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Abstract: This research paper evaluates hydrothermal carbonization (HTC) as a possible treatment
for sewage sludge, including phosphorus recycling. German governmental requirements force a
high number of wastewater treatment plants (WWTP) to recover phosphorus from sewage sludge
above limits of 20 g kgTS

−1 before further disposal (e.g., co-incineration). The results show that pH
reduction has a positive effect on shifting phosphorus to the liquid phase during HTC. Although
the experimental results of this research do not yet achieve the necessary phosphorus reduction,
various calculations are made to achieve this goal in future experimental studies. In order to be able
to assess the energy benefits of HTC, Aspen Plus modeling was used to show the positive impact of
implementing this technology in a WWTP. It is shown that the mechanical dewaterability of sewage
sludge (SS) increases after HTC enabling energy savings by means of subsequent thermal drying. A
heat optimized HTC is able to cut energy expenses by half, further providing a phosphorus-depleted
hydrochar for extensive energetic use.

Keywords: sewage sludge; dewatering; phosphorus; hydrothermal treatment; Box–Behnken design;
DoE; process development; Aspen Plus; energetic optimization

1. Introduction

In 2017, wastewater treatment plants in Germany produced around 1.7 million tons of
dry matter of sewage sludge (SS) [1]. Its disposal challenges most municipal and industrial
wastewater treatment plants (WWTPs). In 2017, 70% of SS accrued in Germany went into
thermal disposal. Other uses include their applications in agriculture (18%) and landscaping
purposes (10%) [2]. Key challenges of modern wastewater treatment include nutrient recovery
(particularly for phosphorus and nitrogen) and sludge dewatering, as well as the handling
of high heavy metal concentrations, especially for municipal and industrial WWTPs [3].
Management strategies for SS are influenced by several factors, such as transport costs,
wastewater quality, technologies for nutrient removal, and legal restrictions [1].

In Germany, governmental requirements will grow stricter in the upcoming decade,
prohibiting soil application of SS with a phosphorus content exceeding 20 g kgTS

−1 [4].
All medium- and large-sized WWTPs in Germany with more than 50,000 population
equivalents (PE) are forced to develop an adjusted disposal concept by 2023. This also
includes a precise plan for the recovery of phosphorus. WWTPs with a size of more than
100,000 PE are then requested to realize those concepts by the beginning of 2029. Medium-
sized WWTPs with more than 50,000 PE will follow until the beginning of 2032 [4]. The
most widespread disposal method (via co-incineration) of SS will no longer be possible
when the phosphorus content exceeds the limit mentioned before. As a result, mono-
incineration capacities are massively built up in Germany right now [5]. Phosphorus can
be recovered from the ash after incineration with a vast amount of different technologies.
However, recycled phosphorus from mono-incineration is not directly available to plants
when brought back to agriculture and requires some time to weather [6]. Additionally, the
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incineration of SS—no matter whether it is conducted using co- or mono-incineration—
needs additional energy for thermal drying [7]. SS still has 65–95% water content after
classical wastewater treatment [1,8].

A promising technology to improve the mechanical dewaterability with simultane-
ously allowing an integrated phosphorus recovery is hydrothermal carbonization
(HTC) [7,9–11]. HTC takes place at an increased temperature (180–280 ◦C) and pressure
slightly above the water saturation pressure at these temperatures to ensure that water
remains in a liquid state [12,13]. As a result, HTC produces a solid product—called hy-
drochar (HC)—and liquid by-product (or process water (PW)). Recent literature has shown
that phosphorus can be shifted to the resulting PW by a low pH during HTC [9,14,15]. The
resulting HC subsequently shows a significantly lowered phosphorus concentration and
could be able to fulfill the requirement mentioned before (<20 gP kgTS

−1).
Based on these observations, this manuscript focuses on a model-based overall ener-

getic optimization of HTC, mechanical dewatering, and thermal drying. Therefore, the
behavior of SS during HTC under varying reaction conditions (such as temperature, hold-
ing time, and pH) was examined. After determination of optimal process parameters
regarding a maximized phosphorus concentration in PW and a maximized energy yield
for the resulting HC, model data were used to develop a process model consisting of a
continuous HTC with heat integration, a mechanical dewatering with a belt filter, and a
thermal drying of the HC assuming a drum dryer. This model was then evaluated focusing
on the overall heat demand and potential energy production.

2. Materials and Methods
2.1. Materials

Approximately 10 kg of digested sewage sludge (DSS) were obtained from a municipal
WWTP in Leipzig, Germany and stored at 4 ◦C until further use. The DSS was mechanically
dewatered at the WWTP using a decanter centrifuge achieving a total solids (TS) content of
24.8%. Other properties of the used DSS can be found in Table 1.

To adjust the pH prior to HTC, concentrated sulfuric acid (18 M) was acquired from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

Table 1. Characterization of the used digested sewage sludge.

C H N S O Ash P HHVar HHVdaf

(%TS) (g kgTS
−1) (MJ kgTS

−1)

31.5 4.3 4.8 1.7 16.2 41.5 47.0 13.6 23.3

TS = total solids; HHV = higher heating value; ar = as received; daf = dry and ash-free.

2.2. Conducting the Experiments

A design of experiments (DoE) approach was used to identify the influence of reaction
temperature, holding time (starting when the reaction temperature was reached), and
initial pH on HC and PW characteristics. A Box–Behnken design was chosen here. Reaction
conditions varied from 180–240 ◦C, 30–240 min, and 3–7 as initial pH. The center point of
this design space was carried out as a triplicate. Every other design point was only carried
out once resulting in 15 HTC experiments overall. Those experiments were conducted in a
randomized order. A graphical illustration of the design space can be found in Figure 1.
The corresponding experimental plan can be found in Table A1 in the Appendix A.

To calculate the amount of sulfuric acid needed for each individual HTC experiment
and a certain target initial pH, 10 g of DSS were weighed into an Erlenmeyer flask. 100 g of
purified water were added and the mixture was placed on a shaker for 10 min at 130 rpm.
The initial pH of that mixture was 8.3. Concentrated sulfuric acid was then slowly added
under constant stirring until the targeted starting pHs of 3, 5, and 7 were reached. The
amount of sulfuric acid added was determined gravimetrically.
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Figure 1. Graphical illustration of the chosen design space.

For each HTC experiment, around 300 g of DSS was weighed into a stirred 0.5-L-HTC-
reactor made of stainless steel (BR-500, Berghof Products + Instruments GmbH, Eningen,
Germany). The calculated amount of concentrated sulfuric acid was added directly into
the reactor. No additional water was added for these experiments. The stirrer was set
at 100 rpm throughout the experiment. The reactor was then heated up electrically at an
average heating rate of 2.4 K min−1 to the desired reaction temperature. Temperature was
then maintained for the desired holding time. Afterwards, the heater was turned off and
the reactor cooled down to room temperature via the environment. Residual pressure was
vented into a hood.

The resulting HTC slurry was transferred into a small screw press to separate HC and
PW. After separation, HC was dried at 105 ◦C for overnight and stored in zip-lock bags at
room temperature until further use. The resulting PW was stored at 4 ◦C until further use.

2.3. Analytical Methods

Elemental analysis (C, H, N, S) of DSS and HC was conducted according to DIN EN
15104 using an elemental analyzer (vario MACRO CUBE, Elementar Analysensysteme
GmbH, Langenselbold, Germany). Ash content of DSS and HC was determined gravimet-
rically by incineration at 550 ◦C according to DIN EN 14775. Oxygen content was then
calculated by difference. The higher heating value (HHV) of the HC samples was measured
according to DIN EN ISO 18125 using a bomb calorimeter (Parr Instrument Company,
Moline, IL USA). HHV of DSS was calculated based on its elemental composition according
to [16]. Phosphorus was measured spectrophotometrically according to DIN EN ISO 11885
using an ICP-OES (iCAP 6300, Thermo Fisher Scientific, Waltham, MA USA). Solid samples
(DSS and HC) had to be prepared prior to ICP-OES using microwave digestion under the
addition of nitric acid.

2.4. Calculations

The solid yield (SY) of HC based on TS was determined according to the
following equation:

Solid yield [%TS] = (mHC × TSHC) ÷ (mDSS × TSDSS) × 100% (1)

with mHC and mDSS as the masses of HC and DSS and TSHC and TSDSS as their correspond-
ing total solids content, respectively.
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SY and HHV can be used to calculate an energy yield (EY) according to the
following equation:

Energy yield [%TS] = SY × HHVHC ÷HHVDSS (2)

with HHVHC and HHVDSS as the respective HHVs of HC and DSS.
To account for the limited mechanical dewatering of the resulting HC in lab-scale using

the small screw press, a theoretical concentration of P in hydrochar (PHC,theo.) at a certain
TS content (TSHC,target) was calculated using the P concentration of the corresponding PW
(PPW) according to the following equation:

PHC,theo. [g kgTS
−1] = ((PHC × TSHC) − ((1 − TSHC ÷ TSHC,target) × PPW) ÷ TSHC (3)

This equation assumes that the water that can theoretically be separated from the HC has
the same concentration of P as the obtained PW. This allows for an estimate of the achievable
P content in mechanically dewatered HC at a given TS to be discussed in the context of the
threshold of 20 g kgTS

−1 given by the revised German sewage sludge ordinance [4].

2.5. Statistical Evaluation and Regression Modeling

Statistical evaluation and regression modeling were conducted with the help of Design-
Expert (v12, Stat-Ease, Inc., Minneapolis, MN, USA). Regression modeling was conducted
with the aim to fit the experimental data to an amended second order model with the
maximum amount of non-aliased model terms according to the number of unique process
parameter combinations (12). The model is shown in the following equation:

y = β0 + βTxT + βtxt + βpHxpH + βTtxTxt + βTpHxTxpH + βtpHxtxpH + βT
2xT

2 + βt
2xt

2 + βpH
2xpH

2 + βT
2

txT
2xt + βT

2
pHxT

2xpH + βTt
2xTxt

2 + ε (4)

where T denotes the reaction temperature, t denotes the holding time, and pH denotes the
initial pH. Design-Expert was then used to reduce this model for maximizing the adjusted
coefficient of determination (R2) while still keeping all hierarchical model terms.

Data for the P concentration of the resulting process water had to be transformed
to allow for a realistic model without yielding negative P concentrations. Therefore, P
concentration data were transformed using a logit function and limiting the response to the
range from 0 to a maximum model-based P concentration. This maximum value (Pmod,max)
was calculated according to the following equation:

Pmod,max = Pobs,max + Pobs,min (5)

where Pobs,max and Pobs,min are the maximum and minimum P concentrations of the PW
observed in the experiments.

Design-Expert was then also used to optimize the HTC process parameters for simul-
taneously achieving a maximized EY and maximized P concentration in the resulting PW
based on the determined model equations. Model data at the optimized parameter set were
then used for modeling in Aspen Plus (v10 Aspen Technology, Inc., Bedford, MA USA).

2.6. Aspen Plus Modeling

Flowsheeting was used to evaluate the overall heat demand of the described process
consisting of a continuous HTC reactor (HTC), one heat exchanger for heat integration (HX),
a progressive cavity pump (PUMP) for high pressure feeding, a belt filter press (PRESS),
and a drum dryer (DRYER) for mechanical dewatering and thermal drying of the resulting
HC. Sewage sludge (SS) was modeled as a non-conventional (NC) material stream to meet
the requirements of the operation units for the separation of solids (see Table A2 in the
Appendix A). However, the NC stream was split into the contained water (SS-W) and
its elemental composition (SS-S) for more accurate heat transfer examinations. Modeling
HTC only considers the water content of SS, as it is very high (75.2%). The impact of
the remaining components (such as ash, carbon, etc.) was neglected here. This approach
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offers the advantage that the method IAPWS-IF97 [17] can be used for more accurate heat
integration calculations since it was specifically designed for water-only processes. The
calculation methods for the dewatering units only play a minor role and were left at their
default setting IDEAL.

SS-W is pumped through the counter current heat exchanger (HX) and the HTC reactor
(HTC), which is modeled as an RGIBBS unit and considers only the heat demand of water
heated up to a reaction temperature of 197 ◦C. The reactor pressure of 20.4 bar is the sum
of the water vapor pressure at reaction temperature and the partial pressure of gaseous
compounds (mainly CO2) formed during the reaction [18]. Apart from this, the HTC
reactor is a black box. The product slurry is flashed from reaction pressure to an optimized
pressure turning part of the stream into steam. The steam is then used to pre-heat the feed
stream in the heat exchanger (HX). The flowsheet of the described model can be found in
Figure 2. The detailed Aspen Plus flowsheet can be seen in Figure A1 in the Appendix A.
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Figure 2. Flowsheet of the modeled hydrothermal carbonization (HTC) process with pre-heating and subsequent mechanical
dewatering and thermal drying. (HX = heat exchanger, SS-W = water content of sewage sludge, SS-S = solids content of
sewage sludge).

The product slurry is then sent to the dewatering and drying part. Therefore, the
previously separated compounds (SS-S) are again added to the slurry stream. For that, the
changed elemental composition and the SY (loss of solids) after the HTC process were
considered according to the experimental results. The following belt filter press (PRESS)
then separates PW from the HC, still showing a residual moisture of 30%. Subsequently,
the mechanically dewatered HC is thermally dried in a drum dryer modeled as an RSTOIC
(DRYER) and an additional FLASH (EXHAUST) unit (see Table A3 in the Appendix A). The
target TS of the resulting HC is 90%.

A number of unit operations were overwritten using calculator blocks (e.g., the change
of the chemical composition between feedstock and HTC product during reaction). Besides
that, calculators were used to adjust the drying process. That concerns the extraction
of water from NC components as well as the calculation of the actual heat demand of
the drum dryer according to the average heat demand of a drum drying process used in
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WWTPs taken from literature (850 kWh/tH2O) [8]. Detailed information on the calculators
can be found in Tables A4–A7 in the Appendix A.

Further design assumptions and simplifications include a hot/cold outlet temperature
approach within the heat exchanger of 10 K. Underlying complex chemical reactions
were not included in the black-box-modeling of the HTC reactor. The overall electrical
power consumption was also neglected, as it is only of minor importance compared to the
achievable savings in the overall heat demand.

Finally, a sensitivity analysis was performed to investigate the impact of flash pressure
reduction on the heat recovery to determine a potential heat demand minimum of the
HTC reactor.

3. Results
3.1. Experimental Results

The experimental results confirmed common trends observed for hydrothermal car-
bonization. A detailed overview can be found in Table 2. More severe reaction conditions
led to a decreasing solid yield but an increasing carbon content, which is well in the range
of other reports using DSS in HTC [7,9,11]. However, the increasing carbon content is
masked by the massive ash content of DSS, as most ash-forming components remain in the
resulting HC. Looking at an ash-free carbon content (see Table 2) reveals its clear increase
for all the experiments (CDSS = 53.8%TS,af).

Mechanical dewatering in lab-scale as described before revealed no significant impact
of the reaction conditions on the drainability of the resulting HC, with an average of 41.2%TS
and a standard deviation of only 1.5%TS. The same behavior applies to the measured HHV,
as ash is a dominant component in HC from DSS, with the ash content ranging from
49.4–58.4%TS.

To estimate the achievable phosphorus concentration in the resulting HC when apply-
ing a more effective mechanical dewatering at larger scale (e.g., screw press, filter press, belt
filter press), experimental results were used to calculate those theoretical values according
to Equation (3). The results for a TS content of 50, 70, and 90% after mechanical dewatering
are summarized in Table 3. Whereas 70%TS seems realistic as indicated by reports at
demonstration-scale [7,11,19,20], a residual 90%TS is simply given for comparison.

Table 2. Overview of the experimental results.

Run No. TSHC
(%FM)

SY
(%)

C
(%TS)

C
(%TS,af)

HHV
(MJ kgTS

−1)
EY
(%)

PHC
(g kgTS

−1)
PPW

(mg L−1)

1 40.0 77.2 29.0 58.4 12.9 73.2 34.4 2410
2 42.7 75.7 28.0 62.8 12.7 71.0 51.8 391
3 42.4 72.5 27.8 62.0 12.7 67.8 35.9 1110
4 41.5 61.7 29.7 68.0 13.6 61.6 57.6 134
5 42.0 80.0 28.8 61.2 12.9 76.2 49.2 300
6 40.6 70.4 28.3 62.5 12.8 66.1 49.5 375
7 41.2 52.4 29.6 71.1 13.5 52.3 61.7 146
8 39.8 76.6 29.3 60.5 13.3 75.0 48.6 598
9 40.9 76.8 28.8 58.1 12.7 72.0 35.1 2340
10 44.5 62.1 28.5 66.7 13.4 61.1 48.3 436
11 40.2 68.5 28.4 59.3 12.6 63.4 30.7 1660
12 42.0 70.6 28.8 63.4 13.3 69.2 46.7 484
13 39.7 84.9 29.5 58.3 13.2 82.2 44.2 927
14 41.9 72.3 30.0 65.0 13.8 73.3 54.2 171
15 38.6 69.5 30.2 61.7 13.7 69.9 52.3 202

TS = total solids; HC = hydrochar; FM = fresh matter; SY = solid yield; af = ash-free; HHV = higher heating value; EY = energy yield;
PW = process water.
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Table 3. Theoretical phosphorus concentrations of hydrochar at a given degree of dewatering.

Run No.
TSHC PPW PHC at a. r. PHC at 50%TS PHC at 70%TS PHC at 90%TS
(%FM] (mg L−1) (g kgTS

−1)

1 40.0 2410 34.4 33.2 31.8 31.0
2 42.7 391 51.8 51.7 51.5 51.4
3 42.4 1110 35.9 35.5 34.8 34.5
4 41.5 134 57.6 57.5 57.5 57.4
5 42.0 300 49.2 49.1 48.9 48.8
6 40.6 375 49.5 49.4 49.1 49.0
7 41.2 146 61.7 61.7 61.6 61.5
8 39.8 598 48.6 48.3 48.0 47.8
9 40.9 2340 35.1 34.1 32.7 32.0
10 44.5 436 48.3 48.2 47.9 47.8
11 40.2 1660 30.7 29.9 29.0 28.5
12 42.0 484 46.7 46.5 46.2 46.0
13 39.7 927 44.2 43.7 43.2 42.9
14 41.9 171 54.2 54.1 54.0 54.0
15 38.6 202 52.3 52.2 52.1 52.0

TS = total solids; HC = hydrochar; FM = fresh matter; PW = process water; a. r. = as-received.

From the data, it becomes clear that even an applied starting pH as low as 3 is not
enough to shift enough phosphorus to the liquid phase after HTC to get below the threshold
of 20 g kgTS

−1. The share of phosphorus that needs to be shifted to the PW to fulfill the
threshold in the resulting HC was calculated to be 57.4% for the DSS used here. The degree
of dewatering obviously affects the concentration of phosphorus that needs to be found in
the process water.

The parameter variation conducted here resulted in a maximum shift of phosphorus
of only 8.3% to the PW in run 1 resulting in a phosphorus concentration of 2.4 g L−1. The
previously mentioned shift of 57.4% of phosphorus to the PW would result in phosphorus
concentrations of 13.3 or 10.4 g L−1 in PW when dewatering the resulting HC to 50 or
70%TS, respectively. Obviously, the starting pH needs to be even lower to shift significant
amounts of phosphorus to the liquid phase during HTC.

3.2. Regression Modeling

Regression modeling was done according to the procedure described in detail by [9].
The parameters of interest in this study include (i) the parameters helpful for a general
evaluation (TS, SY, HHV), (ii) the parameters that were used as optimization criteria (EY,
P concentration in PW), and (iii) the parameters that are fed into the Aspen Plus model
at the optimized process parameters (C, H, N, S, O, ash). Regression modeling used the
maximum HTC reaction temperature (see Table A1) instead of the actual targeted process
temperature to acknowledge the subsequent energetic optimization in Aspen Plus. All
of the coded regression model coefficients can be found in Table 4. As the model terms
of higher order (xT

2xt, xT
2xpH, xTxt

2) were of lower significance in all of the models, they
were again excluded from the models.

Adjusted R2 was the lowest for the regression model for TS (0.64), mainly caused by
high deviations at the lowest reaction temperatures still yielding an acceptable fit. All other
regression models showed a much better adjusted R2, with at least 0.8.

Coded regression model coefficients indicate the change of a certain output parameter
when changing the input parameter by one level. In this study, one level corresponds to a
temperature change of 30 ◦C, a prolonging of the holding time by 105 min, or a starting pH
change of 2.
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Table 4. Coded regression model coefficients for all parameters of interest.

Target Value Coded Regression Model Coefficients
xT xt xpH xTxt xTxpH xtxpH xT

2 xt
2 xpH

2

TS (%) 1.57 −0.18 2.99 0.15 −0.77
SY (%TS) −6.37 −4.92 −2.66 4.98 −1.04 −4.90

HHV (MJ kgTS
−1) −0.21 −0.06 0.45 −0.39 0.10

EY (%TS) −6.90 −4.58 0.02 4.43 −0.78 2.26 −4.10
P in PW (mg L−1) −0.73 −0.37 −2.48 0.13 0.55 0.04 0.83

C (%TS) −0.63 0.70 0.47
H (%TS) −0.07 −0.01 0.07 −0.06 −0.08 0.11 0.16 0.21
N (%TS) −0.44 −0.20 0.02 0.12 −0.41 −0.14 0.09 0.11
S (%TS) 0.41 0.07 −1.71 0.27
O (%TS) −3.22 −0.30 −0.78

Ash (%TS) 4.03 0.68 1.05 1.18 1.75 −0.13 −0.94 −0.37

TS = total solids; SY = solid yield; HHV = higher heating value; EY = energy yield; P = phosphorus; PW = process water; C = carbon;
H = hydrogen; N = nitrogen; S = sulfur; O = oxygen.

Table 4 shows that temperature and starting pH have a statistically significant influence
(p < 0.05) on the output parameters in all models. In contrast to [9] also using DSS for HTC
experiments, holding time also had a significant effect in nearly every model. They used a
face-centered central composite design with a much narrower window for holding time
corresponding to a 30 min increment per level. The prolonged holding time used here
resulted in distinct effects, especially in the case of SY and, subsequently, EY. The effect
of holding time is of the same order of magnitude as reaction temperature and initial pH,
indicating that a very long holding time is unfavorable for achieving high yields. This is
supported by other findings applying holding times of up to 10 h [21]. They further report
comparable coded factors (e.g., −5.56 for temperature using the same increment of 30 ◦C)
despite using a completely different feedstock (olive stone).

As expected, the concentration of phosphorus in the resulting PW is mainly influenced
by pH. It can also be seen from Table 4 that a low starting pH negatively affects the
final sulfur concentration in HC due to the use of sulfuric acid in these experiments.
Experimental results and the corresponding model for the ash content of HC fit very
well the general opinion of recent literature that an increased reaction temperature and
prolonged holding time lead to an accumulation of ash, especially when using high-ash
feedstocks like DSS [12,22].

3.3. Numerical Optimization of Process Parameters

Numerical optimization using Design-Expert was conducted with the primary tar-
get of simultaneously achieving a maximized EY and maximized P concentration in the
resulting PW. As a result, the optimized parameter combinations (especially regarding
reaction temperature and holding time) were close to the values at the lower end of the
design space (197 ◦C, 30 min). Therefore, additional constraints by means of a minimized
reaction temperature (197 ◦C) and minimized holding time (30 min) were included in
the optimization. Results regarding starting pH were similar in the range of 3–3.2, again
indicating that an even lower pH is needed to shift even more P into the liquid phase
during HTC of DSS.

Overall optimization then led to the parameter combination of 197 ◦C, 30 min, and
a starting pH of 3 used to determine the composition of the resulting HC needed for the
subsequent modeling in Aspen Plus. Those values can be found in Table 5.
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Table 5. Elemental composition of the resulting hydrochar after optimization.

C H N S O Ash SY HHVar HHVdaf

(%TS) (MJ kgTS
−1)

29.1 3.6 3.9 5.8 8.6 49.0 87.1 13.0 25.5
SY = solid yield; TS = total solids; HHV = higher heating value; ar = as received; daf = dry and ash-free.

3.4. Flowsheeting Results

The following section discusses the results of the flowsheeting efforts concerning the
implementation of HTC technology in a WWPT. Table 6 summarizes the mass balance
of the developed process model (Figure 2). The IDs of the corresponding streams can be
found in the detailed flowsheet in the appendix. The amount of SS used as input for the
modeled HTC equals the output of a large scale WWTP in Germany with an assumed
capacity of 500,000 PE.

Table 6. Mass balance under optimal conditions (mechanical dewatering to 70%TS, flash pressure
1.6 bar(a)), resulting in a hydrochar with 90% total solids content.

SS Condensate Exhaust Air HC PW

Mass flow (kg h−1) 3000.00 369.58 188.18 720.03 1704.67
ID SS HTC-ST2 DRY-ST1 DRY-C2 BP-PW1

SS = sewage sludge; HC = hydrochar; PW = process water.

Energy reduction of the temperature-intensive HTC is key for making this process
more economically viable. Therefore, the fed SS is pre-heated with flashed steam from the
product slurry in a highly efficient heat exchanger (HX) in this model. The remaining heat
to meet reaction conditions is generated externally and introduced into the double-walled
reactor typically via heat transfer oil. Minimizing the thermal energy demand directly
correlates with the reduction of utility costs.

3.5. Sensitivity Analysis of the Flashing Pressure

Generating steam (HTC-ST1) is realized by flashing the reactor pressure to a defined
level. The remaining slurry is treated in the belt filter press (PRESS). Figure 3 compares the
remaining heat duty that needs to be added to the reactor to obtain reaction conditions
(qHTC) with the heat duty of the heat exchanger for pre-heating (qHX). The lowest overall
heat demand of the reactor was calculated at a flashing pressure of 1.6 bar(a). At this point,
flashed steam and the slurry stream both have a temperature of 113.3 ◦C.

Reducing the flashing pressure starting at the water saturation pressure of 14.6 bar(a) at
the reaction temperature of 197 ◦C down to the optimum value of 1.6 bar(a) subsequently
reduces the necessary heat duty of the HTC reactor itself using the heat provided by the
increasing amount of flashed steam. The heat from the flashed steam can be efficiently used
as long as the heat exchanger area of HX is large enough to allow for complete condensation of
the flashed steam. Heat duty of the HTC reactor can be nearly halved down to 254 kW at this
optimum flashing pressure compared to an energy demand of 481 kW when not flashing at all
(Figure 3). This can be explained by the inherent thermodynamic benefits of steam compared
to liquid water or an HTC product slurry. The mass balance in Table 6 shows that the steam
amount (given as condensate) is around eight times less compared to the input (given as SS).
However, good heat transfer can be achieved, since the enthalpy of dry saturated steam is
roughly five times higher than liquid water within the investigated pressure range.

The model further indicates that the required heat exchanger area increases exponentially
for the reduction of the heat duty of the reactor below 300 kW to allow for the aforementioned
complete condensation of the flashed steam. For industrial applications, an optimum balance
between investment costs and continuous energy savings has to be acknowledged. Further
reducing the flashing pressure below the determined optimum of 1.6 bar(a) reduces the
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temperature level of the produced steam too far. Temperature is then too low to the contained
energy at its full potential as the enthalpy of condensation remains unused.
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3.6. Overall Energetic Considerations

In modern WWTPs, belt filter presses are an effective technology commonly used
for the mechanical dewatering of SS achieving a TS content of max. 35% [3]. Even at
such a very high TS content of SS, its HHV as received is 4.76 MJ kg−1. In order to
avoid high costs for transportation as well as the potentially negative impacts on the
incineration itself, mechanically dewatered SS is often thermally dried to achieve the
TS contents of 85–95% [8,23]. HTC-plants at demonstration-scale using a subsequent
mechanical dewatering have shown that TS contents of 70% can already be obtained after
hydrothermal treatment [24].

Table 7 gives an overview on potential thermal energy savings adding a HTC to a
common WWTP. Three scenarios are compared starting with a base scenario of a WWTP
mechanically dewatering SS to 35%TS. The second scenario hydrothermally upgrades the
SS to allow for a mechanical dewatering of up to 70%TS. The third scenario additionally
includes the results of the energetic optimization of the HTC by flashing the product slurry
and using the flashed steam for pre-heating SS. In all three cases, a subsequent thermal
drying of the solid product to achieve 90%TS is included. For this drying, a continuous
drum dryer with an average thermal energy demand of 850 kWh tH2O

−1 was assumed [8].
Such a drum dryer would need an additional 60 kWh tH2O

−1 of electrical power. In
comparison, the total electrical power demand of mechanical dewatering is estimated to be
about 20–30 kWh tTS

−1 [3]. This equals 14–21 kWh tH2O
−1 when mechanically dewatering

from 35–70%TS. Therefore, electrical power demand for dewatering and drying is negligible
compared to the potential savings in heat demand. An additional slurry pump to feed the
HTC reactor and its agitation are assumed to add in total only 10–15 kWh tSS

−1, which is
also neglected in Table 7.
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Table 7. Comparison of three scenarios and their thermal energy needed to supply a solid product
with a total solids content of 90%.

# Scenario
QHTC QDryer QTotal

(kWh tSS−1)

1 WWTP, no HTC, TS = 35% after MDW 0.0 288.5 288.5
2 HTC, no heat recovery, TS = 70% after 2nd MDW 160.3 52.5 212.8
3 HTC, flash to 1.6 bar(a), TS = 70% after 2nd MDW 84.5 52.5 137.0

SS = sewage sludge; TS = total solids; MDW = mechanical dewatering.

The energy demand needed for thermal drying can be reduced by 82% due to the
much better mechanical dewatering after hydrothermal treatment reaching up to 70%TS.
Of course, HTC itself will come with a certain amount of thermal energy demand that
is calculated to be 160.3 kWh tSS

−1 in scenario #2 implementing an HTC without heat
recovery. Still, this would already reduce the overall thermal energy demand by 26%
compared to the base scenario #1 directly drying SS to 90%TS. Furthermore, implementing
the optimized flashing procedure described before will reduce the overall thermal energy
demand by 53% due to the lowered thermal energy demand of the HTC itself. Thermal
energy savings could then be as high as 151.5 kWh tSS

−1.

3.7. Condsiderations Regarding Energy Generation by Incineration

Further energetic advantages of HTC technology can be achieved by using the pro-
duced HC as a fuel [25]. Table 8 compares the energetic potential of dried SS and HC. The
small decrease in HHV of HC compared to the dried SS can be explained by the increase
of the ash content in HC (49.0%TS) compared to SS (41.5%TS). Additionally, the loss of
carbon by the formation of carbon based gases (primarily CO2) [18] and various organic
compounds found in the resulting PW (e.g., formic and acetic acid) [26] further decreases
HHV. The corresponding SY of 87.1% is considered in these calculations. Table 8 depicts the
combustion of the achieved products in a common combined heat and power plant (CHP)
with an assumed energetic efficiency of 80%. The heat of combustion is a key parameter
for designing these plants and is of the same order of magnitude for both cases directly
firing dried SS or producing HC from it. It is also assumed that 80% of the total amount
of produced energy can be used thermally and 20% electrically. It is shown that the heat
required for the HTC in both scenarios #2 and #3 (Table 7) could be easily covered by the
energy provided from the combustion of HC (Table 8). Furthermore, the electrical power
demand of the HTC (as well as the mechanical dewatering) could also be covered. As a
side note, combustion of the dried SS would also be able to cover the energy demand of
scenario #1 without HTC at all. However, in a combined process with an implemented
HTC additional 51.2 kWh tSS

−1 of thermal energy could be used for other needs at the
WWTP or in its vicinity.

Table 8. Comparison of the potential energetic use of dried sewage sludge and hydrochar (both at 90%TS) in a combined
heat and power plant.

Fuel HHV (MJ kg−1) Heat of Combustion (kW)
Qtotal * Qthermal Qelectrical

(kWh tSS
−1)

Sewage sludge (TS = 90%) 12.2 2810.8 749.5 599.6 149.9
Hydrochar (TS = 90%) 11.7 2340.4 624.1 499.3 124.8

* assumed efficiency of the combined heat and power plant is 80% with a share of thermal and electrical output of 80/20.

4. Conclusions

It is shown that treating SS with HTC at a low pH is able to shift phosphorus from
the solid to the liquid phase. In addition, processed SS shows an increased mechanical
dewaterability. In this study, the governmental requirement of 20 g kgTS

−1 phosphorus
in the solid phase was yet not achieved. However, depending on the substrate, it can be
assumed that by lowering the pH even below 3, the requirements are in reach. Theoretically,
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extracting phosphorus from the pH driven equilibrium during the reaction could allow
for more moderate pH values to achieve this threshold. In that case, an expensive mono-
incineration plant would be obsolete and the discussed modular HTC concept would be a
robust, effective addition to WWTPs.

Flowsheeting has shown that pre-heating the fed SS with flashed steam from the
product slurry could reduce the heat demand of the energy intensive HTC process by 47%.
The impact of a hydrothermal treatment on the entire SS drying process regarding thermal
energy savings is as high as 53%. Additionally, at least part of the produced HC could be
incinerated to supply the needed heat for the HTC and the thermal drying. Taking into
account electric power generation could make the plant self-sufficient from an energetic
point of view. The remainder of the produced HC could be used to generate an additional
energy surplus.
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Appendix A

Table A1. Experimental plan, maximum temperatures, and time above 140 ◦C.

Run No. T (◦C) Tmax (◦C) T (min) t140 (min) Starting pH (-)

1 210 227 30 113 3
2 240 250 30 146 5
3 240 249 135 248 3
4 210 229 240 315 7
5 210 218 135 223 5
6 210 229 135 233 5
7 240 250 135 240 7
8 180 208 240 292 5
9 180 205 135 189 3
10 240 249 240 349 5
11 210 223 240 322 3
12 210 226 135 216 5
13 180 197 30 85 5
14 210 228 30 125 7
15 180 201 135 193 7
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Appendix A.1. Aspen Flowsheet and Modelling Assumptions
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Figure A1. Aspen Plus flowsheet of heat integrated HTC and subsequent drying including the used calculator blocks to
manipulate unit operations.

Table A2. Ultimate and proximate analysis of the NC input stream SS1 in %.

Proximate Analysis Ultimate Analysis

Moisture 75.2 Ash 41.5
FC 7.2 Carbon 31.5
VM 54.7 Hydrogen 4.3
Ash 41.5 Nitrogen 4.8

Chlorine 0.0
Sulfur 1.7

Oxygen 16.2
FC = fixed carbon; VM = volatile matte.

Table A3. Pseudo-reactions in RSTOIC unit operations for NC component handling regarding
separation (SEP1) and drying (DRYER).

Specification Type Stoichiometry

Frac. conversion COAL –> 0.0555084 WATER(MIXED)
The conversion rate can be chosen randomly since it will be manipulated by the below listed calculators.

Appendix A.2. Fortran Expressions of Underlying Calculator Blocks

//Calculator SS-SSW:
CONV = WSS/100

Table A4. Variables used in calculator block SS-SSW.

Variable Information Flow Definition

CONV Export variable Block-Var Block = SEP1 Variable = CONV Sentence = CONV ID1 = 1
WSS Import variable Compattr-Var Stream = SS1 Substream = NC Component = COAL Attribute = PROXANAL Element = 1
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//Calculator ADDHTC-C:
CW1 = 0.129*SSS1
CC1 = SS-W3-ST2-CW1
PC1 = PW3
TC1 = TW3

Table A5. Variables used in calculator block ADDHTC-C.

Variable Information Flow Definition

SS Import variable Stream-Var Stream = SS1 Substream = NC Variable = MASS-FLOW Units = kg/hr
W3 Import variable Stream-Var Stream = HTC-W3 Substream = MIXED Variable = MASS-FLOW Units = kg/hr

PW3 Import variable Stream-Var Stream = HTC-W3 Substream = MIXED Variable = PRES Units = bar
PC1 Export variable Stream-Var Stream = HTC-C1 Substream = NC Variable = PRES Units = bar
TW3 Import variable Stream-Var Stream = HTC-W3 Substream = MIXED Variable = TEMP Units = C
TC1 Export variable Stream-Var Stream = HTC-C1 Substream = MIXED Variable = TEMP Units = C
CC1 Export variable Stream-Var Stream = HTC-C1 Substream = NC Variable = MASS-FLOW Units = kg/hr
ST2 Import variable Stream-Var Stream = HTC-ST2 Substream = MIXED Variable = MASS-FLOW Units = kg/hr

CW1 Export variable Stream-Var Stream = HTC-C1 Substream = MIXED Variable = MASS-FLOW Units = kg/hr
SSS1 Import variable Stream-Var Stream = SS-S1 Substream = NC Variable = MASS-FLOW Units = kg/hr

//Calculator MBALANCE:
NCSL1 = C1/(1-C1W/100)
MIXSL1 = SS-NCSL1-ST2

Table A6. Variables used in calculator block MBALANCE.

Variable Information Flow Definition

MIXSL1 Export variable Stream-Var Stream = HTC-SL1 Substream = MIXED Variable = MASS-FLOW Units = kg/hr
NCSL1 Export variable Stream-Var Stream = HTC-SL1 Substream = NC Variable = MASS-FLOW Units = kg/hr

SS Import variable Stream-Var Stream = SS1 Substream = NC Variable = MASS-FLOW Units = kg/hr
ST2 Import variable Stream-Var Stream = HTC-ST2 Substream = MIXED Variable = MASS-FLOW Units = kg/hr
C1 Import variable Stream-Var Stream = HTC-C1 Substream = NC Variable = MASS-FLOW Units = kg/hr

C1W Import variable Compattr-Var Stream = HTC-C1 Substream = NC Component = COAL Attribute = PROXANAL Element = 1

//Calculator DRY-C:
CONV = (WIN-WOUT)/(100-WOUT)
QS = 850
Q = QS*MF/1000*(WIN-WOUT)/100

Table A7. Variables used in calculator block DRY-C.

Variable Information Flow Definition

WIN Import variable Compattr-Var Stream = BP-C2 Substream = NC Component = COAL Attribute = PROXANAL Element = 1

WOUT Import variable Block-Var Block = DRYER Variable = COMPATT Sentence = COMP-ATTR ID1 = NC ID2 = COAL ID3 =
PROXANAL Element = 1

CONV Export variable Block-Var Block = DRYER Variable = CONV Sentence = CONV ID1 = 1
MF Import variable Stream-Var Stream = BP-C2 Substream = NC Variable = MASS-FLOW Units = kg/hr
Q Export variable Block-Var Block = DRYER Variable = DUTY Sentence = PARAM Units = kW
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