 and estimated value derived from ref. 10–12. All values are given in
kg CO2-eq. per kg manure

Scenario
GWP100 [kg CO2-eq.
per kg manure]

MIN 0.36
MAX 3.71
Estimated value 0.60
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process conguration. Low CIs of around 20 g CO2-eq. kW
−1 h−1

may e.g. correspond to a renewable electricity mix with a high
share of wind electricity. In this case, AEL-EL-scenarios result in
signicant emission savings. From the results, it can be
concluded that producing H2 via AEL for the use in the HTL fuel
production pathway is only recommended when using an elec-
tricity mix with a high share of renewables. As indicated in Fig. 5,
exact transition points are at 57.4 g CO2-eq. kW

−1 h−1 and 101.6 g
CO2-eq. kW

−1 h−1, however, these are only viable for the herein
discussed process congurations. Instead of xed values, we
rather want to emphasize the general trend of the different
regimes and best performing process congurations.

Relevance of internal biogas production. Fig. 6 breaks down
the emission sources for the BL scenario and both SMR-BG and
AEL-BG alternatives, whereat both manure samples are
considered and GGM (410 g CO2-eq. kW

−1 h−1) is used as the
electricity input. Notably the most pronounced differences
among process congurations are observed in the activities
“treatment of HTL AP” and “H2 supply”. These observations are
tied to internal biogas production – a central aspect of the
assessment presented herein as it couples aqueous phase
treatment, H2 supply and heat supply and therefore determines
the need for external natural gas. In the following, we aim to
detangle these interrelations for each process conguration:

� BL scenarios: heat demand and H2 production are covered
solely by externally purchased natural gas.

� The CH4 required to produce H2 leads to a xed amount of
emissions for H2 supply.

� SMR-M1 scenario: internally produced biogas can feed H2
production and partially cover heat demand. Ca. 10% of the
total heat demand has to be met by external natural gas (see
Table 5). Compared to the baseline scenario, emissions are
saved by replacing fossil H2 production.

� SMR-M2 scenario: Internally produced biogas is sufficient
to cover heat demand and H2 production; excess biogas is used
to substitute heat on the market.
This journal is © The Royal Society of Chemistry 2023
� AEL scenarios: No biogas is required for H2 production.
Internally produced biogas covers the heat demand, which is
slightly lower due to the removed SMR unit. Internally produced
surplus biogas substitutes heat on the market.

Moreover, two major insights on the choice of manure are
obtained. First, heat demand of M2 scenarios is around 26%
lower compared to M1 scenarios as less feedstock is used and
therefore less slurry needs to be heated. This effect is caused by
the favourable chemical composition of M2. Secondly, the
amount of produced biogas is independent of the process
conguration and shows only a minor dependence on the
manure sample.
LCA of HTL fuel production pathway – consequential
approach

In the following sections, the results of the consequential
approach will be presented.

Emission savings from manure storage. Table 6 lists three
scenarios for GHG emissions frommanure storage in Germany.
The minimum (MIN) scenario would entail storing all manure
in solid storage, while the maximum (MAX) scenario corre-
sponds to storage in uncovered anaerobic lagoons. Additionally,
an estimated average emission value was derived from the
FAOSTAT database.10–12 Details on the calculations can be found
Sustainable Energy Fuels, 2023, 7, 4898–4913 | 4907
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Fig. 7 Sankey diagram of the manure reference process. (A) BL-scenario, (B) scenario with CI1 as electricity input and EL for heating. −100% is
defined as the GWP100 value of the manure reference process. Emissions are denoted in red, while avoided emissions are shown in green.
Process steps shown in white do not have direct emissions linked to the process, while process steps shown in red involve direct emissions (e.g.
manure storage emission savings). Each percentage gives the amount of emissions of a specific stream of process in relation to the amount of
emissions of the whole fuel production process.
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in the SI. It is important to note that the listed values are the
result of manure storage over several months, which is the case
as manure is stored since its targeted use as a fertilizer is bound
to seasonal growth periods. For HTL conversion it is assumed
that the storage duration is reduced to 14 days. The modelling
results suggest that around 93% of the emissions related to
manure storage can be saved due to the shorter storage
duration.

Emissions savings from alternative manure management.
Based on these ndings we investigate the emission saving
potential of an alternative manure management process with
reduced storage time of manure before usage.
4908 | Sustainable Energy Fuels, 2023, 7, 4898–4913
Overall, manure-assigned emissions are a combination of
emission savings from shortened manure storage, emissions
attributed to foregone benets and emissions savings by avoi-
ded burdens. Fig. 7A shows the Sankey diagram of the alter-
native manure management process based on the estimated
emission value from the FAOSTAT database and the input
parameters from the baseline case of the cut-off approach
(namely: CI of GGM: 410 g CO2-eq. kW

−1 h−1 and heat from
natural gas). Emissions are clearly dominated by emission
savings from manure storage (−298%). Other avoided burdens
arise from the avoidance of emissions related to the anaerobic
digestion of manure. However, foregone benets also show
a signicant impact. Fertilizer use of manure (−126%) as well as
This journal is © The Royal Society of Chemistry 2023
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energetic use of manure (72%) both play a major role. In the
case of fertilizer use, manure has to be substituted by inorganic
fertilizer. In the case of energetic use of manure, foregone heat
and electricity are produced via NG and the GGM, leading to
signicant amounts of emissions. However, due to the large
amount of saved emissions attributed to shorter manure
Fig. 8 GWP100 results depicted as stacked bar charts: (a) scenario SMR-B
SMR-BG-GGM-M1. (c) Aggregation of scenario SMR-BG-GGM-M1 and th
M2. (e) Alternative manure management process for scenario AEL-EL-P
alternative manure management process.

This journal is © The Royal Society of Chemistry 2023
storage, the overall alternative manure management process
still has a negative impact (−0.12 kg CO2-eq. per kg manure).

Fig. 7B shows the Sankey diagram of the alternative manure
management process with CI1 as electricity input and electrical
heating. In comparison to the BL alternative manure manage-
ment process, a signicant difference for the foregone benet of
G-GGM-M1. (b) Alternative manuremanagement process for scenario
e respective alternativemanuremanagement. (d) Scenario AEL-EL-PV-
V-M2. (f) Aggregation of scenario AEL-EL-PV-M2 and the respective

Sustainable Energy Fuels, 2023, 7, 4898–4913 | 4909
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substitution of energy from manure can be observed. This can
be explained by the very low GWP of the electricity and heat
production, considering CI1 as input. In fact, producing heat
and electricity from manure becomes less attractive when
electricity can be produced with such a low CI. This is indicated
by emission savings of 22% compared to the foregone benet of
72% in the BL case. The proportions of results for the fertilizer
use of manure are identical to the BL case. Having said this, the
overall impact of the CI-EL manure management scenario is
more negative compared to the BL scenario (−0.28 kg CO2-eq.
per kg manure), which means that using manure for HTL is
overall benecial from a GWP perspective.
Consequential approach compared for different process
congurations

Assuming the use of manure M1 in Germany in 2019, scenario
SMR-NG-GGM-M1 shows the lowest GWP100 (0.87 kg CO2-eq. per
kgfuel mix) in the cut-off approach, whereby the individual
contributions are highlighted in Fig. 8A. In Fig. 8B, the impact of
the alternative manure management process becomes evident:
said scenario amounts to emission savings of −0.74 kg CO2-eq.
per kgfuel mix. The overall impact of the emission savings assigned
tomanure is illustrated in Fig. 8C: the result of the consequential
approach reveals a signicantly reduction of the GWP100 (0.13 kg
CO2-eq. per kgfuel mix).

In order to further demonstrate the effect of an alternative
manure management, we replicate the assessment for
a different scenario, namely the electrolysis-based AEL-EL-
CI1-M2 which also includes a different manure manage-
ment scenario. As expected, the emission prole for the cut-
off approach differs quite signicantly (Fig. 8D) from the
SMR-based process discussed above. A smaller manure
requirement when using M2 would suggest lower emission
savings for CI1-EL, however, due to the lower CI of the elec-
tricity market and electrical heating, the emission savings of
the alternative manure management (Fig. 8E) are increased by
ca. 43% compared to the BL scenario. Overall, this results in
negative emissions of −1.01 kg CO2-eq. per kgfuel mix (Fig. 8F)
and – once again – manure management accounts for the
largest part of the savings, conrming the hypothesis that
there is a huge emission saving potential when reducing the
manure storage time.
Model limitations and future work

This work represents a LCA of HTL in various process
congurations. While the analysis has been conducted thor-
oughly and to the best of our abilities, data availability limits
accuracy at certain points, especially where assumptions had
to be implemented in the LCI phase:

� Wastewater streams appear in the cHTG process step and
in the nutrient recovery. Experimentally it could be proven that
the wastewater of the cHTG process step does not contain large
amounts of contaminants, while it is qualitatively understood
that wastewaters, e.g. from nutrient recovery, are signicantly
more polluted. Quantitative analysis have not been performed
4910 | Sustainable Energy Fuels, 2023, 7, 4898–4913
and no inventory data is available for the wastewaters of HTL
processes.

� Fertilizer products appear as manure itself, the digestate of
anaerobic digestion of manure, struvite in the nutrient recovery
process and conventional inorganic fertilizer. Depending on
their bioavailability, these different fertilizer products are
associated with varying potency. Again, no quantitative data on
these inuences are available and model accuracy will benet
from future research.

� Another inaccuracy is generated by the dependence of the
fuel mix resulting from HTL on manure composition. In this
work, two different manure compositions have been analyzed.
This analysis could be further extended to include a broad range
of compositions, in order to well-represent the large variety
observed in manure samples.

� Within this analysis, it was assumed that the organic
content of the HTL process water is treated and utilized by
cHTG. Alternative treatment strategies may be implemented in
the future.

� Furthermore, modelling an overarching heat recovery
network for the process would allow a more careful investiga-
tion of the impact of that parameter.

� The quantitative assessment of the manure management
process could further be improved by more in-depth data
acquisition on country-specic manure volumes and composi-
tions and a more detailed model of the temperature depen-
dence of manure storage.

Finally, regarding the LCIA phase, it should be noted that
extending this assessment to other impact categories beyond
GWP100 would yield valuable insights. In particular, it is
known that current manure handling practices can lead to
signicant water46,47 and air48 quality issues. This was,
however, beyond the scope of this manuscript that focusses
on GWP.

Future work should include closing the gaps of missing
data as well as the investigation of alternative treatment and
valorization options for the HTL AP. These could e.g. include
aqueous phase reforming of the HTL AP for in situ H2

production or wet oxidation of the HTL AP for process heat
generation.49,50

An important aspect of future work is the evaluation of the
investigated process congurations with respect to economic
performance parameters. Investigations of a coupling of
advanced biomass conversion with renewable hydrogen
generation revealed that both biogenic feedstock cost and
electricity cost are key for an economically competitive fuel
production. Both parameters are highly variable. Manure is
a valuable fertilizer in some regions, while it poses a disposal
problem in regions with high livestock density. Electricity
costs are highly dependent on local wind and solar resources
and can signicantly depend on country specic regulations,
especially when grid electricity is used.

Conclusions

In this paper, LCAs of different HTL fuel production process
congurations in Germany have been performed. In the
This journal is © The Royal Society of Chemistry 2023
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baseline case (BL) heat and H2 is produced from natural gas, the
latter via SMR. Manure is considered as the feedstock with a cut-
off approach. The GWP100 for the baseline case was determined
as 1.18 kg CO2-eq. per kgfuel mix, which shows signicant
reduction potential compared to conventional jet fuel produc-
tion (3.83 kg CO2-eq. per kgfuel mix). Heat production for the HTL
reaction, as well as H2 production for the subsequent hydro-
treatment were identied as the main emission drivers (Fig. 3).
To investigate potential alternative solutions to the main
emission drivers, H2 provision from AEL and process heat
generation from electricity was studied.

While all scenarios perform better than conventional jet fuel,
this is not true for the EU RED II threshold. AEL scenarios, as
well as the scenario SMR-EL-M1, all run with the GGM as elec-
tricity input show higher emissions then 1.3 kg CO2-eq. per
kgfuel mix. Furthermore, it was observed that within one manure
sample, three different process congurations performed best
with varying electricity input. Electricity inputs with a high CI
favour the SMR-NG scenario, while medium CIs favour the
introduction of electrical heating (SMR-EL scenario) and low
CIs suggest the introduction of both electrical heating and
alkaline electrolysis for H2 production (AEL-EL scenario). It can
be concluded that electrolysis for H2 production and electrical
heating to a minor extent present interesting options to reduce
emissions when using green electricity.

Manure M2 scenarios show a better performance compared
to manure M1 scenarios, due to the lower ash content of
manure M2. In consequence, the organic fraction is larger,
leading to a smaller amount of feedstock input and subse-
quently lower GWP100 emissions.

Finally, a consequential LCA approach was introduced.
Current manure management is accompanied with high
amounts of GHG emissions, mostly stemming from manure
storage. The amount of emissions is highly dependent on the
temperature and the duration of storage. It is proposed that
HTL can lead to signicant reductions in GWP100 of manure
management due to shorter storage times. Compared to current
manure management practice, the herein used manure refer-
ence model suggests that −0.38 kg CO2-eq. per kg manure can
be saved when using HTL. This leads to HTL with manure as
feedstock being a carbon negative fuel production pathway in
most consequential scenarios. However, it should be
mentioned that emission savings are generated independent on
the technology used, as long as the storage duration is reduced
signicantly.
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