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Abstract: In many countries, sewage sludge is directly used for energy and agricultural purposes
after dewatering or digestion and dewatering. In recent years, there has been a growing interest in
additional upstream hydrothermal carbonization (HTC), which could lead to higher yields in the
energetic and agricultural use. Twelve energetic and agricultural valorization concepts of sewage
sludge are defined and assessed for Germany to investigate whether the integration of HTC will
have a positive effect on the greenhouse gas (GHG) emissions. The study shows that the higher
expenses within the HTC process cannot be compensated by additional energy production and
agricultural yields. However, the optimization of the HTC process chain through integrated
sewage sludge digestion and process water recirculation leads to significant reductions in GHG
emissions of the HTC concepts. Subsequently, nearly the same results can be achieved when
compared to the direct energetic use of sewage sludge; in the agricultural valorization, the
optimized HTC concept would be even the best concept if the direct use of sewage sludge will no
longer be permitted in Germany from 2029/2032. Nevertheless, the agricultural valorization
concepts are not generally advantageous when compared to the energetic valorization concepts, as
it is shown for two concepts.

Keywords: hydrothermal carbonization (HTC); life cycle assessment (LCA); sewage sludge;
electricity and heat production; agricultural yield

1. Introduction

Sewage sludge is a by-product of wastewater treatment and it is produced in increasing
quantities worldwide. 1.8 Mio. Mg dry matter of sewage sludge from municipal sewage treatment
plants is produced in Germany, per year. Of this, 59.8 wt% is incinerated in coal-fired power plants
and mono-combustion plants. 40.2 wt% is used in agriculture and landscaping [1]. In the case of
energetic use, electricity and heat are generated, which predominantly substitute fossil energy in the
German electricity and heating mix. Applying sewage sludge in agriculture can replace synthetically
produced mineral fertilizers, which mostly rely on fossil-derived energy. Thus, both applications
have the potential to contribute to climate protection.
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For several years, there have been attempts to make sewage sludge treatment more efficient
while using the Hydrothermal Carbonization (HTC) process. HTC is a thermochemical process that
converts biomass into a solid product (hydrochar) at reaction conditions of 180 to 250 °C, 10 to 40
bar, and a pH of 3 to 7. One characteristic of HTC is that the conversion process takes place in a
liquid, aqueous phase [2,3]. This means that wet, biogenic residues, such as biogenic municipal
waste [4-7], fermentation residues [8,9], waste from agriculture and the food industry [10-15], as
well as mechanically dehydrated sewage sludge with a water content of 75 wt% are particularly
suitable as HTC feedstocks [16-18]. Like sewage sludge, hydrochars that are produced during HTC
can be used for energy and agricultural purposes. For energetic use, the fact that hydrochar is easier
to dewater when compared to the untreated sewage sludge is of particular importance. This positive
effect has been extensively studied and it is described in [19-23]. For agricultural use, the hydrochar
incorporation into soil is intended to improve plant growth and thus achieve higher crop yields. The
soil-related use of hydrochar and its impact on plant growth have been described, among others, in
[15,24-34].

In addition, the HTC of residue, waste, and biomass flows, such as green waste [6], olive mill
waste [35], food wastes [36], biomass waste streams [37,38], and algae [39] has already been assessed
several times by means of life cycle assessment (LCA). However, publications on HTC's LCA of
sewage sludge are scarce. The HTC of bio-wastes, including sewage sludge, was investigated in [40].
Here, the focus was on energetic utilization in the form of fuel gas and diesel oil. In [41], different
sewage sludge management methods were compared. The hydrothermal pyrolysis is one option
investigated. The integration of HTC into an energetic utilization chain of sewage sludge is
investigated in [42]. A comparative life cycle assessment, which includes the use of both sewage
sludge and hydrochar, in energetic as well as agricultural applications, has not yet been conducted,
to our knowledge.

In our study, while taking into account the processes of HTC with and without sewage sludge
digestion as well as energetic and agricultural utilization, twelve different valorization concepts of
sewage sludge are examined based on empirical and literature data. The aim is to identify the most
promising concept from a greenhouse gas (GHG) perspective. In addition, it shall be determined (i)
whether the integration of HTC with and without digestion in sewage sludge valorization concepts
is more advantageous when compared to a direct utilization of sewage sludge and (ii) whether an
energetic or an agricultural valorization is more favorable regarding their global warming potential.

2. Materials and Methods

2.1. Concept Definition

Twelve different valorizing concepts of sewage sludge are defined in this study; six with an
agricultural use and six with an energetic use. Since there are sewage treatment plants with and
without digestion of sewage sludge, both of the versions are considered in the concepts. To
investigate whether the hydrothermal carbonization of sewage sludge offers advantages in
comparison with direct agricultural or energetic use (as is mostly the case for Germany), the twelve
concepts include both the direct use of sewage sludge (SS) after dewatering or digestion and
dewatering and the use of hydrothermally carbonized sewage sludge (hydrochar). In the concepts of
hydrothermal carbonization, the HTC process parameters are varied. In the first case (HTC 1), the
HTC process runs at 170 °C and a residence time of 2 h, while in the second case (HTC 2), a
temperature of 210 °C and a residence time of 10 h are chosen. The key characteristics of the concepts
are also summarized in Table 1. Figure 1 shows an overview of the process concepts that were
defined.
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Table 1. Key characteristics of twelve valorization concepts investigated.

. HTC Process Agricultural .
Process Chain & Energetic Use
Parameters Use
SS without sludge digestion - A-SS E-SS
SS with sludge digestion - A-D+SS E-D+5S
HTC 1 without sludge digestion 170°C,2h A-HTC1 E-HTC1
HTC 2 without sludge digestion 210°C,10h A-HTC?2 E-HTC 2
HTC 1 with sludge digestion 170°C,2h A-D+HTC 1 E-D+HTC 1
HTC 1 with sludge digestion & 170°C,2h A-D+HTC 1+RP  E-D+HTC 1+RP
recirculation of process water
J| { - Hoc?ss_wat?r _____ 1 Benefit | Concept title |
> | | sewage ; |
thickenen N— | sludge crop yield | A-D+SS I
I | |
| : eL centrifuge | L electricity, low tempe- |
| digester | rature heat| E-D+SS |
|
| | |
© | I crop yield | AD+HTC 1/ |
g | — AD+HTC 1+RP |
@ | 4 o |
8 HICL fiterjress reture hest) BTG 17 |
3 W (=~ N i E-D+HTC 1+RP I
| digester gas > > excess electricity |
| sewage |
| —] sludge crop yield | A-SS |
| — i |
l electricity, low tempe- |
| rature heat| E-SS |
|
|
: I [TTTT crop yield|A-HTC 1/ |
I — LLLll AHTC2 |
A A
| HTQ 1/2 filter| press f electricity, low tempe- :
| ’ rature heat| E-HTC 1/
| natural gas ——»| @ @ —» excess electricity EHTC2 |
L _ . _ _ _ _ _ _ _ sytemboundayl

Figure 1. Overview of the valorization concepts investigated.

Since both options, with and without sewage sludge digestion, are considered, and all of the
concepts shall be based on the same input material flow, the system boundary is defined after the
thickener of the sewage treatment plant. The sewage sludge is assumed to leave the static thickener
with a dry matter (DM) content of 5 wt%. The amount of sewage sludge is sized according to the
capacity of an industrial HTC plant, set at 14,000 Mg a', with a DM content of 25 wt%. This
corresponds to a DM of 3,500 Mg a' and thus to a quantity of sewage sludge from a size class 5
municipal sewage plant amounting to approximately 127,500 population equivalents (PEs). Thus, at
DM content of 5 wt%, the amount of sewage sludge after the static thickener is 70,000 Mg a-..

The A-SS concept corresponds to the direct agricultural use of the non-anaerobically stabilized
sewage sludge from the sewage treatment plant. The sewage sludge entering the system boundary is
dewatered in a centrifuge to a DM content of 25 wt%. The centrate leaves the system boundary and it
is returned to the sewage treatment plant, where it is mechanically, biologically, and chemically
treated. The expenses for the wastewater treatment are included in all of the valorization concepts.
The dewatered sewage sludge is transported to the field and then applied there. The effects of
sewage sludge and hydrochar on plant growth were investigated by the cultivation of mustard
(Sinapis alba L.), winter rye (Secale cereale L.), and corn (Zea mays L.) on a poor sandy site in
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Brandenburg (Germany). Starting the field trials with mustard in August 2014, already harvesting
winter rye in May 2015 and cultivating corn in the summer of 2015, this rotation allowed for the
cultivation of three crop species within only 12 months. The resulting yields leaves the system
boundary as a benefit of the agricultural valorization concepts. Expenses that are required in the
field, such as the seeds, pesticides, and diesel for agricultural machinery, are taken into account in
the agricultural concepts. In the case of the concepts A-HTC 1 and A-HTC 2, a HTC plant is
integrated into the process chain after the centrifuge. The sewage sludge, dewatered to 25 wt% of
DM, is hydrothermally carbonized in the HTC plant and then dewatered in a filter press. The
dewatered hydrochar has a DM content of 45.5 wt% (A-HTC 1) and 54.2 wt% (A-HTC 2),
respectively. The filtrate leaves the system boundary with a DM content of 1.8 wt% (particle > 45
pm) and it is returned to the sewage treatment plant, where it is analogously cleaned to the centrate
in the A-SS concept. A natural gas based combined heat and power (CHP) plant provides the HTC
system with the required high-temperature heat and the auxiliary equipment with electricity. The
excess electricity leaves the system boundary as a benefit. It is assumed that the excess heat cannot
be further used. The hydrochar that is produced is transported to the field and applied to the soil.
The two concepts, A-HTC 1 and A-HTC 2, only differ in terms of the parameters used in the HTC
process (cf. Table 1).

In contrast to the concept A-SS, the concept A-D+SS integrates the anaerobic stabilization of the
sewage sludge (digestion of sewage sludge) into the process chain. The incoming sewage sludge is
anaerobically stabilized in the digester. Subsequently, the sewage sludge is dewatered in a
centrifuge to a DM content of 25 wt%. Analogous to A-SS, the centrate is returned to the sewage
treatment plant, where it is cleaned. The anaerobically stabilized and dewatered sewage sludge is
transported to the field and then applied to the soil. Based on the concept A-D+SS, concepts
A-D+HTC 1 and A-D+HTC 1+RP are defined. In both concepts, a HTC plant is integrated into the
process chain after the centrifuge. The sewage sludge, dewatered to 25 wt% of DM, is
hydrothermally carbonized in the HTC plant and then dewatered in a filter press. The hydrochar
produced is again transported to the field and then applied to the soil. Both of the concepts differ
only in the cleaning of the HTC process water. In A-D+HTC 1, the HTC process water leaves the
system boundary and it is returned to the sewage treatment plant. In contrast, in A-D+HTC 1+PR the
HTC process water is directed to the digester within the system boundary and anaerobically treated
there. Consequently, more digester gas is produced when compared with the other concepts,
including sludge digestion. The concept A-D+HTC 1+PR represents an optimized HTC concept. In
the valorization concepts, including the sewage sludge digestion (A-D-SS, A-D+HTC 1, A-D-HTC
1+PR), the digester gas is fed to a CHP unit in order to produce heat and electricity. The CHP unit
supplies the HTC plant with high-temperature heat and the digester with low-temperature heat. It is
also assumed that the excess heat is not further used at the site of the sewage treatment plant and it
leaves the system boundary as a loss. The electricity from the CHP unit supplies the electrical
equipment. Excess electricity leaves the system boundary as a benefit.

The agricultural concepts are compared with corresponding energetic concepts. In this case, the
sewage sludge or hydrochar are used to generate energy in a mono-combustion plant. According to
[43], a lower heating value (LHV) of 4.5 MJ] kg is required for autothermal combustion in the
mono-combustion plant. For this reason, to directly combust the sewage sludge, the sludge has to be
dried thermally in a drier. This is done at the site of the mono-combustion plant, using the heat
supplied from the mono-combustion plant. The condensate leaves the system boundary and then
has to be cleaned. As already mentioned, the wastewater treatment is taken into account in the
balancing. In contrast, the LHV of the hydrochar, which is mechanically dewatered in the filter
press, is higher than 4.5 M] kg1. This means that the HTC concepts do not need a thermal drier. In all
energetic valorization concepts, the use of natural gas for the auxiliary firing, the use of an adsorbent
(sodium hydrogen carbonate) for gas purification, and the disposal of the resulting ash are
considered within the GHG assessment. A recycling of phosphorus and heavy metals from ashes is
not considered. It is assumed that the excess heat that is produced from mono-combustion can be
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further used for other purposes or processes. Thus, the benefits of the energetic valorization
concepts are electricity and low-temperature heat.

2.2. Calculation of GHG emissions

To calculate and compare the GHG emissions of all the valorization concepts investigated, the
life cycle assessment methodology according to the ISO guidelines 14040 and 14044 is applied
[44,45]. Due to its bioenergy context, DIN ISO 13065 is also applied [46].

For this study, only the global warming potential (GWP 100), as expressed in CO: equivalents,
is calculated as one of many possible environmental impact categories within the LCA framework.
The characterization factors from the International Panel on Climate Change (IPCC) 2007 are used to
convert all potential GHG emissions into the common unit of CO: equivalents [47]. Assuming that
the sewage sludge consists entirely of biogenic material, the biogenic CO: emissions that were
released during the combustion of the sewage sludge or hydrochar are considered to be
climate-neutral in the energetic valorization concepts [48,49]. The same applies to the digester gas,
which is incinerated in the CHP unit to provide the energy for the HTC process within the concepts
with sludge digestion. In contrast, the direct carbon dioxide emissions from the combustion of
natural gas in the CHP plant and in the mono-combustion plant (auxiliary firing) are included in the
GHG balance.

In all of the valorization concepts, the main benefit is the disposal of sewage sludge. According
to the German Institute for Standardization, the GHG emissions of concepts cannot be directly
compared in order to identify the most favorable valorization concept, since they differ in their
additional benefits (see Table 2) [44-46]. In the agricultural valorization concepts, agricultural yields
are achieved, whereas in the energetic valorization concepts, electricity and heat are produced. This
multifunctional problem can be addressed by means of different approaches [50-55]. In this study,
each valorization concept is compared with its corresponding "substituted" reference system. To
create these reference concepts, reference products, which fulfil the same benefits as the products in
the corresponding valorization concept and may potentially be replaced by them, have to be
identified. Within this substitution methodology, the choice of the “right” replaced production is
decisive in fulfilling the adequate benefit [55,56].

In this study, the currently predominant conventional production is taken as reference
production (see Table 2). The predominant conventional disposal of sewage sludge is its
co-combustion in a power plant [1]. The expenses of co-combustion, such as dewatering of sewage
sludge, ash disposal, and cleaning of the flue gas are therefore included in all of the reference
concepts as adequate disposal of sewage sludge. During the co-combustion, electricity and heat are
generated as an additional benefit in the reference concepts.
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Table 2 Main and additional benefits in the valorization and reference concepts; creation of

equivalent benefits.

Valorization Concepts

Reference Concepts

Agricultural Use

Benefit - 70,000 Mg a! of sewage sludge
disposed of on the field

- Mustard, rye, corn yield applying
sludge and hydrochar

- Excess electricity in HTC concepts

Credits for - Excess electricity from combined

heat and power (CHP) unit at the

- 70,000 Mg a! of sewage sludge disposed
of via co-combustion

- Adequate mustard, rye, corn yield
through mineral N fertilization

- Electricity and low-temperature heat from
co-combustion

- Electricity and low-temperature heat
from co-combustion

HTC plant
Energetic Use

Benefit - 70,000 Mg a! of sewage sludge - 70,000 Mg a! of sewage sludge disposed
disposed of via mono-combustion of via co-combustion
- Electricity and low-temperature - Adequate generation of electricity and
heat from mono-combustion low-temperature heat via average power
- Excess electricity in HTC concepts and low-temperature heat generation mix
- Electricity and low-temperature heat from
co- combustion
Credits for - None; excess electricity from CHP - Electricity and low-temperature heat from

plant is added as a benefit to co- combustion
electricity production from mono-

combustion

The benefit of the mustard, winter rye, and corn yields achieved in the agricultural valorization
concepts is conventionally produced by mineral N-fertilization in the reference concepts. The
electricity and low-temperature heat that are generated by the mono-combustion in the energy
valorization concepts are assumed to replace the conventional German power and low-temperature
generation mix in the corresponding reference concept.

To ensure that, as required in [44-46,57], the valorization and reference concepts have
equivalent benefits, the products in the reference concepts have to fulfill the same benefits to the
same extent and in the same quality as the products in the valorization concepts, but in a
conventional manner. The substitution method is used to compensate for the differences in the
benefits between the valorization and the reference concepts. Thus, all of the reference concepts get a
GHG credit for the amount of electricity and heat generated by co-combustion (see Table 2). The
same applies to the amount of excess electricity that is generated in the CHP process at the HTC
plant in the valorization concepts. In the energetic valorization concepts, however, this amount of
electricity is internally added as a benefit to the electricity that was generated by mono-combustion.

After creating equal benefits in the valorization and reference concepts, the GHG emissions are
assessed for all concepts. In a next step, the GHG emissions from each valorization concept are
subtracted from those from its corresponding reference concept to calculate the GHG saving that is
associated with the potential substitution of each reference concept. Since all of the valorization
concepts have the same annual input of 70,000 Mg a' of sewage sludge, the respective GHG savings,
expressed in absolute figures in tones of CO2 equivalents per year, can be compared and ranked. The
valorization concept potentially causing the highest GHG saving as compared to its corresponding
reference concept is the best concept from a global warming perspective.
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2.3. Data and assumptions

The characteristics of the sewage sludge and the produced hydrochars to be valorized in the
concepts are shown in Table 3. The mass and energy balances for all concepts shown in Figure 1 are
calculated within the defined system boundaries. These are listed in Tables 4-7. Efficiencies and
further technical data for the processing units are taken from literature. The electrical efficiency of
the natural gas CHP unit used in the HTC concepts is 38% [58], while that of the digester gas CHP
unit is 30% [59]. Data from the HTC process comes both from the HTC reactor at a large-scale facility
and from literature. The electrical efficiency and the fuel utilization rate of the mono-combustion are
assumed to be 15% and 90%, respectively [60]. The co-combustion within the reference concepts is
assumed to take place with an electrical efficiency of 42% and a fuel utilization rate of 44% [61]. The
flows of the ash and flue gas from the mono- and co-combustion are taken from the energetic
modelling of the combustion process.

Table 3. Characteristics of the sewage sludge and the hydrochars (wf = water free; waf = water and

ash free).
Parameter Unit Sewage Hydrochar Hydrochar
Suldge HTC1 HTC 2
Dry matter wt% 25.0 45.5 54.2
LHV MJ kg wt 11,64 11.63 13.58
Ash content Wt %owt 459 48.8 51.5
Elemental
analysis
C Wt%wat 51.8 55.3 63.7
H Wt%wat 7.1 7.0 8.0
S Wt%owat 1.8 3.8 4.4
N Wt %wat 7.5 7.8 6.6
Table 4. Overview of material balances of concepts for agricultural use.
Parameter Unit Without digestion With digestion
A-SS A-HTC1 A-HTC2 A-D+SS  A-D+ A-D+
HTC1 HTC1+
PR
Input
Sewage sludge Mg-a'! 70,000 70,000 70,000 70,000 70,000 70,000
Sulfuric acid Mg-a'! - 112 213 - 82 85
Natural gas CHP Mg-a’ ) 461 494 ) i )
plant
Seed Mg-a'! 114 60 59 114 60 66
Pesticides Mg-a'! 6 3 3 6 3 4
Diesel Mg-a! 87 46 45 87 46 51
Output
Mustard yield Mg-a™ 1,872 888 793 1,869 887 981
Winter rye yield Mg-a'! 1,804 945 902 1,801 944 1,044
Corn yield Mg-a'! 7,380 3,657 3,847 7,369 3,652 4,040
Centrate Mg-a™ 56,045 56,045 56,045 59,009 59,009 65,549
HITC process Mg-a - 9321 10147 - 6786 -
water
Exhaust ge:s CHP Mg-a ) 1249 1338 i i i
plant CO:

"t Fossil COz from the combustion of natural gas in the CHP plant.
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Parameter Unit Without digestion With digestion
ED+ D
E-SS E-HTC1 E-HTC2 E-D+SS HTC 1 HTC 1+
PR
Input
Sewage sludge Mg-a' 70,000 70,000 70,000 70,000 70,000 70,000
Sulfuric acid Mg-a - 112 213 - 82 85
Natural gas CHP Mg-a- ) 161 494 ) i )
plant
1
Natural gas Mg-a- 2 1 1 1 1 1
auxiliary burner
Adsorbent gas Mg-a 223 244 263 136 149 146
cleaning
Output
Centrate Mg-a' 56,045 56,045 56,045 59,009 59,009 65,549
HITC process Mg - 9321 10147 - 6786 -
water
Exhaust gas CHP 4
plant CO» * Mg-a - 1,249 1,338 - - -
Cc?ndensate of Mg-a 5,169 ) i 4714 ) )
drier
Exhaust gas from
.q-1
e COu e Mg 122 130 140 75 80 79
Ash f
o rom Mga' 1,284 831 876 1,209 749 813

mono-incineration

*: Fossil CO2 from the combustion of natural gas in the CHP plant; : Fossil COz from the combustion

of natural gas in the auxiliary burner of the mono-incineration unit.

Table 6. Overview of energy balances of concepts for agricultural use.

Parameter Unit Without digestion With digestion
A-SS A-HTC1 A-HTC2 A-D+SS A-D+ A-D+
HTC1 HTC 1+
PR
Input
Sewage sludge MWh:-a! 16,235 16,235 16,235 16,235 16,235 16,235
Natural gas MWh:-at! - 6,114 6,552 - - -
Electricity MWh-a' 121 - - - - -
Output
Electricity MWh-a! - 1,872 1,531 1,208 966 1,154
Low-temp. heat MWh-a-! - - - - - -
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Table 7. Overview of energy balances of concepts for energetic use.

Parameter Unit Without digestion With digestion

E-SS E-HTC1 E-HTC2 E-D+SS E-D+ E-D+
HTC1 HTC 1+

PR

Input

Sewage sludge MWh-a! 16,235 16,235 16,235 16,235 16,235 16,235

Natural gas MWh:-at 24 6,127 6,564 17 9 10

Electricity MWh-a 121 - - - - -
Output

Electricity MWhe-a- 1,289 2,816 2,721 1,913 1,514 1,685

Low-temp. heat MWh-a! 3,935 4,718 5,952 1,235 2,744 2,654

Data regarding inputs to the agricultural valorization concepts, such as seeds, pesticides, diesel,
and the yields of mustard, winter rye, and corn originate from field testings on the sandy marginal
trial site in Brandenburg (Germany). The same field trials also provide the data on the agricultural
inputs that are necessary to achieve equivalent mustard, winter rye, and corn yields via mineral
fertilization in the agricultural reference concepts.

It is assumed that, in the agricultural valorization concepts, the treated sewage sludge and
hydrochar are transported 30 km to the field, while in the energetic valorization concepts, both are
transported 100 km to the mono-combustion plant.

For the GHG assessment, the mass and energy balances of the different valorization concepts
are each transferred to a life-cycle model using the Umberto NXT Universal 7.1.13 software [62]. The
emission data for the auxiliary materials and energy that are listed in the mass and energy balances
come from the ecoinvent database v2.2 and v3.3 [63,64]. The direct and indirect nitrous oxide
emissions resulting from the use of the treated sewage sludge and hydrochar in the field were
determined in a laboratory using 40-day incubation experiments. The direct CO2 emissions from the
combustion of the natural gas in the CHP unit and the mono-combustion unit (auxiliary burner) are
taken from our own balancing of the combustion process.

Creating the reference concepts, conventional co-combustion and conventional cultivation and
energy generation systems are also modelled in Umberto. The emission factor that was used for the
German electricity mix and low-temperature heat mix is sourced from the Gemis database v4.9 [65].
It is 0.61 kg COz2-eq kWh' for power generation and 0.08 kg COz-eq. MJ! for the production of
low-temperature heat [65]. These emission factors are also used to determine the credits for the
additional generation of electricity and low-temperature heat.

3. Results

Figures 2 and 3 show clearly that only three agricultural valorization concepts (A-SS, A-D+SS,
and A-D+HTC 1+PR) achieve GHG savings when compared to their corresponding conventional
reference concepts. All other concepts that were investigated potentially emit more GHG emissions
than their corresponding conventional reference concepts. In the concepts of direct valorization of
sewage sludge (A-SS and A-D+SS), the applied sewage sludge contributes to achieving a relatively
high yield of mustard, winter rye, and corn with low treatment expenses (dewatering or digestion
and dewatering). If this yield is produced via mineral fertilizers as in the corresponding reference
concepts, significantly more GHG are potentially emitted. This is mainly due to the higher GHG
emissions from the production of synthetic nitrogen fertilizer when compared to the simple
treatment of sewage sludge. In the agricultural valorization concepts A-HTC 1, A-HTC 2, and
A-D+HTC 1, where the sewage sludge is converted to hydrochar via HTC, no GHG savings can be
achieved as compared to the conventional reference systems. One reason is that the relatively high
expenses of producing hydrochar in the HTC process cannot be compensated by higher yields when
compared to the production system with conventional mineral fertilization.
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A-SS
Reference

A-D+SS
Reference

A-HTC1
Reference

N

A-HTC 2
Reference

Agricultural use

A-D+HTC1
Reference

A-D+HTC 1+RP
Reference

E-SS
Reference

E-D+SS
Reference

_ E-HTC1 | T R
Reference

E-HTC 2 SOOE
Reference

Energetic use

E-D+HTC 1
Reference

E-D+HTC 1+RP
Reference

-500 0 500 1.000 1.500 2.000 2.500
GHG emissions in t CO,-eq a!
Agricultural use @ Reference Ed Energetic use

Figure 2. Greenhouse gas (GHG) emissions of valorization and reference concepts.

A-SS
A-D+SS
A-HTC1
A-HTC2
A-D+HTC 1

Agricultural use

A-D+HTC 1+PR [

E-SS

E-D+SS
E-HTC 1
E-HTC 2

Energetic use

E-D+HTC1
E-D+HTC 1+RP

-2.000 -1.500 -1.000 -500 0 500 1.000 1.500
GHG savingsin CO,-eqa!

Figure 3. GHG savings comparing valorization and reference concepts.

The other reason is that in all reference concepts of the agricultural valorization concepts, the
conventional disposal of 70,000 Mg of sewage sludge (co-combustion in a power plant) is taken into
account, in addition to the conventional production of the specific yield of mustard, rye, and maize.
As well as requiring relatively low expenses, this co-combustion in the coal-fired power plant has an
additional benefit as electricity and heat, which is credited to the reference concepts.
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Despite these relatively high credits for the reference concepts, the optimized agricultural
valorization concept, including HTC (A-D+HTC 1+4PR), can reduce the GHG emissions when
compared with the other agricultural valorization concept, including HTC (A-HTC 1 and A-HTC 2).
When the process water is recirculated to the digester, additional digester gas is generated, which is
used in the CHP unit instead of the fossil-derived natural gas and it produces a large amount of
excess electricity, which is credited within the GHG balancing. As a result, the GHG emissions from
the HTC process can be significantly reduced. It is even more than climate-neutral. Nevertheless, the
GHG savings from the direct agricultural use of sewage sludge (A-SS, A-D+SS) are higher than from
the optimized HTC concept when compared to their reference concepts.

By comparing the agricultural valorization concepts without digestion (A-SS, A-HTC1) and
with digestion (A-D+SS, A-D+HTC1), it becomes clear that the concepts with digestion have
potentially higher GHG saving or lower “additional GHG emissions” (see Figure 3). This is due to
the generation of digester gas in the digester, which replaces the use of natural gas in the CHP unit.

Increasing the process parameters in the HTC process from 170 °C to 210 °C and from2hto 10 h
residence time (A-HTC 2) leads to an increased demand for natural gas in the CHP unit but it does
not adequately increase the yield of mustard, winter rye, and corn. The A-HTC 2 concept thus
potentially causes more GHG emissions when compared to its reference concept than concept
A-HTC 1 to its reference concept.

Figures 2 and 3 also show that all energetic valorization concepts cause more GHG emissions
than their corresponding reference systems. The lowest “additional emissions” are caused by the
concept of direct using the sewage sludge (E-SS), closely followed by the optimized concept with
HTC, process water recirculation, and sewage sludge digestion (E-D+HTC1+PR). Both the concept
E-SS and its corresponding reference system have similar expenses in the treatment of sewage
sludge and mono- or co-combustion. Since the reference concept generates more electricity during
co-combustion due to its higher electrical efficiency when compared with the mono-combustion in
the valorization concept, the higher credit leads to lower GHG emissions in the reference concept. In
the energetic valorization concepts, including HTC, the combustion of higher-grade hydrochar
generates more power and heat as compared to the direct combustion of sewage sludge, but the
higher expenses to produce hydrochar overcompensate for this positive effect. This trend is reduced
in the concept E-D+HTC 1+PR. Here, again, recirculating the process water from the HTC process
into the digester leads to a reduction in GHG emissions. However, this cannot compensate for the
lower electricity generation when compared with the corresponding co-combustion in the reference
concept. Nevertheless, the concept E-SS has the lowest additional emissions of all the energetic
valorization concepts. In contrast to agricultural valorization concepts, sewage sludge digestion has
no general beneficial effect on the energetic valorization. The concept E-D+SS has higher additional
emissions as compared to its reference concept than the concept E-SS. Sewage sludge digestion, and
thus the use of the digester gas instead of the natural gas in the CHP unit, reduces the GHG
emissions in this valorization concept. However, more energy, especially more heat, is generated
from sewage sludge without their digestion in the mono-combustion unit. Analogous to the
agricultural valorization concepts, the positive effect of sewage sludge digestion becomes clear when
comparing the concepts E-HTC1 and E-D-HTC1. The reduced GHG emissions that are due to
sewage sludge digestion outweigh the lower energy production in the mono-combustion.

In contrast to the agricultural valorization concepts, an increased carbonization temperature
and HTC residence time (E-HTC 2) as compared to the E-HTC 1 concept leads to lower additional
emissions, since the higher lower heating value of the hydrochar from the HTC 2 process leads to the
generation of more electricity and heat.

Overall, the agricultural and energetic valorization concepts, including HTC, have no higher
GHG savings when compared to its corresponding reference concepts than the concepts of direct use
of sewage sludge. Within the agricultural valorization concepts, the optimized HTC concept
A-D+HTC 1+PR potentially causes significantly less GHG saving than the concepts A-SS and
A-D+SS, while, within the energetic valorization concept, the optimized HTC concept E-D+HTC
1+PR has nearly the same additional GHG emissions than E-SS as compared to their corresponding
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reference concepts (see Figure 3). Sewage sludge digestion, by contrast, has a positive effect on the
GHG savings when compared to the reference concept, with just one exception (E-D+SS). Altogether,
the agricultural valorization concept A-D+SS has the highest GHG saving, followed by A-SS and
A-D+HTC 1+PR. Thus, the concept directly using the sewage sludge for agricultural purposes
A-D+SS is the best concept from the global warming potential perspective. Only regarding the GHG
emissions, the concept of A-D+HTC 1+PR causes the lowest GHG emissions and it is even more than
climate-neural.

However, the agricultural valorization concepts are not generally advantageous when
compared to the energetic valorization concepts, as in two cases (A-HTC 1 vs. E-EHTC 1 and A-HTC 2
vs. E-HTC 2), the energetic valorization concepts would potentially emit less additional GHG
emissions as compared to the reference concepts than the agricultural valorization concepts.

4. Discussion

The results show that only three of the agricultural valorization concepts can potentially
achieve GHG savings when compared to their corresponding reference concepts, whereas all of the
energetic valorization concepts emit more GHG emissions than their respective reference concepts.
While the results of the energetic use of sewage sludge base on mass and energy balances that are
derived from literature data and from a HTC reactor at a large-scale facility the mass and energy
balances for the agricultural use are mainly based on data from a three-year test series (see Section
2.3) on sandy marginal revenue sites in Germany. Thus, the statements on GHG emissions and GHG
savings of the agricultural valorization concepts, as well as the statements on the comparison
between the agricultural and energetic valorization of sewage sludge, can only be transferred to a
limited extent. There is a need for further research to generally determine the agricultural benefits of
hydrochar, such as increases of crop yields or carbon sequestration in the soil over a long period.

The transferability of the results of the energetic valorization concepts is also limited, since they
depend on the specific setting of the HTC process and reference systems defined. The results from
[42] show that the advantageousness of HTC depends on the digester gas yields, the dewatering
process during the HTC, the energy consumption of the HTC plants, and the combustion
efficiencies.

In addition, the advantageousness of agricultural valorization reflected in this study is not
reflected in the current German practice of sewage sludge utilization. Currently, more than half of
sewage sludge in Germany is incinerated, and only about on-third is agriculturally used (see
introduction). One reason for the decline in the agricultural use of sewage sludge in recent years is
that the thresholds for the concentration of cadmium, lead, nickel, and mercury that were permitted
in the sewage sludge became stricter in the German Sewage Sludge and Fertiliser Ordinances [66,67].
Furthermore, the German Fertilizer Application Ordinance limits the application of organic
fertilizers, including sewage sludge, to the fields [68]. Thus, the operator of sewage treatment plants
primarily focus on energy valorization, which is legally less problematic.

When considering the changing legal regulations, the results of the study can be interpreted in
another way. The German Directive on Reorganization of Sludge Valorization (2017) from 27
September 2017 prescribes the phosphorus recycling for sewage treatment plants (>100,000 PEs)
from 2029 and for sewage treatment plants (>50,000 PEs) from 2032, which would no longer be
possible via the direct co-combustion of sewage sludge in power plants, as the ashes would be
diluted during co-combustion [69]. In addition, the direct agricultural use of sewage sludge is
prohibited for these sewage treatment plants. However, sewage treatment plants of <50,000 PEs can
still apply sewage sludge on soil. Thus, when considering the valorization of sewage sludge from
sewage treatment plants >100,000 PEs, the first and second best concept for climate change
mitigation cannot be applied from 2029 on. Assuming that the agricultural application of hydrochar
will be allowed, the agricultural valorization concept A-D+HTC 1+PR is the best concept from a
global warming potential perspective. If the application of hydrochar is also prohibited, the
energetic valorization concepts E-SS and E-D+HTC 1+PR are the best sludge valorization options.
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However, it has to be mentioned that, leaving out co-combustion, will change the reference concepts
and thus the GHG savings when compared to the reference.

In addition to the aspects that were investigated in this study, a number of other factors may
also play a role in the decision on the integration of HTC into the concepts of valorization of sewage
sludge. Some possible co-benefits of HTC are worth mentioning here, such as the degradation of
organic pollutants, the removal of pathogens and helminths in the sewage sludge, and carbon
sequestration in the soil, as well as the production costs that are associated with the valorization of
sewage sludge.

5. Conclusions

The study shows that no fundamental advantage over concepts of direct agricultural and
energetic valorization of sewage sludge regarding their global warming potential under the German
condition are offered by integrating HTC into sewage sludge valorization concepts. The higher
expenses within the HTC process cannot be compensated by additional agricultural yields and
energy production. Only an optimization of the HTC process with integrated sewage sludge
digestion and recirculation of the HTC process water enables comparable results. Altogether, the
concept in which the sewage sludge is applied on the field after a relatively simple treatment of
dewatering and digestion is the one with the highest GHG saving, and thus the most favorable
concept regarding its impact on global warming. When the new requirements for valorizing sewage
sludge come into effect from 2029 and 2032, neither direct agricultural use nor the direct
co-combustion of sewage sludge from larger sewage treatment plants will be possible any longer in
Germany. Thus, the best way to valorize sewage sludge would be to integrate a digestion of sewage
sludge, as well as an optimized HTC process into the agricultural valorization concepts.
Nevertheless, the agricultural valorization concepts are not generally advantageous when compared
to the energetic valorization concepts, as it is shown for two concepts.
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