[ ]
Multidisciplinary Journal for
Circular Economy and Sustainable
Management of Residues

I

CISA

HYDROTHERMAL CARBONIZATION OF SEWAGE SLUDGE - AN
EFFECTIVE APPROACH TO TREAT AND MANAGE SEWAGE SLUDGE

IN RURAL AREAS OF GERMANY?

Tommy Ender '*, Vicky Shettigondahalli Ekanthalu ' and Michael Nelles 2

" Department of Waste and Resource Management, Faculty of Agricultural and Environmental Sciences, University of Rostock, D-18059

Rostock, Germany

2 Deutsches Biomasseforschungszentrum gGmbH (DBFZ), D-04347 Leipzig, Germany

Article Info:
Received:

2 February 2023
Revised:

27 July 2023
Accepted:

4 August 2023
Available online:

30 September 2023

Keywords:

Hydrothermal carbonization
Nutrient recovery
Phosphorus recovery
Sewage sludge utilization
Rural areas

ABSTRACT

As the result of new regulation from the German Sewage Sludge Ordinance (Ab-
fKIarV 2017) and the future obligation to recover phosphorus, thermal treatment
(mono-incineration) has become increasingly popular, whereas land-based utiliza-
tion has decreased. Germany has produced 1.71 million metric tons (dry matter)
of sewage sludge in the year 2021. Sewage sludge contains important nutrients
such as phosphorus but also heavy metals and organic pollutants making the di-
rect utilization of sewage sludge in agriculture controversial. Rural areas in partic-
ular have benefited from land-based sewage sludge utilization however the future
ban on direct land-based utilization is forcing them to find alternative solutions for
sewage sludge treatment and management. Hydrothermal carbonization (HTC) has
developed considerably over the last 15 years and offers a viable alternative for the
utilization of municipal and industrial organic waste such as sewage sludge. The
process takes place in an aqueous environment without the need for pre-drying sew-
age sludge and thereby facilitating direct processing. HTC is especially suitable in
combination with the recovery of nutrients like phosphorus. Technologies to recover
this essential resource are important because phosphorus is an element that cannot
be substituted and is therefore essential. HTC could make a significant contribution
to sewage sludge management in combination with phosphorus recovery. However,
the technology has yet to establish itself as a sewage sludge valorization process
(2023) and is not yet a recognized state-of-the-art. Nevertheless, the HTC technology
could gain greater relevance in the future, especially as an alternative valorization

1. INTRODUCTION

Sewage sludge is the waste generated from the treat-
ment of wastewater in wastewater treatment plants
(WWTP). The sludge is a by-product in addition to the
treated wastewater which contains nutrients and has to be
utilized (Huezo et al., 2021). Sewage sludge can be divid-
ed into primary, secondary and tertiary sludge (Roskosch
et al., 2018). Primary sludge is also known as pre-sludge,
is produced through sedimentation in primary clarifiers
during the mechanical-physical treatment of effluent. Sec-
ondary sludge is divided into return sludge and activated
sludge. Secondary sludge is separated from treated waste-
water in secondary clarifiers. The sludge produced during
further wastewater treatment is called tertiary sludge. For
instance, phosphate elimination processes used in down-
stream chemical purification produce this (Roskosch et al.,

pathway for sewage sludge in rural areas of Germany.

2018). The term raw sludge refers to non-stabilized or par-
tially stabilized sludge (AbfKlarV, 2017).

The Federal Statistical Office of Germany indicates
that 1,717,803 t DM (dry matter) of sewage sludge was
generated in the year 2021 (Destatis, 2023). The current
trend of sewage sludge utilization is greatly shifting to-
wards thermal utilization and no longer towards land-
based utilization. In addition to nutrients, sewage sludge
also contains heavy metals and organic pollutants mak-
ing its direct application for agriculture purposes difficult
(Aragon-Bricefio et al., 2021). In Germany, sewage sludge
disposal options have become progressively limited as a
result of advanced environmental policies and the laws
that have been adopted over the last decade. Accord-
ing to the German Sewage Sludge Ordinance (AbfKlarV
2017), sewage treatment facilities larger than 100,000
population equivalent (PE) and 50,000 population equiv-
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alents (PE) will no longer be allowed to recycle sewage
sludge for land-based utilization starting in 2029 and
2032, respectively. About 79% of the total amount of sew-
age sludge generated in 2021 (1,364,890 t DM) in Germa-
ny was thermally utilized (including mono- and co-incin-
eration among other thermal disposals) and the amount
of sewage sludge managed through land-based use and
landscaping is gradually declining. Figure 1 shows the
trend in sewage sludge utilization in Germany from 2015-
2021 (Destatis, 2023).

The sewage sludge producers are required by the Ger-
man Sewage Sludge Ordinance to recover phosphorus from
the sludge on a mandatory basis. Phosphorus recovery
from the ash or carbonaceous residue is done after the mo-
no-incineration of sewage sludge. Alternatively, the co-in-
cineration of sewage sludge can be done only after reduc-
ing the phosphorus content to at least 50% or to < 20 g P/
kg DM. The sewage sludge that resulted could only be used
thermally in co-incineration (e.g., cement plant, power plant,
waste incineration) after meeting this requirement (Ab-
fKlarV 2017; Mix-Spagl, 2017). All sewage sludge produc-
ers are required to voluntarily inform the relevant authority
by 31st December 2023 of their future plans for recovering
phosphorus. An obligation to recover phosphorus will come
into existence in the year 2029 for all WWTP that treat mu-
nicipal wastewater (Montag et al., 2022). Another consid-
erable regulation in the context of land-based utilization is
the German Fertiliser Ordinance (DUMV 2012). Among the
other regulations, this ordinance regulates the placing on
the market of fertilizers that are not designated as EG-fer-
tilizers (Roskosch et al., 2018). Furthermore, this regulation
classifies sewage sludge as an organic or organic-mineral
fertilizer and makes a provision to be used as fertilizer if
it meets the specified limits (Roskosch et al.,, 2018). In ad-
dition to the limit values in the Sewage Sludge Ordinance
(AbfKlarV 2017), those in the Annex to the German Fertiliser
Ordinance (DUMV 2012) also apply to the agricultural-based
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utilization of sewage sludge. As a result, the possibilities
for direct land-based utilization are limited especially in the
case of heavy metals.

The typical composition of sewage sludge is shown in
Table 1. Table 1 also depicts the limit values of the German
Fertilizer Ordinance (DUMV 2012) and German Sewage
Sludge Ordinance (AbfKlarV 2017) for direct land-based
applications. If sewage sludge does not comply with the
qualitative requirements of the German Fertilizer Ordi-
nance and German Sewage Sludge Ordinance, it has to be
recycled in other ways (Langenohl, 2015).

Stringent regulations from the German Sewage
Sludge Ordinance, (AbfKl&rV 2017) and the future obliga-
tion of phosphorus recovery has made thermal valoriza-
tion increasingly popular whereas land-based utilization
and landscaping have decreased. Rural areas in particu-
lar have benefited from land-based sewage sludge utili-
zation.

As previously stated, land-based application of sewage
sludge was the most common method for managing and
utilizing sewage sludge in rural areas. Since this recycling
method is about to be phased out, there is growing inter-
est in finding alternative ways to recycle sewage sludge
and recover phosphorus. In this concern, thermal valori-
zation (mono-incineration) of sewage sludge in combina-
tion with phosphorus recovery from ash might be widely
accepted. The primary requirement of sludge to be dewa-
tered and dried however makes the incineration process
cost-intensive and poses concerns related to the release
of toxic air pollutants (NO, SO,, and dioxins) if the incin-
eration process is not managed properly (Shettigondahalli
et al., 2022). Small and medium-sized WWTPs and munic-
ipalities will need to find alternative methods of sewage
sludge management and treatment in the future if they do
not have access to such thermal sludge valorization op-
portunities.

2018 2019 2020 2021

= Land-based utilization

Utilization bv landscapina m Other disposal

FIGURE 1: Development of the sewage sludge utilization in Germany 2015-2021 - data based on (DESTATIS, 2023).
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TABLE 1: Composition of digested and dewatered sewage sludge

according to Basse et al., 2012 and Roskosch et al., 2018.

Range for sewage

Limit values ac-
cording to DMV

Paramter Unit sludge 2012 or AbfKIArV
2017 [mg/kg DM]

Water Wt.-% (raw) 65-75

Ash Wt.-% (wf) 30-50

LHV MJ/Kg (raw) 1-2/10-12

c Wit.-% (wf) 33-50

H Wit.-% (wf) 3-4

) Wit.% (wf) 10-20

N Wit.-% (wf) 2-6

S Wt.-% (wf) 0.5-1.5

FI Wt.-% (raw) aprox. 0.01

Cl Wt.-% (raw) 0.05-0.5

P g/kg (raw) 2-55

Sb mg/kg (raw) 5-30

As mg/kg (raw) 4-30 40

Pb mg/kg (raw) 70-300 150

Cd mg/kg (raw) 1.5-45 1.5

Cr mg/kg (raw) 50 - 80

Cu mg/kg (raw) 300-350

Mn mg/kg (raw) 600 - 1,500

Ni mg/kg (raw) 30-35 80

Se mg/kg (raw) 1-5

Tl mg/kg (raw) 0.2-0.5 1

\Y% mg/kg (raw) 10-100

Hg mg/kg (raw) 0.3-2.5 1

Zn mg/kg (raw) 100-300 4,000

Sn mg/kg (raw) 30-80

AOX mg/kg DM 200 - 400 400

PCB6 mg/kg DM 0.01-0.02 0.1

PCDD/dI-PCB : mg/kg DM : 0.000005 - 0.0001 0.00003

2. HYDROTHERMAL CARBONIZATION OF
SEWAGE SLUDGE

2.1 Operating conditions and reaction pathway

Hydrothermal carbonization (HTC) is a promising al-
ternative for the management of sewage sludge and the
process used moist waste as a reaction medium to con-
vert biomasses into a lignite-like hydrochar. In contrast,
other thermo-chemical conversion processes such as in-
cineration and pyrolysis, are not suitable particularly for
moist municipal and industrial organic waste like sewage
sludge as it requires pre-drying (Wang et al.,, 2019B). A
major advantage of the HTC technology is the possibility
of processing the sewage sludge directly without further
drying. As a result, the mechanically dewatered sewage
sludge generated at WWTP could be processed directly
(Wang et al., 2020). HTC has gained increasing interest
from the research community and there are many scientific
studies dealing with the hydrothermal treatment of sewage

sludge like digested sludge (Huzeo et al., 2021), and raw
sludge (Blach and Engelhart, 2020) or primary sludge (Dan-
so-Boateng et al., 2015).

HTC converts sewage sludge into a carbonaceous
product (hydrochar) while simultaneously recovering phos-
phorus from it by utilizing moisture present in sewage
sludge as a catalyst, reactant, and solvent (Kruse et al.,
2013). The sewage sludge is converted to a carbonaceous
product under temperatures (180°C-280°C) and pressures
below the saturation vapor pressure in several parallel or
serial chemical reaction mechanisms (Reza et al., 2014a).
During the process a series of reactions results in numer-
ous dissolved intermediates. Polymers like carbohydrates
first break down into simpler components (e.g., di- and
monosaccharides) by hydrolysis. The hydrolysis of cellu-
lose produces glucose and fructose. Lignin, on the other
hand, is converted to phenol (Kruse et al., 2013). As the
HTC process continues, various platform chemicals such
as 5-HMF (5-(Hydroxymethyl)-2-furaldehyde), furfural, or
levulinic acid are formed. Furthermore, Maillard reactions
take place at certain reaction temperatures and reaction
times, which contributes to the formation of hydrochar but
also leads to high contents of total organic carbon (TOC)
and total nitrogen (TN) in the resulting HTC process water
(Xu et al., 2022; Djandja et al., 2021). The decisive reaction
that leads to the formation of hydrochar is aldol conden-
sation (Shi et al., 2019). The resulting hydrochar from HTC
of sewage sludge is essentially hygienic, easy to dewater,
free of pharmaceuticals, and expected to exhibit moderate
energy density (Crocker et al., 2011; Saetea and Tippay-
awong, 2013). The yield of hydrochar produced depends
on various reaction parameters, of which temperature and
reaction time play a decisive role (Huezo et al., 2021; Djand-
jaetal., 2021; Blach and Engelhart, 2020).

2.2 Fate and behavior of heavy metals and organic
pollutants during HTC

As described in the introduction section, sewage sludge
contains heavy metals along with organic pollutants. They
are omnipresent in the environment and end up in sewage
sludge from households and industries, among others
(Roskosch et al., 2018). The sludge absorbs the heavy met-
als by passive sorption and active uptake through the accu-
mulation of living cells (Geng et al., 2020).

Hydrothermal carbonization of sewage sludge has
effects on the distribution of heavy metals. Wang et al.,
2019A concluded that the heavy metal distribution de-
pends on the reaction severity and suspected immobili-
zation into the hydrochar. Wang et al, 2020 confirmed the
assumption of redistribution of heavy metals in the liquid
and solid phases. In particular, the metals Al, Fe, Zn, and
Mn are immobilized in the char during the process under
neutral conditions. Less than 5% of the heavy metals were
detected in the resulting process water. However, acidic
conditions result in a weaker enrichment of heavy metals
into the solid phase. The immobilization depends mainly
on the reaction temperature and reaction time (Wang et
al., 2020). Furthermore, due to the immobilization of the
heavy metals, the ecotoxicity is low (Liu et al., 2018; Wang
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etal., 2020). In addition to heavy metals, the fate of organic
contaminants in sewage sludge, such as drug residues, is
important. Vom Eyser et al., 2015, studied the removal of
twelve pharmaceuticals (including ibuprofen and erythro-
mycin) in sewage sludge during HTC. Seven of the phar-
maceutical substances were either or the proportion in the
hydrochar was reduced (39% to = 97%) (vom Eyser et al.,
2015). The heavy metals and organic impurities in the hy-
drochar from sewage sludge turn its suitability as fertilizer
into a critical issue. However, vom Eyser et al., 2015 only
investigated the fate of the pharmaceuticals in the respec-
tive hydrochar and not in the process water (PW). The PW
can contain organic pollutants like phenols, aromatic com-
pounds, alkenes, and pyrazines (Usman et al., 2019).

2.3 Process water as a by-product

The solid-liquid separation after hydrothermal carboni-
zation of the sewage sludge produces two phases. On one
side is the hydrochar and on the other side is the process
water (PW). The PW is inorganically and organically pol-
luted and has to be treated. Quicker and Weber, 2016 give
ranges of values for COD from 4,900.00 - 78,000.00 mg
I", for BOD, 1,700.00 - 42,000.00 mg I and TOC 4,000.00
- 31,700.00 mg I. If left untreated, it would be a burden
on water bodies and thus on the environment (Leng et al.,
2021). Particularly, the formation of persistent and toxic or-
ganic compounds during HTC that can leach into the PW
remains a challenge. These substances are occasionally
difficult to degrade biologically and may complicate the PW
treatment. The composition of the PW depends primarily on
the waste biomass used at the beginning and the reaction
parameters (Woriescheck, 2019; Usman et al., 2019). Chen
et al.,, 2019 found that PW from HTC of dewatered sewage
sludge contains mainly proteins and short-chain fatty ac-
ids, but also poorly degradable compounds such as humic
acids, melanoidins, nitrogen heterocycles, and phenols. A
major challenge of PW management besides the actual
contamination of the PW is the large quantities that would
be produced during the industrial, continuous process of
an HTC plant. Additionally, the legal requirements for PW
treatment can also pose additional challenges. HTC-PW in
Germany is categorized as wastewater and has to be treat-
ed and disposed of as such (§ 56 German Federal Water
Act, WHG). This is done either to a direct discharge quality
which allows direct discharge into the environment (§ 57
WHG) or to an indirect discharge quality which allows dis-
charge and subsequent treatment in a municipal WWTP (§
58 WHG). Respective requirements and limit values must
be met for both alternatives.

The minimum requirement values for the discharge of
wastewater into a water body or municipal WWTP are de-
scribed in the German Waste Water Ordinance (AbwV) and
the associated annexes. The treatment must be carried out
according to the state of the art. For process waters from
hydrothermal treatment, the requirements of Annex 27
“Treatment of waste by chemical and physical processes
(CP plants) and waste oil regeneration” apply (AbwV 1997).

There is currently no continuous industrial implemen-
tation of HTC technology that includes process water
management and treatment. One opportunity to manage

the large quantities of PW is to reuse it as a partial flow in
the HTC process and therefore save fresh water (if need-
ed) and reduce the costs associated with it (Kambo et al.,
2018). This step should be chosen to reduce costs and to
benefit from the positive effects of recirculation. The afore-
mentioned inorganic and organic load necessitate the use
of PW treatment technologies. Biological processes such
as anaerobic digestion proved to be feasible from various
publications. Anaerobic degradation enables a reduction
of chemical oxygen demand (COD) by up to 75% (Wirth et
al., 2015). Another utilization pathway for PW is to recover
nutrients from it. Malhotra and Garg, 2020 performed re-
covery of humic acids from PW using ammonium sulfate
and were able to recover ~70% of humic acids. Subsequent
growth trials showed positive effects (Malhotra and Garg,
2020). However, subsequent treatment of PW is neces-
sary. Various providers of HTC solutions have their treat-
ment technologies, like nanofiltration and reverse osmosis
(Klausli, 2014; Fettig et al., 2018) or aerobic treatment in a
constructed wetland (Fettig et al., 2018). However, no data
was available on the efficiency of these technologies and
continuous large-scale operation is lacking. For a commer-
cial realization of HTC technology, efficient and cost-effec-
tive processes for process water treatment are required.

2.4 Industrial readiness and industrial application

In addition to the mature technology, sufficient quanti-
ties of sewage sludge are required for the successful imple-
mentation of HTC technology for sewage sludge manage-
ment and valorization in rural areas. The HTC technology
must also be competitive with other thermal processes
like incineration or pyrolysis to make its implementation
successful. ReiRmann et al., 2020 created a base model
for HTC as a sewage sludge utilization method in Germa-
ny for 2030 assuming the currently best available tech-
niques (BAT). In this model, 65,000 t FM sewage sludge
per year is utilized (14,300 tons of dry matter per year with
22% DM). Due to the continuous industrial operation and
the knowledge gained from it, learning effects can be ob-
served in operational management. Nutrient recycling (e.g.,
phosphorus) is integrated in addition to the basic model.
The authors concluded that production costs, phosphorus
recovery, and process water treatment have a significant
impact on the competitiveness of HTC compared to con-
ventional processes such as incineration. According to this
study, competitive production costs for the final HTC prod-
uct must be less than € 325 per ton of hydrochar produced.
ReilBmann et al., 2020 point out that only the delivery of the
product up to mono-incineration and not beyond was taken
into account in this cost calculation. The HTC technology
however has not yet (2023) been able to establish itself
as a valorization process for the treated sewage sludge
in Germany and especially for rural areas. The technolo-
gy was temporarily tested on a sewage treatment plant in
Disseldorf but was discontinued after a test phase (Sch-
nell et al., 2020). There are several methods for industrial-
izing the technology at the moment, including multi-batch
processes (quasi-continuous) and processes in tubular
reactors (Blohse, 2017; Quicker and Weber, 2016). There
are some providers of commercial HTC solutions which in-
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cludes TerraNova Energy, HTCycle, and SunCoal Industries
(Aragon-Bricefio et al., 2021).

3. HTC AND NUTRIENT RECOVERY

3.1 Need for phosphorus recovery and recovery
technics

Phosphorus is a critical resource and a non-renewa-
ble essential element for all living organisms on the earth.
The European Commission designated phosphorus as a
“critical raw material” in 2014. (Wang et al., 2020; Aragon-
Bricefio et al., 2021). According to Kriiger and Adam, 2015,
more than 550,000 t/a of phosphorus was applied to Ger-
man farmlands in 2015. The global phosphorus reserves
are limited and the over-exploitation of natural reserves
of phosphorus is anticipated to create severe problems
in the next 50-100 years. Current phosphorus reserves are
located in the US, Morocco, Jordan, China, and South Af-
rica, assuming that Germany and Europe are entirely de-
pendent on imports. The remaining phosphate reserves are
however contaminated with heavy metals such as cadmi-
um or uranium (Kriiger and Adam, 2015). Various studies
have assumed that the available phosphorus reserves will
soon be exhausted (Pérez et al, 2021). Increasing popu-
lation growth leads to higher consumption of energy and
resources and to meet the phosphorus demand of the rais-
ing population, there is an immediate need for intelligent
phosphorus recovery technologies and alternative sources
of phosphorus. The integrated concerns such as; non-re-
newable nature, significance on global food security, and
serious cost volatility, the future of phosphorus availability
is drawing greater attention and poses an urgent need to
find an alternative phosphorus source (Heckenmiiller et al.,
2014). As waste biomasses such as sewage sludge con-
tain high phosphorus concentrations, several phosphorus
recovery technologies are now available (Aragén-Bricefio
et al,, 2021). The easiest way is land-based recycling with
phosphorus being returned to the natural cycle. Rural ar-
eas in particular have benefited from land-based sewage
sludge utilization. However, sewage sludge contains heavy
metals and organic pollutants which makes the direct-re-
cycling route more difficult (Aragén-Bricefio et al., 2021).
In this concern, the direct utilization of sewage sludge on
agricultural land is prohibited. Several recovery technol-
ogies are based on the recovery of phosphorus from the
sewage sludge ash, requiring incineration of the sewage
sludge to produce phosphorus-rich ash (Kwapinski et al,
2021; Kriiger and Adam, 2015). Hydrothermal carboniza-
tion in combination with subsequent phosphorus recovery
would be an attractive option for rural regions without sew-
age sludge incineration (Kwapinski et al, 2021; Pérez et al,
2021).

3.2 Influence of acid utilization during HTC sewage

sludge

3.2.1 Effects of Post- and Pre-Acid Treatment During HTC
HTC significantly reduces sewage sludge’s acid buff-

ering capacity due to the chemical reactions and thermo-

chemical breakdown that occurs during the process. Car-
rying out acid leaching after HTC of sewage sludge, the

majority of the H* in added acids will be utilized to induce
the dissolution of Al-P and Fe-P and transformation of high-
er phosphorus from solid to liquid phase (Shettigondahalli
et al,, 2022). In contrast, when the acids are used during or
before the HTC process, a significantly lower concentration
of phosphorus will be transformed from the solid to the
liquid phase. When acids are used before or during HTC,
the majority of H* ions added in the form of acids are used
to overcome buffering resistance provided by carbonates,
cation exchange reactions, and organic matter. Due to the
buffering agents present in the system, the available H* is
greatly depleted before it can react with metal ions that
hold phosphorus.

The presence of phosphate-precipitating metals such
as Fe, Al, and Ca in sewage sludge plays a more signifi-
cant role in determining the degree of conversion of phos-
phorus from solid to liquid (Huang et al., 2018; Ekpo et al.,
2016). The presence of multivalent metal ions such as Al*,
Ca?, Fe*, and Mg?  during the HTC of sewage sludge con-
tributes to the formation of phosphate with low solubility,
which then facilitates the accumulation of phosphorus
onto hydrochar. Similarly, the acid buffering resistance of
the sewage sludge also regulates the phosphorus trans-
formation from the solid to liquid phase upon the addition
of acids. Sewage sludge suspension in general consists
of a liquid and a solid phase. The solid and liquid phase
of the sewage sludge contains several compounds with a
high tendency to inhibit acidification (Shettigondahalli et
al., 2022). The acid-inhibiting substance present in sew-
age sludge suspension tends to have different neutralizing
points. Upon adding acids to sewage sludge suspension,
H* would initially react with carbonates existing in the sew-
age sludge with relatively higher neutral points in the sus-
pension. The additional H* will undergo a cation exchange
after the carbonate in sewage sludge is exhausted. Later
the presence of additional H* would be consumed in off-
setting the buffering resistance provided by organic matter
present in sewage sludge. In the end, the presence of any
further H* would be utilized in the dissolution of aluminum
phosphates (Al-P) and ferric phosphates (Fe-P) (Zhang et
al., 2010; Bozkurt et al., 2000; Petzet et al., 2012). The HTC
process however contributes considerably to reducing the
acid buffering capacity of sewage sludge. By acid leaching
the sewage sludge after HTC, there will be maximum utili-
zation of added acids to induce the dissolution of Al-P and
Fe-P and significantly increase the phosphorus-leaching
from the solid to the liquid phase.

3.2.2 Recovery of Phosphorus from HTC-treated sewage
sludge hydrochar

The utilization of H,SO, and HCI at higher concentra-
tions increases the mobilization of phosphorus (80-100%)
from the solid to the liquid phase in hydrochar derived
from sewage sludge (Pérez et al., 2021). Phosphorus
leaching and the subsequent mobilization of heavy metals
from hydrochars were investigated by Pérez et al., 2022,
using oxalate and citrate across a pH range of 0 to 4. Ox-
alate resulted in nearly full P release from hydrochars at
pH 1, whereas both oxalate and citric acids achieved P
extraction efficiencies that were better than 75% even at
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the lowest pH. Acid leaching of the sewage sludge hydro-
char results in a high phosphorus and multivalent cation
recovery. Nevertheless, heavy metal concentrations must
be monitored throughout the process since they affect the
product’s potential use as fertilizer. According to Gerner
et al., hydrochar has an affinity towards heavy metals and
will retain a significant portion of them, releasing very little
into the liquid phase. The presence of a higher concentra-
tion of heavy metal in hydrochar makes the land-based ap-
plication restricted under the German Fertilizer Ordinance.
The most practical use option is then the energy recovery
from hydrochar. HTC process also transfers around 50% of
nitrogen from the solid to liquid phases, increasing hydro-
char combustion performance in terms of NO, emissions
reduction (Gerner et al., 2021).

Calcium phosphate salt is a desirable product for re-
covering phosphorus from leachate. Calcium phosphate is
similar to phosphate rock, the primary basic material for
the fertilizer industry. The phosphorus product extracted
from the effluent can be incorporated directly into the pro-
cess as a by-product. The filtrate after leaching is believed
to have a high ionic strength, which influences ion-associ-
ation and solubility. Due to the decreased concentration of
free ions caused by ion association, supersaturation may
be required for the formation of solid deposits (Ehrnstrom,
2016). In order to recover all dissolved phosphorus, excess
calcium ions must be introduced to the leachate. Increas-
ing the pH could have a comparable effect.

4. CONCLUSIONS

The use of agriculture and landscaping as traditional
treatment methods will soon be phased out in Germany
due to new regulations on the management of sewage
sludge (2029). Rural areas where sewage sludge is usually
disposed of by agriculture and landscaping will be particu-
larly challenged by the forthcoming situation. Hydrother-
mal carbonization (HTC) is receiving increased attention
as an eco-friendly and promising technology for treating
and managing sewage sludge without the need for drying.
Itis possible to effectively manage sewage sludge by using
HTC technology not only by recovering phosphate but also
by complying with German Sewage Sludge Ordinance re-
quirements. HTC offers major potential for the valorization
of sewage sludge and could be an interesting alternative
for sewage sludge treatment and nutrient recovery in ru-
ral areas of Germany. Especially for nutrient recovery, HTC
could be an opportunity to close loops. However, sufficient
quantities of sewage sludge are needed to enable contin-
uous operation. The HTC plant with subsequent process
water treatment and nutrient recovery facilities should be
built on the site of a WWTP to enable indirect discharge
of pre-treated PW. The HTC process water is another chal-
lenge, as significant amounts are produced during contin-
uous operation. The PW is organically contaminated and
has to be treated before discharge into the environment.
A functional and eco-economic concept for PW-manage-
ment is necessary for a commercial implementation of
HTC technology. Future research should focus on methods
to minimize the amount of heavy metal in hydrochar and

its use as fertilizer in accordance with the legal require-
ments of the German Fertilizer Ordinance and other rele-
vant regulations. The technology has not yet (2023) been
able to establish itself in an industrial continuously oper-
ated HTC plant for sewage sludge utilization in Germany.
The technology readiness to manage and handle process
water produced from HTC of sewage sludge is the major
concern. A practical, dependable, and affordable process
water disposal method is essential for the successful com-
mercialization of HTC technology. Given the current rate of
scientific development in the area, this is probably antici-
pated to happen in the near future.
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