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ABSTRACT

The pyrolysis of sewage sludge is an alternative method to recycle the contained
nutrients, such as phosphorus, by material use of the resulting biochar. However,
the ecological effects of pyrolysis are not easy to evaluate. Therefore, a life cycle
assessment (LCA) was carried out to determine the environmental impact of sewage
sludge pyrolysis and to compare it with the common method of sewage sludge incin-
eration. In order to identify the most sustainable applications of the resulting biochar,
four different scenarios were analyzed. The modeled life cycles include dewatering,
drying and pyrolysis of digested sewage sludge and utilization paths of the by-prod-
ucts as well as various applications of the produced biochar and associated trans-
ports. The life cycle impact assessment was carried out using the ReCiPe midpoint
method. The best scenario in terms of global warming potential (GWP) was the use
of biochar in horticulture with net emissions of 2 g CO, eq./kg sewage sludge. This
scenario of biochar utilization can achieve savings of 78% of CO, eq. emissions com-
pared to the benchmark process of sewage sludge mono-incineration. In addition,
no ecological hotspots in critical categories such as eutrophication or ecotoxicity
were identified for the material use of biochar compared to the benchmark. Pyrolysis
of digested sewage sludge with appropriate biochar utilization can therefore be an
environmentally friendly option for both sequestering carbon and closing the nutrient

cycle.

1. INTRODUCTION

Pressure on limited natural nutrient resources, such
as phosphorus (P), is increasing due to the growing world
population and the resulting growing demand for fertilizers
to ensure a sufficient food supply. Raw phosphates, which
serve as the basis for the production of mineral fertilizers,
come from mineral resources extracted mainly in Morocco
and China (Cordell & White, 2011; Schoumans et al., 2015).
Another source of P is municipal wastewater, which could
theoretically replace up to 50% of the mineral P fertilizer
applied annually in European agriculture (Egle et al., 2016).
Therefore, a long-term strategy is needed to provide nat-
ural nutrients and enable waste-based nutrient recycling,
especially for potentially critical raw materials like P. This
paradigm shift from wastewater treatment as disposal to
resource recovery requires new research approaches and
treatment technologies and must be guided by the appli-
cation of green engineering principles to ensure economic,

social and environmental sustainability (Peccia & Wester-
hoff, 2015). In recent years, most European legislation has
agreed on the use of the nutrient and energy value of sew-
age sludge, but due to transition periods and the conflict
between economic challenges and environmental safety,
the implementation of new technologies will take decades
(Christodoulou & Stamatelatou, 2016). Therefore, very little
P is currently recovered, as the economics of recovery from
waste streams are unfavorable compared to P extracted
from mining. The economics could change in the near
future as depletion of reserves leads to higher extraction
costs and the peak of phosphorus mining could occur by
2030 (Elser & Bennett, 2011). The total value of P recycling
should therefore be considered, including social and envi-
ronmental aspects (Mayer et al., 2016). The data and the
framework for modeling the environmental impact of these
elusive aspects of recycling management can be provided
by LCA (Haupt & Hellweg, 2019).
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Existing sewage sludge treatments such as co-combus-
tion in the cement industry or in lignite-fired power plants
reduce the P concentration in the ash and thus make P ex-
traction more difficult and expensive. An ideal technology
should offer maximum P recovery rates, good fertilization
properties of the product, removal and destruction of po-
tentially hazardous substances and low environmental and
economic risks (Egle et al., 2016; Leinweber et al., 2018).
Therefore, the pyrolysis of sewage sludge is a promising
approach to implement a circular economy for nutrients
and to eliminate pathogens and other organic pollutants
(Bridle & Pritchard, 2004; Fristak et al., 2018; Glaser & Lehr,
2019; Méndez et al., 2013; Paz-Ferreiro et al., 2018) and
carbon sequestration to fight the climate crisis (Alhashimi
& Aktas, 2017; Ennis et al., 2012). Furthermore, pyrolysis
fixes and immobilizes the heavy metals in the biochar ma-
trix so that the risk of leaching is minimized compared to
the direct agricultural application of the sludge (Agrafioti et
al., 2013). In the past, several life cycle assessment (LCA)
studies of fast pyrolysis, slow pyrolysis and intermedi-
ate pyrolysis of sewage sludge have been carried out to
evaluate the sustainability of thermochemical conversion
treatments of sewage sludge (Cao & Pawtowski, 2013; Li
& Feng, 2018; Marazza et al., 2019; Salman et al., 2019;
Samolada & Zabaniotou, 2014; Teoh & Li, 2020).

In this study, a LCA of the pyrolysis of digested sewage
sludge with a special focus on different, biochar applica-
tions was carried out and the results were compared with
the usual process chain of sewage sludge mono-incinera-
tion with subsequent ash landfilling excluding P-recovery.
Besides an energetic and environmental evaluation of py-
rolysis as a treatment process for sewage sludge, one goal
was to determine the best utilization of sewage sludge bi-

ochar. Secondary aspects of this study focus on nutrient
recycling ability, especially for P (Fritak et al., 2018), and
the carbon sequestration potential of the biochar produced
(Schmidt et al., 2018).

2. METHODS
2.1 Energy and material flows

In order to calculate all material and energy flows for
the treatment process itself and the subsequent biochar
application, a model for the process chains has been gen-
erated in the LCA software GaBi ts. It was assumed that
the substrate originates from the anaerobic digestion of
sewage sludge in an existing wastewater treatment plant
(WWTP) with total solids (TS) content of 5% (volatile solids
(VS): 48%). In the model the main parameters of the de-
watering, the subsequent drying and the pyrolysis process
were set to the following values (Table 1).

2.1.1 Material flows

Since all sewage sludge can contain heavy metals and
potentially toxic inorganic and organic components, an un-
treated return of the sludge to the environment is no longer
recommended. While organic compounds react during the
pyrolysis process, heavy metals cannot be destroyed and
accumulate in the biochar. The concentrations of heavy
metals must be carefully monitored due to their potential
toxic risk (Bauer et al., 2020; van Wesenbeeck et al., 2014),
although they may be immobilized by the pyrolysis process
(Agrafioti et al., 2013). The milder thermal reaction con-
ditions during pyrolysis can destroy harmful organic sub-
stances while maintaining the bio-availability of nutrients
such as nitrogen (N), potassium (K) and P, in contrast to
the high temperatures during mono-incineration (Glaser &

TABLE 1: Parameters of digested sewage sludge pyrolysis in the LCA model.

Process Step Unit Value

Range Reference

Dewatering of the sludge

Input: digested sewage sludge [kal 1 - Functional unit

Input: total solids [%] 5 - ecoinvent database
Flocculant [a] 0,55 0,4-0,7 (Denkert et al., 2013)
Electricity [kJ] 7.2 6,1-8,4 (Denkert et al., 2013)

Output: total solids [%)] 25 22-30 (Denkert et al., 2013)

Drying of the dewatered sludge

Electricity [kJ] 36 32-38 Calculated?

Thermal energy [kJ] 612 590-650 Calculated?

Output: total solids [%] 80 78-89 Calculated®

Pyrolysis

Thermal energy [kJ] 79 50-112 Calculated®

Electricity [kJ] 21 15-36 Calculated®

Pyrolysis temperature [°C] 550 450-700 Estimated®

Residence time [h] 1 0,3-3 Estimated®

Output: biochar [a] 23 21-30 (Tomasi Morgano et al., 2018)
Output: gas and liquid [a] 30 23-32 (Tomasi Morgano et al., 2018)

2Data from (ELIQUO, 2020) and (Jacobs et al., 2019) ® Data from (PYREG, 2020) and (Tomasi Morgano et al., 2018)
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Lehr, 2019; Paneque et al., 2019). To determine the best
utilization of biochar, flows and accumulation of heavy
metals, organic pollutants and valuable nutrients were
modeled using the LCA software. It was assumed that the
liquid phase and the gas produced as byproducts in pyrol-
ysis processes will be incinerated on site to generate ther-
mal energy for sludge drying and heating up the pyrolysis
process. The press water from the dewatering of digested
sewage sludge containing organic substances and nutri-
ents is treated in the on-site WWTP, balanced according to
their loads.

2.1.2 Energy flows

The energetic modeling of the pyrolysis process was
carried out using literature and industrial data. Values for
other energy flows, e.g. the electricity required for the dewa-
tering process, were also taken from literature. The emis-
sions of the aggregated background processes originate
from the databases of GaBi and ecoinvent and the data for
the benchmark process of sewage sludge mono-inciner-
ation were taken from the ecoinvent process, which was
adapted to the geographical framework conditions.

2.2 Life Cycle Assessment

The LCA was carried out according to the requirements
of the ISO 14040 and 14044 standards (Deutsches Institut
fiir Normung, 2009).

2.2.1 Functional Unit

In order to compare the pyrolysis of sewage sludge with
the given process of mono-incineration and possible other
thermochemical treatment methods such as hydrothermal
carbonization (Gievers et al., 2019), the functional unit (FU)
was defined as "Treatment of 1 kg of sewage sludge after
anaerobic digestion with a total solids content of 5%".

2.2.2 System Boundary

Because mono-incineration currently is mostly recom-
mended as a treatment method for sewage sludge, this
technology was used as a benchmark process with which
pyrolysis was compared. The system boundary of the mod-
eled system includes the dewatering, drying and pyrolysis

system boundary

evaporated
water

WWTP

effluent

of sewage sludge, possible transportation and storage,
power and heat generation and four different biochar appli-
cations. The energy for the pyrolysis was provided as elec-
tricity and thermal energy for the operation of the plant. In
this study, the energy content of the pyrolysis gas and the
pyrolysis liquid phase was too low to cover the demand for
both sludge drying and pyrolysis, so additional energy from
the combustion of biogas from sewage sludge digestion
was used to provide the required process heat. This was
particularly necessary for the start-up phase of the pyroly-
sis and the upstream drying process. For the utilization of
the biochar the avoided burden approach was chosen to
take into account the emissions of the processes replaced
by the pyrolysis process chains. The use of biochar as a
fuel replacing lignite or as a fertilizer replacing NPK fertiliz-
ers and peat was compared with the incineration and appli-
cation of the fossil-based products. For a cascade use of
biochar in the biogas process and in agriculture, the saving
of maize silage due to the higher biogas yield with biochar
was considered. The substitution of lignite was balanced
by the energy content of biochar for co-incineration in lig-
nite power plants using existing incineration capacities.
The credits for peat in horticulture were calculated by
weight, as well as the credits for the fertilizing properties of
biochar, adjusted with equivalence factors. For the avoided
NPK fertilization, the nutrient content of the biochar was
counterbalanced. A total of four different utilization paths
(S1-S4) were analyzed and compared with the benchmark
process in terms of emissions (Figure 1).

2.2.3 Modeling Framework

As pyrolysis is not yet a market-penetrating technolo-
gy for sewage sludge treatment, it is unlikely that the pro-
duction and use of biochar as fuel or material will lead to
structural changes in the fuel and fertilizer markets in the
near future. Therefore, the current study is considered a
microlevel decision support (type A) situation according to
the ILCD guidelines where an attributional approach was
applied in the assessment with generic data from the LCA
databases of GaBi and ecoinvent for the background sys-
tem. The foreground system includes the process-based
model of dewatering, drying, pyrolysis and biochar utiliza-

dewatering |—>| drying |—>| pyrolysis

thermal energy
recycling

oil

gas

=P co-incineration <=

" credits for: I
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FIGURE 1: System boundary of the investigated sewage sludge to biochar process chains.
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tion. Credits were accounted for cases of aggregated pro-
cesses with substitution of commaodities. The geographi-
cal framework of the LCA was the EU.

2.2.4 LCA-software and Life Cycle Inventory (LCI) data

The processes were modeled with the LCA soft-
ware GaBi ts (Version 10, sphera solutions GmbH, Lein-
felden-Echterdingen, Germany). Life cycle inventory (LCI)
datasets provided by GaBi and ecoinvent (v3.6) (Wernet et
al., 2016) were used as data background. Some data con-
cerning the dewatering, drying, pyrolysis and some auxilia-
ry flows were either estimated, calculated or taken from the
literature (see Table 1). The biochar characteristics for the
LCI were adopted using the values of Table 2. Additional
information on LCI data can be found in the supplementary
material.

2.2.5 Life Cycle Impact Assessment (LCIA)

Life Cycle Impact Assessment (LCIA) was performed
using the ReCiPe 2016 midpoint methodology, as imple-
mented in GaBi ts. In this paper the focus is on GWP meas-
ured in kg CO, eq. (incl. biogenic carbon) with a Hierarchist
(H) perspective, which is based on the most common policy
principles and uses a medium time frame of 100 years (Hu-
ijbregts et al., 2017). In order to obtain a complete picture
of the environmental impacts of sewage sludge pyrolysis,
further LCIA categories were evaluated according to the

TABLE 2: Biochar characteristics.

ReCiPe method: Stratospheric Ozone Depletion, lonizing
radiation, Fine Particulate Matter Formation, Freshwater
Eutrophication, Freshwater Ecotoxicity, Marine Eutrophica-
tion, Marine Ecotoxicity, Terrestrial Acidification, Terrestrial
Ecotoxicity, Fossil depletion and Human toxicity (cancer
and non-cancer).

2.2.6 Assumptions and limitations

Due to the lack of data from users of sewage sludge-
based biochar in an industrial scale, the material flows
including transport routes, the weighting and use of mod-
ifications from generic data were determined on the basis
of reasonable assumptions, data from pilot plants and lit-
erature. In addition, the geographical scope only includes
energy mix data from the European Union and only four
scenarios were modeled for the use of biochar and one
scenario for the benchmark process of mono-incineration
and ash landfilling without P recycling. The system bound-
ary is limited to the treatment process after the anaerobic
digestion and includes the construction and decommis-
sioning of the pyrolysis plant, the actual pyrolysis process
with the incineration of the gas and liquid phase and subse-
quent heat recovery for sludge drying and linked additional
energy supply. Sludge generation processes in WWTP and
subsequent sludge digestion were not in the scope of the
study. The storage and transport of biochar by truck in the
four different scenarios as well as the handling and credits

Biochar Characteristics Unit Value Source

C content [kg kg 0,134 (Breulmann et al.,, 2017; Paneque et al., 2017)
C,.ic CONtent [%] 2 (Breulmann et al., 2017)

bulk density [Mgm 3] 0,2 (Breulmann et al., 2017)
calorific value [MJ kg] 8,6 (Tomasi Morgano et al., 2018)
P content [kg kg 1] 0,061 (Breulmann et al., 2017)

K content [kg kg 1] 0,012 (Breulmann et al., 2017)

N content [kg kg 1] 0,009 (Breulmann et al.,, 2017; Paneque et al., 2017)
Biochar application rate [Mg ha'] 20 estimated

As content [mg kgl 14 (Song et al., 2014)

As leaching concentration [mg kgl 3,2 (Song et al., 2014)

Zn content [mg kgl 1784 (Song et al., 2014)

Zn leaching concentration [mg kgl 6,4 (Song et al., 2014)

Pb content [mg kg] 95,7 (Song et al., 2014)

Pb leaching concentration [mg kg] 18 (Song et al., 2014)

Ni content [mg kg] 61,5 (Song et al., 2014)

Ni leaching concentration [mg kgl 0,3 (Song et al., 2014)

Cd content [mg kg] 33 (Song et al., 2014)

Cd leaching concentration [mg kgl 0,07 (Song et al., 2014)

Cr content [mg kg] 58 (Song et al., 2014)

Cr leaching concentration [mg kg 0,2 (Song et al., 2014)

Cu content [mg kgl 329 (Song et al., 2014)

Cu leaching concentration [mg kgl 0,7 (Song et al., 2014)

PAH (sum) [ug kg] 665 (Zielinska et al., 2016)
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are included in the system. Where the handling of biochar
was not the only activity associated with a process, e.g.
the manufacturing of a tractor for use on a farm, the cor-
responding flows were either allocated (e.g tractor) or ne-
glected (e.g. potential adjustments to the biogas infrastruc-
ture). In general, it was estimated that 98% of the material
and 95% of energy flows were captured in the model. Since
sewage sludge is a very inhomogeneous material whose
chemical and physical characteristics can vary greatly de-
pending on regional, technical, and seasonal conditions
(Twardowska et al., 2004), the most average possible val-
ues for the various material and energy flows as well as the
biochar and by-products produced were used based on an
extensive literature and industrial data research.

Therefore, the uncertainty for that kind of substrate
is generally high. Since there is a large variety within the
parameters, depending on the technical conditions in the
wastewater treatment plant (high substrate diversity), the
geographical conditions and the lack of data on the appli-
cation of sewage sludge biochar on a large scale, the un-
certainty is high in comparison to a specific (future) case,
where sludge, pyrolysis and biochar parameters are well
defined through industrial data and a pyrolysis treatment
and a biochar utilization route are established. For the ap-
proach in this particular study where the goal was to cover
a general European scope and not a specific WWTP and
pyrolysis configuration, values out of many studies were
conducted to specific aspects of the biochar and technical
properties. Thus, the results of the LCA will also be subject
to a high degree of uncertainty, which is immanent due to
the different conditions and the chosen frame of reference.
In addition, many of the generic inventories from the data-
bases are representative of Global or German rather than
European conditions, which, in turn decreases the certainty
of model outcomes.

3. RESULTS AND DISCUSSION
3.1 Energy and material flows

The material flows of the entire process chain of treat-
ment of digested sewage sludge and the thermal energy

Effluent

Digested Sludge Thickened Sludge

flows of the pyrolysis process with thermal energy recovery
were investigated to identify the most important processes
and to determine possible options for their optimization.
Regarding material flows, the largest mass loss was ob-
served in the thickening process, where about 80% of the
sludge mass can be reduced. In general, only very little of
the initial sludge mass is treated by pyrolysis due to the
high water content and the necessary pre-treatment for the
pyrolysis process, which results in a total solids contents
of over 80% in the dried sludge. About 2,3% of the input
sludge mass ends up in the biochar and 3% in the oil and
gas phase (Figure 2). Therefore a suitable pre-treatment
leading to high total and volatile solids loads should be
applied (Skinner et al., 2015) to achieve a good energetic
performance of the pyrolysis and high biochar yields (Barry
et al., 2019; Cao & Pawtowski, 2012). The treatment of the
process water from the thickening process also requires
an appropriate process to reduce the chemical oxygen de-
mand (COD) and nitrogen load in the effluent with the aim
to improve the environmental performance of the entire
process chain (Gourdet et al., 2017). In general, a sludge
mass reduction of 97% can be achieved over the entire pro-
cess chain, which underlines its application as an efficient
treatment process for volume reduction and increasing the
transportability of the sewage sludge.

The analysis of the thermal energy flows of the pyroly-
sis process with energy recycling in the process itself and
the upstream drying process shows that 86% of the thermal
energy is used for water evaporation in the drying process
(Figure 3). Around 52% of the total thermal energy required
can be supplied by the combustion of the pyrolysis oils and
gases, while 48% is supplied externally from biogas gen-
erated by the WWTPR, which is also reflected in the results
of Salman et al. (2019). Drying of the sludge can therefore
be supported by the downstream treatment process with
additional energy from the upstream digestion process.
As the energy recovery potential is strongly influenced by
the content of volatile solids in the sludge raw material, it
would make sense to use primary and secondary sludge
as substrate, but in general the combination of anaerobic

I Digested Sludge
I Thickened Sludge
Il Dried Sludge
I Biochar

I Gas and Oil

I Effluent

I Water

Gas and Oil

Dried Sludge
Biochar

FIGURE 2: Material flows of sewage sludge thickening, drying and pyrolysis.
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Il Thermal Energy (Pyrolysis)
I Thermal Energy (Biogas)
I Thermal Energy

0,34 MJ

External Energy

(Biogas)

FIGURE 3: Thermal energy flows for the drying and pyrolysis of sewage sludge with an initial total solids content of 5%.

digestion and pyrolysis could achieve a higher energy effi-
ciency compared to pyrolysis of untreated sludge (Cao &
Pawtowski, 2012).

3.2 Benchmark process of sewage sludge mono-in-
cineration

The benchmark process of sewage sludge digestate
mono-incineration was based on a process from the ecoin-
vent database: [Jungbluth, N., treatment of digester sludge,
municipal incineration, future, CH, Substitution, consequen-
tial, long-term]. The functional unit of the process refers to
the mono-incineration of 1 kg of wet sludge with 5% dry
solids and is therefore comparable to the results of the py-
rolysis model. As commercial pyrolysis of sewage sludge
has not yet reached a significant market share, a process
adapted by ecoinvent with future emission reductions was
chosen as a benchmark process. For the GWP this bench-
marking process led to emissions of 7,5 g CO, eq./kg sew-
age sludge.

3.3 Overall GWP of sewage sludge pyrolysis and bi-
ochar application

The distributions of emissions for the sewage sludge
treatment process with subsequent utilization scenarios of
the biochar were analyzed to identify their environmental
impact based on the GWP (Figure 4). Regarding the four
biochar scenarios studied, horticultural use of biochar
had the lowest net greenhouse gas (GHG) emissions of
1,6 g CO, eq./kg sewage sludge. The lignite-fired power
plant scenario led to net emissions of 4,2 g CO, eq./kg
sewage sludge and the scenario with cascade use of bi-
ochar resulted in total net emissions of 4,9 g CO, eq./kg
sewage sludge. All these three scenarios had a lower GWP
than the benchmark process of mono-incineration. The
scenario of agricultural use of biochar had total emissions
of 19,8 g CO, eq./kg sewage sludge. Credits for agricultural
use of biochar are the lowest of all scenarios due to the rel-
atively low impact of fossil-based fertilizers and the carbon
sequestration potential of biochar compared to the substi-
tution of fossil-based materials such as lignite or peat. In
contrast to the findings, Mills et al. (2014) calculated a total

saving of 30,5 g CO, eq./kg sewage sludge with a slightly
different system configuration and system boundary, main-
ly due to electricity generation credits from the pyrolysis
process, whereas Li & Feng (2018) illustrated positive net
emissions for a comparable system. Overall, the treatment
of digested sewage sludge with dewatering, drying and
pyrolysis resulted in emissions of around 25 g CO, eq./kg
sewage sludge. The contribution of dewatering to the to-
tal emissions of the treatment was 29% and that of drying
accounted for 57%. Emissions resulting from the pyrolysis
process and the use of the generated liquids and gases
for sludge drying contributed 14% of total treatment emis-
sions. The emissions occurring during drying and dewater-
ing underline the importance of the sludge water content
for optimizing the environmental impact of the treatment
process. The energy consumption for drying the dewatered
sludge generates the greatest contribution to the energy
demand of the whole process chain (Table 1) and to the
CO, eq. emissions (Figure 4). As a wide range of energy
consumption of dewatering technologies can be observed
(Yoshida et al., 2013), an energetic optimisation option of
the sludge pyrolysis process chain would be to increase
the dry solids and carbon content of the digested sewage
sludge with the most energy efficient dewatering technol-
ogy before the drying process. Another option for further
process improvements would be the co-pyrolysis of car-
bon-rich waste streams such as biowaste. Miller-Robbie et
al. (2015) showed that combining agricultural application
of sewage sludge with the addition of yard trimmings-bio-
char could reduce GHG emissions by sequestering carbon
in the soil and avoiding fertilizer requirements.

In comparison to the mono-incineration of sewage
sludge, the co-incineration of biochar in lignite power plants
has a slightly lower emission potential of 4,2 g CO, eq./kg
sewage sludge. However, due to the imminent phase-out of
lignite-based electricity generation in the future and the asso-
ciated reduction in co-combustion capacities, as well as the
high emissions of the burned lignite, it does not make sense
to pursue this utilization path further. In addition, the P con-
centration in the co-incineration ash would be further diluted
and P could not be recycled as with material biochar use.
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FIGURE 4: Global warming potential (GWP) of the four investigated scenarios of sewage sludge pyrolysis in comparison to the benchmark

process.

3.4 GHG savings through biochar as a carbon se-
questrator and nutrient recycler

Figure 5 shows the GHG emissions of the scenarios
resulting from the application of biochar and the gen-
erated credits. The greatest amount of GHG reduction
(19 g CO, eq./kg sewage sludge) was observed for the
substitution of peat in horticulture. In the case of cascade
use in a biogas plant and in agriculture, the substitution of
maize silage due to the higher digestion performance (Yue
et al., 2019) of 1% could achieve a saving of 15 g CO, eq./
kg sewage sludge.

The carbon sequestration potential of biochar when
used in agriculture or horticulture is relatively low at

2 g CO, eq./kg sewage sludge, as the stable carbon con-
tent of biochar from sewage sludge is also very low at
around 13%. The carbon sequestration capacity of biochar
could be increased by broadening the substrate spectrum,
for example by using activated sludge for pyrolysis instead
of digested sludge (Cao & Pawtowski, 2012). With around
4 g CO, eq./kg sewage sludge, the substitution of fos-
sil-based NPK fertilizers contributed to the emission sav-
ings, mainly due to the P content of the biochar.

For the scenario of co-incineration of biochar in lig-
nite-fired power plants, savings of 21 g CO, eq./kg sewage
sludge were observed when energy from fossil lignite was
substituted. In general, the contributions to emission re-

GWP [g CO, eq.]

0 - I
5

-10

-15

-20

M Substrate

M Nutrients

B Carbon Sequestration

M Transportation
Cultivation

H Fuel

0 Net Emissions of Biochar
Utilization

Agriculture Horticulture

Biogas +

Lignite

Agriculture Power Plant

FIGURE 5: GHG emissions of different applications of biochar produced from 1 kg digested sewage sludge.
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duction through carbon sequestration and P recycling of
biochar are below the credits derived from replacing fos-
sil materials such as lignite and peat. In all scenarios, the
emissions caused by the transport and handling of biochar
were comparably low. Furthermore, the results show that
cascade use of biochar could increase the benefits com-
pared to single use.

3.5 Results of other LCIA categories

To evaluate the overall environmental performance of
the sewage sludge-to-biochar system, several LCIA catego-
ries in addition to GWP were evaluated and compared to the
benchmark process. The net emissions for each scenario
(S1-S4) are shown in Table 3 and the comparison with the
benchmark process (100%) is illustrated in Figure 6.

Figure 6 shows the percentage of net emissions of the
different scenarios compared to the benchmark. For all
scenarios (S1-S4), results for impact categories regarding
(terrestrial, freshwater and marine) ecotoxicity and (fresh-
water and marine) eutrophication were all lower than the
benchmark impacts (0,1% to 40%), although nutrient flows
and potential toxic contaminants like heavy metals and
polycyclic aromatic hydrocarbons (PAH) were included
in the model. In contrast, impacts on terrestrial acidifica-
tion, ionizing radiation and stratospheric ozone depletion
exceeded benchmark emissions up to 190%. Compared
to the benchmark scenario, each scenario resulted in very
low human toxicity (cancer), freshwater ecotoxicity and
marine ecotoxicity potential, regardless of whether the bio-
char was used as a material or as an energy source (2-3%).
The emissions contributing to this impact category depend
mainly on the heavy metal content of the biochar and its
re-solubility into the environment, but also on the relatively
high loads of heavy metals (e.g. chromium) of the generic
benchmark process in comparison. Non-cancer human tox-
icity results were also lower than the benchmark emissions
in all scenarios. The category with the greatest differences
within the scenarios was fossil depletion. For the substitu-

TABLE 3: LCIA emissions of the investigated scenarios (S1-S4).

tion of lignite overall savings of -30% could be accounted
while for the agricultural use (S1) and the combined biogas
and agricultural use (S3) fossil depletion were higher than
the baseline (170% and 157%) which was mainly due to the
higher consumption of fossil fuels by agricultural activity
(S71 and S3) and the substitution of lignite (S4). For terres-
trial acidification, only S3 had lower emissions compared
to the benchmark (71%) which can be explained with the
credits from the saved maize cultivation. A similar pattern
is also evident for stratospheric ozone depletion, where the
biogas and agriculture scenario had a lower impact com-
pared to the benchmark (62%). Only in this category the
horticultural scenario (S2) performed the worst, resulting
in the highest emissions of 146% compared to the bench-
mark.

In general, the cascade use of biochar in biogas plants
and agriculture (S3) resulted in the lowest impact in most
categories, with exception of GWP, ionizing radiation and
fossil depletion. The horticulture scenario (S2) was the
best in terms of GWP impacts and due to peat substitution,
the fossil depletion potential was very low. Even the co-in-
cineration scenario in lignite power plants (S4) in some cat-
egories can lead to lower impacts compared to the bench-
mark. This can be explained by the very poor environmental
performance of lignite combustion for power generation
compared with the European grid mix. However, the materi-
al use of biochar showed no environmental hotspot in crit-
ical categories for agricultural use such as eutrophication
or ecotoxicity compared to the benchmark, although all
potentially critical substance flows such as heavy metals
and PAH were represented in the model. For example, the
innovative use of biochar in a cascade to exploit multiple
positive effects can achieve nutrient recycling while keep-
ing the environmental impacts low.

3.6 Sensitivity analysis

Sensitivity analyses were conducted for (1) the elec-
tricity and thermal energy consumptions of the pyrolysis

Scenario Benchmark
LCIA Category (ReCiPe, 2016) Unit
Agri (S1) Horti (S2) Biogas + Agri (S3) Lignite (S4) Mono-Incineration

Global Warming Potential [kg Co, eq.] 1,98E-02 1,62E-03 4,91E-03 4,23E-03 7,45E-03
Fine Particulate Matter Formation [kg PMZ'5 eq.] 2,79E-05 2,52E-05 1,87E-05 2,83E-05 2,64E-05
Fossil Depletion [kg oil eq.] 4,84E-03 6,73E-05 4,48E-03 -8,43E-04 2,85E-03
Freshwater Ecotoxicity [kg 1,4 DB eq.] 8,46E-05 6,10E-05 3,92E-06 8,37E-05 2,81E-03
Freshwater Eutrophication [kg P eq.l 1,01E-05 9,66E-06 8,11E-06 2,69E-05 6,69E-05
lonizing Radiation [Bg. Co-60 eq. to air] 7,45E-04 6,60E-04 7,14E-04 7,47E-04 3,94E-04
Marine Ecotoxicity [kg 1,4 DB eq.] 1,10E-04 7,91E-05 1,52E-05 1,08E-04 3,39E-03
Marine Eutrophication [kg N eq.] 5,51E-05 5,51E-05 4,42E-05 5,50E-05 1,56E-04
Stratospheric Ozone Depletion [kg CFC-11 eq.] 1,10E-07 1,15E-07 4,86E-08 1,05E-07 7,86E-08
Terrestrial Acidification [kg SO, eq.] 1,07E-04 1,03E-04 5,06E-05 1,04E-04 7,17E-05
Terrestrial Ecotoxicity [kg 1,4 DB eq.] 1,18E-02 8,15E-03 7,58E-03 7,19E-03 2,53E-02
Human Toxicity, cancer [kg 1,4 DB eq.] 1,53E-04 1,17E-04 1,05E-04 1,52E-04 5,09E-03
Human Toxicity, non-cancer [kg 1,4 DB eq.] 2,16E-02 2,06E-02 9,62E-03 1,37E-02 2,89E-02
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FIGURE 6: LCIA results of different biochar applications compared to the benchmark scenario of mono-incineration.

process, the drying step and the dewatering process, (2)
the nutrients (N, P, and K), Carbon and heavy metals (Pb,
Cd and Cr) contents of the biochar for the scenarios with
material use of biochar (S1-S3) and (3) the calorific val-
ue of the biochar for scenario S4. Within the parameter
variation, all other parameter values were the same as
in the reference scenario or as in the baseline values in
the scenarios S1-S4. Sensitivity of parameters changes
(£10%) to LCIA results was conducted by comparing LCIA
results with and without parameter changes. If the ratios
are positive, the environmental impact increases with an
increase in the parameter value and vice versa (see Sup-
plementary Material, Table A.3, Table A.4, Table A.5, Table
A.6 and Table A.7). Parameters with an absolute LCIA
category change of less than 2,5% are considered insen-
sitive. For the sake of clarity, only the results for the most
sensitive parameters were explained further. Regarding
the influence of the increased electricity demand of the
pretreatment steps and pyrolysis, a small net emission in-
crease of about 2,5% in the pyrolysis process and 3,3% in
the drying process could only be found for fossil depletion
and ionizing radiation, resulting from the generic electric-
ity mix based on partially nuclear and fossil fuels electric-
ity. The sensitivity of heat demand for the drying process
indicates, that a minute variation can have a major effect
on the resulting impacts, which was also revealed by Cao
& Pawtowski (2013). For the GWP an increase of 8,4% and
for fossil depletion an increase of 3,9% were determined
for an heat demand increase of 10%. Other categories with
a noteable increase were marine ecotoxicity and marine

eutrophication (13,8% and 3,5%), freshwater eutrophi-
cation (3%), stratospheric ozone depletion (14,3%), fine
particulate matter formation (13,9%) and terrestrial acid-
ification (13,4%). In general, higher electricity and thermal
energy demands resulted in higher emissions in the re-
spective categories due to the associated emissions with-
in the generic processes. In particular, the model is quite
sensitive to the thermal energy input of the drying process.
These results are consistent with earlier work from Li &
Feng (2018), which found that the dewatering and drying
processes also played a key role in the determination of
the assessment results.

Results for the biochar characteristics variation (2)
showed that only the C and P concentrations affected the
categories GWP and fossil depletion in nearly all scenar-
ios. In general, it was found that an increase in nutrient
and carbon levels caused a reduction in emissions. This
can be explained by the credits from the avoided product
systems and the C sequestration properties of the biochar,
although the C sequestration potential is highly variable
and depends on the particular soil conditions and biochar
substrates (Schmidt et al., 2018) and in some cases an in-
crease in the C content of the biochar may even result in
a lower C sequestration potential (Santin et al., 2017). In
addition, Li & Feng (2018) showed that varying the VS/TS
ratio, and thus the carbon content, in the feedstock sludge
can lead to very different environmental impact profiles.
An increase or decrease in leachable heavy metal contents
had no significant effect on any category, also not to the
toxicity-relevant.
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The sensitivity regarding the calorific value of the bi-
ochar was high for GWP, fossil depletion, terrestrial acidi-
fication, terrestrial ecotoxicity and particulate matter for-
mation where a 10% increase had a decrease in emissions
of -56% 1o 56,0%, -8% to -8,0% and -3% to -3,0%. The main
reason for that was the substitution of fossil-based energy
from lignite. Since the modeled emissions from biochar are
based on carbon content and not calorific value, there is
greater uncertainty in the model regarding the energy use
of biochar. For this reason, energy use was evaluated as
a possible exception to the material utilization of biochar.

Other important assumptions concern substitution of
products and processes, because avoided impacts often
had a significant effect. Different choices concerning fer-
tilizing properties or the mix and amount of electricity and
thermal energy would have led to different results. In par-
ticular, the model is sensitive to the thermal energy input
of the drying process and the C and especially P content
of the biochar.

4. CONCLUSIONS

Energy and nutrient recovery from sewage sludge rep-
resents an important strategic lever for sustainable man-
agement of sewage sludge in an emerging bioeconomy.
In this study, a LCA was conducted to determine whether
pyrolysis is more sustainable than mono-incineration and
whether biochar can be a sustainable form of fertilizer that
simultaneously sequesters carbon. The results of the LCA
show that substituting fossil based material and fuel (peat
and lignite) with biochar has the highest potential to reduce
the climate change impact of sewage sludge treatment. In
comparison to the benchmark process of mono-incinera-
tion, the scenarios of biochar application in horticulture,
biochar in cascade use in anaerobic digestion and agricul-
ture and the energetic use in lignite power plant has lower
emissions. The analyses of the material flows show that
the main flows, which consist mainly of water, are sepa-
rated before the pyrolysis process. Thus, the pyrolysis pro-
cess can reduce the original sludge mass by 97%. It was
also revealed that the energy flows of the pyrolysis process
chain can achieve higher energy efficiency and lower emis-
sions if thermal energy from the pyrolysis process can be
recycled and biogas from the upstream anaerobic diges-
tion process can be used in the sludge drying process. For
the environmental performance examplified in the GWP,
the use of biochar as a material has a similar GHG saving
potential than its use in existing fossil fuel based power
plants. Especially if the biochar can be used in a cascade
(S3), first in anaerobic digestion to improve process param-
eters and then in agriculture to sequester carbon and close
the nutrient cycle, GHG savings can be generated. Remark-
ably, the use of biochar in agriculture without an additional
utilization step (S1) has a lower GHG savings potential than
the use in lignite-fired power plants (S4) and in horticulture
(S2). The overall environmental impacts determined from
the results of the other LCIA categories indicate that no
potential hot spots were detected. In particular, for critical
categories directly affected by biochar material use, such
as ecotoxicity to environmental compartments, human tox-

icity or eutrophication, the analysis showed that all biochar
use scenarios perform better than the benchmark. Howev-
er, six categories perform worse than the benchmark for
some scenarios: global warming potential, fossil depletion,
terrestrial acidification, ionizing radiation, and stratospher-
ic ozone depletion.

In general, improvements in LCIA methodology are
needed in order to evaluate future benefits of the sludge
treatment process and biochar utilization, such as recy-
cling of nutrients and soil improvement aspects and gener-
al improvements like pathogen reduction. For biochar as a
carbon sequestrator, a high carbon content in the untreated
sludge is needed with suitable process settings of the py-
rolysis. Further LCA studies should therefore be carried out
with different input sludges and various volatile solids con-
centrations. With regard to the recyclability of P through
the pyrolysis process, it was determined that almost the
entire P content of the sludge is accumulated in the bio-
char. This could ensure an effective nutrient recycling with-
out any further downstream treatment. Overall, the results
show that in some cases, compared to the incineration of
sewage sludge, it is possible to reduce GHG emissions
while at the same time closing the P and (partially) the C
cycles and minimizing environmental risks of potentially
toxic substances like heavy metals or PAH.
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