
Academic Editor: Christos

Vlachokostas

Received: 14 January 2025

Revised: 11 February 2025

Accepted: 13 February 2025

Published: 18 February 2025

Citation: Li, J.; Cheng, D.; Huang, J.;

Kang, J.; Jin, B.; Novakovic, V.; Sun, Y.

Influence of Additives on Solar-

Controlled Anaerobic and Aerobic

Processes of Cow Manure and Tomato

Waste. Sustainability 2025, 17, 1690.

https://doi.org/10.3390/

su17041690

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Influence of Additives on Solar-Controlled Anaerobic and
Aerobic Processes of Cow Manure and Tomato Waste
Jinping Li 1,2,3,*, Da Cheng 1,2,3, Juanjuan Huang 1,2,3, Jian Kang 1,2,3, Baohong Jin 1,2,3, Vojislav Novakovic 4

and Yasong Sun 5,6

1 Gansu Key Laboratory of Multi-Supply System of Solar Energy and Biomass, Lanzhou 730050, China
2 Northwestern Collaborative Innovation Center for Supporting Technology of Low-Carbon Towns,

Lanzhou 730050, China
3 School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China
4 Department of Energy and Process Engineering, Norwegian University of Science and Technology,

NO-7491 Trondheim, Norway
5 Shaanxi Key Laboratory of New Transporation Energy and Automotive Energy Saving, Chang’an University,

Xi’an 710018, China
6 Xi’an Advanced Transportation Power Key Laboratory, Chang’an University, Xi’an 710018, China
* Correspondence: lijinping77@163.com

Abstract: As a type of high-water-content agricultural waste, vegetable waste (VW) is
extremely prone to spoilage and environmental pollution. Anaerobic digestion (AD) tech-
nology can accelerate the degradation of VW; however, its direct reaction might encounter
the risk of termination due to excessive acidification. How to effectively prevent exces-
sive acidification and further accelerate the degradation and maturity of VW remains a
significant challenge at present. This paper employed the methods of AD of biogas and
aerobic treatment (AT) of biogas slurry (BS) to develop a set of three groups of coupled
devices for thermostatic anaerobic and aerobic processes with temperature control by so-
lar collectors. The reaction process was further facilitated by adopting a mixture of raw
materials and exogenous additives. In Lanzhou, a comparative experiment was carried
out to examine the impacts of a blank group (BG) (additive-free), a 1 g/L urea group (UG),
and a 1 g/L plant ash group (PG) on the decomposition process of the mixture of cow
dung and tomato stems and leaves. The thermostatic batch wet AD stage of the mixed
raw materials at (26 ± 2 ◦C) lasted for 49 days. The substrate after digestion underwent
aerobic aeration treatment for 8 h at different temperatures and different aeration rates.
The results show that the system could be initiated smoothly and maintain stable operation
in winter under the temperature control of the solar collector; adding additives during
AD significantly boosted biogas and methane production during the first 28 days, with
urea being the most effective. During the subsequent aerobic phase, UG demonstrated
the highest bio-effectiveness under optimized conditions of (30 ± 1 ◦C) and an aeration
rate of 12 L/min. Comprehensive analysis revealed that the optimal operation strategy
was identified as the use of UG with a 29-day reaction cycle. The research results have
significant referential value for the rapid decomposition of high-water-content agricultural
and livestock waste in cold regions.

Keywords: temperature-controlled system; solar energy; wet anaerobic digestion; aerobic
treatment; exogenous additives; operation strategy
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1. Introduction
Untreated organic wastes, such as livestock manure and vegetable wastes (VWs),

naturally decompose under anoxic conditions, producing biogas, which includes methane
and CO2 [1]. Methane is 21 times more efficient at trapping heat in the atmosphere than
CO2; if methane is directly released into the atmosphere, it accelerates global warming [2].
Biogas anaerobic digestion (AD) technology is adopted to process organic wastes (such as
livestock manure and agricultural wastes) and generate clean energy [3–5]. This technology
is a sustainable strategy for converting waste into energy [6]. In 2018, over 18,000 biogas
AD plants were registered in Europe [7]. Compared with returning untreated organic waste
directly to fields, biogas AD reduces the risk of pest and disease infestations and controls
the release of methane [8].

A considerable body of research has focused on improving AD technology, primarily
by optimizing the reaction process and designing more efficient devices. While new
technologies show promise, many existing devices still face limitations, such as small
working volumes and high operational and maintenance costs [9–11]. For example, some
researchers have developed mechanical devices for pre-treating waste sludge [12], resulting
in increased methane production and reduced treatment costs. Other innovations include
ecological anaerobic reactors and gradient AD systems [13,14], which enhance biogas
production efficiency by improving organic load rates and reducing hydraulic residence
time (HRT). However, these advancements often come with increased costs or technical
challenges, such as the accumulation of digestate at the bottom of the device or issues
with reactor heating efficiency and digestate discharge. Some scholars have conducted a
comparative analysis between anaerobic pond and high rate upflowed anaerobic sludge
blanket (UASB) reactor and have concluded that there is no significant difference in their
performance. Furthermore, the anaerobic pool has a lower initial investment, operational,
and maintenance cost [15,16]. Biogas digesters equipped with solar heating systems can
promote biogas production [17]. Li et al. [9] developed an AD device equipped with a
solar energy system. Although it effectively addressed the temperature sensitivity issue
of the AD device, technical problems such as thermal expansion and contraction, poor
heat exchange effect of the coil, and difficulties in feedstock and digestate discharge still
exist. Therefore, to overcome the above-mentioned difficulties, it is extremely necessary to
develop a set of efficient and low-operation-cost AD device.

On the other hand, improper farm management and pesticide use practices can lead to
reduced soil quality and ecological damage [18]. In China, the annual consumption of pes-
ticides and fertilizers is approximately 1.806 billion kg and 5.8 billion kg, respectively [19].
The long-term overuse of these chemicals leads to significant losses in crop yields and pose
risks to human health [20–22]. Large quantities of digestive solution (DS) are produced at
the end of the AD reaction [23], which can amount to over 1 billion tons of biogas slurry
(BS) annually in China [24]. Currently, the prevailing approaches for the treatment of BS
are either discharge or resource utilization [25]. Nevertheless, the financial outlay involved
in discharging the BS is considerable, which has resulted in this approach not being widely
utilized. Research has shown that BS is a rich source of plant nutrients [26]. In comparison
to farm fertilizer, the emission of odors from BS fertilization is less pronounced [27]. BS
has the potential for soil improvement [28]. However, the untreated BS will not be able to
meet the requirements for discharge, and it also contains residues of substances that are
harmful to the soil, which can cause problems such as seedling burning. In the absence
of intervention, soil health issues will arise [26]. Therefore, the BS used for agriculture
requires additional treatment before use [29]. The EU and China have established standards
for the agricultural use of decomposed BS [30,31], and clearly stated that the decomposed
BS can be recycled for agricultural use. The BS from large-scale biogas projects must be
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allowed to undergo natural decomposition for a period of 60–90 days, or even up to six
months, in order to achieve aerobic decomposition [32]. Despite this, efficient and cost-
effective treatment methods for BS remain a challenge. Some studies have demonstrated
that the installation of an aerobic device subsequent to the anaerobic process can effectively
reduce the concentration of harmful pollutants in wastewater [33–36]. The process of AT
of BS represents a means of transforming BS that has undergone AD into a green liquid
fertilizer [37–39]. Through AT, the biological toxicity of BS can be decreased, and it can be
converted into organic liquid fertilizer to promote the growth of plants, presenting certain
economic and environmental benefits.

VWs, as a sort of agricultural waste with high moisture content, are extremely suscep-
tible to decay and pollution of the ecological environment. AD technology can expedite
the degradation of VW; however, its direct reaction might encounter the risk of reaction
termination caused by excessive acidification [40]. Determining how to effectively avoid
excessive acidification and further accelerate the degradation and decomposition rate of
VW is a significant challenge at present. The selection of mixed raw materials for feedstock
and the addition of exogenous additives constitutes a means to enhance the AD process
of VW and facilitate the reaction progress. Jiang et al. [41] researched that, in contrast to
single raw materials, conducting anaerobic co-digestion of sewage sludge and fruit and
VW can improve the degradability of the raw materials and augment the biogas yield.
Bres et al. [42] found that the AD of a mixture of livestock manure and fruit and VW re-
sulted in higher yields of both biogas and methane compared to the reaction with a single
raw material. Sha et al. [43] researched that the pretreatment process employing NaOH-
urea additives could prominently enhance the methane production of AD of corn stalks.
Xie et al. [44] developed a pretreatment approach using solid-state urea; the experimental
outcomes demonstrated that this method exhibited a high efficiency in lignin removal, was
beneficial for the hydrolysis of corn stalks, and enhanced the CMP of the raw materials.
Qu et al. [45,46] found that straw ash can facilitate the AD of high-salinity organic wastew-
ater, augment the proportion of viable cells in high-salinity circumstances, reduce the
reaction start-up time, and improve methane yield and reaction stability. Ezieke et al. [47]
found that the addition of the bottom ash generated from the combustion of waste coconut
shells had a promoting effect on the methane yield of AD of berry waste. Evidently, it is
feasible to select urea and plant ash as exogenous additives for the AD of VW. Li et al. [32]
carried out thermostatic anaerobic and aerobic experiments on the mixture of vegetable
pressing wastewater and VW, the experimental findings indicated that the material liquid
could generate biogas during the anaerobic reaction, and the BS after AT could meet the
requirements for returning to the field. Despite the potential benefits, the direct processing
of raw vegetable waste within a single reaction cycle of this experiment was only 23.4 kg.
Furthermore, the pressed VW water after solid–liquid separation involves the energy con-
sumption cost generated by mechanical treatment. Meanwhile, the experiment was carried
out in autumn when the anaerobic reaction temperature was 37 ◦C, and thus it fails to
reflect the operational performance of this process in cold regions during winter.

At present, the development of highly efficient and low-operation-cost anaerobic
digestion and aerobic treatment devices, as well as the research on large-scale and rapid
degradation of vegetable waste in cold regions, is extremely limited. Therefore, to address
these challenges, this paper developed a set of three coupled thermostatic anaerobic and
aerobic devices with temperature control by a solar collector. The thermostatic batch wet
AD experiments with additives for mixed raw materials and AT experiments of BS at
different temperatures and distinct aeration rates were carried out during the winter with
the aim of increasing the processing volume of vegetable waste and further accelerating its
rapid decomposition. The temperature control performance of the system was assessed.
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The influences of urea and plant ash as exogenous additives on the biogas and BF pro-
duction performance of the system and the decomposition rate of the BS were examined.
The feasibility and treatment effect of the method were evaluated by detecting the rele-
vant parameters throughout the entire reaction process. Finally, the annual organic load
treatment capacity (OLTC) of the system was calculated, and the system operation strategy
was optimized.

2. Materials and Methods
2.1. Description of the Experimental System

The coupled experimental system of solar energy-controlled thermostatic AD and
thermostatic AT is shown in Figure 1. The system consists of several key components: a
set of 30 vacuum tube solar collectors (Φ58 × L1800 mm) in the heating unit, three 0.6 m3

AD devices in the AD unit, three 50 L AT devices in the AT unit, three 2 m2 red mud soft
biogas collection bags in the biogas storage unit, and 3 biogas lamps in the biogas unit.
The AD device features an overflow and an open feedstock hopper, enabling various AD
modes such as continuous, intermittent, batch, wet, and dry processes. The system’s inputs
include biomass feedstock, exogenous additives, solar energy, water, and electricity, while
the outputs consist of biogas, BF, CO2 fertilizer from biogas combustion, and exhaust gas.
Biogas fertilizers (BFs) encompass liquid fertilizers and digestate fertilizers, with the option
to pyrolyze solid or high-solid digestate to produce biochar, which can be used as a solid
fuel or soil amendment [29].
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Figure 1. Coupled experimental system of thermostatic anaerobic and thermostatic aerobic processes
controlled by solar collector temperature.

As shown in Figure 2, the AD device is illustrated in both two-dimensional and
three-dimensional diagrams. Constructed from 304 stainless steel, the device effectively
addresses the expansion and contraction issues that polyethylene plastic drums face in cold
environments. An isolation mesh design prevents the material from floating and clogging
the biogas guide port, ensuring uninterrupted biogas production. A plexiglass window
allows continuous monitoring of the reaction state to optimize feeding intervals. The feed
hopper design facilitates easy feeding and mixing, while a liquid seal baffle maintains an
anaerobic environment within the tank. The upper and lower combined detachable design
simplifies waste discharge and enables efficient cleaning of the coil dirt within the tank. An
overflow port facilitates the discharge of supernatant during both batch and continuous
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AD reactions. The installation of stainless steel coils on the lower side of the device can
significantly increase the rate of liquid heating and reduce heat loss compared to winding
aluminum-plastic tubes on the outer side. The AT tank features both stainless steel coils
and an aeration device, providing optimal temperature and airflow for aerobic reactions
(Table 1).
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Figure 2. Two-dimensional (a) (1) feeding hole (2) liquid seal (3) biogas outlet (4) window (5) sepa-
ration net (6) biogas liquid overflow outlet (7) temperature sensor (8) connection flange (9) sealing
gasket (10) coil outlet (11) coil inlet (12) heating coil; (b) (1) exhaust outlet (2) aerobic treatment tank
(3) heating coil (4) temperature sensor (5) air pump (6) coil inlet (7) coil outlet. Three-dimensional
(c) diagrams of the device.

Table 1. The design parameters of the anaerobic digestion device and the aerobic treatment tank in
the coupled system.

Device Name Parameter

Anaerobic
fermentation

device

Size of device 1 m long, 0.7 m wide, and 0.8 m high, volume is 0.56 m3, bottom wall is 5 mm thick,
the lateral and top wall are 3 mm thick, up and down combination design

Feeding hole
(Figure 2a (1)) 0.7 m long, upper side width 0.3 m, lower side width 0.15 m, depth of 0.45 m

Window
(Figure 2a (4)) Square border with a side length of 0.21 m, the material is a plexiglass one

Separation net
(Figure 2a (5)) 2 mm thick, grid spacing 2.5 cm and wire spacing 5 mm

Overflow port
(Figure 2a (6)) 8 cm in diameter and 20 cm long

Coiled pipes
(Figure 2a (12))

Inner diameter 12 cm, outer diameter 16 cm, a total of four layers, each layer spacing
10 cm

Insulation method 15 cm thick rubber–plastic thermal insulation cotton

Aerobic
treatment tank

Size of device Material: polyethylene plastic; size: 40 cm long, 30 cm wide, 45 cm high
Coiled pipes

(Figure 2b (3)) Inner diameter 16 mm, outer diameter 20 mm, spacing 46 mm, and winding 6 circles

Insulation method 12 cm-thick rubber-plastic thermal insulation cotton



Sustainability 2025, 17, 1690 6 of 26

The system’s pipeline layout is designed as follows: the heat required for the AD
devices and AT tanks is supplied by hot water from the solar collector’s hot water storage
tank. As depicted in Figure 3, the water outlet from the storage tank is connected to a DN20
aluminum–plastic pipe, leading to a ball valve, and then to the circulating water pump.
The pump’s outlet is connected to a six-channel water distributor, each channel equipped
with an electromagnetic valve. Each aluminum–plastic pipe leads to the coil inlet of each
device, and the coil outlets are connected to check valves to prevent water backflow. The
water distributor ultimately connects back to the solar collector’s water tank inlet.
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Figure 3 also illustrates the pipeline configuration and control strategy of the experi-
mental system. The circulating water pump and solenoid valves are arranged in a series
circuit, with each solenoid valve operating in parallel. Each solenoid valve is controlled by
a relay in the control box, while the water pump is connected to a contactor. The relays and
contactors are connected in series, such that when any normally closed solenoid valve is
energized, the pump activates. The temperature of the DS inside the devices is monitored
by a Pt100 temperature sensor, integrated into the system. The data from the sensor are
collected by the Agilent 34980A, and the temperature controller in the control box adjusts
the system based on the preset temperature limits. If the DS temperature reaches the
lower threshold, the temperature controller energizes the relay and contactor, activating
the solenoid valve and circulating hot water through the coils to heat the DS. When the
DS temperature reaches the upper limit, the temperature controller signals the system to
stop heating. If the water tank temperature falls below 24 ◦C, the temperature controller
disables the system.

2.2. Substrate and Inoculum

The experimental raw material came from local agricultural and livestock waste. Cow
dung was obtained from Huazhuang Dairy Breeding Farm in Honggu District, Lanzhou
City, China. The tomato stems and leaves were pulverized to sizes of 2–3 cm and collected
from a greenhouse in Gouya Hill, Weiling Township, Qilihe District, Lanzhou City, China.
In this study, the inoculum was the BS of the medium-temperature AD of cow dung, which
had been used in the experiment performed by our research group. To minimize the loss
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of nutrients from the raw material, crushed tomato stalks and leaves were immediately
fed in proportion to cow dung. Table 2 lists the information on the main properties of raw
materials. The application of diverse raw materials in AD can result in variations in biogas
production and the composition of the digestate. The co-digestion synergy of livestock
manure and VW can reach the favorable C:N ratio necessary for efficient biogas production
and has a positive influence on the stability of the reaction [29,48].

Table 2. Basic characteristics of the raw materials.

Material Cow Dung Tomato Stalks and Leaves Inoculation Fluid

TS/% 32.56 ± 1.25 10.43 ± 1.00 1.10 ± 0.05
VS/% 11.70 ± 0.25 8.60 ± 0.29 0.46 ± 0.06
TC/% 34.22 ± 0.89 32.15 ± 0.20
TN/% 1.41 ± 0.07 3.45 ± 0.15

2.3. Experimental Procedures

To investigate the impact of additives on the AD performance of the system, the first
phase of AD involved mixing cow dung with tomato stems and leaves in a volatile solid
(VS) ratio of 1:1 [49]. The inoculum liquid accounted for 30% of the total mass of the
feed mixture [50], and the total solid (TS) of the mixture were adjusted to 8% by adding
water. The composition of the feed solution included 135 kg of inoculum liquid, 136 kg of
water, 73 kg of cow dung, and 106 kg of tomato stems and leaves. The experiment was
conducted in Lanzhou, China, during the winter season. Solar collectors were used to
maintain the temperature of the AD devices at (26 ± 2 ◦C) [51,52]. To minimize heat loss,
the experimental devices were housed in plastic greenhouses. The experimental design
included a blank control group, and two additional experimental groups were treated
with 1 g/L plant ash and 1 g/L urea, respectively. Each group was stirred for 10 min
daily, and biogas production rate, CH4 content, ammonia nitrogen (NH+

4 -N) content, pH
value, electrical conductivity (EC), total dissolved solids (TDS), and other physicochemical
indicators were measured.

To investigate the influence of additives on the biogas fertilizer-producing performance
of the system and the decomposition rate of the BS, and to determine the effective BS
treatment techniques, previous studies have examined the effects of temperature, aeration
duration, and aeration rate on BS [39,53] in the second-stage AT experiment of the BS
in the system. Firstly, a BG of BS at the final stage of AD was taken as the research
object, and AT was performed at different temperatures (afterheat of the BS, 20 ◦C, and
30 ◦C) with a constant aeration rate of 8 L/min. Key parameters including pH, EC, TDS,
NH+

4 -N, and germination index (GI)—used to assess the biotoxicity of the biomass—were
analyzed to identify the fastest decomposing group and the treatment temperature of
optimal nutrient BS. Secondly, experiments were conducted with varying aeration rates at
the optimal temperature, with conditions set to natural ventilation, 4 L/min, and 12 L/min,
to determine the fastest decomposing group and the aeration rate of optimal nutrient BS.
Finally, two additive groups were treated at the optimal temperature and aeration rate,
respectively, to compare key indicators of the processed BS and identify the treatment that
resulted in the BS with the fastest decomposition rate and the highest nutrient content.

2.4. Determination Index and Methods

Table 3 lists the detailed information of instruments.
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Table 3. Detailed information of instruments.

No. Instrument Name Instrument Manufacturing Company

1 RJM-23-10 muffle furnace Shenyang Energy Saving Electric Furnace Factory Co., Ltd.,
Shenyang, China

2 SHZ-82 constant temperature oscillator Changzhou Guohua Electric Appliance Co., Ltd., Changzhou, China
3 SH220N graphite digestion instrument Jinan Haineng Instrument Co., Ltd., Jinan, China

4 GZX-9240MBE digital display blast
drying oven Shanghai Boxun Industry Co., Ltd., Shanghai, China

5 BIOGAS 5000 portable biogas analyser Shenzhen Angwei Electronics Co., Ltd., Shenzhen, China
6 TG16 high-speed table centrifuge Changsha Yingtai Instrument Co., Ltd., Changsha, China
7 SC300G1.6 type gas meter Chongqing Shancheng Gas Equipment Co., Ltd., Chongqing, China

8 5B-3C (V8) type COD NH+
4 -N dual

parameter tester
Lanzhou Lianhua Environmental Protection Technology Co., Ltd.,

Lanzhou, China
9 752N UV/Visible Spectrophotometer Shanghai Yiden Analytical Instrument Co., Ltd., Shanghai, China

10 5B-1 (V8) Intelligent
multi-parameter digester

Lanzhou Lianhua Environmental Protection Technology Co., Ltd.,
Lanzhou, China

11 Leici PHBJ-260 portable pH meter Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China
12 CT-3031 conductance meter Shenzhen Kodida Electronics Co., Ltd., Shenzhen, China
13 K9840 automatic Kjeldahl nitrogen analyser Jinan Haineng Instrument Co., Ltd., Jinan, China
14 Pt100 temperature sensor Beijing West China Aviation Technology Co., Ltd., Beijing, China
15 Agilent 34980A Agilent Technology Co., Ltd., Beijing, China

(1) Biogas production: measured by gas meter type SC300G1.6.
(2) Biogas composition: 0.5 L aluminum foil gas sampling bag from device sam-

pling port for regular daily sampling, and then measured by BIOGAS 5000 portable
biogas analyzer.

(3) TS and VS: measured by the drying and burning methods.
(4) TN: determined using an automatic Kjeldahl nitrogen analyzer.
(5) NH+

4 -N: measured by COD rapid determination instrument.
(6) TP: determined by ammonium molybdate spectrophotometry.
(7) TK: determined by the potassium tetraphenylborate weight method, according to

the standard (NYT 1977-2010) [54].
(8) Samples: Fresh fermentation samples were extracted by continuous shaking at

200 rpm for 1 h at room temperature. The filtrate was then filtered and collected. The pH
value was measured with a pH meter, the EC was measured with a conductivity meter, and
the TDS were measured with a TDS meter.

(9) GI: Fresh anaerobically digested and aerobically treated biosolid (BS) samples were
collected. Deionized water was added to achieve a concentration of 0.1 g/mL. The samples
were extracted by continuous shaking at 200 rpm for 24 h at room temperature. Afterward,
10 mL of the upper clear liquid was collected, and 20 full seeds of creamy pakchoi were
sown in Petri dishes (9 cm diameter) lined with filter paper. The Petri dishes were incubated
at (20 ± 1 ◦C) for 48 h. Seed germination and root development were then assessed. In the
control group, distilled water was used in place of the extract liquid, and the procedure
was repeated three times.

GI(%) = Gt · Lt · G−1
c · L−1

c (1)

In the formula, GI represents the seed GI of each experimental group; Gt represents
the seed germination rate of each experimental group; Lt represents the total root length
of each experimental group, mm; Gc represents the germination rate of the control group;
Lc represents the total root length of the control group, mm. The Origin 2021 was used
for graphing.
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3. Results and Discussion
3.1. Temperature Control Performance of the System

Temperature is a key factor influencing the performance of AD [55,56]. It plays a
crucial role in stabilizing the system, enhancing the hydrolysis process, and increasing
methane production [57,58]. To assess the thermal stability of the coupled experimental
system of solar energy controlled thermostatic AD and thermostatic AT, a typical period
within the system’s reaction cycle (72 h across three consecutive cloudy and snowy days,
starting at 12:00 p.m. each day) was selected for analysis.

Figure 4a shows the variation curves of the ambient temperature, the temperature of
the solar collector’s hot water storage tank, and the temperature of the AD devices on the
same day. The temperature of the AD devices was maintained at (26 ± 2 ◦C). The hot water
temperature in the storage tank fluctuated between 23.5 ◦C and 38.2 ◦C, while the ambient
temperature varied between −9.4 ◦C and 3.5 ◦C. The temperature of the DS in all three
groups of solar-heated AD devices remained between 24 ◦C and 28.4 ◦C. The slight 0.4 ◦C
exceedance of the upper temperature limit was due to the delay between the feedback
signal from the temperature sensor and the system’s response to stop the pump, causing a
brief temperature rise.
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Figure 4. Temperature distribution in the system during three consecutive cloudy and snowy days
(a), average daily temperature change of the system during the anaerobic digestion reaction cycle (b).

On the third cloudy and snowy day, when the solar hot water temperature dropped
to 23.5 ◦C, the AD devices’ temperature remained above 24 ◦C. According to the system’s
control strategy, the temperature controller received a signal from the temperature sensor
and switched off the power to the contactor, halting all heating operations. Subsequently,
the solar hot water entered the heating phase. As the AD devices’ temperature fell below
the set limit, the rising temperature of the solar hot water was used to heat the AD devices.
Thus, despite three consecutive days of cloudy and snowy weather, the system effectively
maintained the AD devices temperature within the range of (26 ± 2 ◦C), indicating that
the system can consistently regulate the AD devices temperature and support continuous,
stable biogas production.

Figure 4b presents the variation curves of the daily minimum ambient temperature,
the daily maximum and minimum temperatures of the hot water in the solar collector
storage tank, and the daily average temperature of the AD devices during the experimental
period. The lowest ambient temperature recorded was −15.1 ◦C, with an average ambient
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temperature of −6.3 ◦C. Notably, the minimum temperature of the hot water in the storage
tank was basically consistently higher than the daily average temperature of the AD devices,
ensuring that the solar heating system could provide sustainable heat to the biogas digester
throughout the experimental period.

3.2. Biogas Production Performance of the System

As shown in Figure 5a,b, to test the biogas production performance and evaluate
the energy utilization of waste, biogas and methane production were measured daily
throughout the experimental period. During the entire AD process, the daily biogas
production (DBP) in each additive group exhibited a pattern of rapid increase followed by
a slow decline. In contrast, the biogas production in the BG showed two distinct peaks.
The first peak of biogas production in the BG occurred on the second day of the reaction,
reaching 241 L, while the PG reached its peak on the third day with 356 L, and the UG
peaked on the fourth day with 452 L.
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Figure 5. Biogas (a) and methane (b) production laws of system during the anaerobic digestion stage.

It is evident that the UG demonstrated the most optimal biogas production effect in
the start-up phase of the AD process. The PG also exhibited a higher biogas production
rate than the BG during the start-up phase. This can be attributed to the plant ash and urea
in the C, P elements and N elements to give full play to the effect at the beginning of the
reaction; these are the most needed microbial growth elements in the DS [59]. K elements
are the trace elements required by the system, which can facilitate the rapid initiation
of the system; ash, as a kind of low-priced additive, can also improve the activity of the
methane-producing bacteria and the stability of the system [60]. Urea has been shown to
reduce digestion time and increase methane yield [61], where urea-enhanced hydrother-
mal pretreatment improved AD performance by enhancing lignin depolymerization and
nitrogen supplementation. Similarly, Wang et al. [62] found that moderate amounts of urea
accelerated fermentation initiation and significantly boosted DBP in potato peel AD, which
aligns with the findings of this study.

As the degradation of macromolecules in the DS continued, the DBP in the BG in-
creased gradually during the middle phase of the reaction. On the 26th day, the DBP of
the BG surpassed that of the PG, and by the 29th day, it exceeded the UG. The second
peak of biogas production for BG occurred on the 37th day, with the DBP amounting to
281 L. Notably, throughout the pre-reaction period, the UG consistently outperformed the
PG in terms of DBP. However, from day 29 to the end of the reaction, the DBP of the PG
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surpassed that of UG. This shift can be attributed to the high NH+
4 -N levels produced by

UG in the early phase, which helped prevent acidification and supported methanogenesis.
However, the accumulation of NH+

4 -N destabilized the system in the later stages, leading
to a rapid decline in biogas production. On the other hand, while PG did not show as strong
a performance in the early stage, it contributed to greater system stability in the later stages,
which was related to the ability of C element to stabilize the digestive system [59,60].

The CBP followed a similar trend. The PG and UG reached 80% of the CBP of the
BG, with total production of 5346 L on days 41 and 38, respectively—5 and 2 days earlier
than the BG. One-way ANOVA confirmed that the differences in DBP between the groups
were highly significant (p < 0.01) during the first 30 days of the reaction. Yin et al. [63]
found that bottom ash from sludge incineration improved AD performance, resulting in
higher CBP compared to controls after 24 days. Similarly, Qu et al. [46] demonstrated that
rice-straw ash, as a source of K+ and alkalinity, enhanced AD by promoting methanogenic
bacteria and improving enzyme activity in high-salt organic wastewater. The effect of urea
on AD of straw studied by Duan et al. concluded that the CBP in the UG at the end of the
reaction period was lower than that of the BG [64], both of which were consistent with
the experimental results. Overall, while all experimental groups were able to produce
biogas stably during AD, notable performance differences were observed. The PG and UG
promoted biogas production in the early and middle stages of AD, but their performance
was inferior to that of the BG in the later stages. This indicates that appropriate additives
can expedite system start-up, improve biogas production efficiency, and accelerate the
reaction process. The UG demonstrated the best biogas production performance in the
early and middle stages of the AD process, while the BG achieved the highest total biogas
production in the final stages.

3.3. Methane Production Performance of the System

The change curves for the daily methane production (DMP) and CMP of the system
are shown in Figure 5b. Until the 28th day of the AD process, the DMP of each additive
group was higher than that of the BG. The corresponding CMP of the PG and the UG
was higher than that of the BG until the 33rd and 38th day of fermentation, respectively,
and accounted for 36.7% and 59.7% of the final CMP of the BG of 3401.5 L, respectively.
One-way ANOVA indicated that the differences in DMP between the groups were highly
significant (p < 0.01) in the early and middle stages of the system reaction, i.e., during
the first 30 days. Jena et al. [65] found that adding a small amount of urea increased the
methane percentage in biogas, which is consistent with the findings of this study.

All experimental groups produced methane stably during AD, although their per-
formance varied. The additive groups significantly promoted methane production in the
early and middle stages of AD. The DMP in the UG was significantly higher than in the
other two groups during the first 25 days of the reaction, but was lower than the BG in
the later stage, which corresponds with the biogas production trend. The CMP at the
end of the AD reaction for each group was 3110.9 L for the BG, 2222.7 L for the PG, and
2209.1 L for the UG. The final CMP of the BG was close to the value of the biochemical
methane potential of cow manure estimated by Toufexis et al. [66]. This suggests that
appropriate additives can accelerate system start-up and enhance methane production
efficiency. The UG demonstrated the highest methane production during the initial phase,
whereas the BG showed the best total methane production in the final stages of the reaction.
Li et al. [67] found that the system produced methane volume fraction up to 50% faster
under mesophilic AD conditions than the room temperature reaction. It was inferred that
if the digestion temperature was increased to 37 ◦C, the methane production of the control
group would be more significant.
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Figure 6 shows the cumulative biogas production growth rate and CMP growth rate
for each additive group relative to the BG at each stage of the reaction. These values
represent the percentage of cumulative biogas production and CMP for each additive
group compared to the BG at each day of the reaction. It is evident that the cumulative
biogas production growth rate of the UG remained positive for the first 44 days of AD,
while the positive cumulative biogas growth rate of PG was maintained for 47 days during
the reaction process. The cumulative biogas production growth rate of the UG was higher
than that of the PG for the first 41 days. The maximum growth rate for biogas production
occurred on day 11 for the PG (117.1%) and on day 12 for the UG (124.3%). The CMP growth
rate was greater than 0 in the PG for the first 33 days, and in the UG for the first 38 days,
and the CMP growth rate in the UG was better than that in the PG for the first 48 days. The
highest growth rates for methane production occurred on day 3 for the PG (242.7%) and
day 3 for the UG (1493.2%). These results suggest that the appropriate addition of additives
accelerates methane synthesis, with the UG yielding the highest methane production in the
early and middle phases of the system reaction and the BG showing superior CMP in the
later phase.
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Figure 6. Cumulative biogas and methane production growth rate of the system. 
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In conclusion, all three experimental groups in the thermostatic wet AD system
performed well during the winter, demonstrating good biogas and methane production.
This indicates that the scheme of conducting AD reactions with this system in winter
is feasible, and the BG yielding optimal CMP. Furthermore, the reasonable addition of
additives enhances the biogas production rate, improves production efficiency, and further
expedites the reaction process.

3.4. BF Production Performance of the System
3.4.1. Change in the pH Value of the System Digestive Fluid

Figure 7a illustrates the pH variation of the BS for each group during the AD phase.
The pH of each group first increased and then fell during the initiation stage of reaction,
before gradually rose and then subsequently reached stabilization. This pattern resulted
from hydrolysis and acidification during the start-up phase, which led to a decrease in pH
across all groups. However, the pH decline in the additive groups was less pronounced. By
comparing the daily biogas production patterns of each group, it was inferred that the UG
produced higher amounts of NH+

4 -N during the early stage of the reaction, which regulated
the pH of the BS to enhance the buffering capacity of the system against organic acids,



Sustainability 2025, 17, 1690 13 of 26

maintaining a higher daily biogas production for the first 27 days. On day 27, the pH of the
UG was 7.50. However, as the pH continued to increase, the daily biogas production of
the UG showed a decreasing trend and eventually the pH increased to 7.73. This suggests
that the accumulation of excessive NH+

4 -N inhibited the activity of methanogenic bacteria
in the later stages of the reaction. The weak alkaline effect of plant ash helped alleviate
acidification during the early phase and maintained a higher daily biogas production for
the first 25 days, with the pH at 7.11. In the later stages, biogas production in the PG
surpassed that of the UG, and the pH stabilized at approximately 7.60, similar to the BG,
indicating that a slightly neutral environment promotes AD.
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Duan et al. [64] observed that the system could be operated stably with pH values
between 7.0 and 7.6, which was consistent with the experimental results. Zhang et al. [68]
demonstrated that controlling pH at 7.5 significantly enhanced the performance of high-
load digesters, characterized by a high peak methane production rate, substantial methane
output, and the highest methane recovery at pH 7.5. The BG and PG exhibited similar
trends, with the UG reaching its peak daily methane production on the 4th and 24th days
of the reaction, with pH values of 7.0 and 7.4, respectively. This could be attributed to
pH control stimulating the growth of syntrophic bacteria while maintaining the activity
of hydrogenotrophic methanogens, thus sustaining efficient syntrophic communities and
preventing the over-accumulation of volatile fatty acids.

Figure 7b illustrated the variation of pH of the BS during AT under different conditions.
Except for the open group, the pH in all experimental groups exhibited an increasing trend.
This was because the system was affected by the aeration, i.e., due to the disturbance
of the air in the BS, the acidic volatilizable material in the BS escapes, resulting in an
increase in the pH value of the BS. The open group, which experienced natural ventilation
without aeration, showed minimal fluctuation in pH, maintaining values between 7.6 and
7.9. Additionally, in the BG, treated at different temperatures with a constant aeration rate
of 8 L/min, the pH of the BS increased more rapidly at 30 ◦C. In contrast, the pH in the
afterheat group fluctuated during the process, while the 20 ◦C group showed a slower
pH increase. These results indicate that higher temperatures (within the 20–30 ◦C range)
accelerate the pH rise in the BS. The pH value of BS in the BG treated with different aeration
amounts and maintained at 30 ◦C changed with the same regularity as described above,
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and the higher the aeration amount within a certain range, the faster the pH value of the BS
increased. Moreover, when both temperature and aeration were increased simultaneously,
the pH of the BS rose more quickly than with a single factor alone. Furthermore, at 30 ◦C
and 12 L/min, pH changes were not significant between the additive groups, although the
pH in the BG increased more slowly than in the additive groups. This slower increase in
the BG was attributed to the retention of more acidic volatile substances compared to the
additive group.

3.4.2. Change in the EC Value of the System Digestive Fluid

At a given temperature, the EC of BS is directly proportional to the concentration of
soluble salts in the solution. Figure 8a illustrates the variation in EC of the BS for each group
during the AD stage. EC indicates the ability of a solution to conduct electric current and is
commonly used to infer the total concentration of ionic constituents in water. The EC index
has been widely applied in the analysis of AD fluids [69]. The anaerobic digestate consists
of water, mineral components, and incompletely degraded organic compounds [70,71]. At
a given temperature, the EC of BS is directly proportional to the concentration of soluble
salts in the BS. The EC values increased in all groups during the reaction initiation phase
and were 15.6 mS/cm in the UG, 14 mS/cm in the PG and 12.5 mS/cm in the BG on day 5.
This was because the material in the initial hydrolysis reaction was intense, there were a
large number of substances were decomposed, which led to an increase in ions in the BS,
this trend was consistent with the trend of daily biogas production in each group. While in
the middle and late stages of the reaction, the EC values of each group showed a continuous
fluctuation, which was attributable to the continuous decomposition and conversion of BS
into biogas. According to the trend of EC at each stage of the reaction in descending order,
UG > PG > BG. It is obvious that the BS of the experimental group with additives contains
a rich nutrient profile, which is conducive to the production of BF during the AT phase.
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As shown in Figure 8b, during the AT stage of the BS, the EC values of all groups
exhibited a decreasing trend with reaction time. This was due to the fact that during the
aeration process, volatile acids and free NH3 were blown out of the BS, which consequently
reduced the ionic content of the BS. According to the EC values of the BG treated at different
temperatures with 8 L/min aeration, it was found that the EC value of the afterheat group
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fluctuated the most during the reaction process, which may be attributed to the natural
decrease in temperature in this group, resulting in an inconsistent decrease in EC value
across each stage. At the 8th hour of AT, the EC values of the 30 ◦C group were small
compared to the other temperature groups, which indicated that the higher the temperature
the more nutrients were lost from the BS. From the changes in EC values of the BG of BS
treated with different aeration and kept at 30 ◦C, it was found that the EC of the open
group decreased slowly, which was due to the fact that the dissolved oxygen in the BS was
reduced in the case of natural ventilation, the NH+

4 -N and the organic acid volatilized less,
and the loss of ionic substances in the BS was less.

In conclusion, the difference in EC decline between aeration and no aeration was
significant, suggesting that more nutrients were lost when aeration treats the BS. In addition,
it was found from the EC values of different BS treated at 30 ◦C and 12 L/min that the EC
values at each treatment stage were UG > PG > BG in descending order, which indicated
that the ionic concentration of BS in the additive group was still higher under the same AT
conditions and the ionic concentration of BS in the UG was the largest.

3.4.3. Change in the NH+
4 -N Content of the System Digestive Fluid

Figure 9a illustrates the variation in NH+
4 -N content in each group during the AD

stage. The NH+
4 -N levels initially increased, decreased, and eventually stabilized. Notably,

the NH+
4 -N content in the UG was significantly higher than in the other two groups at all

stages of digestion. This pattern corresponds to the changes in daily biogas production,
with the UG exhibiting rapid biogas production in the early stages of AD, followed by
a slowdown in the later stages. It can be deduced that the change was related to the
accumulation of NH+

4 -N. Insufficient NH+
4 -N (0.5 g/L) leads to low methane production

due to low microbial activity and buffering capacity [72]. However, it has been found
that the concentration of total ammonia nitrogen between 1500–7000 mg/L inhibits the
biogas production of the system [73]. Inhibition thresholds for NH+

4 -N have also been
reported in some studies, but the concentrations found varied significantly. Moreover, the
AD process also produces free ammonia, which is particularly toxic to digestate bacteria,
penetrating the cell membrane and inhibiting enzyme activity, thereby inhibiting the whole
process [74].
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Thus, the system’s ability to utilize NH+
4 -N depends on factors such as raw materials,

ratios, and temperature, and excessive NH+
4 -N can reduce the activity of methanogenic

bacteria, ultimately inhibiting biogas production. For the UG, the NH+
4 -N concentration

exceeded 1062 mg/L in the later stages, exerting an inhibitory effect on biogas production.
The amount of NH+

4 -N in the BG was higher than that in the PG in the middle and late
stages of AD, reaching a peak value of 1024 mg/L on day 29 of the reaction, and the daily
biogas production in the BG was also in the ascending stage of the second peak of biogas
production. The PG showed lower NH+

4 -N levels than both the UG and BG, likely due to
the adsorption properties of plant ash.

Figure 9b illustrates the changes in NH+
4 -N concentrations in each group during the AT

stage. The NH+
4 -N content generally decreased over time, although fluctuations occurred

throughout the reaction process. This was primarily due to aeration, which promoted the
volatilization of free NH3 from the BS into the atmosphere. Additionally, some NH+

4 -N
was oxidized by nitrifying bacteria to nitrite and nitrate, which increased the concentration
of dissolved nutrients in the BS. As a result, NH+

4 -N levels initially decreased but later rose
again due to the decomposition and deamidation of large organic molecules, peptides, and
amino acids in the BS [39].

For the BG treated at different temperatures and maintaining an aeration volume of
8 L/min, the highest NH+

4 -N concentrations observed were 722 mg/L at the 7th hour in
the afterheat group, 725 mg/L at the 8th hour in the 20 ◦C group, and 703 mg/L at the
5th hour in the 30 ◦C group. The lowest NH+

4 -N concentrations were 532 mg/L at the
3rd hour in the afterheat group, 619 mg/L at the 6th hour in the 20 ◦C group, and 588 mg/L
at the 4th hour in the 30 ◦C group. When the BG was treated with different aeration rates
at 30 ◦C, the highest NH+

4 -N concentrations were 821 mg/L at the 4th hour in the open
group, 874 mg/L at the 7th hour in the 4 L/min group, and 773 mg/L at the 3rd hour in
the 12 L/min group. The lowest NH+

4 -N concentrations were 617 mg/L at the 8th hour
in the open group, 694 mg/L at the 8th hour in the 4 L/min group, and 684 mg/L at the
6th hour in the 12 L/min group. According to the changes of NH+

4 -N in different BS treated
aerobically at 30 ◦C and 12 L/min. For BS treated aerobically at 30 ◦C and 12 L/min, the
highest NH+

4 -N concentrations were 862 mg/L at the 1st hour in the UG and 720 mg/L at
the 1st hour in the PG. The lowest NH+

4 -N concentrations were 724 mg/L at the 5th hour
in the UG and 440 mg/L at the 6th hour in the PG. In all treatment stages, the NH+

4 -N
concentrations followed the order: UG > BG > PG, indicating that the UG maintained
higher levels of NH+

4 -N under the same aeration conditions, while the BG also retained a
significant amount of NH+

4 -N.

3.4.4. BF Production Quality Evaluation of the System

GI is commonly used as an indicator of the degree of decomposition in the composting
process [75]. It is a crucial parameter for determining whether organic fertilizers are fully
decomposed and for assessing their potential toxicity to crops. Additionally, GI can be an
important metric for evaluating the stability of the anaerobic co-digestion process [76], and
it is frequently used to analyze the biotoxicity of BS [39], which comprehensively reflects
the degree of bioavailability of BS to crops [77]. Specifically, when GI reaches 50%, the
fertilizer is basically decomposed and has basically no biological toxicity; when GI reaches
80%, the fertilizer is completely decomposed [78].

As listed in Table 4, the GI of BS in each group without AT was measured at 1.7% in
the BG, 47.8% in the PG, and 27.4% in the UG. These values indicate that the BS in each
group had not yet reached the required level of humification, contained significant toxicity,
and inhibited seed growth. Some studies have shown that higher NH+

4 -N content of BS
may be toxic to plants, which is also corroborated by the BS in the UG [79]. Inadequate
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BS management may lead to increased emissions of greenhouse gases such as ammonia,
nitrous oxide, CO2, and methane [80].

Table 4. Germination index of different biogas slurry without aerobic treatment.

Types Number of Seeds Number of
Germination Seeds

Total Root
Length/mm

Average Root
Length/mm

Germination
Index

Blank group 20 3 3 1 1.7
Plant ash group 20 14 18.5 1.3 47.8

Urea group 20 11 13.5 1.2 27.4

To reduce the biotoxicity of BS and enhance its decomposition rate and bioavailability,
an AT is necessary. Figure 10 illustrated that the trend of initial decreasing, followed by
increasing, and then decreasing of GI in all groups during AT of the BS. This trend is
consistent with previous studies, which suggest that, in the early stages of aeration, the
substances in the BS are inhibitory and toxic to crops were partially removed through
volatilization [81]. Additionally, some reductive substances are oxidized and decomposed,
reducing biotoxicity and increasing GI. The later decrease in GI is attributed to the oxidative
decomposition of macromolecules into small-molecule organic acids that inhibit crop
growth [82,83].
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Observing the GI values of the seeds cultivated in the BS of BG that is treated every 1 h
under different temperatures while maintaining an aeration rate of 8 L/min, it was found
that the GI in the 20 ◦C group did not reach the decomposition threshold during the 8 h of
AT, with a maximum GI of 46.5% at the 8th hour. The GI in the 20 ◦C group was higher than
that of the afterheat group only at the 8th hour. In the afterheat group, GI exceeded 50%
by the 2nd hour, indicating basic decomposition, with a maximum value of 66.5% at the
5th hour. The GI of the 30 ◦C group was higher than that of the 20 ◦C group, and was higher
than that of the afterheat group in the 1st, 7th, and 8th hour, respectively; in the 6th hour
of treatment, the GI reached the basic decomposition; in the 7–8th hour of treatment, the
GI reached complete decomposition, which was 81.9% and 103.6%, respectively. The TDS
at the 7th hour was 6.09 g/L, higher than the 5.60 g/L at the 8th hour, while the NH+

4 -N
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content was 672 mg/L at the 7th hour, higher than the 662 mg/L at the 8th hour. In contrast,
the GI of the anaerobically treated BS was only 1.7%. These results clearly demonstrate the
effectiveness of AT in reducing the biotoxicity of BS, which aligns with the role of oxidation
tanks used to enhance BS bioavailability [84]. Furthermore, AT at 30 ◦C proved to be more
effective in improving the degree of decomposition, bio-effectiveness, and nutrient content.

When observing the GI of BS treated at different aeration volumes at 30 ◦C, the GI of
the open group did not reach the decomposition threshold during the 8 h period, with a
maximum value of 46.8% at the 8th hour. The GI of the 4 L/min group was higher than
80% to reach the complete decomposition in the 5th hour of the treatment, and it was the
maximum value of this group’s process, which was 88.1%. The GI of the 12 L/min group
was consistently higher than that of the open group and exceeded that of the 4 L/min
group at the 1st, 2nd, and 6–8th hours, and was higher than the 8 L/min group at the
1st–6th hours. At the 2nd, 5th, and 7th hours, the GI reached basic decomposition (63%,
60.9%, and 55.6%, respectively), and complete decomposition was achieved at the 1st and
6th hours (98% and 99.7%, respectively). The TDS at the 1st hour was 5.67 g/L, higher
than the 5.29 g/L at the 6th hour, while NH+

4 -N was 734 mg/L at the 1st hour, higher
than the 684 mg/L at the 6th hour. These findings indicate that BS treated with 12 L/min
decomposed more quickly and retained a greater amount of nutrients than BS treated
with 8 L/min. Therefore, AT at 30 ◦C and 12 L/min has superior effects on the degree of
decomposition, bioavailability, and nutrient content.

Finally, the GI of seeds cultivated after AT of each control BS at 30 ◦C and 12 L/min
revealed that the GI of the PG reached basic decomposition at the 1st and 7th hours
(73.8% and 63.5%, respectively) and reached complete decomposition at the 4th to 6th
and 8th hours (124.5%, 119.3%, 83.2%, and 118.2%, respectively). At the 4th hour, TDS
and NH+

4 -N were 5.35 g/L and 538 mg/L, respectively. The GI of the UG reached basic
decomposition at the 3rd hour (76.3%) and complete decomposition at the 1st hour and
from the 4th to 8th hours (100.4%, 116.7%, 114.6%, 127%, 100.4%, and 106.7%, respectively).
At the 1st hour, TDS and NH+

4 -N were 7.01 g/L and 862 mg/L, respectively. A one-way
ANOVA analysis indicated that the difference in TDS changes among all groups was highly
significant (p < 0.01). Notably, under the identical conditions of AT for different BS, the BG
and UG showed the fastest rates of decomposition (within 1 h), indicating that both the
added and unadded experimental groups exhibited improved bio-effectiveness after AT.
From a nutrient retention perspective, the UG retained the most nutrients.

Figure 11 illustrates the physical properties of BS both before and after AT, as well as
the germination of seeds. It is evident that the undecomposed BS was black, with a large
amount of suspended material on the surface and a strong, irritating odor. Seeds of creamy
pak choi cultured with this BS at 8 h (20 ± 1 ◦C) under dark conditions showed negligible
germination. In contrast, the aerobically treated BS, which had decomposed, was brown,
with a clarified liquid surface and no irritating odor. Seeds of creamy pak choi cultured un-
der the same conditions exhibited a high germination rate, indicating improved biological
activity. Thus, the use of decomposed BS after AT significantly enhanced seed growth.

It was observed that the trends in BS parameters across the groups were similar under
the same conditions, indicating that the addition of moderate amounts of exogenous ad-
ditives did not interfere with the operation of the reaction process. Furthermore, the pH
values of all groups of BS, diluted to a 0.1 g/mL culture solution for the seed germination
rate experiment after AT, met the standard for liquid fertilizers. The EC value and NH+

4 -N
concentrations in each group of BS during the aerobic stage showed a decreasing trend
compared to the anaerobic stage. The EC value and NH+

4 -N levels in the UG were the
highest, and the TDS values were optimal at all stages, indicating that the ionic concen-
tration in the BS of the UG remained optimal after AT. Additionally, under the same AT
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conditions for the same duration, the degree of decomposition of the UG was higher in
the first hour. Evidently, the UG had the optimum quality of fertilizer production and the
fastest decomposition rate after AT. Based on these observations, it can be concluded that
AT with AT tanks is effective for BS, and the addition of exogenous additives does not
hinder the reaction process. Under the treatment conditions of 30 ◦C and 12 L/min, all BS
groups achieved decomposition and the BS of the UG has the fastest decomposition rate
and retains the maximum nutrients.
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Table 5 presents the total dissolved organic and inorganic nutrients in each group
of BS during the two-stage reaction process. The fastest decomposed nutrient contents
for the BG, PG, and UG were 5.67 g/L, 5.35 g/L, and 7.01 g/L, respectively. According
to the Organic-Inorganic Compound Liquid Fertilizer Standard [85], BS requires 110 g/L
of total nutrients to meet the liquid fertilizer standard. Therefore, to meet the standard,
adjustments are needed to increase the nutrient content. It is estimated that total nutrient
content can be improved by mixing water-soluble organic fertilizers with a concentration
of 34.3% [86]. Clearly, the application of BS as fertilizer not only recycles nutrients but also
reduces the reliance on mineral fertilizers [87].

Table 5. Total dissolved solid mass concentration in biogas slurry during anaerobic fermentation and
aerobic treatment.

Anaerobic Fermentation Stage (g·L−1) Aerobic Fermentation Stage (g·L−1)

Time/d No-Adding Plant Ash Urea Time/h No-Adding Plant Ash Urea

1 4.15 3.80 4.65 1 5.67 5.85 7.01
8 5.95 6.35 6.93 2 5.66 5.69 6.96
15 6.43 6.50 7.11 3 5.53 5.54 6.89
22 6.56 6.81 7.17 4 5.40 5.35 6.83
29 6.73 6.99 7.34 5 5.37 5.30 6.81
36 6.55 6.96 7.30 6 5.29 5.22 6.63
43 6.51 6.59 7.15 7 5.23 5.12 6.66
49 6.41 6.49 7.16 8 5.16 5.08 6.62
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3.4.5. Comprehensive Performance Evaluation of Biogas and BF Production in the System
with Regulated HRT

From the perspective of the system’s OLTC, the HRT of AD in the three experimental
groups was 49 days. If the system were to operate with continuous thermostatic batch AD
throughout the year, maintaining consistent raw material proportions and temperature, and
with an interval of 0.5 days between each batch’s inlet and outlet, the experimental groups
would be capable of processing 538.3 kg of cow manure and 781.6 kg of VW annually.
Considering the biogas production efficiency of AD, medium-temperature AD typically
operates within the range of 20–45 ◦C [88], and its HRT is approximately 20~40 days, and
the HRT can be appropriately shortened [89], which not only increase the biogas production
efficiency of the system and the biogas production rate per unit volume of the tank, but
also enhance the system’s OLTC and expedite the reaction process.

The UG exhibited the fastest reaction during the early and middle stages of AD, with
80% of its cumulative methane production occurring by the 29th day of the reaction, making
29 days the shortest reaction cycle. Table 6 shows the annual OLTC of each group after
shortening the reaction cycle. It was found that when the HRT of UG was adjusted to
29 days, its annual biogas, methane, and BF production performed optimal among the
cycles of UG, producing 61,542.7 L of biogas, 22,041.2 L of methane, and 5567.8 kg of BS
with a TDS concentration of 7.34 g/L. The annual disposal of cow manure and VW was
903.2 kg and 1311.5 kg, respectively. The complete combustion of methane under standard
conditions provides an additional 880.1 MJ of heat to the greenhouse annually. The PG
achieved optimal annual biogas and BF production of 54,774.7 L and 5567.8 kg, respectively,
with a TDS concentration of 6.99 g/L, and the same annual disposal of 903.2 kg of cow
manure and 1311.5 kg of VW at an HRT of 29 days. The highest annual methane production
(17,819.9 L) occurred at an HRT of 40 days. The complete combustion of methane under
standard conditions at this stage provides an additional 711.5 MJ heat to the greenhouse
annually. For the BG, when the HRT was 49 days, the annual biogas production was
optimal at 45,842.5 L. When the HRT was reduced to 40 days, the best annual methane
production of 24,414.1 L was achieved. The complete combustion of methane at this stage
provides an additional 974.8 MJ of heat to the greenhouse annually. At an HRT of 29 days,
the BG achieved optimal BF production (5567.8 kg), with a TDS concentration of 6.73 g/L,
and the annual disposal of 903.2 kg of cow manure and 1311.5 kg of VW.

Comparing the results across all experimental groups, the optimal biogas and BF
production system is the UG model with an HRT of 29 days, while the best methane pro-
duction system is the BG model with an HRT of 40 days. Furthermore, methane production
in the UG with an HRT of 29 days accounted for 90.3% of the methane production in the
BG with an HRT of 40 days. Meanwhile, BF production in the BG with an HRT of 40 days
accounted for 72.8% of the BF production in the UG with an HRT of 29 days. Combining
the four indicators—biogas production, methane production, BF production, and the OLTC
system—the optimal operational mode is the 29-day urea experimental group. During
the AD stage, the biogas produced by the system releases heat upon combustion and
generates CO2, which is able to increase the temperature of the greenhouse and replenish
the light to promote the growth of plants, thus reducing greenhouse gas emissions. The BS
produced during the AT stage decreases the need for chemical fertilizers, further mitigating
greenhouse gas emissions.

In conclusion, this experimental system possesses an efficient capacity for biogas and
BF production and is capable of reducing greenhouse gas emissions. The application of
urea as an exogenous additive not only expedites the rapid decomposition of high-moisture
agricultural and livestock wastes but also shortens the HRT, further enhancing the annual
organic load treatment capacity of the apparatus.
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Table 6. Evaluation of the annual biogas production, methane production, biogas slurry production
and organic load treatment capacity of the system through adjusting the hydraulic retention time.

Types Hydraulic
Retention Time/d

Annual Biogas
Production/L

Annual Methane
Production/L

Annual Biogas
Slurry

Production/kg

TDS
Concentration of

Biogas Slurry
(g/L)

Disposal
Amount of

Tomato Stem and
Leaf VWs/kg

Blank group
29

33,382.0 10,376.8
5567.8

6.73
1311.5Plant ash group 54,774.7 13,181.9 6.99

Urea group 61,542.7 22,041.2 7.34
Blank group

31
34,588.1 11,802.1

5214.3
6.68

1228.3Plant ash group 53,232.1 13,496.2 6.98
Urea group 58,550.6 21,217.7 7.33
Blank group

33
36,391.0 13,515.3

4903.0
6.63

1154.9Plant ash group 51,546.7 13,600.7 6.97
Urea group 56,199.1 20,674.0 7.32
Blank group

36
40,080.0 16,707.2

4500.0
6.55

1060.0Plant ash group 49,700.0 14,005.1 6.96
Urea group 52,830.0 19,799.3 7.30
Blank group

38
43,079.5 19,185.4

4266.2
6.54

1004.9Plant ash group 48,815.2 14,427.0 6.85
Urea group 50,796.6 19,249.6 7.26
Blank group

40
44,764.3 24,414.1

4055.6
6.53

955.3Plant ash group 48,171.0 17,819.9 6.75
Urea group 48,910.0 19,559.5 7.21
Blank group

43
45,511.7 21,812.8

3775.9
6.51

889.4Plant ash group 47,718.5 15,841.1 6.59
Urea group 46,300.5 17,941.5 7.15
Blank group

45
44,858.9 21,731.3

3609.9
6.48

850.3Plant ash group 46,695.9 15,861.7 6.56
Urea group 44,642.3 17,410.1 7.15
Blank group

47
45,306.1 22,314.8

3457.9
6.44

814.5Plant ash group 45,928.5 15,976.0 6.52
Urea group 43,062.3 16,876.8 7.16
Blank group

49
45,842.5 22,939.3

3318.2
6.41

781.6Plant ash group 45,665.6 16,389.8 6.49
Urea group 41,462.5 16,289.2 7.16

4. Conclusions
To further accelerate the rapid decomposition of high-moisture agricultural and live-

stock wastes and enhance the treatment volume of VWs, this paper independently devised
and fabricated a set of three coupled devices for thermostatic anaerobic and aerobic pro-
cesses that are temperature-controlled by solar collectors. Commencing from the factors
affecting the rapid decomposition of organic wastes and the rapid production of biogas
and BF, cow manure and tomato stems and leaves were used as fermentation raw materials,
with plant ash and urea additives as the control groups. A comparative study on the
coupling performance of pilot-scale thermostatic batch wet AD of mixed raw materials
for biogas production and AT for BF production was carried out in winter. The main
conclusions are as follows:

(1) In cold regions, the system demonstrates the ability to thermostatically control the
DS, maintaining stable operation within a temperature range of (26 ± 2 ◦C) even
during three consecutive days of cloudy and snowy weather. Both the BG and the
two control groups achieved continuous and stable biogas and BF production while
simultaneously reducing greenhouse gas emissions. This is a key advantage of the
system, as the AD device overcomes issues related to heat expansion, cold contraction,
and discharge difficulties. The system is capable of performing a range of AD reactions,
including batch, continuous, intermittent, dry, and wet AD. The AT tank facilitates
rapid aeration treatment of BS, improving its biological effectiveness.

(2) The addition of appropriate amounts of two exogenous additives—plant ash and
urea—was found to be feasible. These additives promote biogas production and result
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in the production of BF with higher nutrient content. Furthermore, the BS of UG
achieved the highest decomposition degree within the shortest AT time. The content
of total soluble organic and inorganic nutrients in the UG that decomposed the fastest
was 7.01 g/L, with a GI of 100.4% and NH+

4 -N at 862 mg/L. Thus, the application of
an appropriate amount of exogenous additives can further drive the reaction process
of the entire technology and accelerate the decomposition of DS.

(3) Regarding the reaction period of this experiment, the BG demonstrated the optimal
biogas and methane production performance at the terminal stage of AD. In terms
of BF production characteristics, the UG showed the best BS decomposition rate
and nutrient retention capacity. To shorten the HRT and based on a comprehensive
assessment of the annual biogas and methane production, BF production, and OLTC,
the UG with an AD cycle of 29 days was the most favorable operation strategy.
Meanwhile, the system operation strategy can be adjusted in accordance with the
actual requirements.
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Abbreviations
The following abbreviations are used in this manuscript:

AD Anaerobic digestion
AT Aerobic treatment
VW Vegetable waste
OLTC Organic load treatment capacity
CBP Cumulative biogas production
CMP Cumulative methane production
BS Biogas slurry
DS Digestive solution
HRT Hydraulic residence time
BF Biogas fertilizer
VS Volatile solid
TS Total solid
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EC Electrical conductivity
TDS Total dissolved solids
NH+

4 -N Ammonia nitrogen
GI Germination index
DBP Daily biogas production
DMP Daily methene production
UG Urea group
PG Plant ash group
BG Blank group
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