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Abstract: The high moisture content of biosolid from a wastewater treatment plant limits its use for
agriculture and energy applications. This limitation could be obviated by hydrothermal carbonization,
which requires less energy compared to other thermochemical treatment processes, and results in
stabilized solid hydrochar product. The present study examined this option by hydrothermally
treating the biosolid at three temperatures (180, 200 and 220 °C) for 30 min, and at 200 °C for 15,
30 and 60 min. An increase of 50% in the heating value of the biosolid was obtained after this
carbonization. A reduction in the nitrogen concentration in hydrochar was noted with an increase in
phosphorus concentration, but potassium concentration remained largely unchanged. Additionally,
the carbon to nitrogen ratio in the hydrochar product was higher than the biosolid that makes it
suitable for agriculture applications. The chemical oxygen demand of the process water was in the
range of 83,000 to 96,000 mg/L. The study thus provides insight into high-value products that can be
generated by the hydrothermal carbonization of biosolids.
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1. Introduction

The terms sewage sludge and biosolids represent the same semi-liquid end product of wastewater
treatment. Biosolid (or sewage sludge) is treated to make it suitable for land applications [1]. In Canada,
660,000 metric tons of dry biosolid is produced annually [2]. Its management represents 50% of the
overall operating cost of a wastewater treatment plant. Only half of the total biosolid is utilized in land
while another half is disposed of. Disposal or management options for biosolids include incineration
and landfills. These options do not facilitate recovery of the valuable organics in biosolid and adversely
affect the environment and human health [3]. Concerns about contamination of land with harmful
biological and chemical species in biosolids and other practical limitations prevent wide scale use
of biosolids in agriculture. One of the practical issues is its high moisture content, which makes
transportation difficult [4]. Such is the case of the wastewater treatment plant of Charlottetown in the
province of Prince Edward Island, Canada. This plant treats approximately 7 million cubic meters
of wastewater annually producing roughly 3700 tonnes of biosolid. Presently, the sewage sludge
is pre-pasteurized, anaerobically digested and dewatered producing biogas and class-A biosolid.
The biosolid is then taken away with a tipping fee of $35/ton for disposal. Drying could be an option
to increase the dry matter content, but it is an energy intensive process. For biomass with such
high moisture, hydrothermal carbonization could be a preferable option. Subcritical hydrothermal
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carbonization (HTC) is typically carried out at a temperature of 180-220 °C, with pressure in the
range of 2.5-5 MPa, and for a residence time of 15-120 min in an inert or oxygen-free environment [5].
Since the hydrothermal treatment process does not involve evaporation of water, the energy required
for the process is low [6,7]. Lucian et al. [8] found the temperature of 220 °C and 1 h residence time to be
the most favorable condition for hydrothermal carbonization of waste biomass (grape marc). For that
condition, they found the plant efficiency to be 78%, with a specific thermal energy consumption
of 1.17 kWh per kilogram of hydrochar and specific electric consumption of 0.16 kWh per kilogram
of hydrochar. They found the production cost of pelletized hydrochar to be 157 €/ton hydrochar
and 200 €/ton hydrochar was the break-even value for a plant with a payback period of 10 years.
Additionally, this process could produce a more stable hydrochar from which it is easier to remove
water [7]. The process also produces process water containing organic compounds with higher chemical
oxygen demand, which can be anaerobically digested to produce biogas. Biogas, thus produced,
could supplement the energy required for the process. Apart from anaerobic digestion, process water
can be used as a liquid fertilizer. Sun et al. [9] carried out the hydrothermal process at 180, 200 and
220 °C to extract the nutrients from sewage sludge and studied nitrogen, potassium, phosphorus and
heavy metal content in the liquid products obtained after hydrothermal process. The extracted liquid
products were experimented as a potential fertilizer in Komatsuna plant cultivation in a small-scale
Results showed improvement in the crop yield. In recent times, only a few experiments have been
performed on hydrothermal carbonization (HTC) of sewage sludge. For example, in one HTC at 200 °C,
2.1 MPa for 1-6 h, the hydrochar yield was 74-81% and depended on the carbonization time [10].
Another HTC on sewage sludge was carried out at 200 °C, 1.5 MPa and residence time of 4, 7, 10, and
12 h [11]. The higher heating value of the product was 14.73 M]/kg for residence time of 10 h [10].
Most of the works on HTC has been carried out for longer residence times. Parshetti et al. [12] studied
the co-combustion of sludge char from urban sewage sludge with low rank Indonesian coal as well as
hydrothermally upgraded coal at 250 °C, 8-10 MPa and 15 min reaction time. The results showed that
combining sludge char with low rank Indonesian coal and hydrothermally upgraded coal improved
the quality of combustion emission and the HTC process is suitable for energy generation as well
as co-combustion.

A feasibility study to compare hydrothermal carbonization (HTC) with conventional drying
methods for sewage sludge found that HTC required less input energy and it is dependent on the
dry mass content of the product [6]. Similar results were obtained for hydrothermal carbonization of
sewage sludge with waste biomass as the energy balance shows low energy input as compared to the
output energy [13]. There is thus a need for systematic study of this promising option for biosolid
treatment. The present work investigated HTC of biosolids from a commercial sewage treatment plant
and analyzed the overall system efficiency based on the first law of thermodynamics. The results of
hydrothermal carbonization of biosolids at different operating conditions are presented and discussed
in this paper.

2. Materials and Methods

2.1. Material (Feedstock)

The biosolid was collected from the Charlottetown wastewater treatment plant in Prince Edward
Island, Canada, where it is produced by treating the sewage sludge by pasteurizing it at 70 °C for
30 min, then anaerobically digesting it. The digestate is dewatered with centrifuge, decreasing its
moisture content to 75-80%. The initial moisture content of the biosolid tested was 77.2%. The biosolid
used for the experiment is of grade A and is certified for soil application. The physiochemical properties
on a dry basis are shown in Table 1.
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Table 1. Proximate, ultimate and heating value analyses of biosolid (dry basis).

Proximate Analysis (%) Ultimate Analysis (%) Higher Heating Value
Fixed Carbon  Ash Content Volatile Matter C H (0] N S M]/kg
6.88 24.20 68.92 3423 642 3028 416 071 13.3

2.2. Method

Hydrothermal carbonization was carried out in a high-pressure high-temperature batch reactor
with a magnetic stirrer (Parr 4571HP/HT, Parr Instrument Company, Moline, IL, USA). This instrument
can handle up to 5000 psi and 500 °C The raw biosolid was blended in a mixer to obtain homogenous
slurry. Each experiment used 250 mL of the biosolid slurry. The slurry was weighed before pouring it
into the reactor. The reactor was then sealed with a top cover and purged with nitrogen to remove any
air present inside the reactor. The heater was then turned on and the controller was set to the desired
temperature. The temperature inside the reactor was continuously monitored. The process residence
time was measured from the instant when the temperature inside the reactor reached the desired value.
The time required to reach the set point temperature of 180-220 °C is 60-90 min.

Experiments were conducted at 180 °C, 200 °C and 220 °C for 30 min residence time to study the
effect of treatment temperature. Further, the effect of residence time was studied by conducting tests at
15, 30 and 60 min at a fixed temperature of 200 °C. Two sets of experiments were performed, and the
average value of the results was taken for analysis. After the treatment was carried out at the desired
temperature and residence time, the heater was turned off. The cooling loop of the reactor then started
to quickly cool the reactor and thereby prevent any further chemical reaction. After the reactor was
sufficiently cooled, its cover was opened, and the product was transferred into a beaker. The weight
of the final product was then recorded. A cotton cloth filter was used to separate the solid product
from the process water. The weight of the product was recorded. The solid yield and liquid yield were
calculated by taking the ratio of weight of solid and liquid in the final product with initial weight of
biosolid slurry. Gas yield was calculated by difference.

Weight of solid after filtration

Solid Yield = weight of raw slurry

Weight of liquid after filtration
Weight of raw slurry

Liquid Yield =

Weight of dry matter in solid after treatment

Mass Yield = Weight of dry solid matter in raw slurry

The hydrochar was analyzed by conducting proximate, ultimate and heating value analysis.
The proximate analysis followed the American Society for Testing and Materials (ASTM) D3174
for ash analysis and ASTM D3175-89a for the volatile matter. The CHNSO analysis was carried
out using Organic Elemental Analysis Equipment (Flash 2000 CHNS-O, (Thermo Fisher Scientific,
Waltham, MA, USA) and heating value with bomb calorimeter (Parr 6100 Calorimeter, Parr Instrument
Company, Moline, IL, USA). The pH value of the process water was obtained using Accumet AB200.
The mineral analysis of the hydrochar and the analysis of process water were carried out at the
Prince Edward Island Analytical Laboratories following standard analytical procedures. The chemical
composition was obtained using atomic absorption spectrophotometry following the Association of
Official Analytical Chemists (AOAC) 968.08 procedure. Liquid analysis was carried out using United
States Environmental Protection Agency (EPA) 200.7 method.



Energies 2018, 11, 2286 4 0f 10

3. Results and Discussion

3.1. Product Distribution

The final products after hydrothermal treatment can be categorized into solid-hydrochar,
liquid-process water and gas. Figures 1 and 2 show the effects of temperature and residence time on
product yields respectively.
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Figure 1. Effect of temperature on the products distribution.
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Figure 2. Effect of residence time on the products distribution.

The yield of solid product reduced from 18 to 14% with an increase in temperature from 180 °C
to 200 °C. No difference was observed by increasing the temperature above 200 °C. The liquid yield
increased from 75% at 180 °C to 78% at 200 °C. Gas yield percentage (calculated by subtracting solid
and liquid yields from 100) remained constant at all temperatures. Higher temperature resulted in
lower mass yield [14-16]. Higher temperature appeared to cause greater decomposition of organic
material into liquid phase resulting in lower solid yield. Similar decline in solid yield was observed
with increase in residence time. Longer residence time appears to allow more time for hydrothermal
reaction resulting in decreased solid yield, which may be the reason for decrease in mass yield from
91% at 15 min to 63% at 30 min residence time. Reaction temperature, residence time and type of
feedstock are the primary factors that affect the hydrothermal carbonization process [15].
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3.2. Physiochemical Properties of Hydrochar
The solid hydrochar obtained after hydrothermal treatment was analyzed for its physical, chemical

and heating value and the results are presented in Table 2.

Table 2. Proximate, ultimate and heating value of solid hydrochar (dry basis). Product designations
indicate temperature (°C) and time (min).

Analysis Raw 180-30 200-15 200-30 200-60 220-30
Proximate analysis (%)
Moisture 77.16 42.19 47.44 46.97 53.63 47.44
Ash 24.20 32.06 32.81 33.86 33.12 33.9
Volatile Matter 68.92 54.22 54.49 53.56 53.37 52.67
Fixed Carbon 6.88 13.72 12.71 12.58 13.51 13.43
Ultimate analysis (%)
Carbon 34.23 42.27 43.11 42.15 43.98 43.94
Hydrogen 6.42 5.3 5.47 5.3 5.55 541
Nitrogen 4.16 41 3.74 3.98 4.22 3.79
Oxygen 30.28 15.22 13.83 13.65 12.04 11.83
Sulphur 0.71 1.05 1.04 1.06 1.09 1.13
HHV (MJ/kg) 13.23 19.94 19.90 19.85 20.12 20.16
Energy Densification - 1.51 1.50 1.50 1.52 1.52

The proximate analysis shows an increase in fixed carbon and ash content with a corresponding
decrease in volatile matter; this is expected as during the process the volatile matter dissolves into water,
thereby increasing the fixed carbon and ash content in the solid hydrochar. Similarly, an increase in
carbon content is observed with a decrease in hydrogen and oxygen from ultimate analysis. The heating
value of hydrochar is in the range of 19.9 to 20.16 MJ/kg compared to 13.23 MJ/kg in raw biosolid.
This represents an energy densification factor of 1.5 i.e., heating value increased by 50% in solid
hydrochar. The heating value of hydrochar enhances with increases in hydrothermal carbonization
temperature [16,17]. Van Krevelen diagram in Figure 3 shows the atomic ratio of hydrogen and carbon
(H/C Ratio) plotted against the atomic ratio of oxygen and carbon (O/C Ratio).
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Figure 3. Van Krevelen diagram for raw and solid hydrochar.
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The Van Krevelen diagram (Figure 3) shows that both H/C ratio and O/C ratio were lower for
hydrochar compared to those for raw biosolid. This is due to rises in carbon fraction in solids after
HTC which also results in an increased heating value. A similar decrease in the H/C and O/C ratios
after hydrothermal carbonization of waste biomass was observed by Liu et al. [18]. Escala et al. [6]
obtained reductions in the H/C and O/C ratios from 2.30 and 1, to 1.87 and 0.80 after HTC treatment
of raw sludge, respectively. The HTC process is thus characterized by a decrease in the H/C and O/C
ratios, which in turn improves the energy density of biochar produced. The range of H/C and O/C
ratios obtained in the present results is similar to that of lignite [19]. Solid hydrochar with coal-like
properties can be substituted in combustion systems [20].

3.3. Mass and Energy Balance

Figure 4 shows the mass and energy balances for hydrothermal treatment of biosolid produced in
the Charlottetown wastewater treatment plant that produces 3700 tons of biosolid (20-25% dry matter)
annually. The figure also shows that with 25% dry matter, when 925 tons of dry biosolid is treated
at 200 °C for 30 min residence time, 567.77 tons of hydrochar (dry) and 46.03 Nm? of methane will
be produced. The data are based on the actual production. Taking the higher heating value of raw
biosolid, hydrochar and methane to be 13.23 MJ/kg, 19.84 MJ/kg and 35.56 MJ/Nm? respectively,
the thermal efficiency of the overall process is obtained to be 72.96%. The efficiency is calculated by
taking the ratio of the net energy (energy from hydrochar + energy from methane — energy required
for hydrothermal process) with input chemical energy with biosolid. The calculation of efficiency does
not consider the potential heat recovery during cooling process of treated slurry, which will further
increase the efficiency.

Biogas
CH, Production (Nm?) 46.03
Heating Value of CH, (MJ/Nm®) 35.56
Energy from Biogas (MJ/year) 1637 Process Water
[ Energy Requirement | t Yield (tons) 2408.7
[Heating Requirement (MJ/year) 2,344,505 | COD (mg/l) 91,000

Gas (tons) 259

Biosolid 3700 tons/year Hydrothermal Treatment Liaui

Water (tons) 2775 Temperature (°C) 200 Product s;pa.-aﬁon

Solid (tons) o25| W |1ine (minutes) 30 Slurry (tons 3441 —

Moisture content 75% Pressure (MPa) 2.6

Overall System Performance Hydrochar Solid Product

Solid yield (%) 61.38 Yield (tons) 567.77 Water (tons) 464.54
Net Energy (MJ/year) 8,921,590 Heating Value (MJ/kg) 19,54 (—— Hydrochar (tons) ~ 567.77,
Energy Input (MJ/year) 12,228,500 Energy from Hydrochar (MJ/year) 11,264,458 Water Content 45%)
Thermal Efficiency (%) 72.96

Figure 4. Mass and energy balance for hydrothermal treatment of biosolid.

3.4. Mineral Analysis of Solid Hydrochar

Figure 5 shows the nitrogen (N), potassium (K) and phosphorus (P) in hydrochar obtained at
various treatment conditions. The nitrogen concentration decreased after hydrothermal treatment of
raw sewage (Figure 5), and it decreases with increases in treatment temperature. The residence time
does not have much effect on the nitrogen concentration in hydrochar. The result for the nitrogen
in hydrochar is similar to that observed in other hydrothermal carbonization studies [5,19,21,22] of
biomass. Potassium concentration remained unchanged with the treatment, but the phosphorus in
biochar increased after hydrothermal treatment (Figure 5); this is also evident with reduced phosphorus
concentration in process water (Table 3). A similar trend is reported by Volpe et al. [23] for potassium
concentration after hydrothermal carbonization. In the present hydrothermal experiment, the biosolid
was blended for homogeneity and no distilled water was added because that requirement would
adversely affect the feasibility of the process whose goal was to study the changes in biosolid as it is
produced in the plant. Also, the water to biomass ratio in the present case was 3.0, which is in the
lower range of water to biomass ratios normally used in hydrothermal carbonization. Furthermore, the
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water in biosolid itself contains minerals. Consequently, during the process, instead of being dissolved,
the minerals from water could have deposited in the hydrochar. These could be the reasons for the
increase in the concentration of phosphorus. Wang et al. [24] reported significant accumulation of
phosphorus in hydrochar obtained from HTC of sewage sludge.
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Figure 5. Nitrogen, phosphorus and potassium in hydrochar with carbon to nitrogen (C/N) ratio

(dry basis).
Table 3. Chemical Oxygen Demand and pH of process water.
Analysis 180-30 200-15 200-30 200-60 220-30
Phosphorus (ppm) 207.3 192 154.4 136.3 86.16
COD (mg/L) 83,000 91,000 91,000 96,000 91,000
pH 6.56 7.57 6.11 6.04 6.49

Methane Production (Nm3/L) 0.029 0.0318 0.0318 0.0336 0.0318

The carbon to nitrogen ratio (C/N) was found to increase with an increase in temperature, with a
maximum of 13.1 obtained for hydrochar obtained from treatment at 220 °C and 30 min residence
time, which represents an increase of 60% as compared to raw biosolid. The reduction in nitrogen
concentration makes the hydrochar suitable for energy applications as it lowers the risk of corrosion
and fouling issues in boilers [25]. Furthermore, a higher C/N ratio and higher mineral content make
hydrochar suitable for soil remediation applications. A suitable C/N ratio for bioremediation is
10.0 [26]. Fang et al. [27] have reviewed the application of hydrochar derived from hydrothermal
carbonization of biomass and state that hydrochar enhances the effects of fertilizer in soil by reducing
the amount of fertilizer that is lost through surface run-off.
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3.5. Process Water

Process water is an important product of hydrothermal carbonization. It is produced after
solid-liquid separation of hydrothermally treated biosolids. Chemical oxygen demand (COD) is
the amount of oxygen required to oxidize the organic material in the water. It is thus a measure of
potential biogas production. Since a part of the volatiles in biosolid gets dissolved in the water the
amount of hydrocarbon in process water produced increases that in turn increases COD as we see
from Table 3. In anaerobic digestion, microbial activities convert the organic compound into biogas.
The pH, chemical oxygen demand and the theoretical biogas production from the process water are
shown in Table 3.

The pH of the process water is in the range of 6.04 to 7.57, which is within an appropriate range for
the anaerobic digestion process. The COD values of process water are even higher than those of sewage
sludge, which could be anaerobically digested to produce biogas. COD for this ranges from 6000 to
90,000 mg/L [28]. Considering theoretical methane production of 0.35 L/g-of-COD [29], an average
methane production of 0.03 Nm? /L of process water could be obtained which can supplement the
energy needed for the hydrothermal process.

4. Conclusions

Hydrothermal treatment could recover value in biosolid in the form of solid hydrochar and
liquid process water. The heating values of solid produced from raw biosolid increased by 50% after
hydrothermal carbonization. The thermal efficiency of the hydrothermal treatment system was 73%
without heat recovery. The C/N ratio and mineral content were higher in the hydrochar, making
it suitable for soil remediation applications. Hydrochar could also be used for energy applications
provided there are provisions for flue gas scrubbing and multi-stage combustion. The process water
contained high COD value in the range of 83,000 to 96,000 mg/L and a pH in the range 6.04 to 7.57,
which is suitable for anaerobic digestion to produce methane to supplement the energy required for
the process.
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