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Abstract

Large-scale breeder chicken farms generate high-moisture manure, and all-in/all-out
management can constrain continuous manure handling, especially during cold north-
ern winters. This study proposed and evaluated a staged resource-recovery pathway for
breeder chicken manure under all-in/all-out farm management. The pathway consisted of
an implemented on-farm primary aerobic fermentation stage for rapid reduction and saniti-
zation, an implemented centralized secondary aerobic fermentation stage for standardized
organic fertilizer production, and a proposed solar-greenhouse-assisted low-temperature
module for seasonal continuity support. System performance was assessed through a
practice-based case evaluation using enterprise operational records, field investigations,
and routine monitoring data on manure generation, process parameters, product quality,
and logistics/cost indicators. The primary stage showed a relatively stable operational
window across case farms, with fresh manure moisture contents of 85–90%, compost tem-
peratures increasing from approximately 30 ◦C to 60 ◦C before declining to about 40 ◦C,
and pH values ranging from 7.0 to 9.5, while batch duration and moisture-control path-
ways varied among farms. The secondary stage demonstrated standardized downstream
processing capacity; the tested organic fertilizer complied with NY/T 525-2021, while the
bio-organic fertilizer specifications met the benchmark requirements of NY 884-2012. The
conceptual winter continuity-support module was discussed as a conceptual engineering
supplement requiring future operational validation. Overall, the evaluated pathway may
provide a practice-based reference for sustainable manure management, standardized
fertilizer production, and circular agricultural resource recovery under intensive breeder
chicken production conditions.

Keywords: breeder chicken manure; resource recovery; sustainable manure management;
organic fertilizer; circular agriculture

1. Introduction
The green transformation of animal husbandry has become an important issue in the

high-quality development of agriculture in China. Large-scale livestock and poultry pro-
duction ensures a stable agricultural supply, but it also generates substantial organic waste
streams that require reliable and continuous management [1–3]. Among them, livestock ma-
nure is rich in organic matter and nutrients and therefore represents an important recyclable
agricultural resource when appropriately treated and reutilized. Composting and related
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aerobic treatment technologies provide a practical basis for converting manure into fertil-
izer products through stabilization, sanitization, and humification processes [4–6]. Recent
reviews have further emphasized composting as an important organic-waste valorization
route within circular resource management, with final product quality and management
conditions being critical to its practical value [7,8]. More broadly, livestock manure has in-
creasingly been framed as a recoverable resource within circular-economy and sustainable
management pathways, rather than solely as a waste-disposal problem [9,10].

Breeder chicken farms present a particularly challenging manure-management sce-
nario. Under the all-in/all-out production model, manure generation, temporary accu-
mulation, and routing are strongly affected by production organization rather than by
a uniform continuous flow [11]. In addition, breeder chicken manure usually has high
moisture content, and its treatment continuity can be further constrained during cold
northern winters. These features make it difficult to maintain a stable treatment chain from
on-farm handling to downstream resource recovery. As a result, the key challenge is not
only how to treat manure at an individual process unit, but how to maintain a continuous
and operable management pathway that links on-farm pretreatment, material transfer, and
downstream utilization.

1.1. Challenges and Research Gap

Existing studies and engineering practices on poultry manure management have
mainly focused on composting parameter optimization, process emissions, and related
treatment-performance evaluation [12–15]. These studies have examined operational
variables such as aeration intensity, turning management, and reactor structure, and have
also reported gaseous emissions, fertilizer quality, and maturity indicators of composted
products. Together, they provide valuable evidence for understanding specific treatment
units and improving composting performance.

However, relatively few studies have addressed how breeder chicken manure can
be organized into a staged resource-recovery pathway under real farm and enterprise
operating conditions. Recent studies have emphasized that organic-waste and manure-
management systems should be evaluated from a circular-resource perspective rather than
only by the performance of individual treatment units [16–19]. In particular, waste-derived
fertilizer production and nutrient recovery have been increasingly discussed as important
routes for fertilizer substitution and agricultural reuse [20–23]. Studies on manure redis-
tribution, resource-transfer logistics, farm-level composting strategies, and downstream
fertilizer utilization have emphasized the importance of coordinating material flows across
multiple management stages rather than focusing solely on the optimization of individual
treatment units [24–27]. Nevertheless, system-level evidence on how breeder-farm manure
can be coordinated across on-farm pretreatment, centralized fertilizer production, and
seasonal continuity support remains limited. This gap is particularly evident for breeder
chicken farms operating under all-in/all-out management in northern regions, where
seasonal low temperatures can disrupt treatment continuity and reduce the stability of
manure-to-resource conversion. In such cases, the practical challenge lies not only in im-
proving an individual composting step, but also in organizing a staged treatment pathway
that can maintain material flow, support downstream standardization, and improve the
continuity of the overall waste management chain.

Accordingly, there remains a need for a practice-based management framework that
connects on-farm pretreatment, centralized processing, and winter continuity support
under real breeder-farm operating conditions. Such a framework is relevant to manure
handling continuity and resource-oriented management [9,10,19], as well as to nutrient re-
covery, fertilizer substitution, and circular agricultural resource utilization [17,20,22,23,28].
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1.2. Objectives and Contributions

To address this need, this study proposes a case-based management framework for
breeder chicken manure in northern China. The framework integrates on-farm primary
treatment, centralized secondary processing, and a conceptual winter continuity-support
module, thereby linking manure pretreatment, standardized fertilizer production, and
downstream agricultural utilization under all-in/all-out farm management.

Specifically, the study evaluates the implemented primary and secondary stages using
enterprise operational records, field investigations, and routine monitoring data, and
discusses a conceptual solar-greenhouse-assisted low-temperature module as a seasonal
supplementary option for winter operation. The objectives of this study are to:

(1) Establish a staged resource-recovery pathway adapted to the production characteris-
tics and operational organization of breeder chicken farms;

(2) Evaluate the operational characteristics and engineering roles of the implemented pri-
mary and secondary stages using enterprise operational records, field investigations,
and routine monitoring information;

(3) Assess product-quality indicators and benchmark compliance of secondary-stage fer-
tilizer products based on available testing data and enterprise product specifications;

(4) Examine operational constraints related to material routing, data coverage, logistics,
and seasonal continuity under practical farm and enterprise conditions;

(5) Discuss the potential function and evidence boundary of a conceptual winter
continuity-support module under low-temperature conditions.

The contribution of this study lies in providing a practice-based reference for orga-
nizing breeder chicken manure management under real farm and enterprise conditions.
First, it clarifies the engineering roles of on-farm pretreatment and centralized secondary
processing in material routing, product formation, and resource recovery. Second, it in-
corporates product-quality benchmarking into the evaluation of downstream fertilizer
production. Third, it discusses the evidence boundary and potential role of a conceptual
winter continuity-support module for low-temperature treatment continuity. In this sense,
the study responds to recent calls for more practice-oriented evidence on organic-waste
valorization and circular resource management [16,17,19,23], waste-derived fertilizer pro-
duction and utilization [20,22,29], and deployable manure-management strategies linking
resource transfer, farm-level composting, and downstream fertilizer reuse [24–27].

2. Materials and Methods
2.1. Study Design and Analytical Boundary

This study was designed as a practice-based case evaluation of a staged breeder
chicken manure resource-recovery pathway under farm and enterprise conditions. The
analysis focused on system organization, operational characteristics, product outcomes,
and engineering adaptability in actual breeder-farm operations.

Within the proposed pathway, the primary and secondary stages were implemented
modules evaluated using enterprise operational records, field investigations, and routine
monitoring data. The winter continuity-support module was included as a conceptual en-
gineering component for supporting treatment continuity during low-temperature periods
and was discussed in terms of design rationale and intended operational role.

The analytical boundary was defined around stage-specific evidence and functional
compatibility among the pathway components, rather than around a fully traceable mass
balance from manure generation to final fertilizer output. Specifically, the study examined
on-farm primary pretreatment, transport arrangements to the centralized processing facility,
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secondary fermentation, aging, granulation, packaging, and the conceptual role of the
proposed winter continuity-support module.

Functional integration was defined as the operational coordination among on-farm
pretreatment, transportation, centralized processing, and downstream fertilizer-utilization
stages of the proposed staged pathway. It was assessed qualitatively based on field in-
vestigations, enterprise operational records, transportation arrangements, processing-flow
organization, and documented links between pretreatment, centralized fertilizer produc-
tion, and downstream utilization pathways. However, full batch-to-batch traceability across
the primary-to-secondary chain and downstream fertilizer application was not available.
Therefore, the analysis evaluated stage-specific functions and functional compatibility,
rather than a quantitatively verified whole-chain material balance.

Because the case datasets were derived from actual operations and were not fully syn-
chronized across farms and treatment stages, the analysis was conducted using descriptive
comparison and engineering interpretation.

2.2. Study Area and Case Background

The study was conducted in Yantai City, Shandong Province, China, a typical agricul-
tural region in northern China characterized by a temperate monsoon climate and cold
winters. Fruit tree cultivation coexists with large-scale livestock and poultry farming in this
region, creating practical conditions for evaluating manure-to-fertilizer resource recovery.
Winter low temperatures in the region may constrain aerobic treatment continuity and
were therefore considered in the pathway design.

This study analyzed the generation, treatment, and utilization processes of breeder
chicken manure using multiple large-scale breeder chicken farms and their supporting
organic fertilizer production facilities under Shandong Yisheng Breeding Livestock Co.,
Ltd. (Yantai, China) as case subjects. Enterprise production records and field survey
data were integrated for the analysis. The equipment described in this study refers to
enterprise-operated composting facilities and generic equipment types. Detailed manufac-
turer and model information could not be disclosed due to enterprise confidentiality and
information-disclosure review requirements and was not used as an analytical variable.
Table 1 summarizes the data coverage windows for each case-study farm and the on-site
survey period for the secondary processing center.

Table 1. Data coverage windows for case-study farms and on-site survey period for the secondary
processing center.

Research
Subject

Breeder Chicken Farm Secondary
Fermentation Center

(Fertilizer Plant)A B C D E

Data
Coverage

Period

July
2023–May

2025

September
2023–October

2024

October
2023–December

2024

February
2024–January

2025

February
2024–November

2024
November 2024

Note: A–E denote anonymized breeder chicken farm codes. The periods shown represent the operational data
coverage windows for each farm, whereas “November 2024” for the secondary processing center corresponds to
the on-site survey period.

Data were collected through a combination of field investigations, structured question-
naires, enterprise operational records, and interviews with farm managers. Information
obtained included flock size, feed consumption, water use, manure generation, composting
process parameters (e.g., moisture content, temperature, pH, composting duration, and
turning intervals), transportation distance, logistics costs, product output, and fertilizer
utilization pathways. Because the farms operated under different production schedules
and record-keeping periods, the data coverage windows were not fully synchronized.
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Accordingly, the study was designed as a descriptive engineering case evaluation rather
than a statistically synchronized comparative study.

All case-study farms covered at least part of the winter operational period, including
months between December and mid-February of the following year. This made it possible
to identify continuity constraints under low-temperature conditions and to assess their
implications for staged system operation.

2.3. Configuration of the Staged Resource-Recovery Pathway

As shown in Figure 1, the staged resource-recovery pathway for breeder chicken
manure was organized as a simplified functional framework linking manure generation,
on-farm pretreatment, centralized secondary processing, downstream fertilizer utilization,
and seasonal continuity support. The pathway consisted of three functionally differentiated
components: an implemented primary stage for on-farm pretreatment, an implemented
secondary stage for centralized processing and product formation, and a conceptual winter
continuity-support module.

 
Figure 1. Simplified overview of the staged resource-recovery pathway for breeder chicken manure.
Arrows indicate material and functional flow, dashed elements denote evidence links or conceptual
components, and colors distinguish pathway components. Detailed operational parameters, evidence
categories, and validation boundaries for each stage are provided in Supplementary Figure S1.

• Primary stage: on-farm pretreatment and load reduction;
• Secondary stage: centralized processing, standardization, and product formation;
• Conceptual winter continuity-support module: seasonal support under low-

temperature conditions.

To address the characteristics of large-scale manure generation, high moisture content,
and seasonal processing constraints in breeder chicken farms, the pathway was organized as
“on-farm reduction—centralized value-oriented processing—seasonal continuity support.”
Compared with a single-site manure treatment route, this staged pathway emphasized
material routing and functional coordination among breeder farms, the centralized fertilizer-
production facility, and downstream agricultural utilization. In the primary stage, fresh
manure generated from breeder chicken farms was pretreated on farm through aerobic fer-
mentation to achieve preliminary reduction, moisture decrease, and stabilization. This stage
was designed to alleviate on-site accumulation pressure and provide pretreated materials
suitable for subsequent local utilization or transfer to the centralized processing facility.
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In the secondary stage, pretreated materials entered a centralized processing system
for further aerobic fermentation, aging, granulation, drying, packaging, and standardized
fertilizer production. This stage functioned as the value-oriented processing node of the
pathway, supporting the transformation of manure-derived materials into commercial
organic fertilizer or bio-organic fertilizer products for agricultural use.

The conceptual winter continuity-support module was included as a seasonal engineer-
ing supplement intended to support treatment continuity when low temperatures constrain
conventional operation. In the pathway configuration, this module was positioned as an
auxiliary conceptual component rather than an independently validated treatment stage.

The primary and secondary stages were evaluated using enterprise operational records,
field survey data, and routine monitoring indicators. By contrast, the winter continuity-
support module was included as a concept-level engineering component supported by
literature evidence and design logic. Therefore, the analytical focus of this study was
placed on the implemented primary and secondary stages, while the winter module was
discussed in terms of its potential role in seasonal continuity support. The pathway
configuration shown in Figure 1 should be interpreted as a functional organization of
stage roles rather than as evidence of a fully traceable mass balance across the entire
manure-to-fertilizer chain.

2.3.1. Primary Stage: On-Farm Pretreatment and Load Reduction

Primary fermentation was conducted within the breeding farm, primarily aiming to
achieve rapid reduction, stabilization, and sanitization of manure. This stage employed
trough-type or tank-type aerobic fermentation equipment. Under controlled key process
parameters—including fermentation temperature, moisture content, and fermentation
cycle—fresh chicken manure was converted into a primary compost product. The result-
ing product could be applied locally to surrounding farmland for basic fertilization or
transported to secondary processing centers for further treatment.

To characterize the operational features and functional role of the primary stage within
the staged pathway, this study selected five large-scale breeder chicken farms under Shan-
dong Yisheng Breeding Livestock Co., Ltd. as case subjects. Sample selection considered
farm scale, primary-treatment equipment type, data availability, and connectivity with the
centralized processing center so as to capture operational variation under different on-farm
arrangements. The statistical time windows for each case study were determined according
to actual production batches and record availability, as detailed in Table 1.

Data for the primary stage were derived mainly from field visits, enterprise production
ledgers, and routine process records. These data covered breeder chicken production
processes, manure generation patterns, primary-stage operational parameters, and product
utilization. Because the case-study time windows were not fully synchronized, cross-farm
comparisons in this study were descriptive and intended for engineering adaptability
assessment rather than for strictly synchronized comparative trials. On this basis, the
primary-stage indicators across the five farms were organized and compared to identify
shared parameter ranges and site-specific operational characteristics. Process-relevant
operational factors reported in chicken manure composting studies, such as substrate
balance and carbon-to-nitrogen regulation, were considered in interpreting variation among
on-farm pretreatment systems [30].

2.3.2. Secondary Stage: Centralized Processing, Standardization, and Product Formation

Secondary fermentation was conducted at specialized manure treatment centers for the
further decomposition, stabilization, and standardized processing of poultry manure-based
organic materials into commercial organic fertilizers. The process flow mainly included
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large-scale trough aerobic fermentation, aging, granulation, and packaging, enabling scaled-
up production and quality control through centralized treatment.

Within the staged pathway, the secondary stage functioned as the centralized node for
deep processing, product standardization, and fertilizer product formation. To evaluate its
engineering role, this study examined the biofertilizer production line at Shandong Yisheng
Breeding Livestock Co., Ltd., with particular attention to equipment configuration, process
flow, and commercial production organization. Information on the secondary stage was
obtained primarily from field survey data and process/production details provided by
company personnel.

The secondary stage was evaluated as the enterprise-level downstream processing
node of the regional manure management pathway. The assessment focused on equipment
configuration, process flow, product standardization, and industrial handling capacity.

2.4. Conceptual Design Basis for Winter Continuity Support

To address seasonal continuity constraints during northern winters, this study dis-
cussed a conceptual winter continuity-support module as a supplementary component
to the implemented primary and secondary stages. The module was intended to support
relatively stable thermal conditions during cold seasons and to reduce the potential risk of
treatment interruption caused by low ambient temperatures.

The proposed configuration involved constructing a solar greenhouse above the fer-
mentation tank and using solar-converted thermal energy as the primary heat source [31].
During periods of insufficient solar input, such as nighttime or consecutive cloudy
days, auxiliary heating was considered as a supplementary design option to sup-
port treatment conditions [32]. The temperature-control logic and design considera-
tions were further informed by previous studies on solar-assisted composting and low-
temperature operation [23,31–33].

Key design parameters and intended operational roles of the winter continuity-support
module are summarized in Table 2.

Table 2. Key design parameters and intended operational targets of the conceptual winter continuity-
support module.

Design Parameter Parameter Description Reference Basis Expected Function

Target Temperature
Range

Designed to help maintain the
reactor body or reaction system
within the target fermentation

temperature range

Low-temperature
organic-waste

management and
solar-assisted composting

literature [23,31,33]

Potential mitigation of
slow winter temperature

rise and support for
fermentation activity

Auxiliary Heating
Trigger Conditions

Designed to activate
supplemental heating during
periods of insufficient solar
heating, such as at night or

during consecutive cloudy days

Solar greenhouse
heat-collection strategy
and auxiliary heating

logic [31,32]

Temperature-stability
support and reduced risk

of fermentation
interruption

Thermophilic-phase
support

Monitoring of the
high-temperature phase duration

to support sanitization and
decomposition requirements

Temperature-control logic
and stabilizing treatment

conditions [23,31]

Support for pathogen
inactivation and
organic-matter

stabilization

Changes in the
maturation cycle

Evaluation of extended
maturation cycles during

low-temperature seasons and
optimization potential

Low-temperature
continuity-support

rationale and engineering
design objectives [22,23,31]

Potential reduction in
maturation delays and
support for processing

efficiency
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Table 2. Cont.

Design Parameter Parameter Description Reference Basis Expected Function

Key regulatory
parameters

Temperature, humidity,
turning/ventilation frequency,

timing of heating switching, etc.

Integrated control factors
reported for organic-waste

treatment
systems [23,31–33]

Basis for subsequent
parameter optimization

System operational
positioning

Supplementary conceptual winter
continuity-support module

positioned to support primary
and secondary fermentation

Staged pathway
coordination and circular
management logic [22,28]

Support for
processing-chain

continuity and stability

Note: The expected functions listed in this table represent intended design roles of the conceptual winter
continuity-support module and require future field validation.

2.5. Data Sources and Evaluation Indicators

This study relied primarily on enterprise production records, field surveys, and routine
operational monitoring data. The collected data included manure generation volumes,
moisture content, temperature profiles, fermentation cycle duration, product information,
transport-related records, and selected cost items. These data were organized to evaluate
process characteristics, operational continuity, and downstream processing suitability
across the implemented primary and secondary stages, together with the intended role of
the conceptual winter continuity-support module.

System performance assessment was based on three main categories of evidence:
(1) enterprise operational ledgers and production records; (2) technical communications
and site survey materials provided by company personnel; and (3) routine monitoring
results from treatment facilities. The evaluation included stage-specific information on
on-farm primary treatment, transport arrangements to the centralized processing facil-
ity, secondary fermentation, aging, granulation, and packaging, as well as the design
rationale of the conceptual winter continuity-support module. It did not establish continu-
ous batch-level traceability or a full-chain mass balance from manure generation to final
fertilizer output.

Because the case datasets were derived from actual operations and were not fully
synchronized, the analysis emphasized descriptive comparison and engineering interpre-
tation rather than inferential statistical testing. For selected farm-level economic indica-
tors, mean, standard deviation (SD), and coefficient of variation (CV) were calculated
across the five case-study farms using WPS Spreadsheets (v12.1.0.25225; Kingsoft Of-
fice Software, https://www.wps.cn/, accessed on 4 July 2026) to summarize inter-farm
variability. The key indicators included treatment-continuity support, process parameter
ranges, product standard-compliance information, and major logistics/cost items relevant
to management decisions.

To further improve methodological transparency, Table 3 summarizes the evidence
types and inference boundaries used in the staged pathway evaluation.

Because the study relied on routine enterprise records rather than a pre-designed exper-
imental sampling protocol, sampling frequency and monitoring intervals differed among
farms and process stages. Product-quality data for the organic fertilizer were obtained
from a third-party testing report, whereas routine process indicators were checked against
enterprise operational records and field-survey information for consistency. These evidence
sources were used to support a practice-based evaluation of stage-specific functions and
functional compatibility, rather than a quantitatively verified full-chain material balance.
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Table 3. Evidence categories and analytical boundaries used in the evaluation of the staged pathway.

Evaluation Item Data Source Process Stage Analytical Purpose Boundary or
Limitation

Manure generation
characteristics

Enterprise
production records;
field observations

Upstream farm
operation

Describe manure
generation context and

handling demand at
breeder farms

Data windows
differed among

case-study farms

Primary-stage
equipment

configuration

Field visits;
enterprise

equipment records
Primary stage

Identify the main
pretreatment modes

used at farm level

Equipment
configuration varied

across farms

Primary-stage operating
parameters, including
fresh manure moisture
content, batch duration,
temperature trajectory,

moisture evolution, and
pH range

Routine process
records; enterprise

ledgers
Primary stage

Summarize key
operating ranges and
site-specific variation

across Farms A–E

Cross-farm
comparisons were
descriptive rather
than statistically

synchronized

Primary-stage product
destination and
utilization mode

Enterprise records;
field survey
information

Primary stage

Describe whether
products were locally
utilized or transferred

downstream

Material routing was
evaluated

functionally rather
than by full
batch-level
traceability

Secondary-stage process
flow and equipment

organization

Field surveys;
process descriptions

provided by
company personnel

Secondary stage

Characterize
downstream

centralized processing,
including aerobic

fermentation, aging,
granulation, and

packaging

Evaluated as an
enterprise-level

downstream
processing node

Product quality and
standard-compliance

documentation

Product testing
records; company

documentation
Secondary stage

Assess standardized
product formation and

compliance with
relevant fertilizer

standards

Based on available
documentation and

test records provided
by the enterprise

Transport-related
information and

selected cost items

Enterprise logistics
and cost records

Between
primary and

secondary
stages

Evaluate
management-relevant
logistics characteristics
of the staged pathway

Cost and transport
information were
interpreted at case

level

Winter
continuity-support
design parameters

Literature sources;
engineering design

logic

Conceptual
winter support

module

Summarize the
proposed design basis
for low-temperature
continuity support

Conceptual module;
not evaluated

through full-scale
operational
validation

Stage coordination and
functional compatibility

Integrated analysis
of operational

records, field survey
materials, and
stage-specific
information

Integrated
pathway

interpretation

Evaluate stage
coordination,

treatment-continuity
support, and
downstream

processing suitability

No continuous
batch-level

traceability or
full-chain mass

balance; engineering-
oriented

interpretation only
Note: Numerical ranges for primary-stage operating parameters were summarized from structured farm surveys,
enterprise operational records, and routine process information. Farm-specific values are further detailed in
Section 3.1.1.
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2.6. Use of Generative Artificial Intelligence

During manuscript preparation, ChatGPT (OpenAI, https://chatgpt.com/, accessed
on 4 July 2026) was used only to assist with English language polishing, text organization,
formatting consistency, and improving the clarity of expression. The tool was not used to
generate research data, design the study, collect data, conduct analyses, interpret results,
create figures, or draw scientific conclusions. All AI-assisted outputs were reviewed, edited,
and verified by the authors, who take full responsibility for the content of the manuscript.

3. Results
3.1. Primary-Stage Operational Characteristics and Routing Role

Based on production records and field survey data from five breeder chicken farms
during their respective case-study periods (Table 1), the primary stage was evaluated in
terms of basic production indicators, hatchability-related by-product burden, economic
characteristics of compost products, and fermentation parameter ranges. Variations were
observed among farms in manure output, compost yield rate, product price, and transport
cost. In contrast, relatively consistent ranges were observed for key operating parameters
such as temperature trajectory and pH. These results indicate that the primary stage
functioned as an on-farm pretreatment and routing node within the staged pathway, while
retaining site-dependent variation in economic and organizational performance.

Because the data coverage windows across farms were not fully synchronized and
were derived from routine engineering operations, the comparisons presented in this section
should be interpreted as descriptive comparisons of farm-level operational patterns rather
than statistically synchronized treatment effects. Differences among farms may reflect not
only treatment performance, but also production-cycle timing, flock structure, seasonal
conditions, record-keeping periods, equipment configuration, and management practices.
Therefore, the results are used to characterize operational variability and engineering
adaptability under real production conditions, rather than to infer causal differences among
farms. Where applicable, descriptive statistics were used only to summarize inter-farm
variability and were not used for hypothesis testing.

3.1.1. Descriptive Analysis of Basic Farming Indicators

As shown in Figure 2, descriptive comparisons were conducted for per-bird feed intake,
water consumption, and daily manure production across five breeder chicken farms. Daily
manure output per bird showed the most pronounced inter-farm variation, whereas feed
intake and water consumption did not display fully aligned trends across the farms. These
results indicate that differences existed among farms in the relationship between material
input and manure output during the evaluated production periods. Previous research has
also reported seasonal variation in laying-hen manure production and pollutant-emission
characteristics, providing contextual support for production-related variation under differ-
ent farm and seasonal conditions [34]. Related studies have further shown that seasonal
or thermal conditions can affect laying-hen performance, including feed intake and water
intake, which may in turn contribute to variation in manure generation patterns under
practical production conditions [35,36].

Evaluation of hatching efficiency of breeding eggs
As shown in Figure 3, hatchability varied across breeder farms during one production

cycle at each farm. In this study, hatchability was used mainly as an indicator associated
with the scale of unhatched eggs and related by-products within the farm system. Farm D
showed the highest hatchability, at approximately 88.9%, whereas Farms B and C showed
lower and broadly comparable values. Farm E was excluded from this comparison because
its eggs were primarily sold as commercial products rather than used for hatching. Within
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the studied system, unhatched eggs, after pretreatment, can be used as auxiliary materials
in co-composting during the primary stage, and previous work has demonstrated the feasi-
bility of composting poultry litter together with eggshell waste [37]. This is also consistent
with previous studies showing that hatchery-associated wastes can be incorporated into
co-composting systems with poultry litter and other organic materials [38,39].

Figure 2. Per-bird feed intake, water consumption, and daily manure production across breeder
farms (A–E). Note: Descriptive comparison; n = 1 production or recording cycle per farm. Feed
and water are per-bird cumulative totals over the cycle; daily manure production is reported as
g bird−1 d−1. Case coverage windows are listed in Table 1.

 
Figure 3. Egg hatchability across breeder farms (A–D). Note: Descriptive comparison; n = 1 produc-
tion cycle per farm. Hatchability = hatched chicks/total eggs. Farm E was excluded because eggs
were primarily sold as commercial products rather than used for hatching. Case coverage windows
are listed in Table 1.

Case-level output, price, and logistics observations of compost products
Figure 4 shows variation in compost product yield rate across breeder farms.

Figure 5 presents differences in the market price of primary-stage compost products,
and Figure 6 shows the corresponding transport cost to the centralized treatment facility.
Based on manure generation and compost output during one production cycle at each
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farm, compost yield rate was calculated. Product prices and transport costs were then
summarized descriptively.

Figure 4. Compost product yield rate across breeder farms (A–E). Note: Descriptive comparison;
n = 1 production or recording cycle per farm. Yield rate = compost output/manure generation (%).
Case coverage windows are listed in Table 1.

 
Figure 5. Market price of primary-stage compost products across breeder farms (A–E). Note: Descrip-
tive comparison; n = 1 production or recording cycle per farm. Prices are reported in CNY/t based on
enterprise records and/or technical communications. Case coverage windows are listed in Table 1.

 
Figure 6. Transport cost of primary-stage compost products to the centralized facility across breeder
farms (A–E). Note: Descriptive comparison; n = 1 production or recording cycle per farm. Costs are
reported as total transport cost per cycle (10,000 CNY/cycle) based on enterprise records and/or
technical communications. Case coverage windows are listed in Table 1.
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The results indicate clear inter-farm variation in yield rate, market price, and transport
cost. As summarized in Table 4, different farms exhibited distinct combinations of output,
price, and logistics cost characteristics. The descriptive statistics further indicated that
compost yield rate showed the greatest inter-farm variability, followed by transport cost,
whereas market price was relatively less variable. This pattern is consistent with previous
studies showing that case-level economic outcomes of manure recycling may depend not
only on treatment performance, but also on recycling pathway, scale, and cost structure [24].
Transport and centralized redistribution can further influence the practicality and efficiency
of manure-based resource utilization [25]. In addition, the economic value of poultry-litter-
based fertilizer products is closely related to their downstream agricultural use and on-farm
agro-economic performance [40]. These findings show that the routing and disposition of
primary-stage products differed among farms and could not be represented by a single
economic indicator alone.

Table 4. Case-level primary-stage output, price, and logistics indicators across breeder farms.

Farm Yield Rate (%) Market Price
(CNY/t)

Transport Cost
(10,000 CNY/Cycle)

A 39.60 199.90 3.60
B 21.37 259.98 3.90
C 23.20 258.62 4.20
D 19.17 270.00 6.00
E 35.71 240.12 4.00

Mean 27.81 245.72 4.34
SD 9.20 27.79 0.95

CV (%) 33.09 11.31 21.96
Note: Values for Farms A–E are summarized at the farm-cycle level (n = 1 cycle per farm; see Table 1 for coverage
windows). Mean, standard deviation (SD), and coefficient of variation (CV) were calculated across the five farms
as descriptive statistics only. These statistics were used to summarize inter-farm variability and were not intended
for inferential comparison, because the data were derived from non-synchronized operational records. These
indicators describe case-level output, price, and logistics characteristics and should not be interpreted as evidence
of general economic feasibility under broader deployment conditions.

Because each farm contributed one production or recording cycle, these indicators
should be interpreted as case-level economic and logistical observations rather than as
evidence of broader deployment feasibility.

Fermentation parameter characteristics
Table 5 summarizes key operating parameters of the primary stage across the five

breeder chicken farms. Although all farms adopted aerobic composting as the core treat-
ment principle, differences were observed in equipment configuration, processing capacity,
and operational management. Farms A, C, D, and E primarily employed trough-type
composting systems, whereas Farm B adopted a tank-type fermentation system.

Fresh manure moisture content ranged from 85% to 90% across all farms. Com-
posting temperatures generally followed a similar phased trajectory of approximately
30 ◦C → 60 ◦C → 40 ◦C, corresponding to the heating, thermophilic, and cooling stages
of aerobic fermentation. Compost pH values generally increased from approximately
7–8 before treatment to 8.5–9.5 after treatment, indicating progressive stabilization during
the composting process.

Inter-farm variation was more evident in fermentation duration and moisture-
evolution pathways. Farm B exhibited a shorter fermentation cycle (7–10 d), whereas
the other farms generally ranged from 15 to 21 d. Moisture evolution followed two prin-
cipal patterns: 50–55% → 35–40% and 55–60% → 35–40%. These differences likely reflect
variation in equipment type, process management, and site-specific operational conditions.
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Table 5. Comparison of key operating parameters of the primary stage across five breeder farms.

Parameter Farm A Farm B Farm C Farm D Farm E

Fresh manure moisture
content (%) 85–90 85–90 85–90 85–90 85–90

Batch duration
(d) 15–21 7–10 15–21 15–21 15–21

Temperature profile
(◦C) 30 → 60 → 40 30 → 60 → 40 30 → 60 → 40 30 → 60 → 40 30 → 60 → 40

Moisture evolution
(%)

50–55% →
35–40%

55–60% →
35–40%

50–55% →
35–40%

50–55% →
35–40%

55–60% →
35–40%

pH range during
fermentation 7.0–9.5 7.0–9.5 7.0–9.5 7.0–9.5 7.0–9.5

Note: This table provides a descriptive summary of the range and trajectory characteristics of key operating
parameters at the primary stage across case-study farms. Values were compiled from structured farm surveys,
enterprise operational records, and interviews with farm managers conducted at Farms A–E. Statistical cycles for
each site are detailed in Table 1. The temperature trajectory “30 → 60 → 40 ◦C” indicates the phased transition
from heating to thermophilic and cooling stages.

Previous studies have shown that moisture content is a key factor influencing com-
posting performance and stabilization in poultry-manure systems [41,42]. In addition,
process-management factors such as turning frequency can affect composting efficiency
and nutrient conservation during aerobic treatment [43]. The relatively consistent tempera-
ture trajectories and pH ranges observed across the surveyed farms therefore suggest the
existence of a shared operational window for primary-stage composting under practical
production conditions.

Taken together, these results indicate that the primary stage operated within a rel-
atively consistent basic process window across farms, while fermentation duration and
moisture-control trajectories remained adjustable operational parameters under different
engineering conditions.

3.1.2. Process Characteristics of the Primary Stage

Primary fermentation employed trough-type or tank-type equipment as the main
treatment unit and achieved preliminary composting and stabilization of chicken manure
through the control of temperature, moisture, and cycle duration. The two equipment
types differed in their operating context: trough systems were used in relatively larger-scale
settings with sufficient site conditions, whereas tank systems were more suitable for small-
to-medium-scale or space-constrained conditions. Overall, the primary stage functioned
as an on-farm pretreatment and load-reduction step and as a routing node for subsequent
local use or transfer to the centralized downstream stage.

3.2. Secondary Stage as the Standardization and Product-Output Node

The secondary stage operated at the centralized enterprise treatment center and further
decomposed, stabilized, and standardized poultry-manure-derived materials into commer-
cial fertilizer products. In the staged pathway, the secondary stage was characterized as the
standardization and product-output node, where pretreated manure-derived and related
organic materials were centrally processed into differentiated commercial fertilizer prod-
ucts under enterprise process control. Based on enterprise operational records, field survey
information, and product specifications, this stage was evaluated in terms of equipment
configuration, processing flow, product system, and benchmark compliance with relevant
fertilizer standards.

It should be noted that the secondary production line described here represents
an enterprise-level downstream processing system for chicken-manure-based resource
utilization. Although its feedstock originated from chicken manure systems, the available
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records did not establish a continuously traceable batch-to-batch input sequence from the
five primary-stage farms included in this study. Accordingly, the results in this section are
used to characterize the engineering role of the secondary stage in centralized processing,
standardization, and commercial output formation, rather than to verify complete material
traceability or a full-chain mass balance across the entire primary-to-secondary pathway.

3.2.1. Fermentation Equipment

The secondary stage used large-scale trough-type aerobic fermentation equipment.
The fermentation tanks were reinforced concrete structures measuring 100 m × 25 m × 2 m,
with an approximate total volume of 5000 m3, indicating a large-capacity centralized treat-
ment configuration. Materials underwent about 30 days of aerobic fermentation in the
tanks. A chain-track turning machine was used for mechanized turning, moving con-
tinuously along the longitudinal axis of the tank at approximately 3–4 m per day. This
configuration supported regular turning and aeration during the fermentation process.
Previous studies have shown that turning frequency and mixing ratio affect trough aerobic
composting performance in chicken manure systems [44,45], and that turning manage-
ment can further influence organic matter degradation, nitrogen transformation, and
compost stabilization [46,47].

3.2.2. Fermentation Process

The secondary-stage fermentation process used pretreated chicken-manure-derived
materials, supplemented with auxiliary materials such as straw and composite microbial
inoculants. Dynamic aerobic fermentation was conducted using a chain-track turning
machine. During the initial phase, pile temperature increased rapidly to approximately
70 ◦C, and then declined to 40–50 ◦C during the subsequent decomposition stage. At the
end of fermentation, moisture content was controlled at 27–28%. Parameters including
temperature, time, pH, and C/N ratio were monitored during the process. pH decreased
to 5.0–6.0 in the initial stage, increased to above 8.5 during the high-temperature phase,
and returned to 7.0–7.5 in the later stage. Before transfer to the aging silo, sugar residue
with pH 5.0 was added to adjust material acidity and alkalinity into a suitable range.
After fermentation, the material was tested for organic matter content, moisture content,
and relevant hygienic indicators. Materials meeting internal requirements entered the
aging stage, whereas non-compliant materials were returned for reprocessing. The use of
straw as a Supplementary Material is consistent with previous reports that wheat straw
can improve pore structure and composting conditions in poultry manure systems [48],
while microbial inoculation has also been reported to regulate nitrogen transformation and
microbial community dynamics during livestock manure composting [49].

3.2.3. Aging

Aging served as a stabilization step for the post-fermentation material. The aging
warehouse used a ventilated design, with pile height controlled between 1.5 and 2.0 m.
During aging, pile temperature was maintained at approximately 65 ◦C and moisture
at 25–26%. Mechanical turning was carried out weekly to improve material uniformity.
The aging cycle lasted approximately 30 days. During operation, temperature gradients
between upper and lower pile layers were monitored, and pile inversion was conducted
when necessary to improve uniformity before granulation. This stage was consistent with
previous process-optimization studies emphasizing the importance of post-fermentation
stabilization and controlled reactor operation in composting systems [50].
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3.2.4. Granulation, Drying, and Packaging System

After aging, the material underwent crushing and screening before granulation. Two
granulation modes were used to produce differentiated particle forms: extrusion granula-
tion for cylindrical granules and disc granulation for spherical micro-granules. Following
granulation, the products entered a waste-heat recovery drying system and then proceeded
to rapid quality testing and packaging.

The enterprise packaging line had an annual capacity of 60,000 tons. Granulated and
dried materials were sorted and packaged into two product systems: basic organic fertilizer
and bio-organic fertilizer. Basic organic fertilizer was packaged at 40 kg per bag and sold
at 50 CNY per bag (equivalent to 1250 CNY/t). Its product specification included organic
matter ≥ 35% and total nutrients (N + P2O5 + K2O) ≥ 6.0%. Bio-organic fertilizer was
packaged at 40 kg per bag and sold at 60 CNY per bag (equivalent to 1500 CNY/t). It
included composite functional microbial agents, such as Bacillus subtilis and Bacillus amy-
loliquefaciens, with organic matter ≥ 60% and viable microbial count ≥ 5 × 108 CFU g−1.
Based on enterprise production information, this configuration indicates that the secondary
stage served as a centralized product-output node capable of producing differentiated
fertilizer product types.

3.2.5. Product-Quality Evidence and Benchmark Comparison

Table 6 summarizes the available product-quality evidence for secondary-stage fertil-
izer products and compares it with the applicable quality benchmarks. The organic fertilizer
column reports third-party testing results and was evaluated against NY/T 525-2021 [51]
(Organic Fertilizer). By contrast, the bio-organic fertilizer column reports enterprise product
specifications only and was benchmarked against NY 884-2012 [52] (Bio-Organic Fertilizer),
because independent third-party testing data for this product were not available during
the study period.

Table 6. Available product-quality evidence and applicable benchmark comparison for secondary-
stage fertilizer products.

Indicator Standard Requirement Organic Fertilizer
(Third-Party Tested)

Bio-Organic Fertilizer
(Enterprise Specification

Only)

Organic matter (%) ≥30 (NY/T 525-2021) 36 ≥60
Total nutrients (%) ≥4.0 (NY/T 525-2021) 9.0 -

Moisture (%) ≤30 (NY/T 525-2021) 21 -
pH 5.5–8.5 (NY/T 525-2021) 8.4 -

As (mg/kg) ≤15 (NY/T 525-2021) 1 -
Cd (mg/kg) ≤3 (NY/T 525-2021) 1 -
Pb (mg/kg) ≤50 (NY/T 525-2021) 23 -
Cr (mg/kg) ≤150 (NY/T 525-2021) 10 -
Hg (mg/kg) ≤2 (NY/T 525-2021) 0.1 -

Fecal coliforms ≤100/g (NY/T 525-2021) <3 -
Helminth egg mortality (%) ≥95 (NY/T 525-2021) 100 -

Viable microbial count (CFU g−1) ≥0.2 × 108 (NY 884-2012) - ≥5 × 108

Note: Organic fertilizer data were obtained from a third-party quality inspection report and evaluated against
NY/T 525-2021 (Organic Fertilizer) [51]. Bio-organic fertilizer values represent enterprise product specifications
only and were not independently tested during the study period. They are shown only for benchmark comparison
with NY 884-2012 (Bio-Organic Fertilizer) [52]. The viable microbial count criterion is applicable only to bio-organic
fertilizer according to NY 884-2012.

Based on the third-party testing report, the organic fertilizer complied with the appli-
cable requirements of NY/T 525-2021 for organic matter, total nutrients, moisture, heavy
metals, and hygienic indicators. For the bio-organic fertilizer, the available enterprise
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specifications indicated benchmark values for organic matter and viable microbial count
that were consistent with the corresponding criteria in NY 884-2012. However, these val-
ues should be interpreted as enterprise-reported specifications rather than independently
verified testing results.

These results support the characterization of the secondary stage as the standardization
and product-output node within the proposed staged pathway. However, the evidence
basis differed between the two products: compliance of the organic fertilizer was supported
by third-party testing, whereas the bio-organic fertilizer was evaluated only through
enterprise specifications benchmarked against NY 884-2012.

Taken together, the available evidence supports a staged functional differentiation
within the proposed breeder chicken manure resource-recovery pathway. The primary stage
operated as an on-farm pretreatment and routing node, characterized by a relatively shared
basic operational window but farm-dependent variation in economic and organizational
parameters. The secondary stage was characterized as the centralized standardization
and product-output node, supporting differentiated fertilizer production and benchmark
comparison with relevant product-quality requirements, while the evidence basis for
product quality differed between third-party testing and enterprise-reported specifications.

4. Discussion
4.1. Functional Roles of the Staged Pathway

The staged pathway examined in this study differentiated breeder chicken manure
management into functionally connected but distinct stages under practical farm and
enterprise conditions. Rather than treating manure management as a single composting
operation, the pathway organized manure handling, pretreatment, centralized processing,
and downstream utilization into a coordinated resource-recovery route. This organization is
particularly relevant for intensive breeder chicken production, where concentrated manure
generation, high initial moisture content, and all-in/all-out management can increase
short-term handling pressure.

The primary stage mainly served as an on-farm pretreatment and material-routing
node, where fresh manure was preliminarily reduced and stabilized before either local
utilization or transfer to downstream processing routes. Its main contribution was therefore
not the formation of a fully standardized end product at the farm level, but the reduction
in local accumulation pressure and the improvement of material transferability under
practical production conditions. This role is consistent with farm-level manure composting
studies showing that composting can function not only as a treatment technology, but also
as an operational strategy for converting livestock manure into a more manageable and
reusable resource under practical farm conditions [26].

The secondary stage was characterized as the centralized standardization and product-
output node. Under enterprise-level process control, semi-finished manure-derived and
related organic materials were further stabilized, cured, granulated, dried, and packaged
into differentiated fertilizer products. Third-party testing showed that the organic fertilizer
complied with the corresponding requirements of NY/T 525-2021 [51], whereas the bio-
organic fertilizer was evaluated based on enterprise specifications benchmarked against
NY 884-2012 [52]. These results support the role of centralized processing in product
standardization and commercial output formation, while not establishing full batch-level
traceability across the primary-to-secondary chain. In this sense, the staged pathway should
be understood not simply as consecutive fermentation steps, but as a division of engineering
roles between decentralized pretreatment and centralized resource recovery. Previous
studies have likewise shown that microbial inoculation and co-composting conditions
can influence compost quality formation and process performance in chicken-manure-
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based systems [53,54]. The centralized granulation and packaging steps also align with
studies on pelletized compost from animal manure, which suggest that product form,
transport convenience, and end-user acceptance can influence the practical reuse of manure-
derived fertilizers [27].

The third-stage component should be interpreted differently from the first two stages.
In the present study, the conceptual winter continuity-support module was not evaluated
as an implemented treatment stage supported by operational data. Instead, it was intro-
duced as a conceptual engineering component intended to support pathway continuity
under low-temperature conditions. Its expected role is not direct product formation, but
potential seasonal continuity support when conventional biological treatment performance
is constrained during northern winters. Engineering studies on livestock and poultry
manure composting equipment with vented heating indicate that heating, ventilation, and
process-control configurations may affect composting efficiency and can provide useful
references for future validation of winter continuity-support strategies under constrained
operating conditions [55].

4.2. Management Implications for Manure Resource Recovery

A key implication of this study lies in framing breeder chicken manure management
as a staged resource-recovery pathway rather than as an isolated treatment unit. Within this
pathway, manure generated at breeder farms first entered on-farm pretreatment, after which
semi-finished products were either utilized locally or transferred to downstream processing
routes for further standardization and product formation. The resulting fertilizer-use routes
were then linked to downstream agricultural application scenarios, thereby forming a more
organized “breeding–fertilizer–cropping” connection at the management level.

Based on the present case evaluation, this pathway provides management implications
for manure resource recovery in two main ways. First, it supports the organization of
manure-derived material routing under concentrated production conditions. Instead of
requiring all materials to be handled through a single uniform route, the system allows
differentiated routing according to local use conditions, transport feasibility, and down-
stream processing capacity. This flexibility may help reduce short-term accumulation
pressure at farm level and support the continuity of manure handling across different
production cycles.

Second, the secondary stage supports resource recovery by processing semi-finished
manure-derived and related organic materials into fertilizer products with clearer product
identities and broader utilization scenarios. Compared with farm-level semi-finished
compost alone, such standardized outputs may be more compatible with commercial
distribution, quality control, and crop-specific fertilizer use. Therefore, the value of the
pathway lies not only in manure stabilization, but also in its potential to connect waste
treatment with fertilizer production and agricultural nutrient recycling. This interpretation
is supported by broader discussions on transforming biomass waste, including animal
manure, into sustainable organic fertilizers as a route for waste reduction, nutrient recovery,
and agricultural reuse [29].

From a broader perspective, this staged organization is consistent with recent discus-
sions of integrated crop–livestock circular agriculture and ecological farm management,
which emphasize the coupling of waste treatment, nutrient recycling, and downstream
agricultural use within coordinated resource cycles [56,57]. In addition, studies on soil
responses to organic fertilizer inputs suggest that resource-return pathways of this kind
may contribute to soil fertility improvement and beneficial microbial regulation when the
recovered products are appropriately applied [58]. However, such agronomic benefits were
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not directly tested in this study and should be further verified through long-term field
application trials.

It should also be emphasized that this study did not directly monitor NH3, CH4,
N2O, VOC emissions, nutrient losses, or life-cycle environmental impacts. Therefore,
the resource-recovery implications discussed here should be interpreted as management-
oriented and product-utilization implications rather than as demonstrated evidence of
overall environmental superiority.

Product quality and safety are also important considerations in evaluating the practical
value of manure-resource recovery pathways. Based on the third-party testing results
summarized in Table 6, the tested organic fertilizer product complied with the requirements
of NY/T 525-2021 [51] with respect to organic matter content, total nutrients, moisture,
heavy metals (As, Cd, Pb, Cr, and Hg), and hygienic indicators. The measured heavy metal
concentrations were substantially below the corresponding regulatory limits, indicating that
the tested organic fertilizer met the applicable quality and safety requirements under the
investigated operating conditions. By contrast, the bio-organic fertilizer was evaluated only
using enterprise product specifications benchmarked against NY 884-2012 [52], because
independent third-party testing data were not available during the study period.

Nevertheless, the present study did not include phytotoxicity assessment indicators
such as germination index (GI), nor did it evaluate long-term soil accumulation risks associ-
ated with repeated field application. Therefore, the safety assessment presented here should
be interpreted as a product-quality verification of the tested organic fertilizer and a bench-
mark comparison for the bio-organic fertilizer based on enterprise specifications, rather
than a comprehensive environmental risk evaluation. Further studies incorporating phyto-
toxicity testing, long-term field trials, direct emission monitoring, nutrient-loss assessment,
and life-cycle or environmental impact assessment would help provide a more complete
assessment of agronomic performance, environmental performance, and transferability.

4.3. Applicability and Deployment Conditions

The applicability of the staged pathway should be interpreted as conditional and case
dependent, depending on whether the logistical, utilization, and operational conditions
required for staged routing can be met. Based on the present case-level observations, the
pathway may be more applicable where breeder farms generate manure in concentrated
cycles, where local pretreatment can reduce short-term accumulation pressure, and where
downstream processing or fertilizer-utilization scenarios are available to receive semi-
finished or standardized products.

Several conditions may support deployment under comparable contexts. Stable fertil-
izer application scenarios or market demand are important, such as orchards, protected
cultivation systems, nearby cropland, or other planting systems capable of absorbing
organic fertilizer products. Access to a centralized processing facility is likewise impor-
tant when standardized secondary outputs are a management objective. Supplementary
Materials such as straw, pruning residues, or similar bulking agents can support mois-
ture regulation and fermentation organization. The pathway may also be relevant in
regions where winter low temperatures constrain continuous biological treatment and
where seasonal support measures are needed to support operational continuity. In this
regard, equipment designs incorporating vented heating and process monitoring may
provide useful technical references for designing and evaluating winter continuity-support
strategies under unfavorable ambient conditions [55].

At the same time, broader deployment should be approached cautiously when trans-
port distance is excessive, logistics cost is high, downstream fertilizer demand is unstable,
or auxiliary-heating costs are difficult to justify. Under such conditions, case-level economic
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and operational conditions may become less favorable, even if the staged organization
remains technically implementable. The transferability of the system should therefore be
assessed not only by composting performance itself, but also by the interaction among
manure generation pattern, pretreatment capacity, transport conditions, downstream pro-
cessing access, and end-use demand. Previous work on pelletized compost reuse has also
suggested that transport, handling, market value, and stakeholder acceptance can influence
the practical adoption conditions of manure-derived fertilizer products [27].

4.4. Evidence Boundary, Limitations, and Future Validation Needs

The evidence provided in this study should be interpreted within the boundary of a
practice-based case evaluation. The primary and secondary stages were assessed using
enterprise operational records, field investigations, and routine monitoring information, but
the study did not establish full batch-to-batch traceability or a full-chain mass balance across
the entire primary-to-secondary and downstream utilization chain. Similarly, inter-farm
comparisons were descriptive rather than based on synchronized experimental designs.
The findings should therefore be understood as system-level and engineering-oriented
rather than as inferential proof derived from controlled experiments.

Another important boundary concerns gaseous emissions and environmental per-
formance. Continuous monitoring data for NH3, CH4, N2O, volatile organic compounds
(VOCs), and other atmospheric emissions were not available from the participating farms
during the study period. Therefore, this study could not quantify emission fluxes from
either the primary or secondary treatment stages. From a process perspective, the primary
stage involved high-moisture manure pretreatment at farm level, where moisture reduction
and thermophilic development may influence NH3 release, odor formation, and short-term
emission risks. The secondary stage involved larger-scale aerobic fermentation, turning,
auxiliary material addition, aging, and product formation, where aeration, moisture con-
trol, C/N regulation, and process scale may further affect greenhouse gas emissions and
nutrient losses. Previous studies have shown that aeration, reactor configuration, substrate
composition, turning management, and additives can substantially influence NH3, CH4,
N2O, VOC emissions, compost quality, and life-cycle environmental performance during
poultry-manure and organic-waste composting [12,14,54,59].

Consequently, the environmental implications discussed in this study should be
interpreted as management-oriented inferences associated with more organized material
routing, potential reduction in accumulation pressure, and documented downstream
utilization routes, rather than as directly quantified environmental outcomes. The present
study should therefore be regarded as a practice-based pathway evaluation rather than a
complete environmental sustainability assessment, and it does not provide direct evidence
of overall environmental superiority.

The conceptual winter continuity-support module has an even more explicit evidence
boundary. In the present study, this component was discussed as a concept-level engi-
neering supplement rather than an empirically validated treatment unit. Its expected role
is to support pathway continuity during northern winters by providing supplementary
insulation and heating options under low-temperature conditions, with the intended aim
of reducing interruption risks associated with slow heating, insufficient maintenance of the
thermophilic phase, and prolonged maturation. However, no direct operational data were
available to validate its full-scale performance. Although previous equipment-oriented
research provides technical references for heating, ventilation, and monitoring strategies in
livestock and poultry manure composting [55], the actual effects of the proposed module
on temperature stability, thermophilic-phase duration, maturation time, product stability,
energy demand, cost-effectiveness, and operational reliability still require full-scale field
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validation. Accordingly, the winter continuity-support module should be interpreted as a
conceptual engineering option intended to support pathway continuity rather than as a
demonstrated treatment technology.

Future work should therefore focus on four priorities: first, evaluating whether the con-
ceptual winter continuity-support module can support temperature stability and heating-
switching strategies under real engineering conditions; second, assessing its potential
influence on thermophilic-phase duration, composting cycle, and product-quality stability;
third, quantifying its auxiliary-heating energy demand, cost-effectiveness, and logistical
performance; and fourth, incorporating environmental impact monitoring or life cycle
assessment to clarify the practical deployment boundary of the module.

In addition, long-term field trials are needed to evaluate the agronomic performance,
soil fertility effects, and nutrient-recycling efficiency of fertilizer products associated
with the staged pathway. Additional priorities include direct monitoring of gaseous
emissions (e.g., NH3, CH4, N2O, and VOCs), nutrient losses, and environmental trade-
offs associated with different pathway configurations, as well as phytotoxicity assess-
ment and long-term soil-monitoring programs to further evaluate product safety and
environmental performance.

With these additional data, the staged pathway proposed here could be further refined
and more fully assessed for its practical contribution to sustainable manure management
and circular agricultural resource recovery.

5. Conclusions
This study addressed the manure-management needs of large-scale breeder chicken

farms in northern China under all-in/all-out production systems and winter low-
temperature conditions. A staged resource-recovery pathway organized as “on-farm
reduction—centralized value-oriented processing—seasonal continuity support” was ex-
amined as a practice-based engineering case. The implemented primary and secondary
stages were evaluated using enterprise operational records, field investigations, and routine
monitoring information, while the winter continuity-support module was discussed as a
conceptual engineering supplement.

Within the investigated cases, the implemented primary stage showed a relatively
consistent operational window in terms of fresh manure moisture content, temperature
evolution, and pH range. However, fermentation duration and moisture-control pathways
varied among farms, indicating that these parameters remain adjustable under different
equipment configurations and management conditions. The implemented secondary stage
was characterized as a centralized standardization and product-output node. Third-party
testing results showed that the organic fertilizer product complied with the applicable
requirements of NY/T 525-2021, while the bio-organic fertilizer was evaluated based on
enterprise product specifications and benchmarked against NY 884-2012.

The proposed winter continuity-support module should be interpreted as a conceptual
engineering supplement rather than an empirically validated treatment technology. Its
expected role is to provide a potential continuity-support option under low-temperature
conditions, but its actual effects on temperature stability, maturation duration, treatment
continuity, energy demand, cost-effectiveness, and environmental performance require
field-scale validation.

Overall, this study provides a practice-based reference for organizing breeder chicken
manure management into a staged resource-recovery pathway that functionally coordi-
nates on-farm pretreatment, centralized fertilizer production, and downstream agricultural
utilization. However, the findings should be interpreted within the boundary of a case
evaluation of stage-specific functions and functional compatibility, rather than as inferen-
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tial proof from controlled experiments or as a quantitatively verified full-chain material
balance. Because gaseous emissions, nutrient losses, phytotoxicity, long-term soil effects,
and life-cycle environmental impacts were not directly assessed, the results should not be
interpreted as direct evidence of overall environmental superiority. Future research should
incorporate synchronized long-term monitoring, full-chain material tracing, direct gaseous-
emission assessment, nutrient-loss monitoring, phytotoxicity testing, field application trials,
and life-cycle or environmental impact assessment to further assess the environmental
performance, operational reliability, and transferability of the proposed pathway.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su18147186/s1, Figure S1: Detailed operational parameters,
evidence categories, and validation boundaries of the staged resource-recovery pathway for breeder
chicken manure.
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