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ARTICLE INFO ABSTRACT

Keywords: Recycling underutilized resources from food waste (FW) to agriculture through hydrothermal carbonization
Hydrothermal carbonization (HTC) has been proposed to promote a circular economy (CE) in food-energy-water (FEW) nexus. However, most
Food waste

HTC studies on FW were conducted at laboratory scale, and little is known on the efficacy and feasibility of field
application of HTC products from FW, i.e. the aqueous phrase (AP) and solid hydrochar (HC), to support agri-
culture production. An integrated pilot-scale HTC system was established to investigate practical HTC reaction
conditions treating FW. A peak temperature of 180 °C at a residence time of 60 min with 3 times AP recirculation
were recommended as optimal HTC conditions to achieve efficient recovery of nutrients, and desirable AP and
HC properties for agriculture application. Dilution of the raw AP and composting of the fresh HC are necessary as
post-treatments to eliminate potential phytotoxicity. Applying properly diluted AP and the composted HC
significantly improved plant growth and nutrient availability in both greenhouse and field trials, which were
comparable to commercial chemical fertilizer and soil amendment. The HTC of FW followed with agricultural
application of the products yielded net negative carbon emission of —0.28 t COqe t™}, which was much lower
than the other alternatives of FW treatments. Economic profit could be potentially achieved by valorization of
the AP as liquid fertilizer and HC as soil amendment. Our study provides solid evidences demonstrating the
technical and economic feasibility of recycling FW to agriculture through HTC as a promising CE strategy to
sustain the FEW nexus.

Plant nutrition
Soil amendment
Resource recycle
Circular economy

1. Introduction growth, global climate change and environmental pollution [3].
A huge amount of food waste (FW) is generated in the food supply
chain, with an estimated one third of food production, or 1.3 billion

tons, globally [4]. The FW causes approximately $100,000 billion in

Food-energy-water (FEW) nexus are interconnected and interde-
pendent due to their fundamental roles in supporting human life, eco-

nomic activities, and environmental sustainability [1]. The nexus aims
to relieve conflicts and improve synergies among the three sectors, and
can enhance the use efficiency of resources and energy [2]. Facing the
unprecedented limitation of resource availability, the FEW has been
widely recognized as the key to solve the crisis caused by population

social, economic, and environmental consequences globally each year,
with environmental costs of $70,000 billion and social costs of $90,000
billion [4]. This massive waste stream contains significant resources that
could be recycled to support industrial and agricultural production. For
instance, it is estimated that 3.58 million tons of nitrogen (N) and 0.54
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million tons of phosphorus (P) could be recovered from China’s FW in
2022, which equates to approximately 10.43 % and 5.12 % of China’s
annual chemical fertilizer production for N and P, respectively [5].

The FW has high moisture and complicated composition, therefore,
they are hard to be effectively treated and valorized with the methods
commonly adapted for other municipal solid wastes [6]. Improper
disposal of FW will cause the contamination to environment and the
spread of infectious diseases. Landfilling of FW is limited by land use,
long process time and emission of greenhouse gas (e.g. CO, CHy).
Incineration of the FW produces energy, but energy-intensive pre-drying
is required due to its high moisture. In both cases, nutrient recovery is
not realized [7]. Biological treatments, such as composting and anaer-
obic digestion, require low energy input and can generate value-added
products like organic fertilizers [8,9]. However, the relatively long
processing time (several weeks) limits their efficiency and capacity to
handle the large amounts of FW generated daily [10]. Overall, facing the
challenges during processing and potential pollutant emissions, the va-
riety of products produced through the utilization of FW is limited [11].

In recent years, much attention has been paid to hydrothermal
carbonization (HTC) treatment of FW due to its advantages in recycling
the energy and resources contained in high moisture solid waste
[12,13]. During the HTC process, wet feedstocks are heated to temper-
atures between 180 °C and 250 °C, while several thermochemical re-
actions occur, including hydrolysis, dehydration, decarboxylation,
polymerization, condensation, and aromatization [14,15]. As a result,
three products of value are generated: a solid phase called hydrochar
(HC), an aqueous phase (AP), and a gaseous phase that is primarily
composed of COz [12]. The HC is a complicated mixture of various
organic compounds with a “core-shell” chemical structure, where large
part of recalcitrant aromatic compounds forms the core and a small part
of labile oxygen-containing functional compounds forms the shell [16].
Besides, the “microsphere” physical structure is commonly developed on
the HC surface. Compared with the biochar (BC) produced by pyrolysis,
the HC has much lower specific surface area and porosity [17]. The AP is
actually the processing water which contains considerable dissolved
organic compounds and inorganic solutes. Because the HTC process is
operated as a batch, closed loop system, the nutrients embedded within
the feedstock is distributed primarily in the AP and HC products.

Recycling the HTC products from FW to improve soil fertility and
support crop production has been proposed as a way to sustain the FEW
nexus [18-21]. Application of woody and grassy biomass HC could
facilitate the formation of more stable native soil organic carbon [22].
We have recently shown that the HC of FW could saturate hydraulic
conductivity and water holding capacity of soil [23], thus HC can be
applied as a soil amendment in improving soil aggregation [24]. The
effect of applying HTC products on plant growth, however, has been
controversial. Some studies have demonstrated that HC stimulates plant
growth and increases crop yield [19,25], while phytotoxicity of HTC
products to seed germination and plant growth has also been reported
[26]. In a meta-analysis of the HC application effects on plant growth,
Luutu et al. [27] found that on the average, HC negatively impacted seed
germination and shoot biomass. These inconsistencies are likely attrib-
uted to the differences in feedstock composition, HTC reaction condi-
tions, and pre- or post-treatments, as well as the application method and
amount of products, soil types, and plant species.

The yield of AP converted by HTC is generally 7 ~ 8 times more than
the solid HC in volume. Some attempts have been done to recover the
dissolved nutrients in the AP, such as P through chemical precipitation
[28], while the recovery processes require extra chemical materials,
energy and equipment [29]. The valorization of the AP, especially in
agriculture application, is still one of the main challenges limiting the
wide extension of HTC treating FW [30]. Furthermore, it should be
realized that the water contained in the AP or FW (~80 %) is also an
important recyclable resource to be used in agriculture.

The circular economy (CE) concerns a closed-looped reutilization
system for natural resources and focus on the strategy of reduce, reuse
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and recycle concept [2]. The CE has received much attention in many
waste treatments (e.g. pyrolysis, composting) because of the great po-
tential in pollution reduction and resources recycling to support eco-
nomic growth [31]. Therefore, this concept has potential for evolving CE
management of HTC treating FW. However, the main focus of HTC
valorization has revolved in the application of products as source of
energy [32]. The lack of the studies from large scale HTC treatment with
raw FW materials makes it hard to identify the practical HTC conditions
for FW with the purpose to reuse the products in agriculture, and
therefore the reliable evaluation of its economic feasibility is unex-
pected. Besides, the studies investigating the effects of HTC products on
plant growth was limited within pot experiments [27], which make it
difficult to extrapolate their results to crop production in the field.

The current study aims (1) to establish a pilot-scale integrated HTC
module for HTC of FW; (2) to identify the practical HTC reaction pa-
rameters and physio-chemical properties of the HC and AP with the
purpose to valorize these products in agriculture; (3) to verify the effi-
cacy of applying the HC as a soil amendment and AP as a liquid fertilizer
to support crop production with field experiments; (4) to evaluate the
environmental impacts and economic feasibility of large scale HTC
treatment of FW with agriculture application of the products in field for
a sustainable CE in the FEW nexus.

2. Materials and methods
2.1. Raw food waste and the HTC feedstock

The raw FW was obtained from a campus canteen in Nanjing Agri-
cultural University capable of serving 30,000 people daily (Fig. 1a). To
ensure samples are representative of the temporal variation in FW
supply, a total of twelve monthly samples of raw FW were collected from
the canteen over four seasons in 2021 (winter, spring, summer, and fall).
Bones and plastic bags were removed from the raw FW, after which the
FW was crushed using a commercial crusher (YL9022, Yifa, China).
Waste cooking oil was present in the raw FW (~10 vol%) and was
extracted for oil recycling using a separator (HYX-400, Yinxu, China)
without extra heating (Fig. 1b). The crushed raw FW after oil removal
was used as the FW feedstock for HTC process (Fig. 1c¢). For composition
analysis, samples of the FW feedstock were filtered to separate solid and
liquid FW phases. Then, the liquid FW feedstock was centrifuged to
remove suspended solids. The collected solid FW feedstock was dried in
an oven at 105 °C for 24 h. Composition analysis of the dry solid FW
feedstock was performed according to the Chinese National Food Safety
Standards (GB 5009-2010). Elemental analysis of both solid and liquid
FW feedstocks was conducted using an elemental analyzer after diges-
tion by H2S04-H20; (ICP-OES, PerkinElmer, USA).

2.2. HTC processing of the FW

The pilot-scale HTC system was a 50-L stainless steel batch reactor
with a 9 kW electrical heater manufactured by Chaoyang Chemical
Engineering Company (Shandong, China) (Fig. 1d). For each run, 15 kg
of the FW feedstock (~80 % water content) was homogenized imme-
diately after collection, using a mechanical grinder (2800 rpm, with a 5
mm grind size), and transferred into the reactor using a sludge pump
(JTP-7000, Sunsun China, 50 W, head 4.4 m, flow rate 7000 L h .
Afterwards, an additional 15 kg of process water (tap water or AP) was
added to the reactor to achieve a 1:1 ratio between wet feedstock to
water to ensure sufficient HTC reactions [33]. The reactor was sealed
and heated by an electric heater installed inside to reach peak temper-
ature within 6 h controlled with a power regulator. The heating was
stopped after the system temperature being kept at peak temperature for
a residence time. Then, reactor was allowed to naturally cool down to
70 °C, which took approximately 6 h. Then, the reactor contents were
extracted and separated into solid and aqueous phases using a gauze
filter press (Fig. le). For each run, the electricity consumption was
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Fig. 1. Schematic flow of hydrothermal carbonization (HTC) processing 1
metric ton food waste (FW) in a pilot-scale production. (a) raw FW mate-
rial; (b) pre-treatment system; (c) FW feedstock; (d) HTC reactor; (e) dewater
system; (f) hydrochar; (g) aqueous phase (AP). The FW was collected from
Nanjing Agricultural University across an entire year. The pre-treatment system
was used to remove the bones and waste cooking oils. The peak temperature of
HTC reaction was 180 °C and resident time was 60 min. The 15 L AP was
recirculated as process water for 3 times. The calculation of water consumption
is based on the following practices: for every 4 HTC runs, only 15 kg water was
added to the system in the first run, thus, for 3 times of AP recirculation, the
water consumption was 900/15/4 x 15 = 225 kg.

recorded by an electric meter.

Five combinations of peak temperature and residence time were set
for the HTC reaction: (1) 180 °C, 30 min; (2) 180 °C, 60 min; (3) 180 °C,
90 min; (4) 200 °C, 30 min and (5) 220 °C, 30 min. According to [34],
the HTC reaction severity, R, can be calculated as:

R =log(t x exp((T —100)/14.75)) )

where T and t represents the peak temperature (°C) and residence time
(min), respectively. These five HTC reaction conditions are referred as
R3.8(180-30), R4.1(180-60)> R4.3(180-90); R4.4(200-30) and Rs o(220-30) with the
first number in the subscript indicating reaction severity and the two
numbers in parenthesis indicating the peak temperature and residence
time. The FW feedstock was carbonized at each reaction condition in
triplicate.

According to previous studies [35-38], recirculating AP has been
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utilized as a method to reduce water and energy requirements. Thus, AP
recirculation was conducted during HTC processing, where 15 L of the
AP after first HTC run was used in subsequent runs. This procedure was
repeated for a total of 5 runs. After each run with AP recirculation,
chemical properties, including electrical conductivity (EC), pH and
concentration of nutrients, were measured for the AP and HC.

2.3. Measurements of the yield and properties of the HTC products

After solid-liquid separation, the weight of the AP, Wap (kg), was
measured, and the yield (wt. %) of the HC, Yieldyc, was calculated as:

Whic_ary

YieldHC =
eredsmck, dry

x 100% (2)

where Wi dry and Wreedstock dry is the weight of the HC and FW feedstock
after oven drying at 105 °C for 24 h.

The AP samples were filtered through a 0.45-ym membrane for
further analysis. The pH and EC were measured using portable probes
(PB-10, Sartorius, Germany; DDS-11A, Yixin, China). Total organic
carbon (TOC) was measured using a TOC analyzer (Multi N/C 3000,
Jena, Germany). Concentrations of NHZ and NO3 were measured using a
continuous flow analyzer (San++, Skalar, Netherlands). Free amino
acids (FAAs) were measured using an automatic amino acid analyzer (L-
8900, Hitachi, Japan). Organic components in the AP were analyzed
using gas chromatography-mass spectrometry (GC-MS) with an HP-
5MS column (30 m x 250 pm x 0.25 pm) (7890A-5975C, Agilent,
USA). The column temperature was initially held at 40 °C for 5 min, then
programmed to 280 °C at a rate of 10 °C min~! with a hold time of 5 min.
Helium was used as the carrier gas with a flow of 1 ml min~*. Electron
impact ionization energy was 70 eV, and mass spectra were scanned
from 20 to 450 u. The injection sample volume was 1.0 pL.

Dissolved organic matter (DOM) in the AP were determined using
fluorescence spectrometer (Fluoromax-4, Jobin-Yvon, French) with
excitation wavelengths of 220-600 nm in 5 nm intervals and emission
wavelengths of 200-600 nm in 5 nm intervals. Blank full term excitation
emission matrix (EEM) spectra of deionized water were tested before
sample analysis, and the scans were repeated 3 times. Rayleigh and
Raman scattering were removed using Matlab (MATLAB R2020b,
Toolbox). The region integration method was then used to calculate the
biological index (BIX) to the qualify the biodegradability of the DOM
[39].

The fatty acids were analysed using GC-MS (Trace 1310-ISQ 7000,
Thermo, USA). In addition, several plant biostimulants in the AP, such as
Zeatin, Brassinolide, and Methyl Jasmonate, were detected using a
liquid chromatography-mass spectrometry (LC-MS) method [40,41].

The solid HC samples were ground using an agate mortar to pass
through a 2 mm sieve for laboratory analysis. Total carbon content of the
HC was determined using an elemental analyzer (multi EA 5000, Ele-
mentar, Germany). The pH and EC were measured using 1:5 (w/w)
suspension of the HC in deionized water. Microstructure of the HC
particles was visualized using a scanning electron microscope (SEM-JSM
IT100, JEOL, Japan). Volatile compounds of the HC were identified
using pyrolysis and gas chromatography coupled with mass spectrom-
etry (Py-GC/MS) following Olszewski et al. [42].

The HC and AP samples were digested with HSO4-H30 for the
measurements of nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), and sodium (Na) using an inductively coupled
plasma-optical emission spectrometer (ICP-OES, PerkinElmer, USA).
The available N (AN) of HC was extracted by alkaline hydrolysis diffu-
sion method and quantified by 0.005 mol L™} HySO4 [43]. The available
P (AP) of HC was extracted by 0.5 mol L! NaHCOs at a ratio of 1:20 (w/
v), followed determination by molybdenum antimony anti-color
methods [44]. The available K (AK) of HC was extracted by ammo-
nium acetate at a ratio of 1:10 (w/v) followed determination by plasma
emission spectrometry (ICP-OES, PerkinElmer, USA).
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2.4. Phytotoxicity test and pot experiment of the AP and HC

Phytotoxicity of the AP was tested with seed germination of barley
and rapeseed according to Kong et al. [45]. Preliminary tests showed
that the full-strength AP was extremely detrimental to seed germination
with 0 % germination rate and thus the AP must be diluted for agri-
culture use. For each test, 20 seeds were uniformly distributed on a 9 cm
filter paper in a petri dish. The seeds were moistened with 10 ml of
deionized water as a control (CK) and AP diluents with AP to water ratio
(w/w) of 1: 50 (APs(), 1: 150 (AP;50), and 1: 250 (APys0), respectively.
All treatments were kept in a dark room controlled at 27 °C in triplicates.
The seed germination rate were recorded after 3 days and root length of
10 randomly selected seedlings were measured after 5 days. Relative
germination rate (RGR, %), relative root length (RRL, %) and relative
germination index (RGI, %) were calculated as:

NGSAP

= 100%
RGR NGSex x 100% 3
MRL4p
RRL = 100% 4
MRLoe X ) )
RGR x RRL

where, NGSpp and NGScxk are the number of geminated seeds treated
with AP diluents and water, respectively; MRLap and MRLck are the
mean root length in the treatments of AP diluents and CK, respectively.
The hydrolase activities (protease and amylase) of barley seeds were
further measured by testing kit from Cominbio Technology Co. LTD,
Suzhou, China (https://www. cominbio.com). Phytotoxicity of the AP
was further tested with pot experiment using cucumber seedlings irri-
gated with AP diluents. Cucumber seedlings with similar sizes were
transplanted into pots (18 cm in diameter and 15 c¢m in height) filled
with commercial coconut husk as growing substrate. The seedlings were
irrigated twice a week with 250 ml each time of deionized water (CK) or
APs, APq50, and APysg, respectively. Each treatment had 3 replicates.
After 4 weeks, the fresh biomass of the shoots and roots were measured
[46].

The plant growth experiments of the pot filled with soil were con-
ducted using topsoil (0-20 cm) collected from Baguazhou, an island
located in the middle-low region of Yangtze River in Nanjing, China. The
soil was sandy loam in texture [23]. Soil sample was air-dried, and
ground to pass a 1 mm sieve for uniform packing. Each pot (18 cm in
diameter and 15 cm in height) was packed with 3 kg soil to reach a bulk
density (BD) of 1.3 g cm™>. Lettuce seedlings (Lactuca sativa L. var.
ramosa Hort.) with similar sizes were transplanted into the pots. To
evaluate the nutritional and phytotoxic effects of the AP, three different
liquids were used: tap water as a control (CK), 1/2 Hoagland solution (1/
2H), and 150 times diluent of the raw AP (APq50). The formulation of
Hoagland solution is generally recognized as ideal solution to meet the
nutrient demand of common plants and half of its concentration is
adequate to supply growth at seedling stage [47]. Each liquid was
applied twice a week with 250 ml each time for 4 weeks.

The effects of HC as a soil amendment on soil nutrients and plant
growth were investigated in the greenhouse with pot experiments using
the same sandy loam soil. To eliminate the potential phytotoxicity of HC,
the fresh HC (Fyc) was composted with rice straw (10:1, w%) for 30 days
to obtain aged HC (Ayc). The aging processes were performed ina 12 L
fermenter. The hydrochar was built into piles and flipped every three
days. When the temperature of the pile stopped the change for five
consecutive days, the HC was recovered after air drying.

Each pot (18 cm in diameter and 15 cm in height) was packed with
the 3 kg soil (CK) and 1 w% of the Fyc and Ay, respectively, to reach a
BDof1.3g cm 3. Besides, equivalent base fertilizer (N-P205-K30, 12-12-
20 mg) was homogeneously mixed with the soil for each pot. Tap water
was applied twice a week with 250 ml each time for 4 weeks.
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The lettuce plants were harvested after 30 days of growth with AP
and HC applications. The fresh biomass weight of root and shoot were
measured, respectively. Soil samples were taken from the pots, air dried
and ground to pass 1 mm sieve for lab measurements. Soil total N (TN)
were determined by HoSO4 digestion-Kjeldahl method. Soil available N
(SAN) was extracted by alkaline hydrolysis diffusion method and
quantified by 0.005 mol L1 H3SO4 [43]. Soil available P (SAP) was
extracted by 0.5 mol L! NaHCOs at a ratio of 1:20 (w/v), followed
determination by molybdenum antimony anti-color methods [44]. Soil
available K (SAK) was extracted by ammonium acetate at a ratio of 1:10
(w/v) followed determination by plasma emission spectrometry (ICP-
OES, PerkinElmer, USA).

2.5. Field application of the AP and HC

Field experiment was conducted at Huaian Experimental Station
(33°22'N and 118°56'E), Jiangsu Province from June 2023 to October
2023. The mean annual temperature and rainfall are 14.5 °C and 900
mm, respectively. The soil in the 0-20 cm soil layer is silt loam with
organic carbon of 8.7 gkg !, total N 0.51 g kg, total P 0.64 g kg ~! and
total potassium 8.1 g kg~ *.

The field experiment was divided into two parts, including applying
AP as liquid fertilizer and HC as soil amendment, respectively. The seeds
of maize (cv. Jiangyu 877) were sowed with a 40 cm row spacing and a
40 cm plant spacing on 25th June. For the AP application experiment,
drip lines were installed with a space of 40 cm in row accompanying
with the plant rows. Then, the drip irrigation was divided into three 240
m? plots (6 m x 40 m) with 1500 plants in each plot. Before sowing, the
compound fertilizer was applied at the rate of 140 kg N ha'; 84 P,05 kg
ha~! and 73.5 K,0 kg ha~! as basal fertilization for all plots, which was
the common practices of local area for maize production. Topdressing
fertilizer was applied at the rate of 60 kg N ha™!; 36 kg P,0s ha™! and
31.5 kg K»0 ha™?! to two of the blocks using the aqueous phase (AP) and
soluble chemical fertilizer (CF, N-P-K, 16-16-14), respectively. The
topdressing was applied 4 times with 2500 L liquid fertilizer each time at
jointing, flared, heading and milk stage, respectively. The other block
irrigated with same amount of water was marked as control-1 (CK-1).
Details of the topdressing timing and amount of liquid fertilizer applied
at these four growing stages are provided in Table S1.

The HC application experiment included three treatments: HC, the
aged HC applied at 0.5 wt% mixed in 0-20 cm soil layer before sowing;
BC, applied at 0.5 wt% mixed in 0-20 cm soil layer before sowing; and
the control-2 (CK-2) without any soil amendment. The BC was derived
from wheat straw and its properties can be found in Ji et al. [48]. Each
treatment was performed in a 48 m? plot (6 m x 8 m) with 300 plants.
Basal fertilizer was applied in the same way as the AP application
experiment.

After harvest on 15th October, undisturbed and disturbed soil sam-
ples were randomly taken from the 0-20 cm topsoil at eight sites across
each plot. Soil bulk density (BD, g cm™°>) was determined after oven-
drying at 105 °C for 24 h. The distribution of soil water-stable aggre-
gates (%), i.e. >0.5 mm, 0.5-0.1 mm, and <0.1 mm, was measured with
wet-sieving procedures [49]. Leaf area index at different growing stages
was calculated by measuring each leaf area and number of leaves and
the planting density [50]. The maize grain yields in each plot of the
treatment were measured after harvesting, threshing, and air-drying of
the grains. Substance composition of the grain was measured by near-
infrared spectroscopy (DA7250, Perten, USA). Soil organic carbon
(SOC) was measured using the Walkley-Black method [51]. Available N,
P and K (mg kg’l) was measured for the soil and total content of N, P and
K (mg g~1) were measured for the maize plant.

2.6. Environmental and economic analysis

During the HTC processing of FW, the gaseous phases were collected
to measure COy emission by static chamber-gas chromatography
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method under R410180-60) [12]. During field application of the AP and
HC, the greenhouse gas (GHG) emissions flux (mg m~2 hr‘l) of CO,, CHy
and NoO were measured at five growing stages of sowing, jointing,
flared, heading and milk, respectively. Then, the cumulative GHG
emission (kg COqe ha~1) and soil carbon sequestration (kg COze ha 1)
were calculated following Zhang et al. [52]. Net carbon emission (t COoe
t~! wet feedstock) was calculated for the HTC process and other FW
treatments, i.e. landfilling, incineration, aerobic composting and
anaerobic digestion.

An economic analysis was conducted to assess the feasibility of HTC
treatment of FW followed with the agriculture application of the prod-
ucts. The analysis accounted for the costs of construction and operation,
and incomes of potential economic benefits of the extracted cooking oil,
government subsidies and the sale of HC as soil amendment and AP as
liquid fertilizer. The calculation was conducted under the circumstance
of a 10-ton daily disposal capacity and a 10-year depreciation period of
the HTC facility. The total investment to run the project was 1.82 million
yuan, assuming 30 % of which was from self-raised fund and the other
70 % was loaned from bank with a loaning rate of 4.9 % (Bank of China,
https://www.Boc.cn). The commodity price (yuan t™1) of the extracted
cooking oil from the raw FW was obtained from market survey during
2020-2022. The commodity prices of the AP (yuan L™') and HC (yuan
t!) were referred to the average prices of the liquid fertilizers and
organic soil amendments available from the Alibaba online market,
respectively.

2.7. Statistical methods

Statistical analyses were performed using SPSS 16.0. One-way
analysis of variance (ANOVA) was conducted to determine the signifi-
cant differences (p < 0.05) among treatments with Duncan’s multiple
range test.

3. Results and discussion
3.1. Food waste properties and plant essential nutrients

The average yield of the raw FW from the canteen was 150 tons per
month with little temporal variation during the year, except for winter
(Jan to Feb) and summer (July to Aug) vacations (Fig.S1). The raw FW
contained a variety of wasted cooked food (e.g. rice, vegetables, meat,
and noodles) and condiments (e.g. soy and chili sauce) (Fig. 1a). As
shown in Fig. 2a, main substance components of the FW feedstock were
carbohydrates (~48.5 %, i.e. starch, cellulose, hemi-cellulose, lignin and
others), lipids (~26.9 %), and proteins (~18.5 %). Interestingly, the FW
collected from various university canteens and restaurants across China
contains the similar amount of carbohydrates (52.8 ~ 69.5 %) and
proteins (14.4 ~ 20 %) [20], indicating that the FW used in this study
represents a common diet food wastes in China and other countries with
the similar diet habitats.

Notably, the content of lipids in the FW feedstock was much higher
than those reported in other HTC studies using sewage sludge and plant
residuals as feedstocks. The high content of lipids in the FW feedstock
may affect HTC reaction and consequently make the products’ proper-
ties different from those derived from other types of feedstocks [53].
Additionally, the temporal variation of each component over seasons
was constrained within a narrow range (Fig. 2a), which indicates a
relatively stable chemical composition of the FW feedstock and conse-
quently consistent properties of the HTC products under certain reaction
conditions.

The FW contains large amount of plant essential nutrients: 23.8 mg N
g, 37mgPg!,6.0mgKg},53mgCag!,0.5mgMgg!inthe
solid FW feedstock (Fig. 2b), and 4480 mg L' (), 1468 mg L' ),
1306 mg L ! (K), 3283 mg L ! (Ca) and 198 mg L™} (Mg) in the liquid
FW feedstock (Fig. 2¢). In addition, Na content in the FW feedstock was
19.4 mg g~ in solid and 2940 mg L ™! in liquid, which were higher than
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Fig. 2. Proximate composition and nutrients in the food waste (FW)
feedstock for hydrothermal carbonization. (a) proximate composition of
solid FW feedstock; (b) nutrients in solid FW feedstock; (c) nutrients in liquid
FW feedstock. The FW samples were taken every quarter during 2021 from a
campus canteen in Nanjing Agricultural University with a daily supply capacity
for 30,000 students. Values denote mean + standard error (n = 12).

other types of feedstocks reported for HTC treatment [54]. It should be
attributed to the salt added during cooking. The heavy metals in the FW
feedstock were 0.26 mg Cr kg1, 0.002 mg As kg~ ?, 0.02 mg Cd kg !,
0.15 mg Hg kg~ ! and 0.05 mg Pb kg~ !, respectively (Table S2), which
were much lower than the other high moisture feedstocks for HTC, such
as sludge and livestock manure. Furthermore, the heavy metals in the
FW feedstock were also much lower than the maximum threshold values
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required for the organic fertilizers (NY/T 525-2021) set by the Ministry
of Agriculture and Rural Affairs of the People’s Republic of China. The
results demonstrate that there would not be any risk of heavy metal
contamination by recycling HTC products derived from FW in
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3.2. Effects of reaction severity and AP recirculation on the HTC products
from FW

3.2.1. Effects on the yields of AP and HC

The yields of the AP and HC from the HTC of FW are largely affected
by reaction severity (Fig. 3a). Increasing the reaction severity from R3 g
to Rs o decreased the HC yield from 62 % to 33 % with the simultaneous
increase of AP volume (mass). Reductions in HC yields at higher tem-
peratures may be attributed to the enhanced hydrolysis of the feedstock,
increased dissolution of soluble intermediates and compound volatili-
zation. Similar results were reported in studies on the HTC products of
other feedstocks in laboratory-scale experiments [55-58], suggesting
carbonization with this pilot-scale system occurs as expected. The Rg g
(180-30), R4.1(180-60) and R4 3(180-90) have statistically similar AP mass and
HC yields, indicating that the increase in residence time has no signifi-
cantly discernible impact at a 180 °C and suggesting the temperature
ramp-up and cool-down periods may dominate the HTC reactions at
these conditions. The R4.3(180-90), R4.4(200-30) and R5.0(220-30) show sta-
tistically similar AP masses and HC yields, but with R4 4(200-30) and Rs o
(220-30) statistically different from R3 g(180-30) and R4.1(180-60). Increasing
the reaction temperature from 180 °C to 200 °C with a 30 min residence
time decreases HC yield and increases the AP mass, but differences be-
tween 200 °C to 220 °C are not statistically significant. These results
suggest that operating at shorter reaction times and/or lower tempera-
tures, both with long (6 hr) cool-down and ramp-up periods as operated
in this study (Fig.S2), may be a viable approach to achieve desired HTC
products while reducing overall system energy needs. Additionally,
depending on the properties of the desired end-products, lower reaction
temperatures should be used to generate a larger amount of HC and less
AP. It was also found that under AP recirculation, the mass of AP
remained stable, while the yield of HC increased from C-1 to C-3
(Fig. 3b), due to the strong adsorption capacity of HC and dissolved
organic matter from AP underwent HTC to form additional solid prod-
ucts [59].

3.2.2. Effects on the pH and electrical conductivity of AP and HC

The HTC reaction severity affected several fundamental chemical
properties of the AP and HC (Fig. S3). The APs and HCs from the HTC of
FW were both acidic with pH values ranging from 3.8 to 5.2 and from 5.8
to 6.2, respectively. Similar results were reported by Wang et al. [60]
who also used FW as the feedstock for HTC treatment. In contrast, the
HCs derived from other types of feedstock, such as sewage sludge, was
found weakly alkaline [39]. The acidity of the products from HTC of the
FW should be attributed to the amino acids and fatty acids from the
hydrolysis of proteins [60]. Reaction severity significantly affected the
pH of the AP, with higher pH values under higher intensities of R4 4 and
Rs.0, while the acidity of the solid HC was hardly affected by reaction
intensity. The EC value of both APs and HCs was not significantly
affected by the reaction intensity. Apparently, the EC ranging from 4.1
to 4.8 ms cm™! of the raw APs was too high to be directly applied for
irrigation or fertigation in agriculture [61]. Increasing HTC reaction
severity could increase total organic carbon (TOC) of the raw APs, but
not increased total carbon content of the HC. The results indicate that
chemical composition of the HC is relatively stable under altered HTC
conditions. The formation of more soluble organic matters under higher
reaction intensity could explain the decrease in the yield of HC and in-
crease in the TOC of the AP [62]. The pH of the AP remained within a
narrow range from 4.02 to 4.18 and was not significantly impacted by
AP recirculation (Table S3). This change may be attributed to the
consistent content of acidic substances in the dynamic states under a
given reaction severity [63]. The EC of the AP increased from 4.13 ms
em ! at C-1 to 4.62 ms cm ! at C-3 and then kept stable afterwards. The
increased EC could be due to the accumulation of inorganic ions and
incomplete ionization of organic acids.
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3.2.3. Effects on nutrient fates of AP and HC

The HTC reaction severity affected nutrient fates in the AP and HC in
different manners (Fig. 3c). Proportion of total N in the AP increased
from 55 % to 67 % with elevating reaction severity. It was probably due
to the enhanced cyclization and deamination of the proteins under
higher HTC reaction severity, which leads to N dissolvement and for-
mation of amino acids, ammonia and nitrogenous compounds [64]. In
contrast, elevating the reaction severity reduced the proportions of total
P, Ca and, Mg in the AP, meanwhile increased their proportions in the
HC, which likely due to their precipitation and absorption with other
metal ions [29,65]. Because of high mobility and solubility, the fates of K
and Na in both AP and HC were relative less affected by the HTC reaction
intensity [18]. As expected, most of the Na was distributed to the AP
(78-83 %), with a concentration ranging from 2.6 to 3.8 g L™ (113-165
mM). Since Na is a beneficial nutrient and supply of several mM Na in
nutrient solution can promote plant growth [66], properly dilution of
the AP above 50 times (2.2-3.2 mM) should not result in harmful effect
of Na to plants. In addition, Na concentration in the HC ranged from 5.9
to 10.6 mg g}, which is much lower than the threshold values of the
organic fertilizer standard allowed for salts in China (NT/Y 4077-2022).
The data indicate that field application of the HC at a reasonable amount
would not cause salinity damage to the soil.

The proportion of total N in the AP increased by 31 % and kept stable
after 3 times of AP recirculation. Meanwhile, the proportions of nutrient
elements, especially P and Ca, in the AP and HC was remarkably affected
by AP recirculation times (Fig. 3d). Mau et al. [67] utilized poultry litter
as the feedstock for HTC and also found that 3 times of AP recirculation
could reach the highest content of nutrients in the AP. Thus, with the
purpose to achieve efficient recovery of nutrients in the AP and HC, 3
times of AP recirculation was recommended as an applicable and
effective produce in the HTC of FW.

3.2.4. Determination of practical HTC reaction conditions for FW

The Van-Krevelen diagram in Fig. 3e shows the coalification degree
of the FW feedstock under different HTC reaction severity. The HC under
higher reaction severities had lower H/C and O/C atomic ratios. It
should be attributed to the enhanced dehydration and decarboxylation
of the feedstock with the increased reaction severity during HTC. As
shown in Fig. 3f, the FW feedstock was not fully carbonized under R3 g
(180-30) as compared with those under Ry4.1(180-60) and Rs.oc220-30). The
characteristic H/C atomic ratio (to 0.4) and O/C atomic ratio (to 1.4) of
lignite (Fig. 3e) are commonly used as a reference to identify HC [54].
Therefore, the solid product under R3 g(180-30) can not be classified as HC
(Fig. 3f), while the solid products yielded under R4 1(180-60) With the
same temperature of 180 °C but longer residence time (60 min) could
meet the standard for HTC of FW.

Ultimately, selection of reaction conditions for the HTC of FW de-
pends on system energy balances and desired product properties. It is
expected that lower temperatures would be desired to decrease opera-
tional costs of the process. As described earlier, operating at shorter
reaction times with the longer cool-down and ramp-up periods may be
advantageous from an energy perspective.

Based on these results above, the reaction severity, R4 1, with a peak
temperature of 180 °C and a residence time of 60 min, and 3 times AP
recirculation was recommended as the practical reaction conditions for
large-scale HTC treatment of FW. Whereby, the HC and AP produced
under this practical HTC conditions were used in the subsequent ex-
periments to evaluate their effects in agriculture application.

3.3. Characteristics of the AP and HC from FW for agriculture application

3.3.1. Characteristics of the AP

The AP solution contains large quantity of N in the ratio of inorganic
form (~20 %) and organic form (~80 %) (Fig. 4a). For inorganic N, the
NHJ-N was the dominate component (~95 %). The sum of NH;-N and
NO3-N ranged from 989 to 1213 mg L ™! and accounted for ~30 % to the
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total N in the AP (Fig. 4b). In addition, other essential major nutrients
are also highly abundant in the solution of AP, including 288 mg P L1,
1351 mg K L™}, 430 mg Ca L™}, 150 mg Mg L.

A total of 16 different free amino acids were detected in the AP,
among which alanine (Ala), glycine (Gly), and glutamic acid (Glu) were
the three leading components (Fig. 4b). These three amino acids are
major components involved in plant root acquisition of organic N, N
allocation and assimilation [68]. Plenty of studies have proved that
amino acids can be directly acquired by plants through root zone
application or leaf spray and function in improving plant growth
[69,701, therefore, the promoting effects of AP solution to plant growth
may be partially resulted from its FAAs.

The AP contained multiple soluble organic compounds (Fig. 4a). The
N-containing compounds, including pyridine, pyrrole, and pyrazine,

accounted for 45.8 % of the total organic matter, while organic acids,
benzenes, phenols, and ketones accounted for 30 % of the total organic
matter in the AP. In the studies using other feedstocks, the phenols,
especially the guaiacol and catechol, were identified as phytotoxic
substances contained in the HTC products leading to inhibition of seed
germination and negative impacts on plant growth [71,72]. However,
these phytotoxic substances are water soluble and prone to chemical and
biological decomposition [73]. Thus, it is reasonable to expect that
suitable post-treatments of the HTC products, such as washing/com-
posting of the HC and dilution of the AP, could efficiently eliminate the
potential detrimental effects caused by phytotoxicity in agriculture
application [19].

Various fatty acids were found in the AP, where 10-Transpentadece-
noate (8.85 mg L‘l), Mpyristoleate (5.05 mg L) and Pentadecano (4.19
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mg L) had the highest concentration. (Table S4). The dominant DOM
in the AP were humic acid-like substances (~49 %) and fulvic acid-like
substances (~32 %) (Fig. 4c). The BIX was close to 1.0, indicating high
biodegradability of the DOM in the AP. In addition, three types of
phytohormones, i.e. zeatin-riboside (ZR), methl jasmonate (MeJA) and
aminocyclopropane carboxylic acid (ACC), were detected in the AP with
concentrations ranging from 0.25 to 0.30 ng mL™! (Table S5). These
substances may positively affect plant growth by promoting a series of
physiological and biochemical processes [74-76].

3.3.2. Characteristics of the HC

Cracks and microsphere structures were observed on the HC surface
(Fig. 4d). The specific surface area (SSA) of the HC was 1.983 m? g’l,
and the pore volume was 0.033 cm® g~! with pore size of 6.62 nm,
indicating the pores were mainly mesopores. Compared with the biochar
produced by pyrolysis, we found that the HC derived from the FW had a
much lower SSA due to the lower reaction severity and weaker pore
development during HTC [23]. However, the HC derived from FW
generally has rich functional groups that can enhance soil fertility by
increasing soil cation exchange capacity [77]. Considerable plant
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essential nutrients were reserved in the HC, including 822 mg N kg2,
66 mg P kg~ and 616 mg K kg~?, respectively (Fig. 4e).

The HC contained unsaturated fatty acids, including linoleic acid
(~36.6 %), palmitic acid (~9.8 %) and tridecanedia (~7.6 %) (Fig. 4f).
These compundes could be steamed from oxidative cleavage of short
aldehyde like hexanal or octanal and lipids [42], and potenially cause
phytotoxicity of HC [53].

3.4. Evaluation of the HTC products from FW in agriculture application

3.4.1. Pre-field evaluation the AP and HC on plant growth

Compared with the treatment of tap water as blank control (CK), the
APs diluent significantly decreased the seed germination rate and root
length of the rapeseed and barely (Table S6). Besides, the AP5( inhibited
the hydrolase activities of protease and amylase of the seeds (Fig. 5b),
which could be attributed to the high concentrations of salts (EC 0.2 ms
cm’l), organic acids (pH 6.1) and NH4-N (20 mg L’l) in the APsq. On
the contrary, the AP;5 significantly increased the seed germination rate
and root length increased by 21 %~28 % and 7 %~18 %, respectively
(Table S6). Similar promoting effects of the AP on seedling and plant
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growth were reported by Gao et al. [78]. No significant difference was
found for seed germination rate and root length between the CK and
APys( (Table S6). The results indicate that the proper dilution of the AP
from FW at about 150 times could not only eliminate its potential
phytotoxicity but also significantly promote plant growth.

Applying the AP diluents, even at the lowest dilution rate of 50 times,
did not have negative effect on the root and shoot growth of cucumber in
the pot experiment with growing media (Fig. 5c). Instead, shoot and root
growth of cucumber were significantly stimulated at 4 weeks after the
application of AP diluents. It implies that the seedlings are more tolerant
to the potential phytotoxicity of the AP than the seeds. Thus, the
application of the AP diluents as topdressing to crops in field would not
have the risk of phytotoxicity. In addition, the buffering effect of the
porous growth media may contribute to phytotoxicity elimination of the
AP. Moreover, the aerobic condition in the growth media could promote
the chemical and biological degradation of these liable substances
responsible for phytotoxicity. These mechanisms eliminating phytotox-
icity would be also valid in soils during field application of the AP.
Notably, significantly higher fresh shoot biomass was found in all the AP
diluent treatments compared with the CK. Fresh biomass of the shoot
and root of cucumber were both significantly higher in the AP;50 than
those in the APsg and AP5sg. These results demonstrate that the nutrients
in the AP could support plant growth when applied as liquid fertilizer.

Furthermore, in the pot experiment with soil, the lettuce plants that
were fertigated with the AP;5( for 4 weeks showed similar growth with
those supplied with 1/2H, and significantly higher shoot and root
biomass than the CK (Fig. 5d). Similar positive effects on plant growth
have also been reported for the AP from HTC of other feedstocks in pot
experiments [67,73]. In addition to the nutritional functions, the posi-
tive promoting effects of the AP on plant growth may be also related to
the potential functions of its bio-stimulants and amino acids (Fig. 4).
With the purpose to reuse the AP as a liquid fertilizer in agriculture, a
~150 times dilution was recommended as a proper post-treatment for
the raw AP produced from HTC of FW. The changes of soil nutrients
influenced by the application of AP diluent are shown in Fig. Se-f. There
was no significant differences in soil total N, available P and K among
the APjs5p, 1/2H and the CK. This could probably due to the limited
application amount of the liquid fertilizers and short growing period. In
contrast, soil available N content was significantly increased by the
application of AP;59 compared with the CK.

Biomass of the lettuce grown in sandy soil with different post-treated
HCs at an application rate of 1 w% are shown in Fig. 5g. The soil applied
with Fyc yielded significantly lower dry weight of the plant shoot and
root than the CK. It indicates that direct application of fresh HC derived
from FW would inhibit plant growth even at a relatively low application
rate. The detrimental effects of fresh HCs produced from various feed-
stocks on plant growth have been commonly observed [16]. The po-
tential phytotoxic substances in the HC derived from FW should be one
important factor causing the inhibited plant growth in our study. Simi-
larly, phytotoxicity has been widely reported for the fresh HCs derived
from other feedstocks, including maize silage, sewage sludge, wheat
straw, orange peel and beetroot chips [16]. Some intermediate products
during HTC reaction, such as 5-hydroxymethylfurfural (5-HMF),
guaiacol, levulinic, glycolic acid, acetic acid, glycoaldehyde dimer and
catechol, have been identified as the substances responsible for the
phytotoxicity of the HC [79]. However, due to the high complexity and
diversity of the intermediates in the HTG, it is still hard to clarify the
substances and underlying mechanisms causing phytotoxicity of the
HTC products. Additionally, application rate of the HC as soil amend-
ment has been considered as a key factor affecting the HC’s phytotox-
icity [79]. Besides, the significantly decreased biomass (Fig. 5g) could be
also related to the considerable amount of liable organic matter with
high C/N ratio (~25) in the Fyc derived from FW (Table S7), which
would enhance microbial N immobilization in the soil and thus decrease
N availability to the plants [80].

In contrast to the Fyc, the application of Ay significantly increased
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the shoot biomass, while had no detrimental effect on the root biomass
(Fig. 5g). Similar promoting effect on plant growth has been reported in
other studies using HCs from different feedstocks [81]. Since there was
no significant difference of the nutrient status between the soils applied
with fresh HC and post-treated HCs (Fig. 5h-i), the promoting effects in
the post-treated HCs could not be contributed by the increased available
nutrients after HC application. Thus, on one hand, the promoting effects
could be related to the phytohormones absorbed on the HC surface or
released from decomposition of the liable organic components in the HC
[22]. On the other hand, HC application could probably affect soil
physical properties by improving water holding capacity, aeration
conditions and mechanical characteristics to facilitate plant growth
[23,82].

Our results from pre-field experiments (Fig. 5) demonstrate that the
toxicity would not be a hindrance for agriculture application of the AP
and HC from FW. A proper dilution of the AP and composting of the fresh
HC can be considered as effective post-treatments prior to their field
application.

3.4.2. Field application of the AP and HC from FW

To testify if the HTC generated AP and HC products of FW can be
effectively and safely used as liquid fertilizer and soil amendment to
promote crop production in farmland, we produced large amount of AP
and HC by our pilot-scale facilitator of HTC for being applied during the
entire growth season of maize in field. The maize growth at harvest
period in the field fertigated with the AP from FW and soluble CF is
shown in Fig. 6. Although all the testing plots were supplied with high
amount of compound fertilizer as basal fertilization and several times of
heavy rains resulted in partial leaching of applied soluble AP and
chemical fertilizers (CF) through topdressing fertigation, the growth of
maize was promoted by AP and CF in comparison to the treatment of
control (CK-1: irrigated with same amount of water) (Fig. 6a,b). The
yields in the AP and CF treatments were significantly higher than that in
the CK-1, while no significant difference was found between the AP and
CF treatments (Fig. 6¢). Similarly, contents of available nutrients in the
soil, total nutrients in the shoot and the leaf area index were significantly
higher in the AP and CF treatments than those in the CK-1, while no
significant difference was found between the AP and CF treatments
(Fig. 6d,e,f). These results indicate that the effects of AP on plant growth
of maize was equivalent to the pure nutrimental functions of the CF.
Besides, the protein content in grain was significantly higher in the AP
and CF treatments than that in the CK-1. Notably, the lipid content in the
grains was the highest in the AP treatment (Fig. 6g), which could be
attributed to the contribution of slow-released N from DOM in the AP
(Fig. 4c) to promote the synthesis of fatty acids and amino acids during
grain-filling stage [83].

In comparison to the control treatment without any soil amendment
(CK-2), application of composted HC and BC also improved the maize
growth and grain yield (Fig. 7a,b,c). The applications of HC and BC
increased the yield of maize by 12.5 % and 13.4 %, respectively,
compared with the CK-2 (Fig. 7c). Notably, both the soil available N
(SAN) and K (SAK) were significantly higher in the HC and BC treat-
ments than those the CK-2, while the soil available P (SAP) was signif-
icantly higher in the HC treatment than those in the BC treatment and
CK-2 (Fig. 7d). The higher soil nutrient contents could be on one hand
attributed to the nutrients contained in the HC and BC, while on the
other hand, to the reduced leaching due to the high absorption ability of
the HC and BC particles [16]. Additionally, the total N and P contents in
the shoot were significantly higher in the HC and BC treatments than
those in the CK-2, while no significant difference was found between the
HC and BC treatments (Fig. 7e).

Since the density of both HC and BC particles is much lower than that
of soil particles, application of the HC and BC decreased soil bulk density
(Fig. 7f) and promoted soil aggregation to form more >0.5 mm mac-
roaggregates (Fig. 7g). The improvement of soil structure by the HC
application would further lead to enhanced soil ability of water
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proximate composition of maize grain, under different liquid fertilizer treatments in the field. CK-1 was the control without topdressing liquid fertilizer; AP and CF
denote the aqueous phase from hydrothermal carbonization (HTC) of food waste and compound chemical fertilizer supplied as topdressing liquid fertilizer,
respectively. The error bars represent standard error and different letters indicate statistically significant (p < 0.05) differences among treatments.

retention, aeration and nutrient supply, and decreased resistance against
root penetration [82,84].

The results from our field experiment demonstrate the feasibility of
recycling the HTC products from FW to support agriculture production,
and potential valorization of the AP as liquid fertilizer and the HC as a
soil amendment.

3.5. Environmental impact and economic feasibility of recycling FW to
agriculture through HTC

3.5.1. Environmental implication in carbon neutrality

The equivalent carbon emissions of different sectors along the HTC
processing of FW and agriculture application of its products are shown in
Fig. 8a. The actual carbon emission from the HTC reaction was 0.01 t
COse t ! based on the measured CO, concentration in our pilot-scale
study. The equivalent carbon emission of the electricity consumption
during HTG processing was 0.34 t COqe t~L. The other three sectors, i.e.
fertilizer replacement, GHG emission reduction and soil carbon
sequestration were related to the agriculture application of the HTC
products, and defined as carbon sinks with equivalent carbon emission
of —0.06 CO%e t™!, —0.28 COse t ! and —0.54 COse t 7, respectively.
The detailed measurement and calculation of GHG emission during the
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growth season of maize can be found in Supplementary Materials.
Fig. 8b outlines the net carbon emission of different scenarios of FW
treatments. The HTC and anaerobic digestion yielded negative net car-
bon emission of —0.28 t CO»e t ! and —0.49 t CO9e t_l, respectively,
which were much lower than those yielded by aerobic composting
(—0.02 t COqe t1), incineration (0.58 t COze t 1) and landfilling (0.78 t
COqe t_l) [85-87]. These data implicate that large-scale HTC treatment
of FW followed with agricultural application of its products will sever as
an environmentally friendly route to achieve carbon neutrality [88].

3.5.2. Economical feasibility

Based on the practices of our pilot scale operation and estimation of
the revenue and expenditure currently in China, assuming to run a 10 t
day ™! HTC project treating FW, an initial capital investment of 2.13
million yuan will be required for the equipment and construction
(Supplementary Material), and another 2.6 million yuan should be cost
for annual operation, including feedstock collection (0.32 million yuan),
energy consumption (0.98 million yuan), labor (0.45 million yuan) and
others (0.75 million yuan) (Fig. 8c). The energy consumption is the
largest cost and is always the major concern for the HTC treatment.
However, it should be noted that the energy cost for treating the unit
weight of FW feedstock would be reduced in large-scale HTC scenario
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Fig. 7. Effects of the hydrochar (HC) derived from hydrothermal carbonization of food waste on maize growth and soil physio-chemical properties in the
field application. aerial photograph of the maize; (b) phenotype of the maize; (c) the yield of maize; (d) soil available nutrients; SAN, soil available nitrogen; SAP,
soil available phosphorus; SAK, soil available potassium; (e) the N, P and K in the shoot; (f) soil bulk density; (g) soil aggregates distribution, under different soil
amendment treatments in the field application. CK-2 represents the treatment without soil amendment as blank control; HC and BC denote the treatments of aged
food waste derived HC and biochar mixed in the topsoil (0-20 cm) at 0.5 wt% before planting, respectively. The error bars represent standard error and different

letters indicate statistically significant (p < 0.05) differences among treatments.

due to the less system heat loss [89]. Furthermore, the vigorous devel-
opment of clean energy projects, such as solar power and wind energy
[49], shall further reduce the cost for the heating, enhancing the feasi-
bility of large-scale HTC treatment of FW and reaching the carbon
neutrality in the future. The revenue of recycling FW to agriculture
through HTC mainly come from commercialization of the AP as liquid
fertilizer and the HC as soil amendment (Fig. 8c). The price of the AP
liquid fertilizer is expected to be 0.7 yuan per liter referred to the price of
commercial liquid fertilizer with similar major nutrient contents. The
price of the HC is 1000 yuan per ton referred to the price of commercial
BC in China (Table S8). Besides, the sale of waste cooking oil can achieve
an income of 0.14 million yuan. There will be a government subsidy of
0.98 million yuan for treating FW in China. Overall, the annual revenues
would sum up to 4.15 million yuan after tax deduction. Based on these
data, the return period of the project is estimated to be 3.5 years, and
will make a profit of 6.2 million yuan within ten years (Fig. 8d).

3.5.3. Circular economy for HTC of FW with agriculture application
Following the CE principle, the application of HTC of FW in agri-
culture presents several potential avenues. Firstly, HTC of FW provides a
rapid treatment method without waste generation and emission. So, it
will mitigate both the environmental burden of FW accumulation and
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the release of greenhouse gases (GHGs) in society. Secondly, conversion
of FW by HTC into AP and HC based fertilizer rich in N, P, K, and
applying the HTC products to soils could replace the chemical fertilizer
input and improve soil fertility [90]. Farmer will benefit because of
pollution reduction and adverse effects of linear production processes, i.
e. soil acidification and global warning. Furthermore, the design of
economically efficient and eco-friendly processes requires joint efforts to
expand the value in CE. By combining HTC with other waste treatment
methods of FW such as anaerobic digestion, incineration, and wet
oxidation, it can potentially offer benefits in terms of energy efficiency
and sustainability [91].

4. Conclusion

In this study, an integrated pilot-scale HTC system was successfully
operated to valorize FW to products for agriculture application. A peak
temperature of 180 °C at a residence time of 60 min, with 3 times of AP
recirculation, were identified as the practical conditions to achieve
desirable AP and HC properties. Post-treatment measures, such as
dilution of the raw AP and composting of the fresh HC, effectively
eliminated potential phytotoxicity, the detrimental effects on seed
germination and plant growth. Properly diluted AP used as a liquid
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Fig. 8. Environmental assessment and economic evaluation on the hydrothermal carbonization of food waste with the application of its products in
agriculture. (a) the equivalent carbon emission during the hydrothermal carbonization (HTC) of food waste (FW) with agriculture application of the products; (b)
the net carbon emission under different scenarios of FW treatments (the dates were average values collected from Nordahl et al., 2020; Munir et al., 2023; Schott
et al., 2016; Wang et al., 2023; Havukainen et al., 2017); (c) the revenue and expenditure, and (d) cash flow analysis of the HTC of FW with the valorization of the

products in agriculture under a 10 t/day treatment capacity over ten years.

fertilizer were comparable to commercial fertilizers in promoting plant
growth in both greenhouse and field. Applying the post-treated HC
increased plant growth and soil nutrient availability, making it an
effective soil amendment. Economic feasibility and positive environ-
mental implication in carbon neutrality were proved for HTC treatment
of FW followed with agriculture application of its products. Our inte-
grated study provides solid evidences to support that HTC is a promising
method in treating FW with great potential benefits in environment,
agriculture, and economy.

The efficacy and underlying mechanisms of the AP and HC from FW
in increasing crop yield should be further investigated under different
climate conditions, as well as for various soil types and crop species. A
more efficient and energy-saving system is expected to be adapted for
large-scale HTC plant to treat FW. Additionally, the HTC of FW should
be also developed by coupling clean energy sources such as wind and
solar energy to reduce the dependence on non-renewable fuels. In
addition, legislation and policy restrict the development of HTC of FW,
the openness attitude is expected to fill the gap in industrialization and
marketization in the future.

CRediT authorship contribution statement

Hao Xu: Writing — original draft. Tong Chen: Investigation. Yide
Shan: Investigation. Kang Chen: Investigation. Ning Ling: Writing —

13

review & editing. Lixuan Ren: Writing — review & editing. Hongye Qu:
Investigation. Nicole D. Berge: Writing — review & editing. Joseph R.V.
Flora: Writing — review & editing. Ramesh Goel: Writing — review &
editing. Lubo Liu: Writing — review & editing. Zhipeng Liu: Writing —
review & editing. Guohua Xu: Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This work was supported by the National Natural Science Foundation
of China (project n0:41961124005). The US team, NDB, JRF, RG and LL,
acknowledge funding from the National Science Foundation (grant
numbers: CBET-1902419, 1902234, 1902423). Any opinions, findings,
and conclusions or recommendations expressed in this material are
those of the author(s) and do not necessarily reflect the views of the



H. Xu et al.

National Science Foundation. Professor Zhengqin Xiong from Nanjing
Agricultural University is greatly appreciated for supporting the mea-
surement of carbon emission.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cej.2024.153710.

References

[1] N. Verma, P. Talwar, A. Upadhyay, R. Singh, C. Lindenberger, N. Pareek, P.

K. Sarangi, A.A. Zorpas, V. Vivekanand, Food-energy-water nexus in compliance
with sustainable development goals for integrating and managing the core

environmental verticals for sustainable energy and circular economy, Sci. Total
Environ. 930 (2024) 172649, https://doi.org/10.1016/j.scitotenv.2024.172649.

[2] A.A. Zorpas, Strategy development in the framework of waste management, Sci.

Total Environ. 716 (2020) 137088, https://doi.org/10.1016/j.

scitotenv.2020.137088.

S. Kordoghli, E. Fassatoui, M. Jeguirim, A.A. Zorpas, B. Khiari, Experimental and

feasibility study of bio-waste valorization through pyrolysis for energy and

materials production in the concept of circular economy, Process Saf Environ. Prot.

187 (2024) 279-291, https://doi.org/10.1016/j.psep.2024.04.101.

[4] S.K. Sun, Y.J. Lu, H. Gao, T.T. Jiang, X.Y. Du, T.X. Shen, P.T. Wu, Y.B. Wang,
Impacts of food wastage on water resources and environment in china, J. Clean.
Prod. 185 (2018) 732-739, https://doi.org/10.1016/].jclepro.2018.03.029.

[5] Z. Niu, S.J. Ng, B. Li, J. Han, X. Wu, Y. Huang, Food waste and its embedded

resources loss: A provincial level analysis of china, Sci. Total Environ. 823 (2022)

153665, https://doi.org/10.1016/j.scitotenv.2022.153665.

S.B. Dhull, P.K. Rose, J. Rani, G. Goksen, A. Bains, Food waste to hydrochar: A

potential approach towards the sustainable development goals, carbon neutrality,

and circular economy, Chem. Eng. J. 490 (2024) 151609, https://doi.org/
10.1016/j.cej.2024.151609.

[7] S. Wu, Q. Wang, M. Fang, D. Wu, D. Cui, S. Pan, J. Bai, F. Xu, Z. Wang,
Hydrothermal carbonization of food waste for sustainable biofuel production:
Advancements, challenges, and future prospects, Sci. Total Environ. 897 (2023)
165327, https://doi.org/10.1016/j.scitotenv.2023.165327.

[8] A. Abomohra, S. Faisal, R. Ebaid, J. Huang, Q. Wang, M. Elsayed, Recent advances
in anaerobic digestion of lipid-rich waste: Challenges and potential of seaweeds to
mitigate the inhibitory effect, Chem. Eng. J. 449 (2022) 137829, https://doi.org/
10.1016/j.cej.2022.137829.

[9] W. Guo, Y. Zhou, N. Zhu, H. Hu, W. Shen, X. Huang, T. Zhang, P. Wu, Z. Li, On site
composting of food waste: A pilot scale case study in china, Resour. Conserv.
Recycl. 132 (2018) 130-138, https://doi.org/10.1016/j.resconrec.2018.01.033.

[10] A. Cerda, A. Artola, X. Font, R. Barrena, T. Gea, A. Sdnchez, Composting of food
wastes: Status and challenges, Bioresour. Technol. 248 (2018) 57-67, https://doi.
org/10.1016/j.biortech.2017.06.133.

[11] T. Makov, A. Shepon, J. Krones, C. Gupta, M. Chertow, Social and environmental
analysis of food waste abatement via the peer-to-peer sharing economy, Nat.
Commun. 11 (2020) 1156, https://doi.org/10.1038/s41467-020-14899-5.

[12] N.D. Berge, K.S. Ro, J. Mao, J.R. Flora, M.A. Chappell, S. Bae, Hydrothermal
carbonization of municipal waste streams, Environ. Sci. Technol. 45 (2011)
5696-5703, https://doi.org/10.1021/es2004528.

[13] X. Zhang, H. Liu, G. Yang, H. Yao, Fate of Na & Cl in kitchen waste during
hydrothermal carbonizzation, Chem. Eng. J. 490 (2024) 151686, https://doi.org/
10.1016/j.cej.2024.151686.

[14] C. He, Z. Zhang, C. Ge, W. Liu, Y. Tang, X. Zhuang, R. Qiu, Synergistic effect of
hydrothermal co-carbonization of sewage sludge with fruit and agricultural wastes
on hydrochar fuel quality and combustion behavior, Waste Manage. 100 (2019)
171-181, https://doi.org/10.1016/j.wasman.2019.09.018.

[15] L.P. Xiao, Z.J. Shi, F. Xu, R.C. Sun, Hydrothermal carbonization of lignocellulosic
biomass, Bioresour. Technol. 118 (2012) 619-623, https://doi.org/10.1016/j.
biortech.2012.05.060.

[16] A. Khosravi, H. Zheng, Q. Liu, M. Hashemi, Y. Tang, B. Xing, Production and
characterization of hydrochars and their application in soil improvement and
environmental remediation, Chem Eng J. 430 (2022) 133142, https://doi.org/
10.1016/j.cej.2021.133142.

[17] R. Khoshbouy, F. Takahashi, K. Yoshikawa, Preparation of high surface area
sludge-based activated hydrochar via hydrothermal carbonization and application
in the removal of basic dye, Environ. Res. 175 (2019) 457-467, https://doi.org/
10.1016/j.envres.2019.04.002.

[18] I Idowu, L. Li, J. Flora, P.J. Pellechia, S.A. Darko, K.S. Ro, N.D. Berge,
Hydrothermal carbonization of food waste for nutrient recovery and reuse, Waste
Manage. 69 (2017) 480-491, https://doi.org/10.1016/j.wasman.2017.08.051.

[19] S. Yu, L. Xue, Y. Feng, Y. Liu, Z. Song, S. Mandal, L. Yang, Q. Sun, B. Xing,
Hydrochar reduced nh3 volatilization from rice paddy soil: microbial-aging rather
than water-washing is recommended before application, J. Clean. Prod. 268 (2020)
122233, https://doi.org/10.1016/j.jclepro.2020.122233.

[20] L.H. Son, W.H. Chen, A.S. Forruque, Z. Said, N. Rafa, L.A. Tuan, U. Agbulut,

1. Veza, N.X. Phuong, D.X. Quang, Z. Huang, A.T. Hoang, Hydrothermal
carbonization of food waste as sustainable energy conversion path, Bioresour.
Technol. 363 (2022) 127958, https://doi.org/10.1016/j.biortech.2022.127958.

[3

=

[6

—

14

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Chemical Engineering Journal 496 (2024) 153710

M. Ren, C. Huang, Y. Wu, A. Deppermann, S. Frank, P. Havlik, Y. Zhu, C. Fang,
X. Ma, Y. Liu, H. Zhao, J. Chang, L. Ma, Z. Bai, S. Xu, H. Dai, Enhanced food system
efficiency is the key to china’s 2060 carbon neutrality target, Nat. Food. 4 (2023)
552-564, https://doi.org/10.1038/543016-023-00790-1.

K. Sun, L. Han, Y. Yang, X. Xia, Z. Yang, F. Wu, F. Li, Y. Feng, B. Xing, Application
of hydrochar altered soil microbial community composition and the molecular
structure of native soil organic carbon in a paddy soil, Environ. Sci. Technol. 54
(2020) 2715-2725, https://doi.org/10.1021/acs.est.9b05864.

H. Xu, Y. Shan, N. Ling, L. Ren, H. Qu, Z. Liu, G. Xu, Divergent effects of food waste
derived hydrochar on hydraulic properties and infiltration in a sandy soil,

J. Hydrol. 626 (2023) 130267, https://doi.org/10.1016/].jhydrol.2023.130267.
X. Wang, Z. Li, Y. Cheng, H. Yao, H. Li, X. You, C. Zhang, Y. Li, Wheat straw
hydrochar induced negative priming effect on carbon decomposition in a coastal
soil, Imeta 2 (2023), https://doi.org/10.1002/IMT2.134.

Q. Chu, L. Xue, B.P. Singh, S. Yu, K. Miiller, H. Wang, Y. Feng, G. Pan, X. Zheng,
L. Yang, Sewage sludge-derived hydrochar that inhibits ammonia volatilization,
improves soil nitrogen retention and rice nitrogen utilization, Chemosphere 245
(2020) 125558, https://doi.org/10.1016/j.chemosphere.2019.125558.

O. Karatas, A. Khataee, D. Kalderis, Recent progress on the phytotoxic effects of
hydrochars and toxicity reduction approaches, Chemosphere 298 (2022) 134357,
https://doi.org/10.1016/j.chemosphere.2022.134357.

H. Luutu, M.T. Rose, S. McIntosh, L. Van Zwieten, T. Rose, Plant growth responses
to soil-applied hydrothermally-carbonised waste amendments: A meta-analysis,
Plant Soil. 472 (2022) 1-15, https://doi.org/10.1007/s11104-021-05185-4.

C. Numviyimana, J. Warchot, N. Khalaf, J.J. Leahy, K. Chojnacka, Phosphorus
recovery as struvite from hydrothermal carbonization liquor of chemically
produced dairy sludge by extraction and precipitation, J. Environ. Chem. Eng. 10
(2022) 106947, https://doi.org/10.1016/].jece.2021.106947.

A. Hamalainen, M. Kokko, V. Kinnunen, T. Hilli, J. Rintala, Hydrothermal
carbonisation of mechanically dewatered digested sewage sludge-energy and
nutrient recovery in centralised biogas plant, Water Res. 201 (2021) 117284,
https://doi.org/10.1016/j.watres.2021.117284.

T.A.H. Nguyen, T.H. Bui, W.S. Guo, H.H. Ngo, Valorization of the aqueous phase
from hydrothermal carbonization of different feedstocks: Challenges and
perspectives, Chem. Eng. J. 472 (2023) 144802, https://doi.org/10.1016/j.
cej.2023.144802.

S. Kavasilis, M.K. Doula, A.A. Zorpas, L. Cambanis, J. Navarro Pedreno,
Development of alternative solution for animal mortalities through co-composting
using natural clinoptilolite in the framework of circular economy, Sustain. Chem.
Pharm. 38 (2024) 101451, https://doi.org/10.1016/j.scp.2024.101451.

D. Chilabade, G. Mwengula, J. Mulopo, Review of opportunities and challenges for
food waste circular economy advancement via hydrothermal carbonization,
Process Saf. Environ. Protect. (2024), https://doi.org/10.1016/j.
psep.2024.03.029.

H. Jiang, F. Deng, Y. Luo, Z. Xie, Y. Chen, P. Zhou, X. Liu, D. Li, Hydrothermal
carbonization of corn straw in biogas slurry, J. Clean. Prod. 353 (2022) 131682,
https://doi.org/10.1016/j.jclepro.2022.131682.

M. Heidari, A. Dutta, B. Acharya, S. Mahmud, A review of the current knowledge
and challenges of hydrothermal carbonization for biomass conversion, J. Energy
Inst. 92 (2019) 1779-1799, https://doi.org/10.1016/j.joei.2018.12.003.

Y. Ding, C. Guo, S. Qin, B. Wang, P. Zhao, X. Cui, Effects of process water
recirculation on yields and quality of hydrochar from hydrothermal carbonization
process of rice husk, J. Anal. Appl. Pyrolysis. 166 (2022) 105618, https://doi.org/
10.1016/j.jaap.2022.105618.

A. Picone, M. Volpe, A. Messineo, Process water recirculation during hydrothermal
carbonization of waste biomass: Current knowledge and challenges, Energies 14
(2021) 2962, https://doi.org/10.3390/en14102962.

F. Wang, J. Wang, C. Gu, Y. Han, S. Zan, S. Wu, Effects of process water
recirculation on solid and liquid products from hydrothermal carbonization of
laminaria, Bioresour. Technol. 292 (2019) 121996, https://doi.org/10.1016/j.
biortech.2019.121996.

B. Weiner, J. Poerschmann, H. Wedwitschka, Influence of process water reuse on
the hydrothermal carbonization of paper, ACS Sustain. Chem. Eng. 2 (2014)
2165-2171, https://doi.org/10.1021/sc500348v.

H. He, B. Wang, J. Wu, L. Han, H. Xie, S. Rong, J. Duan, L. Xue, Y. Feng,

J. Rinklebe, B. Xing, Efficient disposal of the aqueous products of wet organic
waste hydrothermal carbonization by paddy constructed wetlands, ACS Est Engg. 2
(2022) 1651-1664, https://doi.org/10.1021/acsestengg.2c00056.

S.S. Albaseer, R.N. Rao, Y.V. Swamy, K. Mukkanti, An overview of sample
preparation and extraction of synthetic pyrethroids from water, sediment and soil,
J. Chromatogr. A. 1217 (2010) 5537-5554, https://doi.org/10.1016/j.
chroma.2010.06.058.

G.U. Balcke, V. Handrick, N. Bergau, M. Fichtner, A. Henning, H. Stellmach,

A. Tissier, B. Hause, A. Frolov, An uplc-ms/ms method for highly sensitive high-
throughput analysis of phytohormones in plant tissues, Plant Methods. 8 (2012)
47, https://doi.org/10.1186/1746-4811-8-47.

M.P. Olszewski, P.J. Arauzo, M. Wadrzyk, A. Kruse, Py-gc-ms of hydrochars
produced from brewer’s spent grains, J. Anal. Appl. Pyrolysis 140 (2019) 255-263,
https://doi.org/10.1016/j.jaap.2019.04.002.

L. Ding, P. Wang, W. Zhang, Y. Zhang, S. Li, X. Wei, X. Chen, Y. Zhang, F. Yang,
Shrub encroachment shapes soil nutrient concentration, stoichiometry and carbon
storage in an abandoned subalpine grassland, Sustainability 11 (2019) 1732,
https://doi.org/10.3390/5u11061732.

B. Zhang, R. Beck, Q. Pan, M. Zhao, X. Hao, Soil physical and chemical properties
in response to long-term cattle grazing on sloped rough fescue grassland in the


https://doi.org/10.1016/j.cej.2024.153710
https://doi.org/10.1016/j.cej.2024.153710
https://doi.org/10.1016/j.scitotenv.2024.172649
https://doi.org/10.1016/j.scitotenv.2020.137088
https://doi.org/10.1016/j.scitotenv.2020.137088
https://doi.org/10.1016/j.psep.2024.04.101
https://doi.org/10.1016/j.jclepro.2018.03.029
https://doi.org/10.1016/j.scitotenv.2022.153665
https://doi.org/10.1016/j.cej.2024.151609
https://doi.org/10.1016/j.cej.2024.151609
https://doi.org/10.1016/j.scitotenv.2023.165327
https://doi.org/10.1016/j.cej.2022.137829
https://doi.org/10.1016/j.cej.2022.137829
https://doi.org/10.1016/j.resconrec.2018.01.033
https://doi.org/10.1016/j.biortech.2017.06.133
https://doi.org/10.1016/j.biortech.2017.06.133
https://doi.org/10.1038/s41467-020-14899-5
https://doi.org/10.1021/es2004528
https://doi.org/10.1016/j.cej.2024.151686
https://doi.org/10.1016/j.cej.2024.151686
https://doi.org/10.1016/j.wasman.2019.09.018
https://doi.org/10.1016/j.biortech.2012.05.060
https://doi.org/10.1016/j.biortech.2012.05.060
https://doi.org/10.1016/j.cej.2021.133142
https://doi.org/10.1016/j.cej.2021.133142
https://doi.org/10.1016/j.envres.2019.04.002
https://doi.org/10.1016/j.envres.2019.04.002
https://doi.org/10.1016/j.wasman.2017.08.051
https://doi.org/10.1016/j.jclepro.2020.122233
https://doi.org/10.1016/j.biortech.2022.127958
https://doi.org/10.1038/s43016-023-00790-1
https://doi.org/10.1021/acs.est.9b05864
https://doi.org/10.1016/j.jhydrol.2023.130267
https://doi.org/10.1002/IMT2.134
https://doi.org/10.1016/j.chemosphere.2019.125558
https://doi.org/10.1016/j.chemosphere.2022.134357
https://doi.org/10.1007/s11104-021-05185-4
https://doi.org/10.1016/j.jece.2021.106947
https://doi.org/10.1016/j.watres.2021.117284
https://doi.org/10.1016/j.cej.2023.144802
https://doi.org/10.1016/j.cej.2023.144802
https://doi.org/10.1016/j.scp.2024.101451
https://doi.org/10.1016/j.psep.2024.03.029
https://doi.org/10.1016/j.psep.2024.03.029
https://doi.org/10.1016/j.jclepro.2022.131682
https://doi.org/10.1016/j.joei.2018.12.003
https://doi.org/10.1016/j.jaap.2022.105618
https://doi.org/10.1016/j.jaap.2022.105618
https://doi.org/10.3390/en14102962
https://doi.org/10.1016/j.biortech.2019.121996
https://doi.org/10.1016/j.biortech.2019.121996
https://doi.org/10.1021/sc500348v
https://doi.org/10.1021/acsestengg.2c00056
https://doi.org/10.1016/j.chroma.2010.06.058
https://doi.org/10.1016/j.chroma.2010.06.058
https://doi.org/10.1186/1746-4811-8-47
https://doi.org/10.1016/j.jaap.2019.04.002
https://doi.org/10.3390/su11061732

H. Xu et al.

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

foothills of the rocky mountains, alberta, Geoderma 346 (2019) 75-83, https://doi.
org/10.1016/j.geoderma.2019.03.029.

Y. Kong, G. Wang, W. Chen, Y. Yang, R. Ma, D. Li, Y. Shen, G. Li, J. Yuan,
Phytotoxicity of farm livestock manures in facultative heap composting using the
seed germination index as indicator, Ecotoxicol. Environ. Saf. 247 (2022) 114251,
https://doi.org/10.1016/j.ecoenv.2022.114251.

W. Ye, H. Liu, M. Jiang, J. Lin, K. Ye, S. Fang, Y. Xu, S. Zhao, B. Van der Bruggen,
Z. He, Sustainable management of landfill leachate concentrate through recovering
humic substance as liquid fertilizer by loose nanofiltration, Water Res. 157 (2019)
555-563, https://doi.org/10.1016/j.watres.2019.02.060.

D.R. Hoagland, D.I. Arnon, The water culture method for growing plants without
soil, California Agricultural Experiment Station Circular (1950).

C. Ji, K. Cheng, D. Nayak, G. Pan, Environmental and economic assessment of crop
residue competitive utilization for biochar, briquette fuel and combined heat and
power generation, J. Clean. Prod. 192 (2018) 916-923, https://doi.org/10.1016/j.
jclepro.2018.05.026.

L. Wang, L. Zhu, S. Pan, S. Wang, Low-carbon emitting university campus achieved
via anaerobic digestion of canteen food wastes, J. Environ. Manage. 335 (2023)
117533, https://doi.org/10.1016/j.jenvman.2023.117533.

Z. Wu, N. Cui, L. Zhao, L. Han, X. Hu, H. Cai, D. Gong, L. Xing, X. Chen, B. Zhu,
M. Lv, S. Zhu, Q. Liu, Estimation of maize evapotranspiration in semi-humid
regions of northern china using penman-monteith model and segmentally
optimized jarvis model, J. Hydrol. (Amsterdam) 607 (2022) 127483, https://doi.
0rg/10.1016/j.jhydrol.2022.127483.

D.W. Nelson, L.E. Sommers, Total carbon, organic carbon and organic matter,
methods of soil analysis part 2, Chem. Microbial Properties 9 (1982) 534-580.
H. Zhang, Q. Liang, Z. Peng, Y. Zhao, Y. Tan, X. Zhang, R. Bol, Response of
greenhouse gases emissions and yields to irrigation and straw practices in wheat-
maize cropping system, Agric. Water Manag. 282 (2023) 108281, https://doi.org/
10.1016/j.agwat.2023.108281.

V. Benavente, S. Lage, F.G. Gentili, S. Jansson, Influence of lipid extraction and
processing conditions on hydrothermal conversion of microalgae feedstocks —
effect on hydrochar composition, secondary char formation and phytotoxicity,
Chem. Eng. J. 428 (2022) 129559, https://doi.org/10.1016/j.cej.2021.129559.
H. Liu, LA. Basar, A. Nzihou, C. Eskicioglu, Hydrochar derived from municipal
sludge through hydrothermal processing: A critical review on its formation,
characterization, and valorization, Water Res. 199 (2021) 117186, https://doi.
org/10.1016/j.watres.2021.117186.

H.S. Kambo, A. Dutta, A comparative review of biochar and hydrochar in terms of
production, physico-chemical properties and applications, Renew. Sust. Energ.
Rev. 45 (2015) 359-378, https://doi.org/10.1016/j.rser.2015.01.050.

X. Lu, P.J. Pellechia, J.R.V. Flora, N.D. Berge, Influence of reaction time and
temperature on product formation and characteristics associated with the
hydrothermal carbonization of cellulose, Bioresour. Technol. 138 (2013) 180-190,
https://doi.org/10.1016/j.biortech.2013.03.163.

R. Silvia, L. Judy, B. Nicole, S. Eduardo, R. Kyoung, L. Liang, L. Beatriz, A. Andrés,
B. Sunyoung, Hydrothermal carbonization: Modeling, final properties design and
applications: A review, Energies 11 (2018) 216, https://doi.org/10.3390/
en11010216.

Y. Zhang, Q. Jiang, W. Xie, Y. Wang, J. Kang, Effects of temperature, time and
acidity of hydrothermal carbonization on the hydrochar properties and nitrogen
recovery from corn stover, Biomass Bioenergy 122 (2019) 175-182, https://doi.
org/10.1016/j.biombioe.2019.01.035.

Y. Ding, D. Li, M. Lv, L. Yuan, J. Zhang, S. Qin, B. Wang, X. Cui, C. Guo, P. Zhao,
Influence of process water recirculation on hydrothermal carbonization of rice
husk at different temperatures, J. Environ. Chem. Eng. 11 (2023) 109364, https://
doi.org/10.1016/j.jece.2023.109364.

T. Wang, Y. Zhai, Y. Zhu, C. Peng, B. Xu, T. Wang, C. Li, G. Zeng, Influence of
temperature on nitrogen fate during hydrothermal carbonization of food waste,
Bioresour. Technol. 247 (2018) 182-189, https://doi.org/10.1016/j.
biortech.2017.09.076.

S.M. Reichman, A.M. Wightwick, Impacts of standard and ‘low environmental
impact’ greywater irrigation on soil and plant nutrients and ecology, Appl. Soil
Ecol. 72 (2013) 195-202, https://doi.org/10.1016/j.apso0il.2013.07.012.

L. Li, R. Diederick, J.R.V. Flora, N.D. Berge, Hydrothermal carbonization of food
waste and associated packaging materials for energy source generation, Waste
Manage. 33 (2013) 2478-2492, https://doi.org/10.1016/j.wasman.2013.05.025.
J. Kochermann, K. Gorsch, B. Wirth, J. Miihlenberg, M. Klemm, Hydrothermal
carbonization: Temperature influence on hydrochar and aqueous phase
composition during process water recirculation, J. Environ. Chem. Eng. 6 (2018)
5481-5487, https://doi.org/10.1016/j.jece.2018.07.053.

S.M. Changi, J.L. Faeth, N. Mo, P.E. Savage, Hydrothermal reactions of
biomolecules relevant for microalgae liquefaction, Ind. Eng. Chem. Res. 54 (2015)
11733-11758, https://doi.org/10.1021 /acs.iecr.5b02771.

A. Sarrion, E. Diaz, M.A. de la Rubia, A.F. Mohedano, Fate of nutrients during
hydrothermal treatment of food waste, Bioresour. Technol. 342 (2021) 125954,
https://doi.org/10.1016/j.biortech.2021.125954.

M.D. Meena, R.K. Yadav, B. Narjary, G. Yadav, H.S. Jat, P. Sheoran, M.K. Meena, R.
S. Antil, B.L. Meena, H.V. Singh, M.V. Singh, P.K. Rai, A. Ghosh, P.C. Moharana,
Municipal solid waste (msw): Strategies to improve salt affected soil sustainability:
a review, Waste Manage. 84 (2019) 38-53, https://doi.org/10.1016/j.
wasman.2018.11.020.

V. Mau, J. Neumann, B. Wehrli, A. Gross, Nutrient behavior in hydrothermal
carbonization aqueous phase following recirculation and reuse, Environ. Sci.
Technol. 53 (2019) 10426-10434, https://doi.org/10.1021/acs.est.9b03080.

15

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Chemical Engineering Journal 496 (2024) 153710

G. Xu, X. Fan, A.J. Miller, Plant nitrogen assimilation and use efficiency, Annu.
Rev. Plant Biol. 63 (2012) 153-182, https://doi.org/10.1146/annurev-arplant-
042811-105532.

N. Guo, S. Zhang, M. Gu, G. Xu, Function, transport, and regulation of amino acids:
what is missing in rice? Crop J. 9 (2021) 530-542, https://doi.org/10.1016/j.
¢j.2021.04.002.

H. Liao, Y. Chung, M. Hsieh, Glutamate: A multifunctional amino acid in plants,
Plant Sci. 318 (2022) 111238, https://doi.org/10.1016/j.plantsci.2022.111238.

1. Bargmann, M.C. Rillig, A. Kruse, J.M. Greef, M. Kiicke, Effects of hydrochar
application on the dynamics of soluble nitrogen in soils and on plant availability,
J. Plant Nutr. Soil Sci. 177 (2014) 48-58, https://doi.org/10.1002/
jpIn.201300069.

M.C. Rillig, M. Wagner, M. Salem, P.M. Antunes, C. George, H. Ramke, M. Titirici,
M. Antonietti, Material derived from hydrothermal carbonization: Effects on plant
growth and arbuscular mycorrhiza, Appl. Soil Ecol. 45 (2010) 238-242, https://
doi.org/10.1016/j.aps0il.2010.04.011.

Y. Feng, H. He, L. Xue, Y. Liu, H. Sun, Z. Guo, Y. Wang, X. Zheng, The inhibiting
effects of biochar-derived organic materials on rice production, J. Environ.
Manage. 293 (2021) 112909, https://doi.org/10.1016/j.jenvman.2021.112909.
R.A. Creelman, J.E. Mullet, Biosynthesis and action of jasmonates in plants, Annu.
Rev. Plant Physiol. Plant Mol. Biol. 48 (1997) 355-381, https://doi.org/10.1146/
annurev.arplant.48.1.355.

J. Saikia, R.K. Sarma, R. Dhandia, A. Yadav, R. Bharali, V.K. Gupta, R. Saikia,
Alleviation of drought stress in pulse crops with acc deaminase producing
rhizobacteria isolated from acidic soil of northeast india, Sci. Rep. 8 (2018) 3560,
https://doi.org/10.1038/541598-018-21921-w.

Y. Zhu, J. Chu, X. Dai, M. He, Delayed sowing increases grain number by enhancing
spike competition capacity for assimilates in winter wheat, Eur. J. Agron. 104
(2019) 49-62, https://doi.org/10.1016/j.eja.2019.01.006.

G. Xue, L. Zhang, X. Fan, K. Luo, S. Guo, H. Chen, X. Li, Q. Jian, Responses of soil
fertility and microbiomes of atrazine contaminated soil to remediation by
hydrochar and persulfate, J. Hazard. Mater. 435 (2022) 128944, https://doi.org/
10.1016/j.jhazmat.2022.128944.

S. Gao, D. Lu, T. Qian, Y. Zhou, Thermal hydrolyzed food waste liquor as liquid
organic fertilizer, Sci. Total Environ. 775 (2021) 145786, https://doi.org/
10.1016/j.scitotenv.2021.145786.

D. Busch, A. Stark, C.I. Kammann, B. Glaser, Genotoxic and phytotoxic risk
assessment of fresh and treated hydrochar from hydrothermal carbonization
compared to biochar from pyrolysis, Ecotoxicol. Environ. Saf. 97 (2013) 59-66,
https://doi.org/10.1016/j.ecoenv.2013.07.003.

L.R. Bento, R. Spaccini, S. Cangemi, P. Mazzei, B.B. de Freitas, A.E.O. de Souza, A.
B. Moreira, O.P. Ferreira, A. Piccolo, M.C. Bisinoti, Hydrochar obtained with by-
products from the sugarcane industry: Molecular features and effects of extracts on
maize seed germination, J. Environ. Manage. 281 (2021) 111878, https://doi.org/
10.1016/j.jenvman.2020.111878.

F. Fornes, R.M. Belda, Acidification with nitric acid improves chemical
characteristics and reduces phytotoxicity of alkaline chars, J. Environ. Manage.
191 (2017) 237-243, https://doi.org/10.1016/j.jenvman.2017.01.026.

N. Eibisch, W. Durner, M. Bechtold, R. FuB, R. Mikutta, S.K. Woche, M. Helfrich,
Does water repellency of pyrochars and hydrochars counter their positive effects
on soil hydraulic properties? Geoderma 245-246 (2015) 31-39, https://doi.org/
10.1016/j.geoderma.2015.01.009.

H. Sabourifard, A. Estakhr, M. Bagheri, S.J. Hosseini, H. Keshavarz, The quality
and quantity response of maize (Zea mays .) Yield to planting date and fertilizers
management, Food Chem. Adv. 2 (2023) 100196, https://doi.org/10.1016/j.
focha.2023.100196.

R.V.P. Antero, A.C.F. Alves, S.B. de Oliveira, S.A. Ojala, S.S. Brum, Challenges and
alternatives for the adequacy of hydrothermal carbonization of lignocellulosic
biomass in cleaner production systems: A review, J. Clean. Prod. 252 (2020)
119899, https://doi.org/10.1016/j.jclepro.2019.119899.

M.T. Munir, N. Ul Saqib, B. Li, M. Naqvi, Food waste hydrochar: an alternate clean
fuel for steel industry, Fuel 346 (2023) 128395, https://doi.org/10.1016/j.
fuel.2023.128395.

S.L. Nordahl, J.P. Devkota, J. Amirebrahimi, S.J. Smith, H.M. Breunig, C.V. Preble,
A.J. Satchwell, L. Jin, N.J. Brown, T.W. Kirchstetter, C.D. Scown, Life-cycle
greenhouse gas emissions and human health trade-offs of organic waste
management strategies, Environ. Sci. Technol. 54 (2020) 9200-9209, https://doi.
org/10.1021/acs.est.0c00364.

A. Schott Bernstad Saraiva, H. Wenzel, J. la Cour Jansen, Identification of decisive
factors for greenhouse gas emissions in comparative life cycle assessments of food
waste management — an analytical review, J. Clean. Prod. 119 (2016) 13-24,
https://doi.org/10.1016/j.jclepro.2016.01.079.

J. Havukainen, M. Zhan, J. Dong, M. Liikanen, 1. Deviatkin, X. Li, M. Horttanainen,
Environmental impact assessment of municipal solid waste management
incorporating mechanical treatment of waste and incineration in hangzhou, china,
J. Clean. Prod. 141 (2017) 453-461, https://doi.org/10.1016/j.
jclepro.2016.09.146.

R. Mahmood, G.K. Parshetti, R. Balasubramanian, Energy, exergy and techno-
economic analyses of hydrothermal oxidation of food waste to produce hydro-char


https://doi.org/10.1016/j.geoderma.2019.03.029
https://doi.org/10.1016/j.geoderma.2019.03.029
https://doi.org/10.1016/j.ecoenv.2022.114251
https://doi.org/10.1016/j.watres.2019.02.060
https://doi.org/10.1016/j.jclepro.2018.05.026
https://doi.org/10.1016/j.jclepro.2018.05.026
https://doi.org/10.1016/j.jenvman.2023.117533
https://doi.org/10.1016/j.jhydrol.2022.127483
https://doi.org/10.1016/j.jhydrol.2022.127483
http://refhub.elsevier.com/S1385-8947(24)05199-4/h0255
http://refhub.elsevier.com/S1385-8947(24)05199-4/h0255
https://doi.org/10.1016/j.agwat.2023.108281
https://doi.org/10.1016/j.agwat.2023.108281
https://doi.org/10.1016/j.cej.2021.129559
https://doi.org/10.1016/j.watres.2021.117186
https://doi.org/10.1016/j.watres.2021.117186
https://doi.org/10.1016/j.rser.2015.01.050
https://doi.org/10.1016/j.biortech.2013.03.163
https://doi.org/10.3390/en11010216
https://doi.org/10.3390/en11010216
https://doi.org/10.1016/j.biombioe.2019.01.035
https://doi.org/10.1016/j.biombioe.2019.01.035
https://doi.org/10.1016/j.jece.2023.109364
https://doi.org/10.1016/j.jece.2023.109364
https://doi.org/10.1016/j.biortech.2017.09.076
https://doi.org/10.1016/j.biortech.2017.09.076
https://doi.org/10.1016/j.apsoil.2013.07.012
https://doi.org/10.1016/j.wasman.2013.05.025
https://doi.org/10.1016/j.jece.2018.07.053
https://doi.org/10.1021/acs.iecr.5b02771
https://doi.org/10.1016/j.biortech.2021.125954
https://doi.org/10.1016/j.wasman.2018.11.020
https://doi.org/10.1016/j.wasman.2018.11.020
https://doi.org/10.1021/acs.est.9b03080
https://doi.org/10.1146/annurev-arplant-042811-105532
https://doi.org/10.1146/annurev-arplant-042811-105532
https://doi.org/10.1016/j.cj.2021.04.002
https://doi.org/10.1016/j.cj.2021.04.002
https://doi.org/10.1016/j.plantsci.2022.111238
https://doi.org/10.1002/jpln.201300069
https://doi.org/10.1002/jpln.201300069
https://doi.org/10.1016/j.apsoil.2010.04.011
https://doi.org/10.1016/j.apsoil.2010.04.011
https://doi.org/10.1016/j.jenvman.2021.112909
https://doi.org/10.1146/annurev.arplant.48.1.355
https://doi.org/10.1146/annurev.arplant.48.1.355
https://doi.org/10.1038/s41598-018-21921-w
https://doi.org/10.1016/j.eja.2019.01.006
https://doi.org/10.1016/j.jhazmat.2022.128944
https://doi.org/10.1016/j.jhazmat.2022.128944
https://doi.org/10.1016/j.scitotenv.2021.145786
https://doi.org/10.1016/j.scitotenv.2021.145786
https://doi.org/10.1016/j.ecoenv.2013.07.003
https://doi.org/10.1016/j.jenvman.2020.111878
https://doi.org/10.1016/j.jenvman.2020.111878
https://doi.org/10.1016/j.jenvman.2017.01.026
https://doi.org/10.1016/j.geoderma.2015.01.009
https://doi.org/10.1016/j.geoderma.2015.01.009
https://doi.org/10.1016/j.focha.2023.100196
https://doi.org/10.1016/j.focha.2023.100196
https://doi.org/10.1016/j.jclepro.2019.119899
https://doi.org/10.1016/j.fuel.2023.128395
https://doi.org/10.1016/j.fuel.2023.128395
https://doi.org/10.1021/acs.est.0c00364
https://doi.org/10.1021/acs.est.0c00364
https://doi.org/10.1016/j.jclepro.2016.01.079
https://doi.org/10.1016/j.jclepro.2016.09.146
https://doi.org/10.1016/j.jclepro.2016.09.146

H. Xu et al. Chemical Engineering Journal 496 (2024) 153710

and bio-oil, Energy 102 (2016) 187-198, https://doi.org/10.1016/j. systems under the use of agricultural wastes and circular economy, Sci. Total
energy.2016.02.042. Environ. 876 (2023) 162666, https://doi.org/10.1016/j.scitotenv.2023.162666.

[90] T. Rodriguez-Espinosa, I. Papamichael, I. Voukkali, A.P. Gimeno, M.B.A. Candel, [91] T.T. Ho, A. Nadeem, K. Choe, A review of upscaling hydrothermal carbonization,
J. Navarro-Pedreno, A.A. Zorpas, 1.G. Lucas, Nitrogen management in farming Energies 17 (2024) 1918, https://doi.org/10.3390/en17081918.

16


https://doi.org/10.1016/j.energy.2016.02.042
https://doi.org/10.1016/j.energy.2016.02.042
https://doi.org/10.1016/j.scitotenv.2023.162666
https://doi.org/10.3390/en17081918

	Recycling food waste to agriculture through hydrothermal carbonization sustains food-energy-water nexus
	1 Introduction
	2 Materials and methods
	2.1 Raw food waste and the HTC feedstock
	2.2 HTC processing of the FW
	2.3 Measurements of the yield and properties of the HTC products
	2.4 Phytotoxicity test and pot experiment of the AP and HC
	2.5 Field application of the AP and HC
	2.6 Environmental and economic analysis
	2.7 Statistical methods

	3 Results and discussion
	3.1 Food waste properties and plant essential nutrients
	3.2 Effects of reaction severity and AP recirculation on the HTC products from FW
	3.2.1 Effects on the yields of AP and HC
	3.2.2 Effects on the pH and electrical conductivity of AP and HC
	3.2.3 Effects on nutrient fates of AP and HC
	3.2.4 Determination of practical HTC reaction conditions for FW

	3.3 Characteristics of the AP and HC from FW for agriculture application
	3.3.1 Characteristics of the AP
	3.3.2 Characteristics of the HC

	3.4 Evaluation of the HTC products from FW in agriculture application
	3.4.1 Pre-field evaluation the AP and HC on plant growth
	3.4.2 Field application of the AP and HC from FW

	3.5 Environmental impact and economic feasibility of recycling FW to agriculture through HTC
	3.5.1 Environmental implication in carbon neutrality
	3.5.2 Economical feasibility
	3.5.3 Circular economy for HTC of FW with agriculture application


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


