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Abstract

Compost quality assessment remains challenging due to substantial variation in standards,
analytical methods, and reporting practices across jurisdictions and end-use applications.
Differences in testing protocols and quality criteria limit data comparability among studies
and compost products, while the absence of a common classification architecture hinders
consistent interpretation of compost quality. This study proposes the Compost Pharma-
copoeia Framework (CPF), a conceptual framework inspired by the organisational structure
of pharmacopoeial systems. Existing standards, including AS 4454:2012, PAS 100:2018, and
Regulation (EU) 2019/1009, were critically analysed to identify inconsistencies in physical,
chemical, and biological quality assessment. Based on this analysis, the CPF integrates
hierarchical classification, analytical methods, application-specific quality criteria, and
reference materials within a unified framework for compost characterisation and reporting.
The framework further introduces method equivalence concepts to facilitate comparison
across non-equivalent analytical approaches. A representative experimental system is used
to illustrate how compost quality information can be organised and interpreted within the
proposed structure. In the representative nitrogen-regulated green-waste composting case,
total nitrogen loss remained below 20%, while treatments were differentiated according to
pH stability, nitrogen conservation, and germination performance, illustrating how CPF-
organised data can support specific function interpretation. The CPF provides a foundation
for improved data comparability, knowledge integration, and application-oriented compost
classification, supporting more consistent communication among researchers, regulators,
producers, and end-users.

Keywords: compost characterisation; data interoperability; method equivalence; compost
classification; analytical protocols; performance-based evaluation; regulatory alignment

1. Introduction
Composting plays an important role in organic waste valorisation, circular bioe-

conomy development, and soil regeneration [1]. As compost products are increasingly
utilised in horticulture, agriculture, land rehabilitation, carbon management, and emerging
bio-based industries, the assessment of compost quality has become progressively more
important [2–4]. However, compost quality cannot be defined by a single set of criteria. The
suitability of a compost product depends strongly on its intended application, with different
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uses requiring distinct physical, chemical, and biological characteristics [5–8]. For exam-
ple, materials suitable for land rehabilitation may not meet the requirements for seedling
production or growing media, while composts rich in nutrients may require additional
screening for salinity, ammonium toxicity, pathogen reduction, or contaminant risk before
sensitive horticulture use [3,4,7,9]. Consequently, compost quality assessment requires
frameworks that can accommodate diverse functions, feedstocks, processing histories and
performance expectations.

A range of standards, regulations, and certification schemes has been developed inter-
nationally to support compost quality assurance, product safety, market confidence, and
end-use sustainability. Examples include AS 4454 in Australia [10], PAS 100 in the United
Kingdom [11], the Seal of Testing Assurance programme in the United States [12], and Regula-
tion (EU) 2019/1009 within the European Union [13]. In addition, recent reviews and technical
studies have further highlighted the importance of feedstock control, process design, maturity
assessment, contaminant screening, and application-specific quality interpretation in compost
production and use [14,15]. These frameworks have played an important role in promoting
compost utilisation, defining minimum quality requirements, and supporting the safe use of
compost products in different regulatory contexts.

In contrast, the pharmaceutical sector has long-established harmonised quality systems
through pharmacopoeias such as the British Pharmacopoeia [16] and the European Phar-
macopoeia. These systems provide a hierarchical structure consisting of general analytical
methods, product-specific monographs, and certified reference materials, ensuring consistency,
reproducibility, and regulatory reliability across laboratories and jurisdictions [16,17].

A comparable integrated system is currently lacking in compost science. Compost
materials exhibit high biological and chemical variability, while analytical methods for key
parameters—such as moisture content, pH, electrical conductivity, and stability—remain
inconsistent across standards [18,19]. As a result, reported values can vary significantly
depending on the selected method, leading to uncertainties in quality assessment and
environmental performance evaluation [7,8,20,21].

One challenge in compost science is the absence of a common framework that links
classification, analytical methods, and quality information within a single architecture.
This contrasts with pharmacopoeial systems, where these components are organised in a
structured and interoperable manner (Figure 1). In pharmaceutical science, classification,
analytical methods, and quality specifications are organised within a unified pharma-
copoeial architecture. In contrast, compost systems rely on multiple standards, methods,
and reporting approaches that are often applied independently. This conceptual gap
highlights the need for a structured framework that bridges these two dimensions.

The conceptual basis of linking compost classification and characterisation, envi-
ronmental performance, and application context has been discussed in our previously
published studies [22,23]. These studies examined environmental and ecosystem risks as-
sociated with advanced composting and evaluated pH-regulating and buffering strategies
for improving nitrogen retention. Building on this research foundation, the present study
formalises these elements within an integrated Compost Pharmacopoeia Framework for
compost quality assessment.

Emerging composting technologies, including pH-regulating additives, process-
responsive materials, sensor-based monitoring, and data-supported process control, are
producing increasingly complex and time-dependent datasets. A structured framework
is therefore needed not only to define analytical procedures but also to organise measure-
ment context, method comparability, functional interpretation, and application-specific
decision-making.
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Figure 1. Conceptual gap between pharmaceutical systems and compost systems.

To address these limitations, this study proposes a Compost Pharmacopoeia Frame-
work (CPF) as a structured framework for compost classification, characterisation, and
quality information management. Drawing on pharmacopoeial principles, the CPF intro-
duces a hierarchical framework that links three core components: (i) standardised analyti-
cal methods (general chapters), (ii) class-specific quality specifications (monographs), and
(iii) certified reference materials for method validation (reference compost materials, RCMs).
This approach aims to reduce methodological variability, improve inter-laboratory compa-
rability, and enhance the reliability of compost quality assessment.

The pharmaceutical industry provides a strong precedent for the use of classifica-
tion systems to standardise complex and variable materials. Frameworks such as the
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Biopharmaceutical Classification System (BCS) demonstrate how categorisation based on
key material properties can reduce empirical trial-and-error, support regulatory decision-
making, and enable the definition of standardised testing and quality criteria [23–25]. Such
systems also establish clear links between material characteristics, processing strategies,
and performance outcomes, thereby improving reproducibility and comparability across
studies and industrial applications [26].

In addition, classification-based approaches support regulatory processes through
quality by design (QbD) principles, facilitating standardised quality assessment and, in
some cases, enabling regulatory flexibility such as biowaivers [27–29]. Collectively, these
advantages illustrate how structured classification systems can transform complex materials
into predictable and standardised systems [30]. Inspired by these principles, a similar
classification-driven approach may offer significant advantages for compost systems, where
variability and lack of standardisation currently limit both scientific interpretation and
practical implementation [31].

Despite the existence of multiple compost standards and extensive studies on compost
maturity, stability, and nutrient dynamics, current approaches remain fragmented and
lack an integrated framework for classification, testing, and reporting. Previous studies
have primarily focused on individual parameters or specific applications, such as stability
indices, nutrient content, or pathogen reduction, without establishing a unified system that
links material properties to functional performance and regulatory requirements [5,7,32,33].

Furthermore, although international standards such as PAS 100 [34], AS 4454 [10], and
EU Regulation 2019/1009 [13] provide baseline quality criteria, they differ substantially in
methodology, parameter thresholds, and reporting formats, limiting cross-comparison and
broader applicability [10,13]. This inconsistency has been widely recognised as a barrier to
comparability and standardisation in compost research and application [20,35,36].

Importantly, no existing framework systematically organises compost materials in a
manner analogous to pharmacopoeial systems, where classification, analytical methods,
and reference materials are integrated into a coherent structure. This gap highlights the
need for a conceptual yet operational framework that can unify compost classification and
characterisation across scientific and regulatory contexts.

Because compost performance is inherently dependent on intended application, effective
classification frameworks must account for both material characteristics and end-use require-
ments. Consequently, any classification system must be capable of accommodating diverse
functional contexts while maintaining consistency in quality description and reporting.

Accordingly, the central hypothesis of this conceptual study is that organising compost
quality information within a pharmacopoeia-inspired architecture can reduce interpretative
variability and facilitate structured comparison across analytical methods. The objective of
this work is to develop a conceptual yet operational framework that supports reproducibil-
ity in compost research, facilitates regulatory harmonisation, and provides a foundation for
future standard development and validation.

2. Fragmentation of Compost Standards
2.1. Regional Standards and Regulatory Diversity

Compost quality is currently regulated through a range of national and regional
standards, including PAS 100 in the United Kingdom, AS 4454 in Australia, and Regulation
(EU) 2019/1009 within the European Union. While these frameworks aim to ensure product
safety and minimum quality requirements, they differ significantly in scope, parameter
definitions, and regulatory objectives [10,11,13,37].

PAS 100 primarily operates as a voluntary quality assurance scheme, focusing on
process control, compost stability, and contamination limits. In contrast, AS 4454 de-
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fines minimum requirements for composts, soil conditioners, and mulches, with specific
thresholds for physicochemical properties, nutrient content, and biological safety [10]. EU
Regulation 2019/1009 introduces a legally binding framework linked to fertilising prod-
uct markets, categorising composts under Component Material Categories (CMCs) and
integrating them into broader fertiliser regulations [13].

Despite these overlapping objectives, the three systems are not harmonised [38].
Differences in parameter limits, classification schemes, and compliance criteria lead to
inconsistent definitions of “high-quality compost” across jurisdictions. Such inconsistencies
hinder international trade and complicate regulatory alignment, while also limiting the
comparability of research outcomes across different regions [39].

A representative overview of selected compost standards, regulations, certification
programmes, and harmonisation initiatives across different regions is presented in Table 1.
The comparison is not intended to provide an exhaustive legal or regulatory review but
to illustrate the diversity of current approaches to compost quality assessment, including
regulatory/product-level definitions, certification and quality assurance systems, and ana-
lytical standardisation frameworks. This comparison highlights that, despite the existence
of multiple national, regional, and international systems, a unified framework integrating
classification, analytical standardisation, validation, and structured reporting is still lacking.
More specifically, PAS 100 and the US STA programme primarily operate as certification
and quality assurance systems, whereas AS 4454 and EU Regulation 2019/1009 function as
product and regulatory standards. In contrast, ISO frameworks mainly focus on analytical
method standardisation rather than compost classification itself. In addition to national and
regional systems, broader international harmonisation initiatives, including the European
Compost Network (ECN) and international guidance frameworks, further demonstrate
ongoing efforts toward improving interoperability and comparability in compost qual-
ity assessment [13,40,41]. Together, these systems illustrate the diversity of regulatory,
certification, and analytical approaches currently applied across jurisdictions, while also
highlighting the absence of an overarching framework integrating classification, validation,
and standardised reporting.

Table 1. Representative comparison of selected compost standards, regulations, certification pro-
grammes, and harmonisation initiatives.

Aspect UK (PAS 100) Australia
(AS 4454) EU (2019/1009) USA (STA) Japan ISO (Global)

International
Harmonisation

Initiatives

Type Voluntary National
standard Regulation Voluntary Regulation International International/

Cross-jurisdiction

Main purpose Quality
assurance

Product
standard

Market
regulation

Product
quality

Fertiliser
control

Method stan-
dardisation

Harmonisation and
interoperability

Classification Limited Basic
categories CMC system Limited Fertiliser-

based Not defined
Developing

guidance
frameworks

pH
measurement

Defined
(varies) Defined Not unified Defined Defined ISO 10390 [18] ISO-aligned

Stability test AT4 GI Not consistent Respiration Not stan-
dardised Not defined

Under
development/not

unified

Organic matter Varies Defined
(varies) Varies Defined Defined ISO-based Method

harmonisation

Reporting Certification Standard Regulatory Programme Regulatory Not applicable Comparative
guidance

Reference [11] [13] [42] [43] [18,44] [40,41]
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2.2. Methodological Inconsistency in Compost Characterisation

Beyond regulatory differences, substantial inconsistencies exist in the analytical meth-
ods used to characterise compost properties. Key parameters such as moisture content,
pH, electrical conductivity (EC), organic matter content, and biological stability can be
determined using multiple standardised protocols (e.g., ISO, EN, or national methods),
each producing different results depending on extraction ratios, incubation conditions, or
analytical procedures [18,44].

For example, pH measurements are influenced by the solid-to-liquid ratio (e.g.,
1:5 vs. 1:10), while compost stability may be evaluated using different indices such as
AT4 or oxygen uptake rate (OUR), leading to non-equivalent results. Previous studies have
demonstrated that these methodological differences can result in significant variability in
reported values for the same compost material [20,39].

Moreover, equivalence between different analytical methods is rarely established.
Unlike pharmaceutical systems, where analytical methods are rigorously validated and
standardised, compost testing lacks a unified framework to ensure reproducibility and
inter-laboratory consistency. As a result, datasets generated using different protocols are
often not directly comparable.

2.3. Implications for Data Comparability and Application

The combined effects of regulatory fragmentation and methodological inconsistency
have important implications for both research and industrial applications.

From a scientific perspective, inconsistent analytical approaches limit the ability to
compare datasets across studies or to perform reliable meta-analyses. This is particularly
problematic for life-cycle assessment (LCA) and environmental risk assessment (ERA),
where standardised and comparable input data are essential for accurate evaluation [22].
Variability in reported compost properties introduces uncertainty into these models and
reduces confidence in derived conclusions.

From an industrial perspective, the lack of harmonised standards complicates product
certification and market access. Compost producers are required to comply with different
regulatory frameworks depending on the target region, increasing operational complex-
ity and compliance costs. In addition, the absence of standardised reporting formats
reduces transparency and limits the scalability of compost-based products in international
markets [39].

Overall, the current compost quality assessment landscape is characterised by frag-
mentation, methodological inconsistency, and limited interoperability. These limitations
highlight the need for an integrated framework that links classification, analytical standard-
isation, and reference materials into a coherent and reproducible system.

3. Limitations of Current Methodologies in Compost Characterisation
3.1. Variability in Analytical Methods

A fundamental challenge in compost characterisation is the lack of standardised ana-
lytical methods across different testing protocols. Physical contaminant testing exemplifies
this issue: fragment size limits differ significantly between countries, with Germany and
the United Kingdom applying a 2 mm threshold, whereas the United States adopts a
4 mm limit [33]. Beyond physical thresholds, the definition of what constitutes a contam-
inant varies considerably. For example, paper is classified as a physical contaminant in
UK methods but not in Germany, while U.S. methods provide no consistent classification
guidance [33].

This methodological fragmentation extends to fundamental compost properties. Or-
ganic carbon determination illustrates the problem: the widely used Walkley–Black method
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was originally developed for soil organic matter and is not specifically calibrated for com-
post matrices, and it cannot distinguish between organic and inorganic carbon (such as
carbonates) [45]. Similarly, the carbon-to-nitrogen (C:N) ratio, although traditionally consid-
ered best practice, is neither practical nor reliable as a regulatory requirement, as accurate
determination can be costly and does not consistently reflect compost maturity [46].

Stability assessment further demonstrates this variability. Indices such as AT4, oxygen
uptake rate (OUR), and germination index represent different biological or physicochemical
processes and are therefore not directly comparable [33]. Consequently, the same compost
sample may yield substantially different stability values depending on the selected method.

This variability arises in part from the inherently heterogeneous nature of compost as
a material. It is further compounded by the fact that different analytical methods target dis-
tinct physical, chemical, or biological processes. As a result, measured parameters are often
method-dependent rather than intrinsic material properties, limiting their comparability
across studies.

Importantly, these indices do not measure identical properties but rather reflect differ-
ent biological or physicochemical dimensions of compost maturity and stability. Conse-
quently, direct comparison between methods may lead to an inconsistent interpretation of
compost quality and performance.

3.2. Lack of Method Equivalence and Validation

The absence of method equivalence and validation frameworks further constrains
compost characterisation. Widely applied physical contaminant testing methods do not
consistently use harmonised contaminant categories, size thresholds, or reporting criteria,
leaving classification decisions partly dependent on individual laboratory procedures [33].
This lack of standardisation introduces significant inter-laboratory variability, particularly
where laboratories apply different sample preparation, extraction, analytical, and reporting
procedures [42,47].

Empirical evidence demonstrates the scale of this issue. For example, comparative
studies in the United Kingdom have shown that different laboratories analysing identical
compost samples containing known contaminants produced inconsistent results, particu-
larly in identifying and quantifying paper fragments recovered from finished compost [33].
Such discrepancies highlight the absence of validated and reproducible analytical protocols,
laboratory quality assurance, and inter-laboratory performance assessment [48].

A key limitation lies in the labour-intensive nature of current methodologies. Many
compost analyses rely on manual sorting, extensive sample preparation, and time-
consuming incubation procedures, making large sample sizes or repeated sampling imprac-
tical [35,47,49]. This restricts the development of statistically robust validation frameworks
comparable to those established in pharmaceutical or environmental analytical systems.

The lack of certified reference materials further limits the ability to evaluate method
accuracy and ensure inter-laboratory consistency [50,51]. Without standardised bench-
marks, analytical outcomes remain dependent on laboratory-specific practices rather than
reproducible system-defined criteria. These limitations indicate that current compost char-
acterisation is not governed by an integrated analytical system but rather by a collection of
independent and loosely connected methodologies, each developed for specific purposes
without cross-method harmonisation.

3.3. Implications for Reproducibility

The issues outlined above are not isolated technical limitations but represent a systemic
challenge in compost science. Variability in analytical methods, absence of validation frame-
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works, and inconsistent inter-laboratory practices collectively undermine reproducibility
and comparability.

As a consequence, it becomes difficult to establish consistent relationships between
measured compost properties and functional outcomes, such as nutrient retention, greenhouse
gas emissions, and plant growth performance. This limitation constrains the development of
predictive models and evidence-based optimisation strategies for composting systems.

The implications extend to applied contexts, including life-cycle assessment (LCA)
and environmental risk assessment (ERA), where inconsistent datasets introduce significant
uncertainty and limit the reliability of comparative analyses [52]. Furthermore, existing
compost quality assurance programmes typically evaluate only a limited subset of parame-
ters relevant to high-value agricultural or horticultural applications, thereby restricting the
comprehensiveness of material characterisation [5].

An integrated framework that systematically links analytical methods, classification
systems, and certified reference materials is therefore essential. Such a framework would
enable compost systems to transition from fragmented, method-dependent characterisation
toward reproducible, comparable, and predictive scientific and industrial practices.

4. The Compost Pharmacopoeia Framework
To address the fragmentation and methodological limitations identified in previous

sections, this study proposes a Compost Pharmacopoeia Framework (CPF) as an integrated
system for compost classification, analytical standardisation, and quality assessment. The CPF
adapts key principles from established pharmacopoeial systems, which provide structured
approaches to analytical methods, product specifications, and reference standards [16,17].

The structure of the CPF is illustrated in Figure 2. The framework is organised as a
hierarchical system consisting of three interconnected components: general chapters, mono-
graphs, and RCMs. These components collectively link analytical methods, classification
systems, and validation procedures into a unified structure.

Figure 2. Structure of the Compost Pharmacopoeia Framework (CPF).

https://doi.org/10.3390/sci8080193

https://doi.org/10.3390/sci8080193


Sci 2026, 8, 193 9 of 22

4.1. General Chapters: Sampling, Sample Preparation, and Standardised Analytical Methods

General chapters define the sampling, sample preparation, and standardised analytical
procedures for determining key compost properties, including pH, electrical conductivity
(EC), organic matter, and stability. For heterogeneous compost materials, analytical com-
parability depends not only on the measurement method but also on the generation of
representative and comparably prepared test portions. The CPF, therefore, treats sample
equivalence as a prerequisite for evaluating method equivalence. Existing international
standards (e.g., ISO methods) may be used to define sampling strategy, composite sample
generation, homogenisation, sample reduction, particle-size treatment, storage, preserva-
tion, and parameter-specific preparation requirements. These procedures are then inte-
grated within a unified framework to improve consistency, traceability, and comparability
across laboratories and studies [18,44,49,53,54].

Each general chapter should specify the applicable sampling protocol, composite
sample design, homogenisation and reduction procedure, particle-size treatment, storage
conditions, holding time, and preservation requirements. These procedures should be de-
fined according to the compost matrix and analytical endpoint because sample preparation
can influence physicochemical, nutrient, respiration, and microbiological measurements
differently [49,54].

Following the establishment of sample equivalence, the CPF introduces the concept
of method equivalence, through which different analytical approaches (e.g., AT4, oxygen
uptake rate, and germination index) could be interpreted within a common reference
context. This approach is intended to reduce discrepancies arising from methodological
variability and to support reproducible compost characterisation.

In practical implementation, method equivalence would be assessed through paired
measurements of the same reference compost materials using alternative analytical pro-
cedures. The resulting datasets could be evaluated using regression analysis for cross-
calibration, statistical comparison between methods, agreement analysis, and uncertainty
measurement assessment. Where appropriate, conversion functions or scale-transfer equa-
tions could then be developed to express results from one analytical method on the refer-
ence scale of another. However, equivalence should not be inferred from correlation alone;
acceptable agreement limits, repeatability, reproducibility, uncertainty, and compost-matrix-
specific bias would also need to be established. Where analytical methods measure related
but non-identical biological processes, the objective would be interpretive comparability
rather than direct numerical interchangeability.

4.2. Monographs: Classification and Quality Specifications

Monographs define classification criteria and quality specifications for different com-
post types based on feedstock origin, processing conditions, and intended applications.
This approach is analogous to pharmacopoeial monographs, which establish standardised
specifications for pharmaceutical substances [16].

Each monograph includes defined parameter ranges, threshold values, and application-
specific criteria. By linking classification directly to analytical parameters, this component
provides a structured basis for consistent quality assessment and facilitates alignment
across different regulatory systems.

4.3. Reference Compost Materials (RCMs): Validation and Calibration

RCMs serve as standardised benchmark materials with well-characterised proper-
ties. These materials are used for method validation, calibration, and inter-laboratory
comparison, addressing a critical gap in current compost analysis.
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The concept of RCMs is aligned with the use of certified reference materials in an-
alytical sciences, where they play a central role in ensuring measurement accuracy and
comparability across laboratories [55]. Their implementation within the CPF enables sys-
tematic validation of analytical methods and supports the development of robust quality
control systems.

4.4. Integration of Framework Components

The CPF integrates general chapters, monographs, and RCMs into a coherent system
that links analytical methods, classification, and validation. General chapters provide
standardised measurement protocols, monographs define classification and quality criteria,
and RCMs ensure validation and reproducibility.

This integrated structure transforms compost quality assessment from fragmented and
method-dependent practices into a more reproducible, comparable, and transparent system.
By establishing clear relationships between measurement, classification, and validation,
the CPF provides a foundation for harmonised compost standards and improved data
interoperability across regions and applications.

5. Conceptual Application of the Compost Pharmacopoeia Framework
To demonstrate the practical applicability of the proposed Compost Pharmacopoeia

Framework (CPF), a structured implementation pathway is presented by integrating gener-
alised specifications derived from international standards (Table 2) with a representative
experimental system.

Table 2. Generalised compost specification framework derived from international standards.

Category Parameter Typical Method(s) Common
Range/Requirement Functional Role

Chemical

pH ISO 10390 (1:10
extraction) 6.5–9.5

Controls NH3
volatilisation and
microbial activity

Electrical
Conductivity (EC) Aqueous extract <4–6 mS cm−1 Indicates salinity and

plant compatibility

Organic Matter (OM) Loss-on-ignition
(LOI) >30–50% Reflects carbon

content and stability

Biological
Stability AT4/OUR/respiration

index

Method-dependent and
inconsistently defined

(e.g., AT4 < 5–10 mg O2
g−1 DM; OUR < 10–20
mg O2 kg−1 OM h−1

across standards)

Indicates maturity
and biodegradation

Germination Index
(GI)

Seed germination
test >70–90% Indicates

phytotoxicity

Nutrient Total Nitrogen (TN) Kjeldahl method Retention preferred
Determines fertiliser

value and N
efficiency

5.1. From Fragmented Standards to Generalised Specification

Existing compost standards include AS 4454, PAS 100, and the EU Fertilising Prod-
ucts Regulation [11,17]. Across these standards, common parameter categories—such as
chemical (pH, EC, and organic matter), biological (stability and germination index), and
nutrient-related indicators (total nitrogen)—can be identified across systems.
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The generalised specification framework provides a unified template that abstracts
these common elements, enabling compost characterisation to be interpreted within a con-
sistent structure. This abstraction represents a critical step in transitioning from fragmented
standards to a harmonised analytical and classification system.

5.2. Integration Within the CPF Structure

Within the CPF, the generalised framework is operationalised through three intercon-
nected components (Figure 2). General chapters define standardised analytical methods
for each parameter category, ensuring consistency in measurement, building upon inter-
nationally recognised protocols such as ISO 11465 [44] for moisture and ISO 10390 for
pH determination [18,44]. Monographs translate the generalised parameter ranges into
class-specific specifications based on feedstock type and application, while RCMs provide
validation and calibration functions analogous to certified reference materials in analytical
sciences [55].

This integration establishes a coherent system in which analytical methods, classifica-
tion criteria, and validation processes are systematically linked, addressing the method-
ological fragmentation identified in Section 3.

5.3. Mapping Experimental Systems to CPF

To illustrate how experimental data can be incorporated into the CPF, a nitrogen-
regulated in-vessel composting system is considered as an example. In this system, multiple
treatment strategies—including natural acidity regulators and buffering agents—were eval-
uated under controlled conditions to assess pH stability, nitrogen retention, and compost
maturity [22,23].

Using the generalised specification framework (Table 2), key experimental parameters
can be directly mapped onto standardised categories. For example, observed pH values
(8.1–9.1) fall within the generalised acceptable range, while reduced nitrogen loss (<20%)
aligns with functional objectives related to nutrient retention. Similarly, improvements in
stability and germination performance correspond to biological maturity indicators defined
within the framework.

This mapping demonstrates that experimental results can be systematically interpreted
within a unified specification system, rather than being evaluated in isolation.

5.4. Workflow Integration and Comparative Advantage

The CPF enables a structured workflow that integrates analysis, classification, and
validation into a sequential and interconnected process. As illustrated in Figure 3, con-
ventional approaches often rely on non-standardised methods, leading to inconsistent
and non-comparable results, a limitation widely reported in compost characterisation
studies [20].

In contrast, the CPF establishes a stepwise operational framework in which analytical
procedures, classification decisions, and validation processes are systematically linked.
This workflow ensures that data generated at each stage can be consistently interpreted
and compared, reducing inter-laboratory variability and improving overall data coherence.

By embedding these components within a unified process, the CPF facilitates more
reliable experimental design and supports the standardised reporting of compost systems
across different studies and applications.

5.5. Implications for Research and Standardisation

The integration of generalised specifications with CPF components provides a practical
pathway for advancing compost standardisation. For research, the framework enables
consistent parameter interpretation and facilitates cross-study comparison. For industry

https://doi.org/10.3390/sci8080193

https://doi.org/10.3390/sci8080193


Sci 2026, 8, 193 12 of 22

and regulatory systems, it offers a basis for harmonising quality criteria and reducing
inconsistencies across standards.

Importantly, the CPF does not replace existing standards but provides a higher-level
structure that aligns and integrates them. By bridging analytical methods, classification
systems, and validation processes, the CPF supports the development of a more coherent
and scalable compost quality assessment system.

(a) 

Figure 3. Cont.
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(b) 

Figure 3. (a) Variability and lack of standardisation in conventional compost assessment practices.
Different studies and standards apply inconsistent methods, parameter definitions, and reporting
formats, leading to limited comparability across datasets. (b) Example of a Compost Pharmacopoeia
Framework (CPF) entry for green-waste compost, developed based on the experimental protocol
reported in our previous study [23], illustrating standardised classification, defined testing procedures,
and structured reporting.
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To illustrate how the proposed Compost Pharmacopoeia Framework (CPF) may be
implemented in practice, an exemplary classified protocol is presented below and further
visualised in Figure 3a,b. Conventional compost characterisation (Figure 3a) is based on
multiple analytical methods and parameter definitions that vary across standards and
studies [10,20,35,42,56]. Key properties such as pH, stability, moisture, and nitrogen are
measured using different protocols, resulting in inconsistencies and limited comparability.
In contrast, the CPF-based framework (Figure 3b) introduces a structured system integrat-
ing standardised methods, classification, and validation to improve reproducibility and
data comparability.

5.6. Example CPF Entry: Green-Waste Compost—pH-Regulated Nitrogen Retention System

Green-waste-derived compost is characterised by moderate alkalinity and a C/N ratio
of 15–25, with moisture content typically maintained between 50 and 60%. Within the CPF,
this system is classified as a functional compost type with active nitrogen transformation
and a potential risk of ammonia volatilisation [22].

The experimental design consists of an untreated control and treatments incorporating
pH-regulating additives. Key parameters, including pH, NH4

+-N, NO3
−-N, and total

nitrogen, are monitored over time using standardised analytical protocols defined in the
general chapters.

Performance is evaluated based on pH stability, nitrogen retention relative to the
control, and controlled nitrogen transformation. These criteria correspond to both chemical
and functional indicators defined within the CPF monograph system.

Results are reported in a standardised and structured format, enabling comparabil-
ity across compost systems and facilitating integration into broader classification and
validation frameworks.

In conventional compost characterisation, analytical results are often reported as
individual values, while important methodological details may be presented separately
or omitted from the final dataset [20,45]. Under the CPF, these details form part of the
analytical entry itself. A pH result would therefore be reported together with the solid-
to-liquid ratio, extractant, equilibration time, measurement temperature, and sampling
stage. Moisture content would specify drying temperature, drying duration, and wet- or
dry-mass basis, while NH4

+-N, NO3
−-N, and total nitrogen results would identify the

extraction or digestion procedure, analytical method, sampling stage, and reporting basis.
The practical advantage of this structure is that the measured value is interpreted

together with its method and intended function. In the representative system, the observed
pH range is therefore assessed alongside pH variability, nitrogen transformation, total
nitrogen loss, and germination performance, rather than being compared with a single
general threshold. This allows the same dataset to support different decisions depend-
ing on whether the main objective is pH stability, nitrogen conservation, or agronomic
performance [22].

5.7. Potential Integration of Decision-Support Systems

An important future development direction for the Compost Pharmacopoeia Frame-
work (CPF) is the incorporation of decision-support system (DSS) approaches as an op-
erational layer linking analytical methods, classification systems, validation procedures,
and application-oriented decision-making. DSSs have been widely applied in related sec-
tors, including solid waste management, organic waste valorisation, agricultural nutrient
management, and environmental risk assessment, where heterogeneous analytical, regula-
tory, and performance-based information must be translated into practical management
strategies [57–60]. Within the CPF, a DSS would not replace the framework itself but
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would provide a structured decision layer that converts standardised analytical outputs
into interpretation, classification, risk screening, and application recommendations.

Conceptually, a CPF-linked DSS could support several sequential functions. First, feed-
stocks could be screened and classified according to source, contamination risk, and suitabil-
ity for composting [14,57,61]. Second, standardised analytical data generated through CPF
general chapters, including pH, electrical conductivity, moisture, organic matter, nitrogen
forms, maturity indices, and contaminant indicators, could be interpreted against class-
specific monograph criteria [58,59]. Third, risk-based screening could identify materials
requiring restriction, further maturation, contaminant testing, or non-agricultural use [60].
Finally, compost products could be classified according to intended application, such as
fertiliser-supporting compost, liming material, soil conditioner, carbon amendment, or
restricted-use material. Particular attention should be given to feedstocks with elevated
contamination potential, such as sewage sludge, industrial organic residues, and other
mixed or poorly traceable organic waste streams. Within a CPF-linked DSS, these materials
could be assigned to risk-based categories according to heavy metal content, pathogen
indicators, persistent organic contaminants, emerging pollutants, and source traceability.
Such classification would allow high-risk materials to be restricted from agricultural use,
redirected to non-food or non-agricultural applications, or subjected to additional treatment
and verification before inclusion in compost products [61–65].

To illustrate how such a DSS layer may operate, a simplified decision-support matrix is
presented in Table 3, using the nitrogen-regulated green-waste composting system reported
in our previous study as a representative case [22]. This example is not intended to define
universal thresholds or represent a fully validated DSS model. Rather, it demonstrates how
CPF-derived analytical outputs can be translated into structured interpretation and decision
pathways. In that study, green-waste-derived compost was treated with natural acidity
regulators and agri-buffering adjuvants under controlled in-vessel composting conditions.
Key indicators included moisture stability, pH regulation, nitrogen retention, carbon–nitrogen
evolution, germination performance, and integrated multi-criteria treatment ranking.

Table 3. Illustrative CPF-DSS decision-support matrix based on a nitrogen-regulated green-waste
composting case study.

DSS Module CPF Input/Indicator Example Finding
from Case Study DSS Interpretation Possible Decision

Output

Process condition
screening Moisture condition

Initial moisture was
approximately 50%

and was maintained
within a composting-

supportive range

Process conditions
were suitable for
microbial activity

and aerobic
composting

Acceptable process
condition

pH regulation
assessment

pH range and
variability

Buffered systems
stabilised pH within
8.1–9.1; G6 showed

the lowest pH
variability, SD = 0.22

Strong buffering
performance and
reduced ammonia
volatilisation risk

Prefer G6 where pH
stability is the

primary objective

Nitrogen
conservation Total nitrogen loss

Total nitrogen loss
remained below 20%

across treatments

Nitrogen was largely
retained within the
composting system

Acceptable
nitrogen-retention

performance
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Table 3. Cont.

DSS Module CPF Input/Indicator Example Finding
from Case Study DSS Interpretation Possible Decision

Output

Biological maturity
and phytotoxicity

Germination rate
and seedling vigour

index

G3 showed the
highest SVI = 1300;

G2 showed
SVI = 1250; G5

showed reduced
germination
rate of 75%

G3 and G2 showed
the most favourable
germination-related
performance under
the conditions of the
representative case

study

Prioritise G2/G3 for
further agronomic

evaluation; restrict or
optimise G5 pending

additional
assessment

Carbon–nitrogen
balance C/N evolution

C/N decreased from
approximately 17 to
10–12; G6 showed
strong later-stage

C/N improvement

Indicates compost
maturation and
organic matter

stabilisation

Prefer G6 where
C/N stabilisation is

prioritised

Integrated treatment
ranking

Multi-criteria
weighted score

G2 achieved the
highest total

score = 9; G6 ranked
second with score = 7

G2 provided the best
balance across

process, nitrogen,
and maturity

indicators

G2 ranked highest
under the selected

multi-criteria
weighting system;
G6 ranked second

Risk-based
application
screening

Germination
inhibition and poor

integrated score

G5 had the lowest
integrated

score = −3 and
reduced germination

Potential operational
or agronomic

limitation

Require further
optimisation before

application

Contaminated
feedstock screening

Feedstock source,
heavy metals,

pathogen indicators,
persistent

contaminants,
emerging pollutants

Sewage sludge or
poorly traceable

organic residues may
present elevated

contamination risks

High-risk materials
require stricter

classification and
verification before

agricultural use

Restrict agricultural
application, require
further testing, or

redirect to
non-agricultural use

Treatment definitions: G1, untreated control; G2, wood vinegar treatment at 10% v/w; G3, FeSO4·6H2O treatment
at 0.4 mol kg−1; G4, citric acid monohydrate treatment at 0.16 mol kg−1; G5, sodium acetate/acetic acid buffer
treatment at 0.70 mol kg−1; and G6, K2HPO4/KH2PO4 phosphate buffer treatment at 0.40 mol kg−1. Treatment
codes and dosages were derived from the representative experimental study cited in the table.

This illustrative matrix demonstrates how a CPF-linked DSS could accommodate
both individual analytical indicators and integrated multi-criteria assessment outputs. For
example, a treatment may be classified differently depending on the decision objective:
G6 may be preferred for pH stabilisation and C/N improvement, whereas G2 may be
recommended as the best overall treatment when multiple process and maturity indicators
are considered together. This distinction is important because compost quality is rarely
determined by a single parameter; rather, it depends on the intended use, regulatory
context, agronomic function, and environmental risk profile.

Therefore, DSS integration could provide a pathway for translating the CPF from a
conceptual standardisation framework into a more operational assessment tool. Future de-
velopment would require formal weighting procedures, validation using reference compost
materials, calibration across different feedstocks, and alignment with regional regulatory
systems and application-specific requirements. Nevertheless, the example demonstrates
that CPF-derived data can be organised into decision-relevant categories, supporting more
transparent, reproducible, and application-specific compost quality assessment.
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6. Discussion
The findings of this study reveal that the current limitations in compost science are

not merely methodological inconsistencies but reflect a deeper structural issue: the absence
of a unified framework that integrates analytical methods, classification systems, and
validation procedures. Although existing standards such as AS 4454, PAS 100, and EU
Regulation 2019/1009 provide essential guidance, their fragmented implementation results
in inconsistencies in data generation and interpretation across regions. This fragmentation
has been widely recognised as a barrier to comparability and standardisation in compost
research [20,39].

A critical consequence of this fragmentation is that many reported compost properties
are method-dependent rather than intrinsic material characteristics. For instance, parame-
ters such as pH, stability, and organic matter content can vary significantly depending on
extraction ratios, incubation conditions, or analytical techniques [10,45]. Similarly, stability
indices such as AT4, oxygen uptake rate (OUR), and germination index reflect different
biological or physicochemical processes and are therefore not directly comparable [5,32].
As a result, datasets generated under different protocols may not be directly interpretable,
limiting both reproducibility and the development of predictive relationships between
compost properties and functional outcomes.

By embedding these components within a unified process, the CPF facilitates more
reliable experimental design and supports the standardised reporting of compost sys-
tems across different studies and applications. This integration is conceptually aligned
with established analytical systems in pharmaceutical sciences, where coordinated use of
standardised methods and reference materials underpins reproducibility and regulatory
reliability [16,66,67].

Importantly, the CPF extends beyond conventional threshold-based evaluation by
enabling performance-oriented interpretation and facilitating method equivalence across
different analytical contexts. As such, it provides a foundation for improved comparability,
enhanced regulatory confidence, and more consistent translation of experimental findings
into practical applications [35].

Another significant contribution of the CPF lies in its potential to support functional
and application-oriented classification. Future extensions of the CPF may further incorpo-
rate broader categories of quality indicators beyond conventional physicochemical parame-
ters. These may include biological functionality, microbiological quality, contaminant risk
assessment, agronomic performance, nutrient-release behaviour, carbon sequestration po-
tential, and environmental impact indicators. In future implementations of the framework,
incorporation of such attributes could support more application-oriented compost classi-
fication and improve the ability of the framework to evaluate compost suitability across
different agricultural, environmental, and industrial contexts. This extension would further
support the transition from threshold-based compost evaluation toward performance-
oriented and application-specific assessment systems. Current standards primarily rely on
threshold-based criteria, which often lack direct linkage to performance outcomes such as
nutrient retention, greenhouse gas emissions, or plant growth response [5,52]. By contrast,
the CPF links classification with analytical parameters and functional objectives, enabling
compost materials to be evaluated based on both quality compliance and application rel-
evance. This approach aligns with emerging trends in environmental and agricultural
systems, where performance-based evaluation is increasingly emphasised.

The conceptual application presented in Section 5 demonstrates that CPF can effec-
tively bridge experimental research and standardisation. By mapping experimental data—
such as pH regulation and nitrogen retention—onto a generalised specification framework,
the CPF enables consistent interpretation across studies. This is particularly important
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for emerging technologies, including pH-responsive materials and nitrogen conservation
strategies, where methodological inconsistency currently limits comparability [22].

From a regulatory perspective, the CPF offers a pathway toward harmonisation with-
out replacement. Existing standards are embedded within regional regulatory systems and
cannot be easily unified. However, the CPF operates as a higher-level framework that aligns
these systems through shared analytical principles and classification structures. Similar
approaches have been successfully implemented in other domains, such as pharmaceutical
quality systems and environmental monitoring frameworks, where overarching structures
enable interoperability across regulatory boundaries [28]. However, regulatory harmonisa-
tion alone does not automatically ensure comparability across research platforms. Scientific
studies are not always conducted within formal regulatory compliance frameworks, and
differences in sample collection, sample preparation, extraction procedures, operator in-
terpretation, instrument calibration, and laboratory-specific practices can still introduce
variability even when similar or nominally identical methods are applied. In addition,
differences between national regulatory systems may reflect local feedstock availability, en-
vironmental priorities, agricultural practices, economic conditions, technological capacity,
and enforcement structures, rather than methodological inconsistency alone. Therefore,
the CPF should be interpreted not only as a regulatory harmonisation tool but also as a
broader structure for improving transparency in method selection, reporting, validation,
and inter-laboratory comparison.

Despite its advantages, the CPF remains a conceptual framework and requires further
development for practical implementation. Several key challenges must be addressed. First,
the establishment of method equivalence relationships requires systematic comparison
and validation across analytical methods, which remain limited in compost research [20].
Second, the development of RCMs will require coordinated efforts in material production,
characterisation, certification, and inter-laboratory testing, consistent with established
requirements and guidance for reference materials [19,51,55].

A particular challenge is the temporal instability of biologically active compost. Com-
post is a heterogeneous organic matrix that may continue to undergo mineralisation,
moisture exchange, gas release, microbial succession, and changes in extractable nutrient
pools during storage [35,45]. Consequently, a single bulk compost material cannot be
assumed to retain all physicochemical and biological properties indefinitely. The suitability
and period of validity of an RCM would therefore need to be defined separately for each
certified property.

Candidate RCMs would require property-specific characterisation, homogeneity as-
sessment, short- and long-term stability studies, uncertainty evaluation, specified storage
conditions, and defined periods of validity [50,51]. Different forms of reference materials
may therefore be required for different analytical purposes. For physicochemical measure-
ments, homogenised, dried, milled, sieved, and sealed materials may provide relatively
stable matrix reference materials for elemental composition, organic matter, contaminants,
and selected extraction-based properties. For biological or respiration-based measurements,
freshly prepared materials, short-term proficiency-testing samples, or reference datasets
with defined stability windows may be more appropriate. Each RCM would require homo-
geneity assessment, stability testing, specified storage and handling conditions, an expiry
period, and periodic recertification, consistent with established principles for proficiency
testing and inter-laboratory comparison [51,55].

From a practical and commercial perspective, initial RCM development could focus
on a limited number of mature and widely used compost matrices, such as mature green-
waste compost, with certification restricted to properties demonstrated to remain stable.
The CPF may therefore distinguish among certified physicochemical RCMs, time-limited
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biological reference materials, and proficiency-testing materials, rather than relying on
a single universal form of reference compost. Third, the formulation of monographs for
diverse compost types must account for variability in feedstocks and applications, requiring
a balance between flexibility and standardisation.

In addition, adoption of the CPF will depend on engagement from both research and
industry stakeholders. For researchers, the framework provides a structured basis for exper-
imental design and data reporting. For industry and regulators, it offers a tool to improve
quality assurance, certification, and market interoperability. However, implementation is
likely to occur progressively, beginning with the harmonisation of key analytical methods
and gradually expanding toward full framework integration.

Overall, the CPF represents a transition from fragmented, parameter-based approaches
toward a systems-oriented model of compost standardisation. By explicitly linking an-
alytical methods, classification systems, and validation tools, the framework provides a
foundation for improving reproducibility, comparability, and functional interpretation in
compost science. While further validation and development are required, the CPF estab-
lishes a clear conceptual pathway toward a more coherent and scalable compost quality
assessment system.

7. Conclusions
This study proposes the Compost Pharmacopoeia Framework (CPF) as a novel and

structured approach to compost classification and quality assessment. By integrating analyt-
ical methods, classification systems, and validation procedures into a coherent framework
architecture, the CPF addresses key limitations in current compost characterisation.

Through the development of a generalised specification framework and its application
to a representative experimental system, this study demonstrates how compost data can be
systematically interpreted within a consistent structural context.

Importantly, the CPF introduces a method equivalence mechanism that enables the in-
terpretation and comparison of results generated from non-equivalent analytical protocols
(e.g., AT4 and OUR), addressing the method-dependent nature of current compost charac-
terisation. By providing a structural bridge between these heterogeneous measurement
systems, the CPF facilitates more consistent data interpretation and supports cross-study
comparability without requiring strict methodological uniformity.

Overall, the CPF represents a significant step toward the development of a standard-
ised and scalable compost quality assessment system. Future work should focus on refining
the framework, developing detailed monographs, and establishing reference materials to
enable its practical implementation.
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