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Abstract

The utilization of treated municipal sludge or biosolids, as an organic soil enhancer has garnered significant interest for its potential to
enhance soil quality and plant growth. The use of treated sludge as an amendment is seen as a viable method for waste disposal and soil
improvement. The impact of sludge applications on soil properties, microbiome and flower crop growth and yield depends on factors such as
sludge composition, application rates and specific plant species. Safety concerns regarding contaminants such as heavy metals, pathogens
and organic pollutants have raised questions about practical application, especially in flower crop cultivation. Despite its potential benefits,
challenges like insufficient infrastructure, regulatory awareness and risks of improper handling hinder widespread adoption of municipal
sludge as a flower crop soil amendment. Yet, ensuring proper treatment processes and adherence to regulatory guidelines is vital to mitigate
potential risks. This review provides an overview of the current status and potential challenges related to the usage of municipal sludge as a
soil amendment for flower crops. Addressing these challenges necessitates enhanced sludge management, infrastructure investment and
sustainable integrated strategies. Continuous research is crucial to optimize treatment, create value-added products and understand long-
term impacts of sludge on soil and environmental sustainability in flower crops.
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Introduction biological indicators of soil quality, the idea of recycling dried and
treated organic matter from sewage sludge and spreading it onto
farmland soils has persisted for decades (6). Sewage sludge
contains all essential plant macronutrients-nitrogen  (N),
phosphorus (P) and potassium (K) required for growth (7). It also
supplies valuable organic matter that enhances soil structure and
water retention (6). When applied appropriately, municipal sludge
can improve physiochemical properties of nutrient-deficient soils
and provide necessary nutrients to meet crop demands (8). Beyond
environmental advantages, municipal sludge fertilization reduces
farmer expenditures on commercial inorganic fertilizers. Overall,
with proper treatment and careful management, applying treated
sewage sludge to agricultural land offers an economically and
environmentally sound alternative to traditional sludge disposal
practices (9). The sustainable recycling pathway of municipal
sewage sludge from households to agricultural use is illustrated in
Fig. 1.

Municipal sewage sludge refers to the residual, semi-solid material
left over from industrial wastewater or sewage treatment processes
(1. It is predominantly composed of organic matter,
microorganisms that aid wastewater treatment and residual heavy
metals or contaminants (2). Rapid global urbanization over the past
century has concentrated the generation of domestic and industrial
wastewater into centralized sewage collection channels, resulting
in exponentially increasing volumes of biosolids or sewage sludge,
which require sustainable handling (3). Over 70 % of the world's
population is expected to reside in cities by 2050 due to expanding
urbanization across the globe, imposing enormous pressure on
centralized wastewater treatment systems to keep up with
increasing rates of municipal waste generation (4). Historically,
landfill disposal has been the primary strategy for municipalities to
eliminate sewage sludge waste (3). However, when this sludge is
treated, it becomes a source of potentially usable nutrients for crop

production and helps reduce environmental hazards (5). Ornamental horticulture, encompassing the cultivation of
plants for aesthetics, is a major agricultural industry globally. Key

ornamental crop categories include cut flowers, potted flowering/
foliage plants, bedding/garden plants and cut cultivated greens.

Since it has been shown in numerous peer-reviewed
studies worldwide to have inherent soil-conditioning properties
and to be a cost-effective way to improve physical, chemical and
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Fig. 1. Flushing to Flourishing cycle of municipal sewage sludge.

These high-value specialty crops require significant fertilizer inputs
to achieve maximum yields and quality (10). The effects of organic
waste fertilizers like municipal sludge on ornamental crop
productivity are not as extensively studied as those on field crops.
However, evidence suggests that municipal sludge can adequately
meet nutritional requirements of ornamentals if nutrients are
available for plant uptake when demand peaks (11). Flower crops,
particularly cut flowers, are an important segment of the
horticulture industry and ensuring their optimal growth and yield
while maintaining environmental sustainability is crucial (12). More
research continues to emerge on the efficacy of municipal sludge as
an organic fertilizer for ornamental flower crops.

This paper reviews existing literature examining the impacts
of treated municipal sludge fertilization on growth and yield
parameters of key flower crops. Factors affecting crop response to
municipal sludge fertilization are discussed, including differences in
sludge treatment methods, application rates and nutrient
bioavailability issues. When properly treated and applied, sludge
amendments can improve the physical, chemical and biological
properties of soils. Several studies have evaluated the effects of
treated sludge applications on soil properties as well as crop growth
and vyield for food crops (13). This review summarizes current
knowledge, trends and areas requiring further study on the use of
recycled municipal sludge fertilizers in ornamental horticultural
systems.

Trends in municipal sludge production and management

Global urban population growth demands sustainable
management of sewage sludge volumes. Over seventy million tons
of dry municipal sludge are anticipated to be generated annually
worldwide by 2030, a 63 % increase from 2010 (14). According to the
Central Pollution Control Board (CPCB), India generates
approximately 39000 metric tons of dry sewage sludge per day from
urban areas (15). The sludge generation rate is projected to increase
to around 61000 metric tons per day by 2051 (16). Only about 19 %
of the sewage treatment plants in India have dedicated sludge
treatment facilities (15). Land application of treated sludge is
considered a viable option for disposal and soil conditioning in India.
The Ministry of Environment, Forest and Climate Change (MoEFCC)
has issued guidelines for the utilization of sewage sludge on land

(17). The Solid Waste Management Rules, 2016, provide guidelines
forthe management and disposal of sewage sludge in India (18).

Municipal sludge composition

Sewage sludge composition varies significantly depending on the
source inputs to municipal wastewater treatment plants (Fig. 2).
However, typical U.S. processed municipal sludge generally contain
nutrients essential for plant growth (Table 1). On average, sludge
consists of 40 %-60 % organic matter, supplying valuable soil
amendments upon decomposition (19). Major plant nutrients-
nitrogen, phosphorus and potassium-are present at average
concentrations around 2 %-6 % for nitrogen and 0.5 %-1.5 % each
for phosphorus and potassium (20). Micronutrients such as calcium,
magnesium, iron and manganese are also supplied. Trace amounts
of other elements may exist as contaminants depending on
industrial inputs to the source wastewater (21).

Heavy metal contaminants are a key area of concern for
land application of sewage sludge (22). Municipal and industrial
discharges contribute metals such as zinc, copper, nickel,
cadmium, lead and chromium to wastewater streams (23). Under
the U.S. Environmental Protection Agency (EPA) 503 regulations,
these heavy metals cannot accumulate above defined ceiling
concentrations for sludge approved for land application (24). Still,
repeated applications may gradually increase metal levels in
agricultural soils to potentially phytotoxic levels that negatively
impact crop growth (25). Careful soil monitoring is necessary with
the long-term use of municipal sludge fertilizers. Organic
compounds are another emerging sludge contaminant class
garnering research attention (26). Although sewage sludge
treatment significantly reduces pathogen loads, vigilant control of
microbial contaminants is also required when applying sludge
fertilizers in agriculture (27).

Overall, the exact nutritional value and contamination risk
of any municipal sludge depend heavily on wastewater source
inputs and treatment methods used at individual facilities (28).
Understanding sludge properties is essential for developing
appropriate management plans that match application rates to
local crop and soil conditions (29). Testing of nutrient levels should
be standard for optimizing municipal sludge application in
agriculture.
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Fig. 2. Composting municipal sludge.

Table 1. Typical nutrient ranges in Indian municipal sludges from
various sources (19)

Nutrient Typical concentration range

Organic Matter 40-70 %
Nitrogen 2.35-4.2%
Phosphorus 2.46-3.2 %
Potassium 0.83-1.24 %
Calcium 0.5-3.5%
Magnesium 0.5-1%
Sulfur 0.5-1%
Iron 3000-15000 ppm
Manganese 75-750 ppm
Zinc 575-1732 ppm
Copper 9.3-524ppm
Lead 8.8-275.2 ppm
Chromium 7.5-170.0 ppm
Cadmium 0.6-9.5 ppm
Mercury 0-3.8 ppm

Municipal sludge treatment methods

Municipal sewage sludge requires treatment using standardized
processes to reduce pathogens and pollutants to safe levels for land
application. Common sludge stabilization methods include
anaerobic digestion, aerobic digestion, composting, alkaline
treatment and drying (30). These processes involve the use of high
temperatures, microbial decomposition of organic compounds, pH
adjustments and/or moisture reduction to dissolve, decompose or
kill pathogens and reduce vector attraction (31). Treatment is
tailored at individual facilities to meet contaminant reduction
requirements based on intended sludge disposal strategies (32).
The treatment method significantly impacts finished sludge

fertilizer properties such as pH, organic matter breakdown rate and
nutrient availability (33).

Composting accelerates organic matter stabilization,
yielding a stabilized final product for immediate nutrient release. In
contrast, applying dewatered but otherwise raw sludge may
require months for organic compounds to fully decompose before
nutrients like nitrogen become plant available. Anaerobically
digesting sludge also enhances immediate nutrient availability for
crops compared to undigested cake sludge (34). Considering the
effects of stabilization processes helps optimize coordination of
nutrient mineralization rates with crop demands (35). Beyond
altering nutrient profiles, higher treatment intensities can also
further reduce pathogen loads and contaminants in finished
municipal sludge fertilizers (36). However, increased processing
requires additional expenditure, which individual utilities weigh
against contamination risks based on the characteristics of their
wastewater sources (37). Table 2 provides information on the type
of treated sludge used in each study, along with their advantages
and disadvantages.

Overall, treatment processes adjust the degrees of
municipal sludge stabilization and pathogen/pollutant reduction to
create finished products suitable for different disposal options (43).
All recycling of sewage sludge for land application as fertilizer
requires some form of treatment to satisfy health and
environmental regulations (44). Managing application rates and
timing based on chosen sludge stabilization methods allows for
matching nutrient availability from these organic fertilizers with
crop growth stage needs (45). Further advances improving
stabilization or contaminant removal may support expanding
agricultural uses for municipal sludge fertilizers.
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Table 2. Type of treated sludge and their advantages and disadvantages

Method Advantages Disadvantages References
Produces biogas (methane) as a renewable energy Long retention times
Lo . source Requires strict environmental conditions (pH,
Anaerobic digestion Reduces sludge volume and pathogen content temperature, etc.) (38)
Low energy consumption Potential odor issues
Faster stabilization process Higher energy consumption
Aerobic digestion Produces a well-stabilized sludge product Larger reactor volumes required (39)
Lower odor potential Potential for excessive foaming
Produces a useful soil amendment RPOt?nt'll Olif)r |ssuest
Composting Reduces sludge volume Potent'ael}(fq:: f;thgg;:gr:ggfon ih Fnot (40)
- . i wth i
Relatively simple process managed properly
Significant volume reduction High tion Potential for ai
. : igh energy consumption Potential for air
Thermal drying Produces a dry, easily transpo.rtable product emissions Capital-intensive process (41)
Pathogen destruction
Recvcles nutrients to soil Low-cost obtion Potential for groundwater contamination
Land application y P Odor issues (42)

Relatively simple process

Public perception concerns

Effect of treated municipal sludge on soilamendments

Treated municipal sludge, as a soil amendment, can positively
impact soil properties and microbiome. Its organic matter content
improves soil structure, enhancing water retention and nutrient
availability. The sludge's nutrients, such as nitrogen, phosphorus
and potassium, benefit plant growth. Furthermore, it fosters
microbial activity, which is crucial for nutrient cycling and soil health.
However, improper application may lead to the accumulation of
heavy metals or pathogens, negatively affecting soil and plant
health. Therefore, it is essential to follow guidelines for safe
application.

Influence on soil properties

When applied appropriately, municipal sludge amendments can
significantly improve soil physical, chemical and biological
properties. However, excessive loading rates pose contamination
and phytotoxicity risks, warranting close monitoring (46).
Understanding the impacts on soil quality indicators is key to
sustainable land application programs. Organic matter additions
from sludge facilitate binding between soil particles, enhancing
aggregation, moisture retention and permeability (6). Favorable
changes in pore sizes and volumes have been measured in
amended soils. However, high application levels can increase

compaction risks over time (47). The application of biosolids has
been shown to increase soil pH in acidic soils and decreased pH in
alkaline soils, bringing the soil pH closer to neutral levels (13).
Treated municipal sludge is rich in organic matter, which can
improve soil structure, water-holding capacity and nutrient
availability. The application of biosolids has been reported to
increase soil organic carbon content by up to 40 % compared to
control soils (26). Biosolids contain essential plant nutrients such as
nitrogen, phosphorus and potassium, as well as micronutrients like
zinc, copper and iron. The application of biosolids also increased
soil nutrient levels, resulting in higher crop yields (48). Untreated or
improperly treated sludge may contain heavy metals like lead,
cadmium and mercury, which can accumulate in the soil and
potentially pose risks to human health and the environment (49).
Table 3 provides details on the impact of soil amendments on
growth of flower crops.

Effects on soil microbiome

With extremely high densities and diversity of both non-pathogenic
and pathogenic microorganisms, municipal sewage sludge carries
implications for indigenous soil microbial communities upon
amendment. Elucidating the persistence, activity and intricate food
web interactions of introduced sludge bacteria and fungi continues to
be an active research area with important biosecurity implications.

Table 3. Impact of soil amendments on yield and quality of flower crops

Soil property Effect on soil property Impact on flower crop growth Reference
S - - Improved plant growth, biomass
Nutrient content Irr]}(tf:gaZid a%/glslaﬁlol:’ta;();nndutrcﬁggiul;s accumulation, flower yield and quality in (50, 51)
g€n, pnosp P roses and chrysanthemums
Organic matter Improved soil structure, water-holding Enhanced root growth, nutrient uptake and (52)
& capacity and cation exchange capacity yield in cut-flower roses and petunia
. . Potential impact on nutrient uptake and
- Slightly alkaline pH from sludge may affect - p
Soil ph - PO : A - plant growth, depending on the crop species (53)
nutrient availability and microbial activity 2nd soil conditions
Reduced plant growth and yield in sensitive (54)
Electrical conductivity (ec) Increased EC due to salt content in sludge flower crops like carnations and gerbera at
high EC levels
- Accumulation of heavy metals like cadmium,  Phytotoxicity, reduced growth and potential
Heavy metal accumulation lead and mercury in soil and plant tissues entry into the food chain for edible flowers (55)
s . . Potential impacts on nutrient cycling
Ao . Changes in diversity and composition of h ; )
Soil microbial community > - - - disease suppression and plant growth (56)
bacteria, fungi and other microorganisms promotion processes
Soil physical properties Improved soil structure, aggregation and Better root growth, nutrient uptake and (57)

water-holding capacity

water availability for flower crops
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Shifts in microbial community structure

Culture-independent DNA sequencing has revealed significant but
transient impacts of sewage sludge amendment on the taxonomic
structure of native soil microbiomes (58). The magnitude of the
observed community shifts tends to scale with the loading rate but
also depends on soil type, climate and land use history. Key
bacterial phyla enriched post-amendment include Actinobacteria,
Proteobacteria, Firmicutes and Bacteroidetes, while Ascomycota
fungi frequently increase under nutrient-rich conditions created by
sludge incorporation (59).

Functional diversity and ecosystem services

While species identities fluctuate, meta-analysis results indicate
that microbial functional diversity in sludge-amended soils changes
minimally over multiple growing seasons (59). Core ecosystem
services like carbon cycling and contaminant degradation are
largely unaffected in the long-term, given the functional
redundancy inherent to most soils (58). However, examining broad
phylogenetic marker genes likely overlooks dynamics among rare
biota responsible for specialized processes that are undetectable
through bulk community analysis.

Persistence of potential pathogens

Disease-causing bacteria, viruses, protozoa and helminths
originating in untreated human and industrial wastes can survive
conventional municipal sludge treatment processes, raising
biosecurity concerns for agricultural land use (60). Typical
regulatory approaches focus on monitoring model faecal-indicator
microbes and regulating application timing to minimize food crop
contamination. However, our understanding of the environmental
fate and transport mechanisms for emerging water- and vector-
borne pathogens remains limited (61). Treated sludge residuals
frequently harbour antibiotic resistance genes, which could spread
via microbial horizontal transfer mechanisms as well (62).

Factors impacting crop response on application of treated
municipal sludge

Many variables interact to determine crop growth and yield
responses when substituting standard inorganic fertilizers with
treated municipal sludge products. These factors range from sludge
properties based on processing methods to local environmental
and soil characteristics. Matching application rates and timing to
specific crop demands is also essential for positive yield impacts
(63). Understanding variables that impact sludge fertilizer efficacy
aids designing optimal management plans.

Application rates significantly influence crop responses to
municipal sludge fertilization. Under-fertilization risks nutrient
deficiencies that reduce growth, while over-application may burn
plants or leach nutrients, causing environmental damage (47).
Accurately estimating plant available nutrients in sludge is
challenging since mineralization from organics occurs gradually and
depends on environment conditions (64). Most states provide
guidelines for maximum annual or cumulative loading rates based
on typical sludge nutrient composition to avoid toxicity (65).
Controlled environment studies often test a wide dosage range to
delineate rate effects. Overall, characterizing and adjusting
application levels based on local sludge nutrient profiles is necessary
to ensure sufficient availability without negative impacts from excess
loading (66).

Single high rate sludge applications may supply adequate
nutrition for a full cropping cycle or longer for some slow-release
products (67). However, split applications can better synchronize
nutrient availability with periods of peak demand, especially for
highly stabilized sludge (68). Applying municipal sludge too early
risks deficiencies during flowering or fruiting if nutrients become
immobilize or leach before uptake (69). Research on optimizing
application schedules for common municipal sludge stabilization
processes would support more efficient use that meets ornamental
crop requirements. Beyond rate and timing considerations, the
choice of application method also impacts some specialty crops.
Overall, many interacting agronomic factors must be strategically
aligned based on municipal sludge properties and crop growth
habits to achieve positive yield benefits from organic waste
fertilization.

Soil characteristics constitute additional variables that
modulate crop growth response to sludge fertilizers. Soil texture
impacts sludge binding and permeability, affecting nutrient
retention and loss pathways (70). Understanding local soil profile
attributes provides necessary context for maximizing benefits and
minimizing risks when applying municipal sludge as an organic
nutrient source. Table 4 summarizes the factors impacting crop
response to the application of treated municipal sludge

Finally, ambient environmental conditions interact with
sludge fertilization impacts on ornamental crop vyield. Climatic
variables like precipitation, temperature, light intensity and wind
speed affect plant growth directly, while also influencing soil
moisture, aeration and inorganic nitrogen levels that mediate
nutrient release rates from organic sludge fertilizers (75). Unusual
weather patterns may create a typical responses to standard sludge
management practices established from regional trials (76).
Moreover, climate change shifts in environmental patterns could
alter long term crop-sludge dynamics. There also exist potential
ecosystem impacts of shifting nutrient cycling flows by recycling
human biosolids through plants (77). Broad environmental
interactions beyond simply supplementing crop fertility warrant
continued holistic analysis for the sustainable application processed
of processed municipal sludge organics as regenerative fertilizer
inputs.

Table 4. The factors impacting crop response in the application of
treated municipal sludge

Factor Impact on flower crops References
Nutrient content and Biosolids provide essential (9)
availability nutrients like nitrogen,
: The organic matter in
Organic matter content biosolids can improve soil (12)
Flower crops can
Heavy metal content accumulate heavy metals (71)
Untreated or improperly
Pathogen content treated biosolids may (31)
) - Soil properties like pH, (72)
Soil characteristics texture and cation
Crop type and growth Different flower crop (73)
stage species and growth stages
Application rate and The rate and method of (42, 74)
method biosolids application can ’
Environmental Temperature, rainfall and (74)

conditions soil moisture can influence
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Ornamental crop responses of treated municipal sludge
application

Crop-specific controlled trials are necessary to validate the impacts
on key productivity outcomes relative to standard practices before
advising the broad sludge adoption. Ornamental crops encompass
diverse varieties with unique growth habits, produced for aesthetic
purposes rather than human consumption (78). Sludge fertilization
consistently increases shoot heights, diameters, leaf areas and
flowering in common annual and perennial bedding plants, potted
ormamentals, cut flowers and greenery foliage (79). However,
variability among species sensitivity to loading rates highlights the
need for crop-specific calibration to avoid toxicity symptoms that
negate growth gains (80). Phytotoxic accumulations of salts,
ammonium or heavy metals manifest at different thresholds based
on crop tolerance ranges (81). Strategies like alternating sludge with
commercial fertilizers help dilute exposures while still reducing input
costs (82). Further optimizing application rates and frequencies for
key ornamental varieties would support the integration sludge into
horticultural fertility programs. Table 5. provides the effects of
municipal sludge fertilizers on ornamental crops.

Beyond direct vyield indices like biomass and flower
numbers, research also demonstrates that municipal sludge
fertilization improves the efficiency of water and nutrient use (83).
Water loss via transpiration and evaporation decreases per unit
ornamental tissue growth or area, conserving irrigation resources
(84). However, quantifying the exact economic or environmental
sustainability gains from a municipal sludge fertilizer switch
requires complete life-cycle assessments tracking costs, resource
uses and emissions across the entire ornamental production chain
(85). Integrating circular economy principles through recovering
and recycling bio-waste nutrient sources like processed municipal
sludge could provide meaningful progress towards the ecological
intensification of specialty crop systems. Further research should
analyse the full costs and benefits for nursery growers and the
surrounding community.

Municipal sludge derived from human waste sources
carries negative public perceptions regarding contaminants that
require careful education and management to overcome (86).
Approving usage on human food crops often requires higher
treatment intensities and regulatory oversight compared to non-
consumptive ornamental horticulture (87). However, observable
tissue damage, chlorosis, stunted growth or leaf necrosis from

inappropriate sludge applications or rates can devalues
marketability similarly for both edible and ornamental crops, even if
not directly hazardous to consumers (88). With proper treatment
and control of application levels, municipal sludge products can
serve as effective components of fertility programs for sustainable
ornamental crop production.

Environmental considerations in application of treated
municipalsludge

Soil contamination and odour issues

Municipal sludge may contain heavy metals (e.g. lead, cadmium
and mercury), pathogens and organic contaminants (e.g.
pharmaceuticals and personal care products) that can accumulate
in the soil and potentially contaminate groundwater and surface
water (13, 89). Despite secondary treatment, anaerobic digestion,
composting and disinfection, municipal sludge retains higher
contaminant levels than commercial inorganic fertilizers, which
require control and monitoring during land application (32). Proper
treatment and regulation of sludge quality are essential to minimize
these risks. Untreated or improperly stabilized sludge may release
offensive odors during land application, causing a nuisance to
nearby communities (90).

Greenhouse gas emissions and nutrient loading

The decomposition of organic matter in sludge can release
greenhouse gases like methane and carbon dioxide, contributing to
climate change (91). Life-cycle assessments estimate that each
metric ton of sludge applied to land preserves approximately 0.5
metric tons of carbon dioxide-equivalent emissions relative to
traditional disposal methods and commercial nutrient
replacements (92). Land application also constitutes a lower carbon
strategy for municipalities compared to incineration and landfilling,
depending on waste transportation distances (93).

Excessive application of sludge can lead to nutrient loading
(e.g. nitrogen and phosphorus) in water bodies, causing
eutrophication and algal blooms (94). Utilizing residual biosolids for
crop fertility can substitutes for a portion of commercial inorganic
fertilizers, reducing environmental impacts from manufacturing
and transporting these synthetic inputs (95). Adhering to loading
rate ceilings, soil concentration thresholds, crop restrictions,
management practices and other safeguards helps mitigate health
and ecological risks - which require continued vigilance with long
term municipal sludge fertilizer usage (28).

Table 5. Effects of municipal sludge fertilizers on ornamental crops (50-52, 54)

Ornamental crop Sludge treatment

Key effects on crop

Bedding plants Composted

Potted ornamentals (Spathiphyllum,

Anthurium) Anaerobically digested

Cut flowers (roses, gerbera, lilium) Dried

Landscape plants (trees, shrubs)

Orchids Dewatered cake
Chrysanthemums Anaerobically digested
Carnation Pelletized
Gladiolus Composted spikes
Tuberose Raw sludge
China aster Vermicompost
Gerbera Thermally dried

Composted with dairy manure

Increased growth indices; toxicity symptoms at high application
rates

Enhanced flowering and biomass; optimal at moderate
fertilization rates

Improved yield components; potential accumulation of Na, Cl,
heavy metals

Increased growth indices; effective peat substitute in potting
media

Increased plant height, leaves, roots; higher spike counts
Increased yield, flower size and stem strength
Enhanced productivity and postharvest quality
Augmented corms size, spikes

Increased flowering traits
Higher growth, yield parameters

Improved vase life of cut flowers
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Economic considerations in application of treated municipal
sludge

Farmers also save costs compared to directly purchasing and
applying comparable amounts of other organic amendments like
animal manures. Municipal utilities can also reduce operational
costs for wastewater treatment by hundreds of thousands to
millions of dollars annually by recycling sludge as fertilizer instead of
using landfills or incinerators (96). Indirect benefits like soil quality
enhancement leading to higher crop productivity over subsequent
seasons also accrue with municipal sludge land application (97).
Overall, the reuse of human waste streams like treated municipal
sludge to grow agricultural crops supports multiple sustainability
goals if properly managed.

Transporting sludge from treatment facilities to application
sites, along with the associated labor and equipment costs, can be
significant, especially for long distances. Acquiring and managing
land for sludge application, including site preparation, monitoring
and maintenance, can be costly (98). Properly treated and
processed biosolids can be sold or used as a soil amendment or
fertilizer, generating revenue and offsetting some costs (99). Land
application of biosolids can be more cost-effective than disposal
methods like landfilling or incineration, depending on local
regulations and transportation distances.

Proper treatment and stabilization of municipal sludge to
meet regulatory standards can be costly, involving processes like
anaerobic digestion, composting or thermal drying. Overall, the
reuse of human waste streams like treated municipal sludge to
grow agricultural crops supports multiple sustainability goals if
properly managed.

Future outlook

Increased urbanization and global population growth will drive the
demand for sustainable biosolids management solutions
worldwide, fostering international collaboration and knowledge
sharing (100). Strategic partnerships between municipal
wastewater authorities and agricultural producers/retailers could
promote the development of more extensive collection and
distribution networks to increase accessibility to these organic
fertility sources. Advances in treatment technologies may also
further expand future reliance on municipal sludge fertilizers by
reducing contaminants or improving stabilization. Emerging
techniques like pyrolysis, wet oxidation and microwave irradiation
offer the potential to reprocess residual sludge from initial
treatments into safer biochar or activated carbon fertilizers.
Combining composting with anaerobic digestion or chemical
amendments may accelerate stabilization pathways as well.

Understanding public perceptions and developing
educational communications is another avenue for facilitating
adoption of municipal sludge fertilizers in agriculture. Strategic
social marketing framed around resource efficiency and soil health
may help overcome initial aversions. Demonstration sites
displaying vigorous plant growth can also convince skeptics on
performance when scientific testimonials fail.

Continuing research on maximizing agronomic efficiency
and minimizing trade-offs will determine future roles for processed
organic waste amendments in regenerative agriculture.
Ornamental horticulture can provide initial niche markets for
scaling reuse systems before expanding into crops directly

supporting human nutrition. Scientifically aligning technological,
environmental and social spheres will enable sustainable
transitions for municipal sludge from discharged effluent back into
living soils.

Conclusion

The application of treated municipal sludge, or biosolids, as an
organic amendment in flower crop production offers both
benefits and potential risks. On the positive side, biosolids are rich
in essential nutrients like nitrogen, phosphorus and potassium,
which can enhance the growth, flowering and yield of flower
crops. Additionally, the organic matter content in biosolids can
improve soil structure, water-holding capacity and cation
exchange capacity, creating a favourable growing environment.
However, the presence of heavy metals, pathogens and other
contaminants in biosolids poses potential risks to flower crop
quality, human health and the environment. To mitigate these
risks and maximize the benefits, strict regulations, proper
treatment processes and careful monitoring are crucial. Factors
such as crop type, growth stage, application rate, method and
environmental conditions also influence the effectiveness and the
potential risks of biosolids application. Ultimately, while biosolids
can be a valuable organic amendment for flower crop production,
their use requires careful consideration, adherence to best
management practices and a thorough understanding of the
specific requirements and sensitivities of the flower crops being
cultivated.
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