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Abstract

:

Phosphorus recovery from waste biomass is becoming increasingly important, given that phosphorus is an exhaustible non-renewable resource. For the recovery of plant nutrients and production of climate-neutral fuel from wet waste streams, hydrothermal carbonization (HTC) has been suggested as a promising technology. In this study, digested sewage sludge (DSS) was used as waste material for phosphorus and nitrogen recovery. HTC was conducted at 200 °C for 4 h, followed by phosphorus stripping (PS) or leaching (PL) at room temperature. The results showed that for PS and PL around 84% and 71% of phosphorus, as well as 53% and 54% of nitrogen, respectively, could be recovered in the liquid phase (process water and/or extract). Heavy metals were mainly transferred to the hydrochar and only <1 ppm of Cd and 21–43 ppm of Zn were found to be in the liquid phase of the acid treatments. According to the economic feasibility calculation, the HTC-treatment per dry ton DSS with an industrial-scale plant would cost around 608 USD. Between 349–406 kg of sulfuric acid are required per dry ton DSS to achieve a high yield in phosphorus recovery, which causes additional costs of 96–118 USD. Compared to current sewage sludge treatment costs in Switzerland, which range between 669 USD and 1173 USD, HTC can be an economically feasible process for DSS treatment and nutrient recovery.
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1. Introduction


To meet global food demand, the utilization of mineral fertilizer in agriculture has become indispensable. While the production of phosphorus (P) and nitrogen (N) fertilizer cause a negative environmental impact, phosphate rock is also a limited resource and since 2014 it has been on the list of Critical Raw Materials for the European Union (EU) [1,2]. Phosphorus as an essential plant nutrient represents a considerable environmental burden due to its production from phosphate ores. According to Binder et al. [3] and Daneshgar et al. [4], easily accessible phosphorus will only last for the next 300 years, while we could reach the phosphorus peak already by 2070 [5]. In addition to huge mining areas, the production of phosphoric acid from phosphate ore leaves behind hundreds of millions of tons of phosphogypsum, some of which is radioactive [6]. Radioactive material such as uranium as well as heavy metals (HM) like cadmium can be transferred from the ore to the mineral P fertilizer [7,8,9,10,11,12]. A study by the Braunschweig Federal Research Center for Cultivated Plants JKI (Julius Kühn-Institute) found in triple superphosphate 52–232 mg/kg of uranium [6]. Recycling of phosphorus from waste streams offers a sustainable alternative to conserve phosphorus deposits and reduce impurities in plant fertilizer. In contrast to phosphorus, which relies on a definite source, nitrogen fertilizer can be synthesized as ammonia from air by the Haber–Bosch process [13]. The negative aspect of this process is that to produce ammonia fertilizer, it consumes between 1–2% of global energy and produces around 1.4% of global CO2 emissions [14]. Countries like Switzerland and Germany approved new regulations to reduce the dependency on phosphorus imports. It will be mandatory to recycle phosphorus from sewage sludge by 2026 in Switzerland and by 2029 in Germany [15]. This attempt to reduce mismanagement of this exhaustible resource and the need for high-quality fertilizer has increased the necessity of a phosphorus recycling process with high nutrient recovery and low environmental burden. Hydrothermal carbonization (HTC) is a thermochemical process allowing the direct usage of wet feedstock without drying them and converting it under high pressure and temperature to a coal slurry, which can be separated into an energy-rich solid phase (hydrochar) and nutrient-rich liquid phase (process water) [16]. The conversion leads to reduced NO emission in the hydrochar combustion [17] and simultaneously improves dewaterability of the carbonized sludge [18,19], which is crucial for an energy-efficient separation. In this process, phosphorus is mainly incorporated in the hydrochar and has to be removed by acid leaching [20,21,22]. Other processes use sewage sludge ash for P-leaching [23], where the sludge’s fuel property is mainly used as process energy for the incineration. Therefore, it is lost to industrial processes like the cement industry or coal power plants as climate-neutral fuel.



Modern wastewater treatment plants (WWTP) employ biological and/or chemical phosphorus removal technologies to transfer around 90% of the input phosphorus load into the sewage sludge [24]. Larger WWTPs utilize the sludge as a feedstock for anaerobic digestion (AD) producing methane, which can be converted to electricity and heat to cover energy demands. Implementing an HTC plant on-site allows the methane yield to be increased by feeding the AD with HTC process water (PW), as a supplemental feedstock with high organic carbon content [20,25,26,27,28,29,30]. Recovered energy can at the same time be utilized for the HTC process and increase the energy efficiency.



Different studies show the potential of P-recovery by applying acids before or after the HTC treatment [20,22,31,32] and the need for using digested sewage sludge. For the acid application, digested sludge has a higher P availability compared to raw sludge, while with raw sludge only 50% of P can be recovered at pH 2 [23]. For a profitable application of the process a cost-effective usage of acid must be achieved.



The aim of this study was to investigate the recovery of plant nutrients (phosphorus and nitrogen) from digested sewage sludge for a sustainable fertilizer and fuel production with the main focus on minimizing the acid usage and increasing the PW utilization. Two paths of P-recovery are investigated in lab-scale experiments, with immediate acid application before and after liquid–solid separation and without prior drying to simulate industrial processing. Process liquids are analyzed for their nutrient and heavy metal content and hydrochars are examined for their fuel properties as possible substitutes for fossil fuels. Furthermore, the economic feasibility of the process in an industrial-scale HTC-plant is evaluated.




2. Materials and Methods


2.1. Digested Sewage Sludge


For this study anaerobically digested sewage sludge was used as a raw material. The digested sewage sludge (DSS) was collected at a WWTP in Switzerland (ARA Rietliau, Waedenswil, Switzerland), with an initial dry matter content of 22.30% (dried at 105 °C). The WWTP consists of four treatment trains, two with membrane bioreactors (MBR) and microfiltration (0.35 µm pore size) and two with conventional activated sludge (CAS) treatments. It was built for a population equivalent of 44,000 and treats communal and industrial wastewater. For chemical phosphorus precipitation, iron (III) chloride and poly aluminum chloride (PAC) are used by the WWTP. The collected DSS was immediately transferred to a convection oven and dried at 40 °C for 86 h (BINDER GmbH, Tuttlingen, Germany). The slowly dried stock was homogenized by grinding to a fine powder (GM200, Retsch GmbH, Haan, Germany) and stored in airtight 1 L glass bottles (DURAN® GLS 80® laboratory wide mouth bottle, DURAN Group GmbH, Mainz, Germany) for HTC trials. These sludge pre-treatments are conducted to achieve a better reproducibility of the lab-scale experiments. In large-scale HTC-treatments sewage sludge will be treated directly after dewatering, without previous drying step.




2.2. Hydrothermal Carbonization


HTC lab experiments were carried out using a 1 L pressure vessel made from Hastelloy® C22® (Büchi AG, Uster, Switzerland). All trials were run in duplicates. The reactor vessel was loaded with 600 g of a mixture of dried DSS and deionized (DI) water. The input amount of DSS (dried at 40 °C) was adjusted by its remaining moisture content (measured at 105 °C) to obtain a final dry matter (DM) content of 20%. The reactor head space contained a small amount of air. Reaction time was set at 4 h after reaching a reaction temperature of 200 °C. The residence time was selected in accordance with the parameters from the industrial-scale reactor from GRegio Energie AG, Chur, Switzerland. During the reaction a maximum pressure of 18.8 bar (±0.2) was reached. The reactor jacket contained an electric heating mantle and water-cooling coil for short heating and cooling phases. Heating up from room to the set temperature took around 30 min and the cooling below 50 °C around 13 min. The mixture was stirred continuously at 200 rpm. All trials were monitored in situ for temperature and pressure. The resulting product of HTC is a mixture (HTC-slurry) of a solid (hydrochar) and liquid (process water) fraction. The HTC-slurry was transferred into a 1 L glass bottle (DURAN® GLS 80® laboratory wide mouth bottle) and afterwards vacuum filtered through a Buchner funnel with a Whatman filter paper (pore size 11 µm, Cat No 1001 125). The PW was stored until analysis at 6 °C and the hydrochar was, without a washing step, dried at 40 °C overnight. Dewaterability of the hydrochar was calculated based on the DM content (dried at 105 °C), achieved after simple vacuum filtration.




2.3. Phosphorus Extraction


Figure 1 shows the flow charts of experimental set-ups with and without acid addition. To optimize the acid dose achieving maximum P recovery by minimizing the PW contamination with acid and heavy metals, the following three experimental set-ups were tested: (i) HTC-C (control): direct liquid–solid separation without any acid addition; (ii) HTC-PS (phosphorus stripping): acid addition to the slurry followed by L/S-separation; and (iii) HTC-PL (phosphorus leaching): Short-time sedimentation of hydrochar particles followed by decantation of surplus process water and acid addition to remaining hydrochar. The last set-up was conducted to reduce the amount of acidified process water, while concentrating the leached nutrients in the extract. Because of the hydrophobic characteristics of the hydrochar [18], the sedimentation took place immediately. Acid extractions (leaching or stripping) were carried out directly after HTC in the 1 L glass bottle, without any intermediate step. All slurries were stirred continuously at 600 rpm with a magnetic stirrer (Big Squid, IKA, Breisgau, Germany). Initial pH value was recorded, followed by a stepwise addition of 1 mL concentrated sulfuric acid (93–98%, Hiperpur, PanReac AppliChem, Darmstadt, Germany) to the mixture until a pH of 2 was reached. After reaching the desired pH value the reaction time of 2 h started [33]. During the reaction, the glass bottle was covered with aluminum foil to minimize the loss from evaporation and the pH value was measured every 15 min and adjusted with 0.5–1 mL acid addition. After 2 h the mixture was vacuum filtered through a Buchner funnel with a Whatman filter paper (pore size 11 µm, Cat No 1001 125). The liquid samples were stored at 6 °C and hydrochars were, without a washing step, directly transferred to the convection oven and dried at 40 °C over night. Remaining PW (incl. nutrients) on char was considered as a loss, to keep the treatment for industrial-scale applications simple and cost effective.




2.4. Characterization of Feedstock and HTC-Products


DSS and hydrochars were analyzed for DM and ash content. To avoid losses of mercury due to volatilization, all samples were previously dried at 40 °C [34] for further analyses and the initial DM content (% DM40C) was recorded. As a second step, subsamples were taken and dried at 105 °C until constant weight was reached (% DM105C). The effective DM content (% DM) was then calculated by Equation (1):


    DM     (  wt . %  )  =   DM   40 C    (  wt . %  )  ×    DM    105 C    (  wt . %  )  ÷ 100  



(1)







After determination of the DM105C, samples were incinerated in a muffle furnace (L 40/11 BO, Nabertherm GmbH, Lilienthal, Germany) and the ash content was measured according to DIN EN 14775. Ultimate analyses for carbon (C), hydrogen (H) and N were undertaken with a CHN-analyzer (TruSpec Macro, LECO Instrumente GmbH, Mönchengladbach Germany) and sulfur was measured at an external lab with a CHNS-analyzer (vario EL cube, Elementar Analysensysteme GmbH, Langenselbold, Germany). All samples for ultimate analyses were dried at 105 °C. Oxygen content was calculated by difference (Equation (2)):


   O     (  wt . %  )  = 100 −  C     (  wt . %  )  −  H     (  wt . %  )  −  N     (  wt . %  )  −  S     (  wt . %  )  −  Ash   content     (  wt . %  )   



(2)







Total content of HM (Cd, Cu, Ni, Pb and Zn) and phosphorus (P) was measured for liquid and solid samples spectroscopically by ICP-OES (Agilent 5100, Agilent Technologies, CA, USA). 2 mL of liquid sample or 0.35 g of solid sample (dried at 40 °C) was added to 8 mL of aqua regia and microwave digested (Speedwave Four, Berghof Products + Instruments GmbH, Eningen, Germany) for 35 min at 175 °C (in dependence on SN EN 13346, protocol C). After the acid digestion samples were transferred to a 25 mL volumetric flask and diluted with ultrapure water. Final results for solid samples were corrected by the remaining water content (% DM105C). Acid digestion using aqua regia did not lead to a complete digestion for solid char samples. Therefore, measurement results were utilized for material balance and recovery efficiency was determined. The results showed good overall recovery with >83% for HM (excl. Pb, Cd and Hg) and nutrients. Dilution effects in liquid samples faced detection limitations, especially for elements with low concentrations as Pb, Cd and Hg. Phosphorus contents for hydrochars were calculated by difference. All samples were digested in triplicates and average results are reported. For the determination of mercury (Hg) samples dried at 40 °C were measured according to DIN EN 1483: 08.97. Mercury was analyzed using a cold vapor atomic absorption spectrometer (CV-AAS) (novAA® 350, Analytik Jena GmbH, Jena, Germany) equipped with a hydride generator (HS 60A, Analytik Jena GmbH, Jena, Germany).



Liquid samples (process water and leaching extract) were analyzed for total organic carbon (TOC), measured as non-purgeable organic carbon (NPOC), according to ASTM D7573 and total bound nitrogen (TNb) according to DIN EN 12260 with a TOC-LCSH analyzer equipped with a TNM-L unit (Shimadzu, Kyoto, Japan). For TOC measurements the samples were automatically acidified with HCl to pH < 3 and sparged with purified air to remove inorganic carbon. Purgeable organic carbon (POC) may also be lost during this sample treatment. The pH values of fresh process water and leachate were measured with a portable multi-parameter meter (HQ40d, Hach Lange, Düsseldorf, Germany).



Hydrochars were further characterized for its fuel properties. Regarding energy content, the higher heating value (HHV) of the raw material and the hydrochar was measured using a calorimeter (IKA C 200, Breisgau, Germany). The volumetric emissions of CO2 and SO2 were calculated according to Equations (3) and (4) adapted from Kaltschmitt [35], on the assumption of a complete combustion. Weight percentage of carbon (c) and sulfur (s) are given by the elemental analysis:


    CO  2     emission     (     m 3       CO   2     kg   DM     )  = 22.41  c      12             



(3)






    SO  2     emission     (     m 3       SO   2     kg   DM     )  = 22.41  s      32             



(4)







The hydrochar yield and energy efficiency (EE) were calculated by Equations (5) and (6), respectively [36,37,38].


   Hydrochar   yield     ( % )  =  (      DM   hydrochar      (  kg  )          DM    raw   material       (  kg  )         )  × 100  



(5)






   Energy   efficiency     ( % )  =  (   Hydrochar   yield   )  ×  (      HHV   hydrochar      (    MJ   kg    )          HHV    raw   material       (    MJ   kg    )         )   



(6)








2.5. Economic Feasabiliy of Hydrothermal Carbonization (HTC)


For the economic calculation, on-site treatment at a WWTP with anaerobic sludge digestion was presumed. Therefore, transport and PW treatment costs were neglected. The investment costs and annul fixed costs were obtained by the HTC-company GRegio Energie AG, Switzerland. All Swiss franc (CHF) amounts are reported in US dollars (USD) and were converted at the exchange rate of 1.1 USD/CHF. The costs include the HTC-process, liquid–solid separation with a hydraulic filter press (HPS, Bucher Unipektin AG, Switzerland), as well as drying and briquetting of the hydrochar. Annual fixed costs are based on Swiss rates and include electrical and thermal energy (electricity rate 0.22 USD/kWh; heating rate 0.066 USD/kWh), rent (198.00 USD/m2a), labor, maintenance, provision and contingency insurance, as well as capital costs. Labor costs are based on a full time-position. Capital costs were calculated based on a payback period of 10 years with 2% annual interest. Annual provision and insurance costs are 1% and maintenance costs are 2.5% of the investment. Costs for the P-extraction were calculated based on the acid consumption in the lab experiments, and do not include industrial scale plant costs and/or fertilizer production. An average market price of 275 USD per ton of industrial grade H2SO4 98% was applied. Specific overall costs per dry ton DSS were determined by Equation (7).


   Specific   overall   cos ts     (   CHF   per   ton   DSS   )  =  (     Annual   fixed   cos ts     (   CHF   per   year   )        Annual   troughput    (  tons   per   year  )         )   



(7)







The industrial scale HTC-plant from GRegio Energie AG is operating continuously with a reactor volume of 5.6 m3. The maximum flow rate of the current system is 2 m3/h and is limited by the heating system and heat recovery unit. The optimal DM content of the sludge input material is around 15%. For the calculation of the disposal fees the throughput was set at 11,200 tons dewatered sewage sludge (15%DM) per year. With a carbonization time of 4 h and a yearly operation time of 8000 h, the flow rate was set to 1.4 m3/h.





3. Results and Discussion


3.1. Carbonization and Separation


For the characterization of hydrochars and liquid phases extensive analysis were conducted. Higher heating values of the raw material and hydrochars are shown in Table 1. HTC of DSS causes a slight decrease in HHV for the control (HTC-C_HC) and hydrochar after P leaching (HTC-PL_HC). The HHV declined around 11% from 12.7 MJ/kg (DSS) to 11.3 MJ/kg (HTC-C_HC and HTC-PL_HC), which is comparable to reported heating values of other studies with DSS [8,14]. After P stripping the hydrochar (HTC-PS_HC) showed with 13.3 MJ/kg a slight increase of 4.5% compared to the starting material and was in average 17.7% above the HHV of HTC-C_HC and HTC-PL_HC.



Table 1 summarizes the results from ultimate analyses, as well as gross calorific values on raw material and hydrochar samples. The ash content of the hydrochars decreased by 10% after the acid treatment, with a minimum ash content of 45.1% after P stripping. Volumetric carbon dioxide and sulfur dioxide emissions c are shown in Figure 2. Hydrochars after acid addition show an increase in sulfur content by 9–10 times, which has a direct influence on the SO2 emissions. Hydrochars from HTC-PS and HTC-PL contained more than 6 wt.% sulfur which, according to the Swiss Clean Air Act (LRV, Annex 5 Number 2), is 3% above the recommended value for coal, coal briquettes and cokes [39]. The carbon content of the chars as well as the CO2 emissions are very stable and did not show any major changes (Table 1, Figure 2).




3.2. Nutrient Recovery


The aim of this study was to recover P and N from sewage sludge into the process water with minimal heavy metal contamination. Figure 3 shows the recovery of nutrients to the liquid phase. PS achieved with 84% a 13% higher P recovery than PL. The difference between the two methods in N recovery is even greater, because for PL it is divided into two liquid fractions. N recovery efficiencies of 53% for PS_PW and 22% for PL_Ext were reached. While for PL 32% of N were in the PW fraction. Compared to the control with 49% N recovery, even without additional treatment considerable amount of N could be recovered directly into the PW.



Table 2 and Table 3 show the nutrient and heavy metal contents in the raw material, hydrochars and liquid phase. Regarding heavy metal contaminations in the liquid phase, only cadmium and zinc could be detected and quantified. The appearance of Cd could not be explained by the authors, as it was not found in the raw material and must have accumulated in the PW. A release of Zn was also observed by Becker et al. [22]. Elemental analysis confirmed that most HM stayed in the hydrochar. An explanation for the high selectivity is the sorption property of the char [22] and the reduction of HM solubility after the HTC-treatment [40].



Because of high sulfur and heavy metal content in the hydrochar, it can only be used for energy production in industrial-scale plants (e.g., cement industry, coal-fired power plant, mono-incineration) with appropriate fume cleaning systems. To decrease the sulfur content in the char, sulfuric acid could be substituted with nitric or organic acids (e.g., citric acid) for the P-recovery treatment. However, other mineral and organic acids can increase the leaching costs [22].



While the N concentrations were for all four liquid samples (PW and Ext) in a similar range (6195–6960 mg N/L), differences in P concentration could be observed. The PW after acid stripping contained 8113 mg P/L, whereas the highest P concentration was achieved in the leachate extract (HTC-PL_Ext) with 16,050 mg P/L. The acid consumption was for both methods (HTC-PS and HTC-PL) at around 14.2 kg (±0.3 kg) H2SO4 per kg P.




3.3. Feasability of Application


Figure 4 shows hydrochar dewaterability and yield, as well as energy efficiency. Normally, sewage sludge is difficult to separate to a high DM content, because of the microbial cell membranes strongly bound to water [41]. With conventional technologies like a decanter centrifuge or filter press, which are used in WWTPs, a DM content of 20–35% or 28–45%, respectively, can be obtained [42]. After HTC it was observed that the solid phase settles very quickly and with simple vacuum filtration a DM content of around 40% could be achieved. This is consistent with other findings, showing the positive effect on the dewaterability of biomass and sewage sludge [18,43]. The acid leaching treatment even increased the dewaterability slightly by 6%. All treatments included a single liquid–solid separation by vacuum filtration. It is assumed that the decantation, as an intermediate separation step, had no impact on the dewaterability of PL, as the process water was not removed completely. According to Chen et al. [44], an increase in acidity can improve the dewaterability of activated sludge. This would also explain the improvement in the PL treatment.




3.4. Profitability


Calculations for annual fixed costs are presented in Table 4. The specific costs per ton DSS for the HTC treatment depend on the DM content of the delivered sludge and can range between 91 USD and 183 USD with 15% and 30% DM content, respectively. On a dry basis, the specific overall costs are 608 USD per ton DM. In Switzerland average disposal costs (incl. transportation) per dry ton sewage sludge amounted in 2001 to: (i) 827 USD for sewage sludge incineration plant; (ii) 882 USD for municipal solid waste incineration plant; and (iii) 669 USD for cement plant (including drying) [45]. The WWTP Werdhölzli in Zurich is one of the biggest WWTPs in Switzerland and operates its own sludge incinerator. The sludge capacity of the plant is designed so that external WWTPs can also deliver their sewage sludge for disposal. The disposal of sludge at the WWTP Werdhölzli costs currently 1173 USD per dry ton [46]. Besides the disposal costs, by 2026 the acid treatment will be an important cost factor for WWTPs. In the current study the acid usage per dry ton DSS was for PS 406 kg and for PL 349 kg, which adds additional costs of 111 USD and 96 USD per dry ton DSS, respectively. Based on the acid usage per kg P recovered, both methods are equal with acid costs of 3.96 USD per kg P.





4. Conclusions


Two methods for the nutrient recovery and fuel production were evaluated. For the treatments PS and PL the acid consumption per kg P recovered were, at around 14.2 kg (±0.3 kg) H2SO4, equal, whereas for PL an advantage was the reduction of acidified PW and doubling the P-concentration in the extract. The additional treatment step with sedimentation and decantation and the reduced P-recovery efficiency compared to PS are the only drawbacks of this treatment. In comparison, PS produced a char with a slightly higher HHV, which could be favorable as a fuel substitute for industrial-scale plants. Both treatments exceed the regulatory requirements for P recovery and additionally transfer around 50% of N into the liquid phase, while leaving the main part of heavy metals in the hydrochar. A reduction in char-N content improves as well the combustion emissions regarding NOx. Regarding the high char-S content, only industrial plants with appropriate exhaust gas treatments are applicable. Therefore, sewage sludge will be still available as a climate-neutral fuel for the cement industry and coal power plants.



HTC can compete with current costs for sewage sludge disposal and offers an advantageous alternative to mono-incineration as a sludge treatment, regarding fuel and nutrient recovery. For an implementation in current WWTP infrastructures plants with AD are favored because of their sludge property and the possibility of PW fermentation for higher methane recovery. To promote the P recovery from waste streams like sewage sludge, further investigations in a sustainable and economically feasible fertilizer production are needed.
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Figure 1. Flow charts of experimental set-ups with and without acid addition. (HTC = Hydrothermal carbonization, C = Control, PS = P-Stripping, PL = P-Leaching, DSS = Digested sewage sludge, PW = Process water, Ext = Leaching extract, VF = Vacuum filtration). 
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Figure 2. Volumetric carbon dioxide and sulfur dioxide emission per kg dry matter (DM) (Error bars show standard deviation of n = 2). 
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Figure 3. Recovery of main nutrients in the process water (PW) and leaching extract (Ext) (Error bars show standard deviation of n = 2). 
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Figure 4. Dewaterability (DW), hydrochar (HC) yield and energy efficiency of the raw material (DSS as received), the control and acid treated hydrochars (Error bars show standard deviation of n = 2). 
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Table 1. Ultimate analysis and higher heating values (HHV) of digested sewage sludge (DSS) and its derived hydrochars (HTC-xx). (C = Control; PS = P stripping; PL = P leaching; HC = Hydrochar) (n = 2).
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C

	
H

	
N

	
S

	
Odiff

	
Ash

	
H/C

	
O/C

	
HHV




	
[wt.%]

	
[wt.%]

	
[wt.%]

	
[wt.%]

	
[wt.%]

	
[wt.%]

	

	

	
MJ/kg






	
DSS

	
30.2

	
4.4

	
4.2

	
1.0

	
17.3

	
42.8

	
1.7

	
0.4

	
12.7




	
HTC-C_HC

	
27.4

	
3.5

	
2.4

	
0.9

	
10.1

	
55.6

	
1.5

	
0.3

	
11.3




	
HTC-PS_HC

	
30.8

	
3.9

	
3.1

	
8.7

	
8.4

	
45.1

	
1.5

	
0.2

	
13.3




	
HTC-PL_HC

	
27.0

	
3.7

	
2.7

	
9.2

	
9.6

	
47.7

	
1.6

	
0.3

	
11.3
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Table 2. Content analysis of raw material and hydrochars (HC). (C = Control; PS = P stripping; PL = P leaching; BLD = bellow limit of detection) (n = 2).
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Nutrient Content

	
Heavy Metal Content




	

	
P [mg kg−1]

	
N [wt.%]

	
Pb [mg kg−1]

	
Cd [mg kg−1]

	
Cu [mg kg−1]

	
Ni [mg kg−1]

	
Zn [mg kg−1]

	
Hg [mg kg−1]






	
DSS

	
34,128

	
4.2

	
24.3

	
BLD

	
262.8

	
21.9

	
700.8

	
0.9




	
HTC-C_HC

	
49,505 *

	
2.4

	
20.8

	
BLD

	
337.5

	
33.2

	
900.5

	
0.5




	
HTC-PS_HC

	
9100 *

	
3.0

	
39.0

	
BLD

	
433.5

	
38.9

	
1031.9

	
1.0




	
HTC-PL_HC

	
14,745 *

	
2.7

	
25.9

	
BLD

	
367.8

	
43.5

	
894.0

	
1.0








* P content calculated by difference.
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Table 3. Content analysis of process water (PW) and leaching extract (Ext). (C = Control; PS = P stripping; PL = P leaching; BLD = bellow limit of detection) (n = 2).
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Nutrient Content

	
Heavy Metal Content

	
pH




	

	
P [mg L−1]

	
N [mg L−1]

	
Pb [mg L−1]

	
Cd [mg L−1]

	
Cu [mg L−1]

	
Ni [mg L−1]

	
Zn [mg L−1]

	
Hg [mg L−1]

	






	
HTC-C_PW

	
208

	
6900

	
BLD

	
BLD

	
BLD

	
BLD

	
BLD

	
BLD

	
7.1




	
HTC-PS_PW

	
8113

	
6386

	
BLD

	
BLD

	
BLD

	
BLD

	
21.3

	
BLD

	
2.1




	
HTC-PL_Ext

	
16,050

	
6195

	
BLD

	
0.9

	
BLD

	
BLD

	
42.9

	
BLD

	
2.0




	
HTC-PL_PW

	
BLD

	
6960

	
BLD

	
BLD

	
BLD

	
BLD

	
BLD

	
BLD

	
7.3
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Table 4. Calculation of net costs for the HTC process from GRegio Energie AG (amortization time 10 years, interest rate 2%; db = dry basis; DSS = digested sewage sludge).
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Annual Throughput of DSS

	
Tons (15%DM)

	
11,200




	
Tons (db)

	
1680






	
Investment costs

	
USD

	
4,332,460.00




	
Annual fixed costs

	
USD/a

	
1,022,674.00




	
Capital costs

	
USD/a

	
482,317.00




	
Operation costs

	
USD/a

	
540,357.00




	
   Electrical energy

	
USD/a

	
88,704.00




	
   Heat energy

	
USD/a

	
72,441.00




	
   Rent

	
USD/a

	
74,250.00




	
   Labor costs

	
1 Person (USD)

	
110,000.00




	
   Maintenance

	
2.5% of Invest. (USD)

	
108,312.00




	
   Provision

	
1% of Invest. (USD)

	
43,325.00




	
   Contingency insurance

	
1% of Invest. (USD)

	
43,325.00




	
Specific overall costs

	
USD per ton DSS (db)

	
608.00

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
o o o o o o o o
I~ (o) LN < o N — o

de

dioxi

ide N Sulfur

diox

B Carbon





nav.xhtml


  energies-14-02697


  
    		
      energies-14-02697
    


  




  





media/file2.png
HTC-C

HTC-PS

HTC-PL

P/N input DSS

HTC-Process

——Slurry—>p

Separation by
vaccum filtration

P/N output PW

P/N output

hydrochar

P/N input DSS

HTC-Process

—Slurry—p

P stripping and
separation by VF

P/N output PW

P/N output

hydrochar

P/N input DSS

008

HTC-Process

——Slurry—p

Sedimentation
and separation by
decantation

P/N output PW

Hydrochar

00 80 6

P leaching and
separation by VF

P/N output Ext

q

P/N output
hydrochar






media/file5.jpg
100%
%0%
0%
70%
60%
so%
0%

i
-

HTCC_PW HTCPS_PW. HTCPL_Ext HTCPL_PW

@Phosphorus DNitrogen





media/file3.jpg
DA —Cm M

Dss. HTCC HTCPS

OcCarbon dioxide  @Sulfur dioxide

.

HTCPL





media/file1.jpg
p—

HTC-PL

J-{=

-
€

o





media/file7.jpg
0%

0%

0%

20%

0%

Dss

HTCC

oW (%DM)

OHC Yield (%)

HTCPS

MEnerg. Eff. (%)

HTCPL





media/file0.png





media/file8.png
0%

60%

40%

SEILILEIIIES,

20%

PITITITIITIT)

%

oy
SIILILI IS,
SEILILIIIES,
SELILI IS,
SEILILIIIIES,
SEILILIII S,
SELIILIIIES,
SELILIIIES,
SEIILIII S,
SELLILI IO S,
SEIILEEI S,
SELIILEEIS,
SEEILEII S,
SEIILEEIES,
SEEILEEI S,
SELIILELEI S,
SELLILELEI S,
SELEILEEI S,
SELEILEEI S,
SELEILELEI S,
SIS EI S,
SELEILELEL S,
SEEILEEEL IS,
SEEILEEEI IS,
SELEIEEEEL IS,
SEEIEEE IS,
SEEILEEL IS,
SEEIEEEEL IS,
SEEIEEE IS,
SELEIEEEEL IS,
SELEIEEE IS,
SEEIEEEEL IS,
SEESEEEELES,
SELESEEEEL IS,
SELESEEE IS,
SELESEEE G,
SEESEEE IS,
SELESEEE G,
SELESEEE G,
SELESEEE G,
SELESEE G,
JITILITIT TP

HTC-C

E@DW (%DM)

C1HC Yield (%

i, i,
s, s,
SELEILIEEI S,
SEEILIEEI S,
SELEILIEII S,
SELEILIEEI S,
SELEILIEEI S,
SELEILIEEI IS,
SELEILIEEI IS,
SELEILIEEI S,
SELEILIEEI IS,
SELEILIE IS IS,
SELEILIEEL IS,
SELEILIE IS IS,
SELEILIEEL IS,
SELEILIEEI IS,
SELEILIE IS,
SELEILIE IS,
SELEILIE IS,
SELESLIE IS,
SELEIEIE IS IS,
SELEILIE IS,
SELEILIE IS,
SELESEIE IS,
SELESEIE IS,
SEESEIE IS,
SELESEIE IS,
SELESESE IS,
SELESEIE IS,
SELESEIE G,
SELESEIE G,
SELESEIE G,
SELESEIE IS,
SELESEIEES IS,
SELESESE G,
SIS G,
SIS G,
SEESEIE G,
SIS G,
SEESESE G,
LSS G,

HTC-PS

Energ. Eff. (%

o
s 22,
IS,

SEIIIIIIIIES,
SEIIIIIIIIES,
SEIIIIIIIIES,
SEIIIIIIII S,
SELIILIIII S,
SEIIIIIII S,
SELIILII IS,
SELIILIIII S,
SELIILIII S,
SELIILIEIIES,
SELIILIII S,
SELIILIIII S,
SELIILIEII S,
SELIILI IS,
SELIILIEII S,
SELIILI IS,
SELIILIII S,
SELIILI IS,
SELEILIE IS,
SELEILI IS,
SELIILIE IS,
SELEILIEII S,
SELEILIE IS,
SELEILIE IS,
SELEILIE SIS,
SELEIEIE IS,
SELEIEIEII IS,
SELEILIEEI IS,
SELEIEIE SIS,
SELEIEIE IS,
SELEIEIE SIS,
SELEIEIE IS,
SELEIEIEEE IS,
SELEIEIE IS,
SELEIEIE IS,
SELEIEIEEE IS,
SELEIEIEEE IS,
SELEIEIE SIS,
SEEIEIE SIS,
SELEIEIE IS,
SELESEIEEE IS,
SELEIESE IS,
SELEIEIE SIS,
IIIIITITITP)

HTC-PL






media/file6.png
HTC-PL_PW

HTC-PL_Ext

HTC-PS_PW

Nitrogen

Phosphorus





