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Abstract

This secondary-data integrated assessment combines national wastewater treatment
records, two national sludge reports, Jordanian regulatory criteria, published agronomic
evidence, engineering scenarios, and a previously prepared spatial screen. The present
national context includes 33 municipal wastewater treatment plants (WWTPs), but the
analytical sources cover different historical plant sets. The 2020 GIZ report surveyed
29 operating WWTPs and reported sludge-quality data for 25 plants, comprising 28 plant-
stage records. The 2014 USAID strategy covered 28 WWTPs, with metal data for 9 plants
and six nutrient samples from 3 plants. In the GIZ records, mean concentrations were
344mgCdkg!,7.93 mgPb kg~!, 603.79 mg Zn kg !, and 111.86 mg Cu kg ! dry solids.
Maximum concentration-to-limit ratios were 1.00 for Cd, 0.103 for Pb, 0.525 for Zn, and
0.377 for Cu. USAID nutrient samples averaged 3.93% total N, 1.71% total P, and 0.71% total
K. GIZ estimated 101,533-108,719 t dry solids yr’1 in 2020 and 128,540-149,332 t yr’1 in
2035. USAID produced lower estimates of 50,947 and 72,418 t yr’1 for the same years, show-
ing major model uncertainty. The source spatial screen mapped 10,150.28 km?, including
745.62 km? of protected rangeland reserves. Excluding those reserves leaves 9404.66 km?
for further regulatory and field screening. The results support controlled reuse based
on batch testing, pathogen reduction, nitrogen and phosphorus budgets, and long-term
soil monitoring.

Keywords: biosolids reuse; nutrient mineralization kinetics; phosphorus dynamics; sewage
sludge valorization; soil organic matter; sustainable fertilization

1. Introduction

The increasing generation of sewage sludge as a by-product of municipal wastew-
ater treatment has become a major environmental and resource management challenge
worldwide. The continuous expansion of wastewater treatment infrastructure, stricter en-
vironmental regulations, and improved treatment efficiencies have substantially increased
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sludge production over recent decades [1,2]. Conventional disposal practices, including
landfilling, incineration, and uncontrolled land application, are becoming increasingly
unsustainable because of their environmental impacts, rising operational costs, and the loss
of potentially valuable resources [3]. Consequently, wastewater management strategies are
progressively shifting from waste disposal toward resource recovery and circular economy
approaches, in which sewage sludge is considered a renewable source of organic matter,
nutrients, and energy rather than a waste requiring disposal [4-6].

Following appropriate stabilization and treatment, sewage sludge can be converted
into biosolids that provide significant agronomic benefits when applied to agricultural
soils. Biosolids contain considerable amounts of organic matter together with essential
plant nutrients, particularly nitrogen (N), phosphorus (P), and potassium (K), making
them an attractive alternative or supplement to mineral fertilizers [7-9]. Unlike synthetic
fertilizers, biosolids supply nutrients through both immediately available and slow-release
forms, thereby improving nutrient use efficiency while enhancing soil organic matter,
cation exchange capacity, soil aggregation, microbial activity, and water-holding capac-
ity [10-12]. Recent advances in soil microbiome research have further demonstrated that
organic amendments such as biosolids can stimulate beneficial microbial communities,
enhance rhizosphere processes, improve nutrient cycling, and increase soil resilience to
environmental stresses, thereby contributing to sustainable agricultural production [13,14].
These characteristics are particularly beneficial for degraded and nutrient-deficient soils,
where organic amendments improve soil structure, biological activity, and long-term soil
fertility [11,12].

Despite these advantages, the agricultural reuse of biosolids remains constrained by en-
vironmental, agronomic, and public health considerations. Potential accumulation of heavy
metals, persistence of pathogenic microorganisms, and increasing concern regarding emerg-
ing contaminants—including pharmaceuticals, endocrine-disrupting compounds, antibiotic
resistance genes, per- and polyfluoroalkyl substances (PFAS), and microplastics—require
careful evaluation before widespread agricultural application [13-15]. The environmental
behavior of these contaminants depends on complex physical, chemical, and biological
processes, including adsorption, precipitation, degradation, transport, and bioavailabil-
ity, all of which are strongly influenced by soil characteristics, climatic conditions, and
biosolids properties [15-20]. Consequently, sustainable biosolids management requires not
only compliance with regulatory standards but also a comprehensive understanding of
nutrient dynamics, contaminant behavior, and long-term environmental impacts.

These considerations are particularly important in arid and semi-arid regions, where
improving soil quality and water-use efficiency are fundamental to sustainable agricultural
production. Jordan is among the most water-scarce countries in the world, with more than
90% of its territory classified as arid or semi-arid and annual rainfall below 200 mm across
most of the country [21]. Agricultural soils are generally characterized by low organic
matter content, weak structural stability, and limited nutrient availability, while increasing
climate variability and prolonged drought conditions continue to threaten agricultural
productivity [22]. Recent studies have highlighted the importance of integrated soil man-
agement and drought-resilient agricultural systems to improve crop performance under
increasingly water-limited environments [23]. Under these conditions, biosolids repre-
sent a potentially valuable soil amendment capable of improving soil fertility, increasing
water retention, enhancing nutrient availability, and reducing dependence on mineral
fertilizers [24-30]. Several studies conducted in Jordan have reported improvements in
soil physical properties, nutrient availability, and crop productivity following biosolids
application under different cropping systems and environmental conditions. However,
these investigations have generally focused on individual crops, specific field experiments,
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or localized conditions, providing limited information for national-scale planning and
decision-making [31-40].

At the same time, the continued expansion of Jordan’s wastewater treatment infras-
tructure has resulted in steadily increasing biosolids production, creating both an environ-
mental management challenge and an opportunity for resource recovery [41]. Although
previous studies have investigated individual aspects of biosolids reuse—including sludge
characterization, crop response, nutrient availability, and environmental quality—few
have integrated engineering, agronomic, environmental, and spatial perspectives into a
comprehensive national assessment. Furthermore, previous investigations have rarely
combined sludge generation estimates, physicochemical characteristics, nutrient transfor-
mation processes, land suitability evaluation, and environmental risk considerations within
a single analytical framework capable of supporting sustainable biosolids management
under Jordanian conditions. This lack of an integrated assessment limits evidence-based
decision-making for policymakers and resource managers seeking to promote the safe and
sustainable reuse of biosolids within circular economy strategies.

This study presents a national secondary-data assessment of agricultural biosolids
reuse in Jordan. The objectives were to compare published sludge-generation scenar-
ios, summarize available physicochemical measurements, calculate transparent metal
concentration-to-limit ratios, test nutrient-application scenarios, examine a previously pre-
pared land-screening product, and identify evidence gaps affecting safe reuse. The study
does not claim a complete 33-plant analytical dataset, a newly executed GIS model, or
field validation.

2. Materials and Methods
2.1. Study Design

This study used a secondary-data integrated-assessment design. It did not generate
new laboratory or field measurements. The analysis combined national WWTP inven-
tory records, published physicochemical and microbiological measurements, Jordanian
regulatory criteria, engineering calculations, and existing spatial products. The study
evaluated biosolids generation, composition, nutrient availability, land-screening potential,
and environmental risks under Jordanian conditions.

The methodological framework consisted of five sequential components: (i) assess-
ment of current and future biosolids generation from municipal wastewater treatment
systems; (ii) synthesis of physicochemical and microbiological characteristics of Jordanian
biosolids; (iii) evaluation of nutrient-based biosolids application rates; (iv) spatial assess-
ment of land suitability for agricultural reuse; and (v) evaluation of environmental risks
associated with long-term biosolids application.

2.2. Literature Search Strategy and Data Sources

A targeted evidence search was last updated on 31 August 2026. Web of Science,
Scopus, ScienceDirect, and Google Scholar were searched using the database-adapted
string: (biosolid* OR “sewage sludge” OR “wastewater sludge”) AND (Jordan OR arid OR
semi-arid) AND (agricultur* OR soil OR crop OR land application OR nutrient* OR metal*
OR pathogen* OR GIS OR “land suitability”). A second search combined (Jordan AND
wastewater treatment plant*) with (sludge production OR biosolids generation). Searches
were not restricted by year because relevant Jordanian studies date from 1990 onward
and source updates extend through 2026. Titles and abstracts were screened for direct
relevance. Full texts were retained when they reported a Jordanian dataset, a national
planning scenario, an applicable method, or evidence needed to interpret nutrient, contam-
inant, or soil processes. Duplicate records, conference abstracts without full methods, and
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documents unrelated to agricultural sludge reuse were excluded. This targeted synthesis
was not registered as a systematic review, so PRISMA-style database record counts were
not reconstructed. Supplementary Table S1 provides the source-to-output audit trail, and
Tables 52-56 contain transcribed values and calculations.

The national infrastructure context used in this assessment listed 33 municipal WWTPs.
This number describes the national system, not a matched set of 33 sludge samples. Quan-
titative sludge characterization relied on two earlier national reports. The GIZ sludge-
mapping study conducted field visits at 29 operational WWTPs and presented plant-specific
sludge-quality tables for 25 plants. Three plants contained measurements for two sludge
stages, resulting in 28 stage-specific GIZ sample records. The USAID Kingdom-Wide
Biosolids Management Strategy covered 28 WWTPs. The analytical coverage therefore
differs by source, plant, sludge stage, year, and parameter.

The assessment used the 2020 GIZ Sludge Mapping in Jordan report, the 2014 US-
AID Kingdom-Wide Biosolids Management Strategy, Jordanian Standard JS 1145/2016
as reproduced in the national reports, published Jordanian studies, the Jordan National
Master Plan, and cited soil and land-suitability sources [22,42]. GIZ metal concentrations
reported in mg g~ ! were converted to mg kg~! dry solids by multiplying by 1000. Values
preceded by a less-than sign were retained as censored records and excluded from arith-
metic means and standard deviations. Values printed as 0.000 were retained as reported
because record-specific detection limits were unavailable. Missing values were not imputed.
Supplementary Table S2 preserves the reported strings and the converted numeric fields.

The system boundary encompassed sludge generation at municipal wastewater treat-
ment plants, biosolids characterization, nutrient assessment, land suitability evaluation,
and potential agricultural reuse pathways. Economic analysis was intentionally excluded to
maintain emphasis on the technical, environmental, and agronomic dimensions of biosolids
management, as shown in Tables 1 and 2 and Figure 1.
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Figure 1. Geographic location of wastewater treatment plants (WWTPs) in Jordan.
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Table 1. (a). Summary of wastewater treatment plants and sludge processing characteristics in Jordan.
(b). Source-to-output audit trail.

(@)
Analytical . . .
Dataset Scope Plant Coverage Main Variables Interpretation
Coverage
Current national
) Not a matched Treatment and System
infrastructure 33 WWTPs .
chemical dataset sludge-management context coverage only
context
25 plants, 28 . Primary
GIZ sl.udge 29 WWTPs visited stage-specific Metals, pathogens, organic quantitative
mapping carbon, selected TN
records metal dataset
USAID national 9 plants for metals; Cd, Pb, Zn, Cu, moisture, N, HIStOHC.aI
28 WWTPs covered 3 plants x 2 supporting
strategy . P K, TVS
nutrient samples dataset
(b)
Output Exact Source Processing

WWTP coverage and treatment

context GIZ and USAID Compiled; scopes kept separate
. . USAID kg d ! summed and
Sludge-generation scenarios GIZ and USAID multiplied by 365,/1000
-1 .1
mg g~ multiplied by 1000;
Metals and pathogen class V4 censored values excluded
N, P, K, moisture, TVS USAID Six grab samples; no

missing-value imputation

Arithmetic corrected; reserves
separated

Source GIS map and area table; national

Spatial-screen output .
planning sources

Narrative synthesis;
unsupported universal
percentages removed

Agronomic effects Jordanian field and pot studies

Note: Full record-level values, formulas, and source locations appear in Supplementary Tables S1-Sé.

Table 2. Classification criteria for biosolids quality based on JS 1145/2016.

Parameter Type I/Class A Criterion Type II/Class B Interpretation Source and Use

Restricted use when Class A

Fecal coliform <1000 MPN g*1 DS .. GIZ amd JS 1145/2016
pathogen criteria are not met

Salmonella <3 MPN per 4 g DS Restricted use when Class A - 7 475 1145 /2016
pathogen criteria are not met

. Restricted use when Class A

Helminth eggs <leggper4gDS pathogen criteria are not met GIZ amd JS 1145/2016

Enteric viruses <1 PFU per4 g DS Restricted use when Class A - 7 476 1145 /2016
pathogen criteria are not met
Same listed metal ceilings; use

Cd; Pb; Zn; Cu 40; 300; 2800; 1500 mg kg’1 DS remains subject to pathogen GIZ amd JS 1145/2016

class and restrictions

2.3. Study Area and Agro-Environmental Context

Jordan is characterized by predominantly arid and semi-arid climatic conditions, with
more than 90% of the country receiving less than 200 mm of annual rainfall. Agricultural
soils are generally characterized by low organic matter content, alkaline pH, and limited
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nutrient availability, making organic amendments particularly important for improving
soil fertility and water-holding capacity [7,26].

The assessment covered the major agro-ecological zones (AEZs) of Jordan, includ-
ing the Highlands, Jordan Valley, Steppe, and Badia regions, which differ considerably
in climate, soil characteristics, rainfall distribution, agricultural systems, and land use.
These contrasting conditions provide an appropriate basis for evaluating the suitability of
biosolids reuse under diverse environmental settings.

2.4. Data Processing and Integrated Assessment Framework

Information extracted from the different sources was organized into five thematic
categories:

1.  Biosolids generation;

Physicochemical characteristics;

Nutrient composition and agronomic value;
Land suitability;

SNSRI

Environmental risks.

Comparable measurements were summarized by source and parameter. For the GIZ
heavy-metal records, the study calculated the number of exact numeric observations, arith-
metic mean, sample standard deviation, minimum, and maximum. Censored observations
were excluded from these calculations. USAID nutrient statistics were calculated from the
six individual grab-sample results reported in Tables 3-7, except total volatile solids, for
which five values were available. Aggregate organic-matter values from USAID Table 4-4
were reported separately because they were not assigned to individual plants. Plant-specific
pH values were unavailable in the extracted quality tables. The analysis therefore avoids a
false 33-plant mean for variables without matched observations.

Engineering equations describing sludge production, nitrogen mineralization, phos-
phorus dynamics, and environmental risk indicators were used to interpret published
datasets rather than to generate independent experimental results.

2.5. Biosolids Characterization and Classification

Biosolids quality was evaluated from source-specific measurements of total nitrogen,
total phosphorus, total potassium, organic matter, organic carbon, moisture, total volatile
solids, heavy metals, and pathogen indicators. The GIZ dataset supported descriptive
statistics for Cd, Pb, Zn, and Cu. The USAID sampling program supported descriptive
statistics for moisture, N, P, K, and total volatile solids. Organic matter was available only
as an aggregate range of 51.35-74.45%, with a reported average of 66%. Plant-specific
pH data were not available. Table 3 report the quantitative evidence and the number of
observations used for each statistic.

Table 3. Typical nutrient composition ranges of biosolids used in analysis.

Parameter Unit Range Form Role in Soil
Total Nitrogen (N) % 2-5 Organic + NH,* Slow-release nutrient
Phosphorus (P) % 1-3 Ca-P, Fe-P Long-term availability
Potassium (K) Y% 0.5-2 Exchangeable Immediate availability
Organic Matter % 30-60  Humic substances Soil conditioning
Moisture Content % 40-80 Physical Affects application rate

Classification followed JS 1145/2016 criteria reproduced in the GIZ report. GIZ
classified 24 of the 25 plants with quality tables as Class B and 1 plant, Shoubak, as Class A.
These are source-reported classifications from a single sampling campaign, not a current
national compliance rate. The GIZ summary states that all collected samples exceeded
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pathogen limits, despite the plant-sheet classification of Shoubak as Class A. This internal
source inconsistency prevents independent confirmation of the national class distribution
and supports new standardized sampling.

Particular attention was given to nutrient speciation because previous studies have
demonstrated that nutrient availability and heavy-metal mobility depend more strongly on
chemical forms than on total concentrations [6,7].

2.6. Biosolids Generation Assessment

Current and future dry-solids production was interpreted through a component mass
balance and a separate per-capita screening calculation. The component model includes
primary sludge, waste biological sludge, and chemical sludge where chemical addition
occurs.

e  COD-based approach

Mps = Mps + Mwas + Mcs 1)

where Mpg is total dry sludge production, Mpg is primary-sludge dry solids, Mw,s is
waste-activated or secondary biological dry solids, and Mg is chemical-sludge dry solids.
For a process without primary clarification or chemical dosing, the corresponding term
equals zero. Waste biological solids may be estimated from removed biodegradable load
and observed yield after accounting for endogenous decay and solids losses. The former
expression, Y times COD removed, represented only biological sludge and therefore could
not represent total plant sludge by itself.

e  Per capita approach

Mps =P x r )

where P is the served population and r is the reported dry-solids production factor. The
screening value used in the national projection was 53 g dry solids person~! day~!, within
the cited 40-70 g person~! day~! range. This method estimates total dry solids at system
level. It does not separate primary, secondary, and chemical fractions.

2.7. Nutrient-Based Agronomic Assessment

Agronomic application rates were evaluated using nitrogen-based scenarios. Crop
nutrient requirements (Table 4), mineralization factors, and nutrient-availability coefficients
were compiled from published agronomic studies [9]. Application rates were screened
against crop nitrogen demand, phosphorus loading, and site constraints.

AR = Nerop/PANyo 3)

where AR is the biosolids application rate (t dry solids ha™1), Nerop is crop nitrogen demand
(kg N ha~1), and PANy, is plant-available nitrogen supplied per tonne of dry biosolids
(kg Nt 1.

Table 4. Crop nutrient requirements used for application rate calculations.

Crop Type Nitrogen Phosphorus Potassium
Requirement (kg/ha) Requirement (kg/ha) Requirement (kg/ha)
Barley 60-100 30-50 30-60
Wheat 80-120 40-60 40-80
Vegetables 120-250 60-120 80-200
Fruit trees 100-200 50-100 100-200

https:/ /doi.org/10.3390/agronomy16191904
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Plant-available nitrogen was separated into inorganic and organic pools:
PANp;, = Ninorg,avail +fm X Norg (4)

where Ninorg avail 1S the retained plant-available inorganic nitrogen, mainly NH,* and
NO; ™, after relevant handling and application losses; Norg is organic nitrogen, and fp,
is the fraction of organic nitrogen mineralized during the assessment period. Inorganic
nitrogen does not undergo mineralization. It enters the available pool directly, subject to
volatilization, immobilization, nitrification, denitrification, and leaching (Table 5). Only the
organic nitrogen term receives the mineralization factor, commonly 0.3-0.5 for the first crop
depending on treatment and site conditions [9].

Table 5. Factors affecting biosolids application rate determination [9].

Factor Type Influence Mechanism

Nitrogen mineralization rate (k) Kinetic Controls N release
Soil texture Physical Affects infiltration and retention
Soil pH Chemical Controls nutrient availability
Organic matter Chemical Enhances CEC and structure
Climate (temperature, rainfall) Environmental Controls microbial activity
Application method Operational Affects dl.St?lbunOH and
efficiency

Recent studies have shown that nitrogen mineralization rates are strongly influenced
by soil moisture, temperature, and microbial activity, particularly in arid environments
where decomposition processes are slower [3,11]. Therefore, the selected approach ac-
counts for delayed nutrient release, which is a key characteristic of biosolids compared to
synthetic fertilizers.

The analysis also considered phosphorus accumulation, potassium availability, soil
texture, pH, organic matter, and climatic conditions that influence nutrient release and
crop uptake. Rather than prescribing universal application rates, the assessment provides
indicative recommendations based on representative crop nutrient demands.

2.8. Land Suitability Assessment

The source spatial product was described as a Boolean constraint screen. Under this
framework, a location is retained only when it meets each available inclusion rule. The
present study did not rerun the overlay because the original layers and project files were
unavailable.

The manuscript evaluates a previously prepared Boolean spatial-screening product.
Available source layers represented soil, land use, slope, groundwater depth, urban buffers,
WWTP locations, Badia Restoration Program areas, and rangeland reserves. Criteria were
reclassified to retain, conditional, or excluded classes as shown in Table 6. The available
project archive did not contain the original GIS layers, coordinate reference system, raster
resolution, resampling method, software version, overlay log, or validation sample. The
map therefore serves as secondary planning evidence, not a reproducible GIS analysis
conducted in this study. Protected rangeland reserves were separated from the provisional
candidate area because agricultural biosolids use requires written authorization from the
responsible agencies.

Jordan lacks one current national soil survey with uniform scale and date. Soil units
were grouped by the texture classes used in the screening criteria [22]. Future work should
rebuild the analysis from archived source layers and report the coordinate reference system,
spatial resolution, software and version, reclassification rules, exclusion buffers, overlay
sequence, and area-calculation procedure.

https://doi.org/10.3390/agronomy16191904
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Table 6. Land suitability evaluation criteria for biosolids application according to JS 1145/2016.

Criterion Threshold Screening Treatment

Slope (%) <5 Retain

Slope (%) 5-15 Conditional

Slope (%) >15 Exclude

Soil texture Loam to clay Retain

Soil texture Sand Conditional

Groundwater depth (m) >10 Retain

Groundwater depth (m) 510 Conditional, sit'e investigation
required

Groundwater depth (m) <5 Exclude

Distance to urban area (m) >500 Retain

Distance to urban area (m) <500 Exclude

Protected rangeland Separate from candidate area

Any overlap

reserve pending written authorization

2.9. Metal Compliance and Hazard Screening

For each regulated metal j, a concentration-to-limit ratio was calculated for every exact
GIZ record:
Rj =G/ (5)

where R is the screening ratio, Cj is the reported concentration in mg kg~! dry solids, and
L; is the corresponding limit reproduced from JS 1145/2016. R; < 1 indicates a concentration
below the listed ceiling, R; = 1 indicates equality, and R; > 1 indicates an exceedance. This
quotient is a compliance-screening ratio, not a complete ecological or human-health risk
index. It does not incorporate soil background, application rate, exposure, bioavailability,
or toxicity. Supplementary Table S3 reports every record-level ratio.

The ratio provides a simple comparison with the listed regulatory ceiling. Pathogen
hazards were interpreted from the source classifications. Emerging contaminants were
discussed qualitatively because matched national measurements were unavailable [19,20].

2.10. Uncertainty and Study Limitations

The present assessment relies primarily on secondary information compiled from pub-
lished literature, governmental reports, and engineering datasets. Consequently, variations
in sampling periods, analytical methodologies, wastewater treatment technologies, and
reporting formats introduce unavoidable uncertainty into the synthesized results.

To minimize these limitations, information was cross-validated across multiple in-
dependent sources, and representative value ranges were used where appropriate. Nev-
ertheless, future studies based on systematic national monitoring and long-term field
experiments are needed to reduce uncertainty and validate the findings presented herein.

3. Results and Discussion
3.1. Biosolids Generation and System-Level Implications

Published projections differ substantially. USAID estimates rise from 50,947 t dry
solids yr~! in 2020 to 72,418 t yr~! in 2035. GIZ reports 101,533-108,719 t yr ! in 2020 and
128,540-149,332 t yr ! in 2035. The disagreement is larger than the within-model increase
and prevents selection of one national forecast. Planning should retain both scenarios until
plant-level flow, influent load, solids production, treatment configuration, and sewerage
coverage are updated under one mass-balance protocol.

The predominance of activated sludge technology within Jordan’s wastewater treat-
ment sector has important implications for both the quantity and quality of biosolids

https://doi.org/10.3390/agronomy16191904


https://doi.org/10.3390/agronomy16191904

Agronomy 2026, 16, 1904

10 of 21

generated. Activated sludge processes typically produce substantially greater quantities
of excess biomass than attached-growth systems or waste stabilization ponds because
microbial growth is continuously maintained under aerobic conditions. Consequently,
these facilities represent the principal source of biosolids available for agricultural reuse
in Jordan. Although increasing sludge production poses operational challenges related to
sludge stabilization, transportation, storage, and disposal, it simultaneously provides an
opportunity to recover valuable organic matter and plant nutrients through beneficial land
application, thereby supporting a transition from waste management to resource recovery.

Globally, similar growth patterns have been reported in rapidly urbanizing regions,
where sludge production increases in parallel with wastewater treatment coverage and
improvements in sanitation services [1,2]. However, unlike many European countries
where established sludge valorization pathways—including agricultural reuse, composting,
anaerobic digestion, and energy recovery—have significantly reduced dependence on
landfill disposal, the increasing biosolids production in Jordan remains an underutilized
resource. This situation highlights the need for integrated national management strategies
that prioritize resource recovery while ensuring compliance with environmental and public
health regulations.

Table 7 and Figure 2 reproduce two independent national planning approaches. US-
AID reports plant-level projections for 2015, 2020, 2025, 2030, and 2035. The present study
summed those values and converted kg d~! to t yr~'. GIZ reports national ranges of
101,533-108,719 t dry matter in 2020 and 128,540-149,332 t in 2035, based on observed yield,
flow, and load calculations. The large gap between the scenarios reflects different plant
coverage, system boundaries, treatment assumptions, and coefficients. No intermediate
GIZ values were interpolated.

Table 7. (a). Synthesized biosolids generation trends in Jordan. (b). Scenario uncertainty in national
biosolids-generation estimates.

(@)
Source Scenario 2020 (t DS yr—1) 2035 (t DS yr—1) Scope and Calculation
Observed yield and load
GIZ lower estimate 101,533 128,540 calculations across operating
plants
GIZ upper estimate 108,719 149,332 Upper bound from plant
calculations
USAID 50,947 72,418 kg d~! x 365/1000
(b)
Comparison Lower Value (t yr—1) Upper Value (t yr—1) Relative Difference
USAID vs. GIZ lower, 2020 50,947 101,533 —49.8%
USAID vs. GIZ lower, 2035 72,418 128,540 —43.7%
GIZ range width, 2020 101,533 108,719 7.1% of lower estimate
GIZ range width, 2035 128,540 149,332 16.2% of lower estimate

From a systems perspective, the projected increase in biosolids generation represents
not only a waste management challenge but also a strategic opportunity for implementing
circular economy principles within the wastewater sector [6]. Rather than considering
sewage sludge as a disposal burden, biosolids can be regarded as a renewable secondary
resource that recycles nutrients and organic matter back into agricultural production sys-
tems, reduces waste destined for landfill, and contributes to more sustainable wastewater
management. Future increases in biosolids production anticipated by 2035 further em-
phasize the importance of developing integrated national policies that combine sludge
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stabilization, quality assurance, nutrient recovery, land suitability assessment, and long-
term environmental monitoring to maximize agronomic benefits while safeguarding soil,
water resources, and human health.

180
160

140
—o—GIZ

—B& -USAID

120
100

Thousands ton/year

80
2015 2020 2025 2030 2035 2040

Year

Figure 2. Published biosolids-generation scenarios for Jordan. USAID values are sums of plant
projections of the Kingdom-Wide Biosolids Management Strategy, converted from kg d ! to t dry
solids yr—!. GIZ values reproduce the national 2020 and 2035 ranges reported in the Sludge Mapping
in Jordan executive summary [43—45]. No regression or interpolation was fitted.

3.2. Physicochemical Characteristics and Chemical Speciation

The two national reports provide quantitative evidence at different levels of coverage.
GIZ surveyed 29 operational WWTPs and reported sludge-quality tables for 25 plants. Mul-
tiple stages at As-Samra, Mutah-Mazar, and Kufranja produced 28 stage-specific records.
USAID reported heavy-metal concentrations for nine plants and six nutrient grab samples
from Al Baga’a, Fuhais, and Aqaba Mechanical. These data support descriptive analysis,
but they do not form one balanced 33-plant dataset.

GIZ reported no concentration above the listed ceilings for Cd, Pb, Zn, or Cu. The
maximum concentration-to-limit ratios were 1.000 for Cd, 0.103 for Pb, 0.525 for Zn, and
0.377 for Cu. The maximum Cd value equaled its ceiling, so the result does not support
a broad claim of negligible chemical risk. These ratios provide transparent regulatory
screening only. They do not establish long-term safety after repeated application.

MZ* + 20H~ — M(OH);(s) (6)

where M represents divalent metal ions such as Cd?%*, Cu?*, Ni%*, Pb?*, and Zn%*. In
addition to precipitation, these metals are strongly adsorbed onto organic matter, iron and
manganese oxides, and clay mineral surfaces, further reducing their mobility, bioavailability,
and subsequent plant uptake [15]. Therefore, despite repeated biosolids applications,
the alkaline nature of Jordanian soils provides an important geochemical barrier that
limits heavy metal migration into the soil solution and reduces the potential risk to crops
and [43—-45] groundwater. Nevertheless, long-term monitoring remains necessary because
gradual changes in soil pH, organic matter decomposition, or repeated biosolids loading
may alter metal speciation and increase metal availability over time.

In contrast to the favorable chemical characteristics, microbiological quality remains
the principal constraint limiting widespread agricultural reuse of biosolids in Jordan. The
available evidence indicates that most biosolids are classified as Class B, primarily because
current sludge stabilization practices rely heavily on passive drying and conventional de-
watering processes that achieve only partial pathogen reduction. Similar observations have
been reported in previous studies demonstrating that passive stabilization methods, includ-
ing solar drying beds, are often insufficient to achieve complete inactivation of bacterial
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pathogens, viruses, and helminth ova under fluctuating environmental conditions [4,17].
Consequently, additional treatment technologies such as composting, thermophilic anaero-
bic digestion, alkaline stabilization, thermal drying, or advanced hygienization processes
may be required to consistently achieve Class A biosolids suitable for unrestricted agricul-
tural application.

The available literature identifies microbiological quality as a recurring barrier to un-
restricted reuse (Table 8). Chemical risk also requires batch-specific evidence. The national
archive used here does not support a blanket statement that heavy-metal limitations are
minor across all plants. Management should combine validated pathogen reduction with
routine measurement of regulated metals and cumulative loading.

Table 8. (a). Synthesized chemical composition and speciation of biosolids. (b). Descriptive statistics
for heavy metals reported in the GIZ sludge-mapping dataset [43—45]. (c). Descriptive statistics for
individual nutrient grab samples reported by USAID [43-45].

(@)
. . . 1t Agronomic/Environmental
Parameter Typical Range Dominant Form Bioavailability ...
Implication
Nitrogen (N) Moderate-High  Organic N, NH;* Medlulf;é;g;trolled Slow nutrient release
Phosphorus (P) High Ca-P, Fe-P Low-Moderate Risk of accumulation
Potassium (K) Moderate Exchangeable K* High Immediate availability
. . Humic . .
Organic matter High substances High Improves soil structure
Heavy metals Low Carbonate/organic- Low Limited mobility
bound
Pathogens High (Class B) Biological High risk Requires treatment
(b)
Mean 4+ SD Range .. . . .
Metal n Exact (mg kg~ DS) (mg kg—1 DS) JSlimit MeanRj Maximum Rj
Cd 27 3.44 +£7.45 040 40 0.086 1.000
Pb 27 793 £7.25 0-31 300 0.026 0.103
Zn 28 603.79 £ 377.27 0-1470 2800 0.216 0.525
Cu 28 111.86 £ 114.67 0-565 1500 0.075 0.377
(0
Parameter Unit n Mean SD Minimum Maximum
Moisture % 6 98.00 1.39 95.60 99.40
Total N % 6 3.93 2.42 0.82 7.29
Total P Y% 6 1.71 0.98 0.77 3.42
Total K % 6 0.71 0.35 0.32 1.16
Total volatile % 5 74.86 3.18 70.10 78.40
solids

Note: GIZ values printed in mg g~! were converted to mg kg~! dry solids. Censored values were
excluded from numerical summaries. Values printed as 0.000 were retained as reported. Note: USAID
Table 3-7 reports two grab samples from each of three WWTPs. Organic matter was reported only
as an aggregate range of 51.35-74.45%, with an average of 66%, and was not assigned to individual
plants. Plant-specific pH was not reported.

3.3. Nutrient Transformation and Agronomic Efficiency

The agronomic value of biosolids depends not only on their total nutrient content but
also on the physicochemical and biological processes that regulate nutrient availability
following land application. Unlike synthetic fertilizers, where nutrients are immediately
available, the majority of nutrients contained in biosolids are gradually released through
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microbial decomposition and mineralization. Consequently, nutrient availability is con-
trolled by interactions among biosolids characteristics, soil properties, climatic conditions,
and crop nutrient demand, making nutrient transformations a critical factor in determining
fertilizer efficiency and environmental performance.

Organic nitrogen mineralization was represented by first-order kinetics. Inorganic
NH4" and NO; ™ were excluded from the mineralizable pool:

Nt = No(1 — et (7)

where N¢ is cumulative nitrogen mineralized from the organic pool by time t, Ny is poten-
tially mineralizable organic nitrogen, and k is the first-order mineralization constant. This
equation does not describe inorganic nitrogen. Temperature, moisture, aeration, substrate
quality, and microbial activity control k.

In calcareous soils, orthophosphate forms react with calcium. The following balanced
reaction illustrates precipitation of tricalcium phosphate:

3Ca%* + 2P0,43~ — Cag(POy)s(s) (8)

This precipitation reaction reduces the immediate availability of phosphorus while
simultaneously increasing its long-term retention within the soil [26-42]. Consequently,
phosphorus supplied through biosolids behaves as a slow-release nutrient that can provide
residual fertility over multiple growing seasons. In addition, the high organic matter content
of biosolids partially mitigates phosphorus fixation by forming soluble organo-metal
complexes, competing for adsorption sites, and stimulating microbial activity that promotes
phosphorus solubilization. These mechanisms improve phosphorus availability compared
with inorganic phosphorus fertilizers applied to highly calcareous soils, although the extent
of this improvement depends on soil pH, carbonate content, and biological activity.

The six USAID samples averaged 3.93 £ 2.42% total N, 1.71 & 0.98% total P, and
0.71 & 0.35% total K [43-45]. Table 9 shows the consequences of composition and mineral-
ization uncertainty for a crop requiring 100 kg available N ha~!. Assuming the measured
total N is organic for conservative screening, the estimated biosolids rate spans 2.74-40.65 t
dry solids ha~!. At the mean-N scenario and a 0.40 first-year mineralization fraction, the
rate is 6.36 t ha~! and supplies about 108.8 kg P ha~!. Crop-specific application there-
fore requires measured inorganic N, organic N, dry solids, soil-test P, salinity, and crop
demand. The earlier universal claims of 60-200% nutrient coverage and an optimum rate
of 30-50 t ha~! were removed.

Table 9. Worked nitrogen-rate scenarios using the observed USAID total-N range [43-45].

Total N in First-Year Plant-Available N Rate for 100 kg N P Applied at 1.71% P
Biosolids (%)  Mineralization Fraction (kg t~1 DS) ha=! (tDS ha=?) (kgha=1)
0.82 0.30 2.46 40.65 695.1
3.93 0.40 15.72 6.36 108.8
7.29 0.50 36.45 2.74 46.9

From a practical perspective, these findings suggest that biosolids application rates
should be determined using integrated nutrient management approaches that consider
crop nutrient requirements, existing soil fertility, phosphorus accumulation potential, and
site-specific environmental conditions. Where repeated applications are planned, periodic
soil testing and nutrient budgeting should be incorporated into management programs
to optimize fertilizer replacement while minimizing nutrient losses and maintaining com-
pliance with environmental regulations. Such strategies maximize the agronomic benefits

https:/ /doi.org/10.3390/agronomy16191904


https://doi.org/10.3390/agronomy16191904

Agronomy 2026, 16, 1904

14 of 21

of biosolids while supporting circular nutrient recovery and sustainable soil management
under Jordan’s water-limited conditions.

3.4. Soil-Chemical Interactions and Productivity Enhancement

The application of biosolids significantly improves soil physicochemical properties
through the addition of organic carbon and reactive functional groups. The increase in soil
organic matter enhances cation exchange capacity (CEC), which is directly related to the
density of negative charge sites:

CEC x OM )

where OM represents soil organic matter content. As the organic matter content increases,
additional negatively charged carboxylic and phenolic functional groups become available
for cation adsorption, thereby enhancing the soil’s capacity to retain essential nutrients
such as ammonium (NH;*), potassium (K*), calcium (Ca?*), and magnesium (Mg?*).
Consequently, biosolids application increases nutrient retention, improves soil buffering
capacity, reduces nutrient leaching losses, and enhances nutrient availability throughout
the growing season. These improvements are particularly important in Jordanian soils,
which are generally characterized by low organic matter content, moderate clay contents,
and limited nutrient-holding capacity.

Beyond their influence on soil chemistry, biosolids substantially improve soil physical
properties through the formation of stable organo-mineral complexes. Organic matter inter-
acts with clay minerals and polyvalent cations to promote aggregate formation, resulting
in improved soil structure, increased porosity, lower bulk density, enhanced infiltration,
and greater water-holding capacity. These changes improve root penetration, increase soil
aeration, and reduce surface crusting and erosion. Such improvements are particularly
beneficial under Jordan’s semi-arid climatic conditions, where limited rainfall, high evapo-
transpiration rates, and frequent soil moisture deficits constrain agricultural productivity.
Increasing the soil’s capacity to retain water therefore contributes directly to improved
irrigation efficiency and greater resilience to drought stress.

The improved physicochemical environment also stimulates soil biological activity
by providing energy and carbon substrates for microorganisms responsible for nutrient
cycling and organic matter decomposition. Enhanced microbial activity accelerates nutrient
mineralization, promotes soil aggregation through microbial exudates, and contributes to
the long-term development of healthy and productive soils. Consequently, the benefits of
biosolids extend beyond simple nutrient addition by improving overall soil functioning
and supporting sustainable agricultural production.

Experimental studies conducted in Jordan demonstrate substantial improvements in
soil organic matter content, water-use efficiency, and crop productivity following biosolids
application. Similar findings have been reported for other Mediterranean and semi-arid
environments, where biosolids significantly improved soil hydraulic properties, increased
available water storage, reduced drought stress, and enhanced crop performance under
water-limited conditions [26,43-47]. These observations highlight the dual role of biosolids
as both an organic soil amendment and a slow-release nutrient source, making them
particularly valuable in regions facing increasing water scarcity and declining soil fertility.

Published Jordanian field and pot studies report crop and soil responses under dif-
ferent amendments, rates, soils, and durations [27-40]. Their outcomes were not pooled
because treatment definitions and statistical designs were heterogeneous. Table 10 therefore
reports a transparent loading screen instead of broad percentage ranges. The calculation
assumes 6.36 t dry solids ha~! yr~! for ten years, no removal or loss, the USAID mean P
concentration, and GIZ mean metal concentrations. It is a conservative mass-input screen
rather than a prediction of soil concentration or crop uptake.
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Table 10. Ten-year loading screen for the mean-N application scenario.

Annual Input at 10-Year Input

Constituent 6.36 t DS ha—1 Without Loss Interpretation
Phosphorus 108.8 kg P ha™! 1088 kg Pha~! Requires soil-test P control
. Maximum batch result
-1 -1
Cadmium 219gha 219 g ha reached the ceiling
Lead 50.4 g ha~! 504 g ha~! Track cumulative loading
Zinc 3.84 kg ha™! 38.4 kgha™! Largest metal mass input
Copper 0.71 kg ha™! 7.11kgha™! Track cumulative loading
EC or total-solids data
Soluble salts Not calculated Not calculated were unavailable on a
matched dry basis

Overall, the results indicate that biosolids application provides substantial agronomic
benefits through simultaneous improvements in soil fertility, physical structure, biolog-
ical activity, and water-use efficiency. Nevertheless, maximizing these benefits requires
site-specific application rates based on soil characteristics, crop nutrient requirements,
irrigation practices, and long-term monitoring of soil salinity and nutrient status. Such
integrated management approaches enable biosolids to function as an effective component
of sustainable nutrient management while minimizing environmental risks and supporting
circular economy objectives in Jordanian agriculture, as shown in Table 10.

3.5. Spatial Suitability and Land Application Potential

The source spatial product mapped 9364.60 km? of Badia Restoration Program range-
lands, 745.62 km? of protected rangeland reserves, and 40.06 km? near WWTPs. Their correct
sum is 10,150.28 km?. Because the reserves require separate legal authorization, the provisional
non-reserve area is 9404.66 km?. Neither value represents field-verified suitability.

The predominance of rangelands within the suitable area is consistent with the
widespread occurrence of degraded soils characterized by low organic matter content,
poor aggregate stability, and limited natural fertility. These soils exhibit the greatest po-
tential for improvement following organic amendments because the addition of biosolids
simultaneously increases soil organic carbon, improves aggregate formation, enhances infil-
tration, increases water-holding capacity, and stimulates biological activity. Consequently,
the relative agronomic benefits are expected to be considerably greater in degraded range-
lands than in productive agricultural soils that already possess higher levels of soil fertility.

The Badia Restoration Program area represents a planning envelope for further assess-
ment. Protected rangeland reserves were excluded from the provisional candidate total
pending written authorization. Areas near WWTPs also require buffer checks, land-status
confirmation, and field verification before any reuse decision.

Land suitability was not determined solely by soil fertility but also by environmental
protection criteria. Areas with steep slopes, shallow groundwater, urban expansion, envi-
ronmentally sensitive ecosystems, or high runoff potential were excluded from biosolids
application because of the increased risks of nutrient transport, pathogen migration, and
groundwater contamination. Consequently, the spatial assessment balances agronomic ben-
efits with environmental protection, ensuring that biosolids application is directed toward
locations where long-term sustainability can be maximized while minimizing potential
environmental impacts.

The compiled evidence further indicates that biosolids application is particularly
beneficial in arid and semi-arid regions where soil degradation is widespread. Similar
findings have been reported in Mediterranean and dryland ecosystems, where repeated
biosolids application increased soil organic carbon, improved soil hydraulic properties,
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enhanced water-use efficiency, promoted vegetation establishment, and accelerated ecosys-
tem restoration [25]. These observations are highly relevant to Jordan, where more than
90% of the country is classified as arid or semi-arid and declining soil quality represents a
major limitation to sustainable agricultural production.

The spatial output identifies a broad planning envelope, not approved application sites.
The gross mapped area is 10,150.28 km?. Excluding protected reserves leaves 9404.66 km?
for additional screening. Site approval requires verified biosolids quality, land ownership
and protection status, groundwater depth, slope, runoff risk, soil and crop suitability, access,
application-rate controls, and field inspection, as shown in Table 11 and Figure 3.

Table 11. Reported spatial-screen classes and corrected areas.

Land Class Area (km?) Regulatory Interpretation

Badia Restoration Program rangelands 9364.60 Candidate only after agency and field review
Excluded from provisional candidate total pending

Protected rangeland reserves 745.62 . N

written authorization
Areas near WWTPs 40.06 Candidate only after field and buffer verification
Gross mapped screen 10,150.28 Arithmetic sum of the three source classes
Provisional non-reserve screen 9404.66 Gross screen minus protected reserves

3.6. Environmental Hazards and Regulatory Screening

The environmental behavior of biosolids-derived contaminants is primarily controlled
by chemical partitioning, transformation processes, soil properties, application frequency,
and post-application environmental conditions. The synthesized evidence indicates that
heavy metals in Jordanian biosolids generally exhibit low short-term mobility under alka-
line and calcareous soil conditions because of adsorption onto organic matter, clay minerals,
and metal oxides, as well as precipitation reactions that reduce dissolved metal concentra-
tions [15,48-50]. However, this low mobility should not be interpreted as absence of risk.
Because heavy metals are persistent and non-biodegradable, repeated biosolids applica-
tions may lead to gradual accumulation in surface soils over time. Therefore, long-term
monitoring of metal loading rates, background soil concentrations, soil pH, and crop uptake
is required before unrestricted reuse can be recommended.

Pathogen persistence remains a more immediate limitation for agricultural application.
Pathogen decline following biosolids treatment and land application can be described
using first-order decay kinetics:

Ni = Npe (10)

where N is the pathogen concentration at time t, Ny is the initial pathogen concentration,
and k is the first-order decay constant. This conceptual equation interprets published
observations. The study did not estimate k from original microbiological measurements.
Temperature, moisture, solar radiation, pH, storage time, and stabilization method affect
the value of k. Current evidence identifies pathogen persistence as the main restriction on
broad agricultural use. Improved composting, thermophilic digestion, alkaline stabilization,
thermal drying, or another validated hygienization step is required where unrestricted use
is sought. Emerging contaminants were assessed separately because national monitoring
remains incomplete.
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Figure 3. Previously prepared spatial-screening map for biosolids application in Jordan. The figure
is reproduced as secondary planning evidence. Source layers and processing metadata were not
preserved in the manuscript archive, so the map was not independently reproduced or validated.
Protected rangeland reserves require separate regulatory authorization [42,48-50].
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Kd = Csolid / Csolution (11)

where Ky is the solid /water distribution coefficient, Cgj;q is the contaminant concentration
associated with solids, and Cqgjytion is the dissolved concentration. A higher Ky indicates
stronger short-term retention. Strong sorption does not prove degradation and may increase
persistence in amended soil.

The available data support a regulatory screening of four metals and a narrative
identification of pathogen and emerging-contaminant hazards. They do not support a
complete quantitative environmental risk assessment. Metal ratios remained at or below 1.0,
but repeated loading, soil background, exposure, and bioavailability were not measured.
GIZ source classifications and pathogen measurements identify pathogen reduction as
the immediate reuse constraint. Emerging contaminants require a dedicated monitoring
program because national occurrence data remain incomplete.

3.7. Integrated Interpretation and Implications

The integrated evidence identifies nutrient-recovery potential alongside substantial
data gaps. The available composition data support crop-specific screening. They do
not establish unrestricted safety, a national optimum application rate, or validated land
suitability. Decisions should remain conditional on batch analysis, pathogen verification,
soil testing, cumulative loading controls, and current spatial data.

From an engineering and sustainability perspective, biosolids reuse offers a practical
pathway for shifting sludge management from disposal toward circular resource recovery.
Nevertheless, this transition requires more than land availability or nutrient value alone.
It requires improved sludge stabilization technologies, clear classification according to JS
1145/2016, nutrient application plans based on both nitrogen and phosphorus demand,
and long-term monitoring of soil quality, pathogen indicators, heavy metals, salinity, and
emerging contaminants.

Overall, the findings indicate that biosolids reuse can contribute to sustainable soil
management and agricultural productivity in Jordan, particularly in degraded and low-
organic-matter soils. However, national-scale implementation should be approached
cautiously and supported by verified datasets, site-specific risk assessment, and continuous
monitoring. This balanced interpretation recognizes the agronomic value of biosolids
while addressing the key limitations identified by the reviewers regarding data uncer-
tainty, pathogen risk, long-term accumulation, and the need for stronger technical and
regulatory controls.

4. Conclusions

This assessment separates Jordan’s current 33-WWTP inventory from the historical an-
alytical coverage of the national reports. GIZ reported quality data for 25 plants, comprising
28 plant-stage records. USAID reported metal data for nine plants and six nutrient samples
from three plants. These sources do not form a complete matched national dataset. GIZ
mean metal concentrations were 3.44 mg Cd kg ™!, 7.93 mg Pb kg1, 603.79 mg Zn kg~ !,
and 111.86 mg Cu kg~ ! dry solids. Maximum concentration-to-limit ratios were 1.000,
0.103, 0.525, and 0.377, respectively. These results support batch-level regulatory screening,
but they do not establish long-term ecological safety. The reported pathogen classifications
identify treatment and verification as the first condition for wider agricultural reuse. Gener-
ation estimates remain model-dependent. GIZ estimated 101,533-108,719 t dry solids yr—!
in 2020 and 128,540-149,332 t yr—! in 2035. USAID estimated 50,947 and 72,418 t yr~1.
Planning should therefore use scenario ranges and plant-level mass balances. The corrected
gross spatial screen is 10,150.28 km?. Excluding protected reserves leaves 9404.66 km? for
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regulatory and field evaluation. Jordan should prioritize standardized plant sampling,
validated pathogen reduction, crop-specific nitrogen and phosphorus budgets, cumulative
metal and salt monitoring, and a documented GIS rerun using current layers. These actions
would convert the present planning evidence into a defensible national reuse program.

Supplementary Materials: Supporting information can be downloaded at: https://www.mdpi.com/
article/10.3390/agronomy16191904/s1, Table S1: GIZ Plant-Stage Metal Records; Table S2: Record-
Level Metal Screening Ratios; Table S3: USAID Nutrient Grab Samples; Table S4: USAID Plant-Level
Biosolids Projections; Table S5: National Generation Scenario Summary; Table S6: Nutrient Rate and
Ten-Year Loading Calculations.
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Abbreviations

The following abbreviations are used in this manuscript:

AEZs Agro-Ecological Zones

AR Application Rate

AS Activated Sludge

Ca-P Calcium Phosphate

CEC Cation Exchange Capacity

COD Chemical Oxygen Demand

DS Dry Solids

FAO Food and Agriculture Organization
Fe-P Iron-Bound Phosphorus

JS Jordanian Standard

K Potassium

Kd Distribution Coefficient
N Nitrogen

NH,* Ammonium
NO3~ Nitrate

OM Organic Matter

p Phosphorus

PFAS Per- and Polyfluoroalkyl Substances
RI Risk Index

SDGs Sustainable Development Goals

TN Total Nitrogen

USEPA  United States Environmental Protection Agency
VSS Volatile Suspended Solids

WSP Waste Stabilization Pond

WWTP  Wastewater Treatment Plant

WUE Water-Use Efficiency
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