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Abstract

With rapid urbanization, the generation of municipal solid waste is growing, placing
ever-increasing pressure on cities to close, remediate and repurpose landfill sites in envi-
ronmentally sustainable and climate-adaptive ways. Traditional landfill final covers such
as compacted clay and geosynthetic systems are intended to limit infiltration; yet their
conceptual designs often fail in performance longevity due to effects such as desiccation,
settlement, root intrusion, freeze–thaw cycling and extreme rainfall. Phytocapping, or
evapotranspiration/store-and-release cover technology is the use of vegetated soil profiles
to provide storage for percolating rainfall, return water to the atmosphere through evap-
otranspiration and support biologically mediated oxidation of methane. Phytocapping
is a green-inclusive nature-based climate adaptation strategy for urban landfill closure.
This study explores hydrological performance, methane mitigation, ecological co-benefits,
economic feasibility, climate sensitivity, monitoring requirements and regulatory barriers
linked to phytocapping systems. Field evidence is strongest in Australia and the United
States, especially through ACAP- and A-ACAP-style programs, while evidence from humid
tropical, monsoon, freeze–thaw and low-resource urban contexts is comparatively lacking.
As reported in published studies, well-designed phytocaps can result in reduced percola-
tion compared to traditional clay caps. Reported publications also mention considerable
construction-cost savings, depending on site conditions and design assumptions. Methane-
related outcomes vary by measurement method and site context, with studies reporting
surface flux reductions, methane oxidation and landfill gas attenuation as distinct perfor-
mance indicators. These advantages are counter-balanced by design uncertainties that vary
from site to site, limited long-term monitoring data, climate transferability concerns, and
regulatory systems still firmly anchored in prescriptive low-permeability barriers. This
review proposes a policy-oriented analytical framework that bridges the gap between
technical performance evidence, urban co-benefits, staged monitoring and performance-
based landfill closure regulation. As such, phytocapping should be considered not as a
general-purpose substitute for engineered covers, but as a climate-responsive nature-based
solution that can complement urban waste servicing infrastructure, ecological restoration
and adaptive governance of landfills when properly designed, monitored and regulated.

Keywords: phytocapping; nature-based solutions; ecological restoration; climate policy;
evapotranspiration covers; landfill closure; urban waste management; landfill gas mitigation;
climate resilience
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1. Introduction
The global MSW crisis highlights the importance of an integrated, climate-conscious

approach to waste management. Despite the increasing volumes of waste generated
worldwide, governments need to invest in waste reduction, segregation, recycling, and
infrastructure and policies for safe disposal [1]. The shift of waste from landfills to recycling
and incineration can reduce environmental footprints in high-income countries. Still, such
solid waste management practices must be adapted to low- and middle-income countries
with financial aids, technology transfer and local implementation [2]. Sustainable MSW
management is therefore essential for public health, environmental preservation and the
global climate objective.

1.1. Urbanization and Environmental Impacts

The rapid global urbanization has led to an unprecedented municipal solid waste
(MSW) crisis, with cities globally producing about 2.1 billion tonnes of MSW per year, a
number expected to increase to 3.4 billion tonnes by 2050 [3]. Mismanaged waste con-
tributes to climate change. When organic waste decomposes anaerobically in landfills,
it produces methane-rich biogas. Landfills are responsible for over 15% of worldwide
anthropogenic methane emissions and for 17–19% of greenhouse-gas emissions in the
United States [4]. Methane, a greenhouse gas, is far more potent than CO2 (with a global
warming potential 28–36 times that of CO2 over 100 years) [5]. Managing emissions is
complex because it depends on waste composition, climate and gas collection efficiency.
Landfill gas migration may be dangerous to human health, as methane and trace amounts
of volatile organic compounds can accumulate in buildings near a landfill or, under certain
conditions, form an explosive mixture [4].

Urbanization also exacerbates soil and water contamination through leachate forma-
tion (polluted liquid that results when rainwater runs through waste). Dump moisture
content, infiltration rates and cover quality govern both the amount and character of
leachate. High precipitation or poor covers lead to increased leachate output [6]. Tradi-
tional caps (clay, geomembranes) aim to minimize infiltration, but inadequate maintenance
and subsequent cracking can increase infiltration and leachate production [7]. Leachate thus
generated passes into the topsoil strata, while unlined/unsealed sites allow percolation be-
neath, resulting in groundwater that carries heavy metals and pathogens [6]. Consequently,
poorly sealed landfills not only allow for greater leachate generation but also pose a greater
danger to surrounding human populations and natural systems.

In turn, environmentally friendly options like evapotranspiration covers (phytocaps)
are being developed. These nature-based systems utilize a layer of vegetated soil to
maximize rainfall interception and storage, whilst minimizing infiltration, and release the
captured rainfall back into the atmosphere through evaporation and plant transpiration [7].
Well-designed phytocaps can reduce leachate generation, increase methane oxidation in
the cover, and also provide ecosystem services—creating habitats and sequestering carbon.
Introduction of such holistic strategies could help to alleviate some of the environmental
repercussions of the urban waste crisis.

The present paper is an integrative literature review which highlights the application
and progress of phytocapping as a sustainable nature-based solution for climate-resilient
landfill closure in various MSW management contexts. The specific objectives of this review
are to: (i) collate published evidence on hydrological performance, design parameters and
ecological co-benefits of phytocaps across different climatic contexts; (ii) examine field-scale
case studies—including the United States Alternative Cover Assessment Program (ACAP)
and the Australian Alternative Cover Assessment Program (A-ACAP), assessing implemen-
tation experience and regulatory uptake in these countries; (iii) identify technical challenges,
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climate vulnerabilities and institutional barriers that constrain more widespread adoption
of phytocapping technology; and finally, (iv) identifying priority research directions to
promote sustainable, adaptive waste management practices.

1.2. Landfill as a Predominant Strategy

Generation of municipal solid waste has been increasing rapidly, and landfilling is a
dominant method of disposal. According to a recent waste management guide, sanitary
landfills are proven technologies in low- and middle-income countries because of the high
costs of infrastructure and operations for other strategies [3]. Transport and disposal of
waste by means such as incineration or anaerobic digestion involve significant capital costs
and operational requirements, and are consequently rarely used in low-income areas [8].

Landfilling is favored due to cost and simplicity. The cost of integrated waste man-
agement operations in high-income countries exceeds USD 100 per tonne, whereas in
lower-income countries it is approximately USD 35 per tonne [3]. The operation and
maintenance of incineration and other advanced technologies are complicated, so they
are not readily affordable for many municipalities. Therefore, landfills offer a relatively
inexpensive and straightforward means of disposing of residual waste and by-products
from other treatment operations [9]. But when sanitary landfills are not constructed as
engineered facilities, they rapidly transform into open dumps, leaking hazardous materials
into the soil and groundwater and emitting greenhouse gases [3].

As shown in Figure 1, a well-designed sanitary landfill is lined with an impermeable
(compacted clay and/or a synthetic geomembrane) liner to prevent leachate migration into
groundwater, has leachate collection and treatment systems, gas control systems, and daily
cover [6].

Figure 1. Schematic diagram of a sanitary landfill.

Conventional caps are built using low-permeability materials (such as compacted
clay layers or geosynthetic membranes, for example, high-density polyethylene) to isolate
the waste, limit water infiltration and reduce gas release. If not maintained after closure,
stormwater can percolate through the waste, creating leachate and increasing methane
production [6]. Accordingly, good post-closure monitoring and capture are necessary to
safeguard human health and the environment. In general, landfilling will remain a key
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component of waste management because it is a low-cost, straightforward method of
disposal [10].

1.3. Limitations of Conventional Covers

In conventional landfill closure, compacted clay caps or geomembrane liners are used
to form a low-permeability cover that isolates the waste. The production of such materials
is expensive and requires strict quality control, even though their long-term performance is
unknown [11]. A pilot field project conducted by the Maine Department of Environmental
Protection in the US on four municipal landfill covers found that, over time, the hydraulic
performance of all soil barriers decreased. The study also found that compacted soils alone
are insufficient for high containment, as most barrier soils ultimately degrade to a hydraulic
conductivity of approximately 1 × 10−5 cm s−1, which is somewhat less than regulatory
targets [12]. Clay caps are more expensive than natural covers. Research undertaken in
Australia showed that phytocaps cost 35–72% less than a traditional compacted clay cap
while providing equivalent or superior containment and protection [13].

Seasonal water deficiencies and long-term desiccation cause shrinkage cracks in clay
caps, which remain open even after re-wetting, thereby promoting hydraulic conductiv-
ity [12]. In addition, frost and thaw, root penetration and differential settlement accelerate
deterioration. Cyclic freezing causes pore-water expansion and soil matrix relaxation. Thus,
freeze–thaw cycles increase void ratios and enhance hydraulic degradation [14]. When
vegetation is added on top of the compacted clay layers, roots can take up soil moisture,
which then dries, creating preferential flow paths [15]. Settlement of the waste layer induces
flexure and shear stresses in the capping layer, leading to cracking and adversely affecting
the cap’s performance [16].

Very low cracking resistance of compacted clay was observed in bentonite–sand liners,
where minor bending and slight variations in moisture content induced fractures that
became channels for surface water and landfill gas—differences in settlement led to tension
fractures due to deformations [17]. Field measurements revealed that conventional covers
often do not perform as anticipated in semi-arid and arid areas; desiccation cracks and
plant-root holes significantly enhance permeability [18]. Climate-induced drying, freeze–
thaw cycling, root ingress and settlement can cause barrier layers to deteriorate over several
decades, potentially leading to higher leachate and gas emissions [14]. Construction of long-
lasting, nature-based (resilient) covers that support evapotranspiration, such as phytocaps,
is crucial to maintaining advanced landfill security in a changing climate.

As such, closed and closing landfills should not simply be considered as engineered
containment systems but rather more holistically as persistent elements of municipal land
use, climate-risk and green-infrastructure planning from an urban science perspective.
Many landfill sites are within or near urban centers that have recently expanded, and their
continued management after closure often influences groundwater protection, greenhouse-
gas mitigation, ecological restoration, public amenity and the reuse of disturbed land. This
means that landfill closure is primarily an urban sustainability challenge involving multiple
disciplines instead of a specialty geotechnical or waste-engineering problem. Phytocapping
is pertinent to this issue as it integrates hydrological regulation, vegetation-mediated
restoration and potential landfill gas attenuation into one living cover system. Nonetheless,
its applicability is variable and context-dependent, hinging on local climate, soil properties
and vegetation performance as well as monitoring capability and regulatory acceptance.
This paper reviews phytocapping both as a landfill cover technology and nature-based
urban waste-management strategy that necessitates performance-based assessment and
adaptive governance.
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2. Methodology
2.1. Review Design and Reporting Framework

This study took the form of an integrative literature review to synthesize evidence
on phytocapping as a nature-based solution for climate-resilient landfill closure in urban
and municipal solid waste management applications. Due to the multidisciplinary nature
of phytocapping research, which involves aspects from environmental engineering, soil
science, hydrology, plant ecology, landfill gas management, climate adaptation, urban
land-use planning and regulatory policy, an integrative review approach was chosen. In
contrast to systematic reviews or meta-analyses that pertain to a designated intervention–
effect relationship and similar quantitative outcomes, an integrative review can incorporate
empirical field trials, modeling studies, technical guidance documents, policy reports
and theoretical contributions into a single synthesis. This, therefore, seemed a valuable
approach to assess phytocaps not only in terms of their technical function but also in
terms of ecological co-benefits, climate sensitivities regarding barriers and feasibility for
incorporation into performance-based landfill closure governance.

The integrative review framework of Whittemore and Knafl was utilized to guide
the process, including five main stages: problem identification; literature search; data
evaluation; data analysis and presentation of findings [19]. We used this framework to
move the review beyond a descriptive listing of studies and into a structured synthesis of
the evidence base. The problem-identification stage in this study used phytocapping as a
climate-responsive alternative to conventional low-permeability landfill cover that needs
evaluation. The literature-search stage produced peer-reviewed and grey-literature sources
of evidence relating to phytocap performance, design, monitoring and uptake by policy-
makers. The data-evaluation stage evaluated the relevance and evidence strength of the
retained sources. The data-analysis phase arranged the disaggregated evidence according to
thematic classifications: hydrological effectiveness; methane mitigation potential; eco- and
urban co-benefits; economics (costs); climate vulnerability knowledge gaps and regulatory
constraints. Finally, the results are presented in a more conceptual and policy-wise synthesis
bolstered by an adjusted SWOT-based analytical framework.

The guidelines for the identification and selection of literature were guided by PRISMA
2020 to enhance readability and reproducibility. PRISMA was not used to define the review
as a systematic review or meta-analysis, but rather it was employed as reporting guidance
for documenting the incubation identification and screening process (how records were
identified, screened, excluded and included). Therefore, a PRISMA-style flow diagram was
prepared to illustrate the number of records identified from databases and grey-literature
sources, and the number of duplicates removed, the total number hand-screened by title
and abstract only, the total amount studied in full-text format, along with reasons for
exclusion and how many sources were included in the synthesis [20]. Combining these
approaches allowed the review to have the balance of flexibility and breadth associated with
an integrative review, while addressing some of the need for a transparent and auditable
search and resource selection process.

The methodology was thus built around four principles that (a) explicit review ques-
tions were created to guide the synthesis, (b) database and grey-literature searches were
recorded using defined search terms, Boolean combinations and search dates, (c) inclusion,
exclusion as well as screening and data-extraction procedures were specified clearly; (d) the
literature retained was identified with region of study, study type or climatic context. It of-
fers a clearly justified basis for determining how phytocapping may fit into climate-resilient
urban waste management policy.
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2.2. Research Questions

The questions were defined to capture the articles beyond a mere descriptive catalogue
of landfill engineering studies, instead probing how evidence on phytocapping can help
facilitate the transition from prescriptive barrier-based landfill closure systems towards
performance-based climate-resilient and nature-based approaches in municipal waste
infrastructure.

The primary research questions were:
RQ1. How to position phytocapping as a nature-based climate-resilient solution for

landfill closures in an urban municipal solid waste and policy framework?
RQ2. What are the knowledge gaps regarding hydrological, landfill gas, ecologic and

economic performance of phytocaps relative to conventional cover systems?
RQ3. Under what climatic, soil, vegetation and landfill-management contexts do

phytocaps perform well or poorly?
RQ4. What are the existing technical, climatic, monitoring and institutional barriers to

wider uptake of phytocapping practice for landfill closure?
RQ5. What performance-based evidence, designs and regulatory pathways can sup-

port integration of phytocapping into wider practice?
These questions, taken together, formed the analytical framework of this review. RQ1

was guided by the research questions and helped situate contributions of the overall paper
to urban science by connecting phytocapping with climate-resilient municipal infrastruc-
ture and nature-based solutions. RQ2 provided a basis for the synthesis of evidence on
percolation control, methane mitigation and ecological restoration, and cost reduction. The
third research question (RQ3) examined whether phytocap performance is site-specific and
sensitive to climate, particularly the transferability of findings from well-studied sites in
Australia and the United States to humid tropics, monsoon, freeze–thaw or low-resource
contexts. The review was guided by practical implementation constraints (RQ4) related to
uncertainty in soil and vegetation design, long-term monitoring requirements and institu-
tional resistance to non-prescriptive landfill closure methods. RQ5 focused the synthesis
on policy-related outcomes of phased monitoring, performance indicators and adaptive
management that could enhance regulation confidence in phytocapping as a long-term
closure alternative.

2.3. Search Strategy and Information Sources

A systematic literature search was conducted to identify peer-reviewed studies, tech-
nical reports, regulatory guidance documents and policy-relevant literature on phytocap-
ping and similar evapotranspiration-based landfill cover systems. The search focused
on three major domains of evidence: (1) the technical evidence addressing landfill cover
hydrology, percolation and leachate control; methane oxidation; and vegetation or soil
media/ecological restoration/climate resilience studies; (2) studies relevant to waste man-
agement addressing landfill closure regulation, monitoring requirements, infrastructure,
cost implications and performance-based policy.

Scopus, Science Direct and Google Scholar databases were searched for peer-reviewed
literature. The phytocapping literature is scattered across environmental engineering,
waste management, soil science, hydrology, ecological engineering, nature-based solutions
and urban sustainability journals, which would have affected the results if a specific
journal database were used. Google Scholar was the additional source used to find out
interdisciplinary publications, conference papers and reports that perhaps were not indexed
in Scopus or Science Direct.

The searches went from March 2025 to 25 January 2026, and an update verification
search was carried out on 10 March 2026 to reflect newer literature published later in 2026.
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The searches were restricted to publications in English only. No geographical limitation
was set, as the objective of the review was to compare evidence from diverse climatic and
socio-economic contexts.

Grey literature was also included because landfill closure practice is heavily influenced
by technical guidance, regulatory programs and government-sponsored demonstration
projects. Grey-literature sources were identified using institutional and regulatory websites
and included the United States Environmental Protection Agency (US EPA), Interstate
Technology and Regulatory Council (ITRC), Australian Alternative Cover Assessment
Program (A-ACAP), as well as various Australian state environmental protection agencies
and selected waste-management authority reports.

Grey-literature retrieval was carried out alongside controlled database searching.
Search terms were applied to titles, abstracts and keywords in bibliographic databases
where the database allowed. The search terms included varieties of: phytocapping, evap-
otranspiration cover, ET cover, alternative landfill cover (e.g., store-and-release cover),
landfill final cover, municipal solid waste landfill, leachate, percolation, methane oxidation,
landfill gas, nature-based solution, climate resilience in urban waste management, ecolog-
ical restoration and performance-based regulation. The search strategy was deliberately
broad as phytocapping is described using various terms in different regions and disciplines.

Additional sources were identified through a manual screening of the reference lists
contained within key review papers, field trials, technical guidance documents and pro-
gram reports. The ability to track these backward snowball works was especially important
for identifying relevant foundational studies associated with the US Alternative Cover As-
sessment Program (ACAP), Australian Alternative Cover Assessment Program (A-ACAP)
and early evapotranspiration-cover design studies and landfill gas bio-oxidation literature.
Forward citation checking was also conducted selectively on highly relevant foundational
papers to identify recent applications, critiques or re-evaluations. The information sources
used in the review is tabulated in Table 1.

Table 1. Information sources used in the review.

Source Category Purpose Approach

Scopus Peer-reviewed literature

Phytocapping, landfill closure,
environmental engineering,
hydrology, landfill management,
waste management, soil engineering

Title, abstract, keywords
using Boolean
combinations

Google scholar Peer-reviewed,
supplementary literature Interdisciplinary courses Keyword search, screened

by relevance

Science Direct Peer-reviewed literature

Phytocapping, landfill closure,
environmental engineering,
hydrology, landfill management,
waste management, soil engineering

Title, abstract, keywords
using Boolean
combinations

US EPA, ITRC,
A-ACAP

Regulatory documents,
technical guidance,
program evidence

Field-trial data, alternative landfill
cover guidance, landfill closure
policy, performance-based
regulations, closure standards

Targeted search,
snowballing

Reference list and
citations tracking

Peer-reviewed and
supplementary literature Additional sources identification Snowballing

The completed search strategy was therefore a combination of database searching,
grey-literature retrieval and citation tracking. This method was deemed suitable for an
integrative review as the evidence base consists of peer-reviewed articles, technical pro-
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gram outputs, design guidance and regulatory documents rather than solely standard
journal articles.

2.4. Eligibility Criteria

Gathered literature is screened before seclection using the eligibility criteria as shown
in Table 2.

Table 2. Eligibility criteria for screening sources.

Type Included Sources Excluded Sources

Topic relevance
Phytocapping, landfill management,
evapotranspiration covers, alternative landfill final
covers, solid waste management, landfill regulations

Leachate treatment, recycling and
waste processing, and conventional
landfill liner designs

Evidence Numerical values on percolation, methane ingress,
drainage, soil-water storage and cost of construction

Generalization without evidence
support

Language English language sources Non-English-language sources

Location All regions No exclusion by geography

Study mode Reviews, field trials, empirical formations, lab works,
modeling studies, policy formulations, design criteria Documents without clear provenance

Policy documents Landfill closure, performance-based regulations Waste policies unrelated to landfill
closures or phytocapping

2.5. Screening and Selection

All the literature retrieved as discussed above was stored in a reference management
software (EndNote 21.2) as a single library, and the duplicates were omitted. Further
manual screening was conducted to check if the same studies appeared in more than one
format, and the most technically detailed one was retained.

In the literature retrieval, screening was conducted in two stages. First, the topic and
abstracts were screened according to the eligibility criteria described in Section 2.4 above.
Then, the full texts were assessed to determine whether they provided usable evidence in
at least one major synthesis domain.

The following PRISMA-style source selection flow diagram as shown in Figure 2
summarizes the number of records identified, duplicates removed, records screened, full
texts assessed and records excluded with reasons and final sources included in the synthesis.

2.6. Data Extraction

Data extraction was performed using the following template as shown in Table 3
and then grouped thematically to support the identification of relevant sections of each
extraction within the manuscript.

Table 3. Data extraction template.

Category Extracted Information Purpose Within the
Manuscript

Study type
Review, modeling work, regulatory
documents, field studies, technical
documents, program reports

Strengthening with evidence in each
section

Cover/closure systems
Characteristics, limitations, costs, and
maintenance requirements of each
cover type

Compare and contrast against ET covers
throughout the manuscript, SWOT analysis
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Table 3. Cont.

Category Extracted Information Purpose Within the
Manuscript

Geography and climate Climatic region, potential
evapotranspiration, geographic region

Assess the transferability across different
climatic and geographic zones

Bibliographic information Author, year, title, journal/report type,
publication outlet Source tracking and snowballing

Hydrological performance Percolation, soil-water storage,
evapotranspiration, and leachate

Strengthening the applicability of
alternative cover systems

Methane-related facts Methane oxidation, gas attenuation Strengthening the applicability of
alternative cover systems

Regulatory and policy
Performance-based criteria, compliance
requirements, threshold limits, monitoring
and testing requirements

SWOT analysis, compare alternative
covers; performance against traditional
covers

Ecological and urban
co-benefits

Post-closure land use, green space,
biodiversity, erosion control, rehabilitation

Strengthening the phytocaps paradigm in
urban science

Economic implications Capital investment, monitoring
requirements, and maintenance costs Economic adoption potential

Limitations
Lack of long-term evidence, study
duration, modeling assumptions, climate
specificity, etc.

Balanced discussion and SWOT analysis

Figure 2. PRISMA-style source-selection workflow used to document the identification, screening,
eligibility assessment and inclusion of sources for the integrative review.

2.7. Quality and Relevance Appraisal

Sources were assessed for relevance, credibility and applicability to the review ques-
tions instead of undergoing a formal quantitative risk-of-bias assessment because the review
included a wide range of evidence types (field trials, modeling studies, technical guidance
documents, regulatory reports and review papers). For each source, their relevance to phy-
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tocapping or evapotranspiration-based landfill covers, how clearly the methodology was
reported, whether performance evidence was available, if they reported site and climate
context and whether they contributed to understanding practices for design, monitoring or
policy was evaluated. Higher weight was assigned to peer-reviewed field studies, long-term
monitoring programmes or published guidelines and regulatory documents that reported
methods and performance data clearly. Sources which provided little methodological detail
or were limited to particular site-specific findings but offered useful contextual/conceptual
insights were retained, though synthesis incorporated their limitations.

2.8. Evidence Synthesis and Analytical Framework

The owing Figure 3 shows the analytical framework used to synthesize the phyto-
capping literature and translate technical evidence into climate-resilient urban landfill
closure policy.

Figure 3. Analytical framework used to synthesize the phytocapping literature and translate technical
evidence into climate-resilient urban landfill closure policy.

2.9. Corpus Characteristics

The final review corpus comprised 67 peer-reviewed journal articles, technical reports,
regulatory guidance documents and conference papers. The majority of the robust field-
based evidence was based in Australia and US, primarily through assessments conducted
by the A-ACAP and ACAP programs, while supplementary evidence was identified from
Europe, Asia and other regions. Retained settings included arid, semi-arid, subtropical,
temperate and humid climatic conditions, but humid tropical, monsoon, freeze–thaw and
low-resource urban data were limited. The corpus comprised studies related to hydrological
performance, methane emissions, mitigation potential, soil/vegetation design, ecological
restoration, cost implications, monitoring requirements, and regulatory limits.

3. Phytocapping Technology as a Nature-Based Solution
3.1. Concept and Mechanism

“Phytocapping” is a type of landfill cover that allows a soil–plant system to manipulate
water and gas fluxes. It can replace the low-permeability barrier layers seen in traditional
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covers. The key notion is that rainwater infiltrates into the soil layer, where it accumulates
and is subsequently lost by evaporation from plant activities and transpiration, gradually
moving toward an impermeable line [21]. This capping system is identified as evapotran-
spiration (ET) covers, soil-plant covers, and store-and-release covers, since the cover acts
as a ‘bio-pump’ in which soil acts as a pump, absorbs and retains rainwater, and releases
it back to the atmosphere through evapotranspiration, preventing further percolation of
water into the waste layer [13]. The plant community becomes a “biological pump,” re-
turning retained water to the surface and facilitating soil dry-out between rains. This is a
significant difference from standard landfill covers, which depend on compacted clay or
plastic barriers to reduce water infiltration. Compacted clay barriers deteriorate over time
due to repeated shrinkage cracking and root penetration [10]. The barrier’s efficacy deterio-
rates, leading to increased leachate formation and higher greenhouse-gas emissions. This
structural problem is less likely in phytocaps, and it has additional ecological benefits [10].

The hydrological mechanism of a phytocap is regulated by the site’s water balance.
Rainfall that lands on a phytocap can take several pathways; some are intercepted by
vegetation and evaporated directly from plant surfaces, some infiltrate the soil where they
are stored in pore spaces, and some run off the surface or are lost as transpiration. In
traditional hydrology, the water balance is defined as

P = ET + R + D + ∆S

where P is precipitation, ET is evapotranspiration, R is runoff, D is percolation and ∆S
is the change in soil water storage [13]. Phytocapping aims to maximize the water loss
components, using ET and soil storage, while minimizing drainage flow into waste. Field
studies have documented that ET frequently accounts for >75% of annual rainfall, while
runoff accounts for <10%; this leaves <20% of the year’s rainfall available to percolate
into the waste layer [10]. An experiment carried out at a semiarid landfill in Colorado
revealed that a phytocap using a 1.22 m clay loam and local native prairie grasses produced
negligible deep drainage when modeled over many years [22].

Another case from Australia reported that 1.4 m and 0.7 m phytocaps achieved per-
colation rates of 16.7 and 23.8 mm yr−1, respectively, far lower than the 78 mm yr−1 for a
conventional clay-capped landfill site [10]. Figure 4 schematically shows the hydrological
process of a phytocap.

Soil selection and thickness are also crucial for the function of a phytocap. An effective
phytocap utilizes a porous substrate with sufficient water-holding capacity; thicker soils
can store water during wet periods and release it slowly through evapotranspiration [13].
Soil properties such as texture and available storage capacity allow phytocap covers to
store water until it is transpired or evaporated [23]. Thickness must be optimally adjusted
to prevent saturation and percolation-free water during the dormant season when plant
demand is low. For instance, a study conducted of a Fort Carson phytocap cover showed
during winter it stored water and released it back during the growing season [24]. Con-
versely, excessively thick soil may delay the return of water back to the atmosphere and
lead to anaerobic conditions that inhibit methane oxidation [25]. Therefore, site-specific
design is required: the phytocap must be transferred, not replicated, because every landfill
has unique climate, soil and vegetation conditions [26].

Vegetation has several hydrological functions. First, the canopy intercepts rainfall,
reducing the amount that reaches the soil [10]. Second, roots take up soil water and tran-
spire it back to the atmosphere. Third, root growth enhances soil structure and porosity,
promoting infiltration and oxygen diffusion [27]. Vegetation offers more than just aesthetic
appeal; it also plays a crucial role in improving phytocap performance. For instance, in the
semiarid Fort Carson phytocap cover, warm and cool season prairie grasses, which together
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achieve maximum transpiration throughout the year, were selected [24]. Biosolids applica-
tions, mulching and supplemental irrigation were used as management practices to ensure
rapid and sustained establishment of the plant cover [28]. Most native species have high
transpiration rates and deep roots, making them suitable for phytocaps across a range of
climates. A variety of plant species enhances the system’s stability and resilience, ensuring
continuous water uptake. An Australian trial found that trees on a 1.4 m phytocap intercept
about 30% of rainfall and transpire at rates of 1–2 mm d−1, reducing infiltration [10]. The
selection of appropriate species and proper maintenance are essential considerations for a
phytocap. In addition to hydrological control, phytocaps mitigate landfill gas emissions.

Figure 4. Soil–plant–water–atmosphere flow diagram.

For the traditional barrier caps, landfill gases accumulate beneath the cap, requiring
active collection and release systems. But the phytocap soil layer serves as a biofilter,
creating aerobic conditions ideal for methane-oxidizing bacteria [29]. Porous biotic covers
facilitate methane oxidation, thereby reducing greenhouse-gas emissions [30]. Root activity
promotes soil microbial action, enhancing gas diffusion and boosting methane oxidation
rates [31] (Preprint). Phytocaps reduced methane emissions by four to five times more
compared to conventional caps [10]. This combined function of preventing percolation
and mitigating landfill gas emissions underscores the sustainability and suitability of
nature-based solutions over synthetic approaches for addressing environmental concerns.

Despite the multiple benefits, phytocap performance is climate-dependent. In arid and
semi-arid climatic regions, evapotranspiration is comparable to the annual rainfall, making
phytocaps effective [25]. In humid climates, thick soils or auxiliary drainage are preferred to
avoid saturation due to higher rainfall [26]. In either case, site-specific design ensures that
the soil storage capacity and vegetation transpiration are equal to the local precipitation
regime. Severe events, such as prolonged droughts or heavy rainfall, may stress vegetation,
temporarily increasing percolation. Designers may schedule supplemental irrigation or
drought-tolerant species to maintain vegetation during dry periods and to provide some
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porosity to absorb rainfall without excessive leakage. To ensure the long-term performance
of phytocaps, regular monitoring of soil moisture, percolation, and vegetation health is
recommended for adaptive management.

In conclusion, phytocapping, as a nature-based closure solution, is indeed climate-
resilient. Instead of an impermeable barrier, phytocaps use a living mechanism that includes
soil and plants to store and discharge water through evapotranspiration, keeping landfills
dry. In addition, with a porous cover medium and a plant system adapted to the envi-
ronment, phytocaps act as a bio-cover, oxidizing methane and reducing greenhouse-gas
emissions [10]. Properly designed phytocaps can achieve hydrological performance equal
to or better than conventional clay caps while costing less to build and maintain. However,
their success is subject to site-specific design, meaning that the optimum soil thickness and
substrate, and the native or drought-tolerant vegetation community in the design are re-
sponsive to local climate conditions. Hence, when appropriately configured, phytocapping
can be a sustainable solution for managing MSW landfills in a changing climate.

3.2. Design Elements

The success of a phytocap stems from the soil layer’s capacity to temporarily retain
incoming rainfall and from vegetation’s subsequent removal of this water through evapo-
transpiration [26,32]. In typical layouts, the growth medium or soil cover is a deep layer
of local soil material that covers the waste. Indigenous grasses, shrubs and trees are then
planted [25]. The soil is like a storage tank, and the plants are a biological pump; when
functioning as they usually do, the system maintains a near-net-zero water balance by tak-
ing in rain through the soil and returning it through evapotranspiration [27]. This section
summarizes technical guidance on these design elements and discusses climate adaptation
to illustrate how they combine to deliver the hydrological and ecological performance of
a phytocap.

3.2.1. Growth Medium

A primary objective in designing phytocaps is to engineer a growth medium with
adequate water-holding capacity that releases water at the desired rate of plant removal [33].
The research conducted within Australia’s A-ACAP (Australia’s Alternative Cap Assess-
ment Program) highlights that the ideal media must have a high storage capacity; given
the range of available local soil types, designers can modify the depth of growth media
to provide this necessary amount of critical storage in seasons where plant transpira-
tion is low [34]. The depths of soil employed in experimental caps range from 0.7 to
1.5 m, with thicker profiles affording more storage but also bringing higher material costs.
In other words, the designers must ensure a trade-off between hydraulic storage and
cost/stability [26]. The root systems of plants shall grow to the full depth of the growth
medium so that water in storage can be extracted; percolation is minimized by efficient
water removal and a well-developed root system [10].

A higher amount of clay may lead to shrinkage or cracking, and too much sand may
lead to drainage too quickly. A “medium” texture is necessary to provide the benefits of
storage and release [32]. Compaction level is an essential design parameter. Researchers
found that ideal compaction for phytocap soils occurs at 70–83% of modified proctor
maximum dry density (target 77%) [25]. This range provides enough pores to support
root development and water storage, but not so many macropores that the soil drains too
quickly. Over-compaction (>85% relative compaction) restricts root growth and plant water
use, while inadequate compaction (<70%) may require greater soil depth to accommodate
settlement. Field experiments on soil density showed that plant water use reached a
maximum at 76.5% relative compaction, and root length density at ~79.5%, suggesting the
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specific window of refinements was reasonable, as validated by corresponding empirical
data [27]. Particle size distribution is based on the characteristics of the borrow pit. Typically,
65% fines and 35% clay for fines-rich clayey soils is recommended for phytocapping [26].
For typical Australian phytocaps, typical Atterberg limits are LL: 31–39%, PL:21–24%,
PI: 10–16% with linear shrinkage 2.5–5.5%. These numerical values are benchmarks for
engineering a suitable soil mix for phytocaps [26].

Hydrologists also analyze the soil-moisture characteristic curve to determine the
available storage at field capacity and below which plants cannot extract water [33]. The
soil’s moisture content at 10–30 kPa matric suction, marks the maximum storage of water
without any gravitational drainage (field capacity), and the wilting point at ~1500 kPa
identifies the minimum boundaries for plant withdrawal of water. The selection of a specific
type of soil that has a field capacity corresponding to the local rainfall regime, and plant
needs is important. For example soil with a field capacity of 20–30% can hold more water
than one with a capacity of 10–15% [35]. As many disposal/reclamation sites have extremely
nutrient-poor soils, it is imperative to determine their chemical properties, including pH,
electrical conductivity, and nutrient content (organic carbon, nitrogen, phosphorus and
micronutrients). Too much of some nutrient amendments can promote weeds, so typically,
just low-fertility soils are suitable if selecting plants that like conditions to be dry and lean.
Heavy metal concentrations should also be determined in the growth medium to avoid
potential phytotoxicity [28].

3.2.2. Plant Community

Phytocaps depend both on plant canopies, which intercept rainfall and reduce the
amount of available precipitation relative to actual precipitation, and on root systems,
which extract water from the soil [27]. Plant species selection should be adapted to the soil
substrate and its microclimate, and the community composition should incorporate species
with varying rooting depths and transpiration rates to optimize water extraction [10].
Understanding soil constraints, acknowledging indigenous plant assemblages, consider-
ing site-specific factors (topography, microclimate and gas emissions), and identifying
ecological and social co-benefits are salient considerations in the selection process [36].
Species indigenous to the area usually require minimal maintenance and are drought-
and nutrient-stress-resistant. Mixtures of C3 and C4 grass species may sustain year-round
evapotranspiration, with C3 grasses predominant during cooler, more humid months and
C4 species dominant in warmer months [37]. Adding shrubs and deep-rooted trees can tap
into moisture in deeper soil layers, while grasses provide fast canopy cover and erosion
control. Biodiversity supports resilience: a plant community with greater variety is better
able to cope with pests, diseases and severe weather, for sustainable long-term-ecosystem
function [27].

Plants considered for covers need to be durable enough to survive and flourish in
landfill cover conditions. Plants may be subjected to high temperatures from recycling
decayed waste, fluctuating water conditions, low nutrient concentrations and gas emissions
in the form of landfill (methane and CO2) [29]. The Australian government advises that
drought-, flood-, alkali-, and low-fertility-tolerant species should be preferred [10]. Drought-
tolerant shrubs and grasses are preferred in semi-arid climates, while species with high
transpiration capacity and tolerance to occasional waterlogging are required in humid
climates. Some (e.g., halophytic shrubs) may be more salt-tolerant, and legumes can
increase soil fertility from nitrogen fixation [10].
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3.2.3. Climate Adaptation

Phytocap design cannot be universal for all climates but depends on site-specific
weather conditions. The quantity of rainfall penetration and potential evapotranspiration
(PET) govern the depth of the soil and the types of species to plant [26]. In regions with
much higher annual rainfall than Potential ET, thicker soils and high-transpiration species
are necessary. In arid climates, the soil may be thinner, since evapotranspiration naturally
exceeds precipitation [32]. For example, the A-ACAP trials conducted across Australia’s
rainfall zones demonstrated that a 1.4 m thick cover planted with native Eucalyptus and
Acacia in a humid subtropical climate resulted in percolation of less than 5% of rainfall. In
comparison, a 0.7 m cover was sufficient in the semi-arid region [34].

Factors related to topography and microclimate affect design. Erosion-controlling
species with firm root anchorage should be used on steeper slopes. Exposure influences
the availability of solar radiation and soil moisture; thus, in the Southern Hemisphere,
north-facing slopes receive more heat, making it necessary to use species resistant to
drought, while south-facing slopes may be seeded with species with a higher humidity
requirement [27]. It is necessary to integrate landfill gas and leachate collection systems
with vegetative cover material to prevent roots from growing into the holes of gas or piping
wells. Moisture loss and soil cracking can be inhibited with organic mulches or surface
treatments; the media should also buffer temperature swings to shield plant roots and
underlying waste.

3.2.4. Performance Monitoring

The design of a phytocap includes selecting soil and vegetation within the framework
of local climate and site limitations. An interdisciplinary team, including soil scientists,
ecologists and engineers, is needed to design nature-based solutions that achieve hydraulic
performance while also providing ecosystem services. Monitoring post-construction soil
moisture, percolation, gas emissions and vegetation health is necessary to confirm per-
formance and inform adaptive management [30]. Information from A-ACAP and other
field demonstrations indicates that properly designed phytocaps can equal or surpass com-
pacted clay caps, provide ecological benefits and offer cost savings. Nonetheless, long-term
research is required to develop design parameters further and to consider how climate
change, specifically, intensified flooding events and extended periods of drought, might
impact the functioning of phytocaps. In the future, further work should test biochar or
other soil treatments to increase water retention [38], employ mixtures of species to improve
resilience, and predict performance by developing dynamic simulations driven by data.

3.3. Maintaining Cover Integrity

Phytocapping provides a living soil–plant system attached to the landfill cap, which
could mitigate potential breakdown of its integrity due to climatic factors [27,39]. Tradi-
tional waste barrier caps made of compacted clay or geomembranes tend to deteriorate over
time due to differential settlement, freeze–thaw cycles, and desiccation-induced cracking,
thereby increasing permeability [26,40]. A study conducted by Phytolink Australia Pty Ltd.
with Central Queensland University and Rockhampton Regional Council suggests that,
as deep-rooted species mature and soil organic matter (derived from leaf litter and root
turnover) increases, nature itself will enhance water-holding capacity [25,27]. This restora-
tive response places the cap in a more harmonious relationship with natural ecosystem
dynamics [26,39].

Vegetation also enables the cap to adjust to climate variability. Sap flow in 15 native
trees at a phytocapped landfill in Rockhampton (Queensland, Australia) was measured
during a field study, and it was found that particular species, including Hibiscus tiliaceus,
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could transpire the most, ranging from 15 L day−1 after rainfall to 0.4 L day−1 during
drought [10]. This rapid response to wet–dry cycles facilitates the rapid depletion of water
reserves in trees and prevents oversaturation. Although plants allow phytocaps to operate
as an essentially self-sustaining system, a brief period of additional watering may be
necessary until the plant cover becomes established; once established, maintenance is low,
but clearing may be needed on occasion [36,39]. During extended dry periods, irrigation
may need to be reinstated to maintain viable vegetation [36,39]. In total, inclusion of a
vegetative soil layer provides a carbon-based impervious barrier that retains moisture,
making it a long-term, stable restoration component, and also benefits the development of
green cover in post-closure landscapes [27,36].

4. Benefits and Co-Benefits of Phytocapping
4.1. Hydrological Control

The viability of evapotranspiration covers (“phytocaps”) has been demonstrated at
pilot and full scale in several different climate zones [26,32]. In the USA, the Environmental
Protection Agency’s ACAP (Alternative Cover Assessment Program) assessed field-scale
water balance at several landfills. At Polson, Montana, the trial compared a conventional
composite (geomembrane/clay) and a vegetated capillary barrier system. The capillary
barrier showed only 0.8 mm of percolation over 5 years, whereas the composite barrier
showed 2.3 mm [32]. The evapotranspiration cover at Helena, Montana, a phytocap re-
ceiving approx. 290 mm yr−1 of precipitation allowed only 0.1 mm over five years. In
Sacramento, California, a 2.45 m thick monolithic cover over five years passed only 9 mm,
whilst a thin (1.08 m full growth) cover passed 100 mm, underscoring the importance of suf-
ficient storage capacity with thickness in these managed soil covers. From these and other
ACAP sites, it was determined that ET covers can achieve percolation rates < 1 mm yr−1

in semi-arid or sub-humid climates when precipitation is less than 600 mm yr−1, and the
ratio of actual precipitation to potential evapotranspiration (P/PET) is <0.6 [26].

Australia’s Alternative Cover Assessment Program (A-ACAP) confirmed the feasibility
of this nature-based solution under more significant rainfall [13,27]. Large-scale tests
in five landfills (rainfall around 1900–6600 mm) monitored water balance from 2007 to
2010. Taylors Road in Victoria, Australia (3347 mm yr−1) phytocap drained 59.9 mm
(1.8%) rainfall over 2007–2010; drainage in the final year was only 8.9 mm (0.8%) [13].
Drainage was 30.6 mm (1.6%) over 2007–2010 and 10.7 mm (1.7%) in 2010 at Southern
Waste Depot, where rainfall is 1875 mm yr−1. Stuart Landfill received 6639 mm yr−1 and
drained only 141.1 mm (2.1%; falling to 70.1 mm or 2.5% in 2010). At Wetter Lismore
(5133 mm yr−1), drainage was 140.9 mm (2.7%), decreasing to an impressive 7.3 mm (0.6%)
during the final year. Henderson (2171 mm yr−1) initially intercepted 342.2 mm (15.8%)
since vegetation was not fully developed but reduced to 15.3 mm (3.2%) after it matured.
These studies demonstrate that well-designed phytocaps can maintain percolation <3% of
annual precipitation at a greater than typical regulatory requirement of <5% [41].

These findings are also consistent with other international studies. Based on a U.S.
water-balance investigation, alternative covers in humid climates led to percolation between
33 and 160 mm year−1 (6–18% of precipitation), but the bottom line for arid or semi-arid
climates is that the median annual percolation level was less than 2.2 mm year−1 (≈0.4%);
half of the investigated cover systems allowed only <0.1 mm yr−1. Very low values include
a phytocap near Albuquerque, New Mexico, with 0.04 mm yr−1 percolation and a humid-
climate cover in Hamburg, Germany, which allowed only 3.1 mm yr−1 [32]. At semi-arid
Rockhampton, Australia, modeling and monitoring predicted percolation of 16.7 mm yr−1

for a 1.4 m cap and 23.8 mm yr −1 for a 0.7 m cap are substantially below the expected
value of 78 mm yr −1 for a conventional compacted clay cap [10].
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Together, these studies show that phytocaps are not only feasible but also have hy-
draulic performance equivalent to or better than that of conventional clay and geomem-
brane barriers across a range of climates.

4.2. Greenhouse-Gas Mitigation

Vegetated landfill covers may serve as bio-attenuation barriers, using soil microbes
and plants to mitigate greenhouse-gas emissions [36]. Traditional clay capping rarely
removes methane (CH4), so landfill gas must be effectively collected and flared; extensive
methane releases to the atmosphere occur in systems lacking active extraction [42,43].
The aerobic conditions in the root zone of a phytocap support methanotrophic bacte-
ria [44]. These organisms oxidize CH4 to carbon dioxide (CO2), which has a much lower
global-warming potential [43]. An engineered cover oxidizes only ~10% of methane,
whereas bio-cover systems can achieve approximately 90% methane oxidation by support-
ing methanotrophs [44,45]. Including ET functions in the bio-cover decreases percolation
but retains the methane-oxidizing potential [45].

Field trials in Queensland have shown that phytocaps work well. A trial monitored
the performance of two vegetated covers over waste at the Rockhampton landfill. In
this trial, the bare area emitted 0.0036 gm−2 d−1, and the phytocapped area with similar
conditions emitted 0.0007 gm−2 d−1 [27]. This is a 75–85% reduction in surface methane
fluxes. CH4 concentrations dropped from 240 ppm at 900 mm depth to <0.1 ppm at the
surface under vegetation, and the thicker cap reduced emissions by 45% more than the
other cap. This decrease is thought to be caused by increased oxygen availability in the
root zone, which promotes methanotrophic oxidation and carbon storage in above-ground
plant tissues [27]. Long-term monitoring at other sites has also found comparable results.
For instance, a (ET) landfill pilot project in Saskatchewan demonstrated 71–97% in situ
methane oxidation [44,45].

Such values should be interpreted carefully in that they refer to different methane-
related performance indicators. Surface methane flux reduction indicates the amount of
gas reduced at the cover surface; methane oxidation efficiency represents a measurement
of how much gas is biologically oxidized within the cover soil, and net greenhouse-gas
mitigation reflects larger site-specific context such as: total gas generation, fraction of
generated gas collected, oxidation capacity, vegetation condition and monitoring method.

The plants of a phytocap represent an additional carbon store. Trees and grasses take
up CO2 during photosynthesis to form carbon in above-ground biomass and roots [27].
Although the long-term sequestration potential of carbon in phytocaps is not well doc-
umented, it supplements methane emissions mitigation [27]. These co-benefits (passive
methane oxidation and long-term carbon sequestration) could provide a net reduction
in greenhouse-gas emissions from phytocapping, even without additional active gas col-
lection [27], which is especially important in developing countries where landfill gas
infrastructure may be inadequate [42,43].

The ability of phytocaps to mitigate methane is related to the interactions between
vegetation and soil structure and microbes in it. It is known that plant roots can enhance
soil aggregation, generate preferential oxygen-transfer pathways and have an inevitably
more aerated rhizosphere to support the survival of methanotrophic bacteria that oxidize
methane before it emits to the atmosphere. Dense fibrous roots will improve very-near-
surface soil structure and erosion control, while shrubs or trees of deeper rooting depth may
help remove moisture from the cover. Nevertheless, the vegetation needs to be carefully
selected as inappropriate species, excessive density of woody debris or direct gas pathways
along stems and roots can reduce oxidation potential or create unintended bypass pathways
for methane [43,44].
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4.3. Ecological and Aesthetic Gains

Phytocaps allow us to close the landfill with a living landscape rather than a lifeless
engineering structure [27,46]. Phytocaps are a soil–plant–atmosphere system that includes
trees, grasses and shrubs, offering more possibilities for re-establishment than other capping
techniques [47]. Vegetation supports a very diverse group of animals, providing shelter
and food for mammals, birds, reptiles, amphibians, invertebrates and fungi [27]. Phytocaps
help to re-establish plant communities that promote such ecological interfacing and achieve
biodiversity in urban environments [7,48].

The benefits extend beyond ecology. There is also a social and recreational value of
the plant community, where, with thoughtful development effort, phytocapped landfills
can be developed on site as natural parks, walking trails or playing fields [7]. Green
spaces of this kind are significant in highly populated areas where open space is limited.
In South East Queensland, a GIS-based study found that many closed waste disposal
sites can provide habitat for endangered species and enhance connectivity in ecological
corridors [49]. Phytocaps transform bare land sites into visually attractive, multifunctional
landscapes that enhance acceptance among local communities [27].

These qualities of life and environmental enhancements emphasize the overall sus-
tainability advantages of phytocapping [7]. Instead of fencing off capped landfills, they
are woven into the city as green infrastructure. They provide habitat restoration and in-
creased biodiversity, as well as recreational and social benefits [7,27]. In these respects,
phytocapping is a nature-based solution bringing waste management closer to eco- and
community-friendly goals [49].

4.4. Economic Benefits

Phytocapping can also reduce capping costs by replacing costly engineered layers
with local soil and plants [27]. Clay-capped cells in Queensland were constructed at AUD
233,000–350,000/ha (depending on the thickness and quality of the clay) [34]. The cost
was reduced to AUD 31,000–139,000/ha when sites were closed with phytocaps, and it
is estimated that phytocaps are up to 50% cheaper than traditional clay caps [34]. This is
made possible by the absence of expensive drainage layers, geomembranes and compacted
clay, and by the ability to use onsite soil combined with compost or quarry scalpings for
phytocaps [34].

More detailed cost analyses in the US offer a similar picture. On the Southern Great
Plains comparison between a constitutive clay-based cap and an evapotranspiration (ET)
cap has been carried out. The first, the conventional case, was constructed with a geosyn-
thetic barrier, drainage, and gas-collection layers, totaling an overall cost of USD 1.37 million
per hectare. The ET system, in contrast, had no geomembrane, compacted clay or drainage
layers, at a price of USD 725,000 per hectare, with average savings of approximately 47%.
ET covers saved 35–72% of construction costs compared to clay caps, depending on site and
local material conditions [26]. In addition, conventional liners incur ongoing maintenance
costs. It was also observed that clay caps become desiccated and can crack over time,
leading to frequent repairs. But established vegetative covers need only be monitored, with
annual weed control conducted. So, the long-term maintenance costs of an ET cover would
be 50% or more lower than those of conventional caps [27].

The phytocapping technique offers up to 72% cost savings when construction and
leachate management are factored in [27,34]. Phytocapping can significantly reduce both
capital and ongoing costs, mainly when local soils and plants are used [7].

The vegetated soil profile of a phytocap also provides commercial potential that is
not possible with non-vegetated clay caps. Phytocap sites can be used for growing cut
flowers, hardwood timber and biofuel feedstocks (e.g., biodiesel or bioethanol) [7,28]. Since
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phytocaps are engineered with deep, unconsolidated soil and a diverse plant community,
the cover supports woody biomass and ornamental species that community members can
adopt to generate income from land that was previously useless [7].

5. Applications and Case Studies
5.1. United States Alternative Cover Assessment Program (ACAP)

The U.S. Environmental Protection Agency’s Alternative Cover Assessment Program
(ACAP) is acknowledged as the first national field initiative to evaluate ET covers (phy-
tocaps) against conventional capping technologies. Over the period 1998 to 2002, ACAP
constructed 11 sites throughout seven states representing arid, semi-arid, sub-humid and
humid environments [7,12]. Each demonstration site featured a side-by-side comparison
of conventional covers (compacted clay caps or geomembrane composites) with alterna-
tive design covers. The purpose was to obtain long-term percolation, runoff and climate
measurements as well as develop design tools and equivalency guidance for ET covers [12].

5.1.1. Performance Across Climates

ACAP results showed that well-designed ET covers perform comparably or better
than traditional barriers in semi-arid and arid regions [12]. After 2 to 4 years of observation
at semi-arid sites, all ET covers transmitted less than 1 mm/yr of percolation. The average
percolation rates were 0.09 mm/yr for conventional composite covers, 0.16 mm/yr for
monolithic covers and 0.36 mm/yr for capillary barriers [12]. These low rates, which are
several orders of magnitude below the commonly used regulatory criterion of 5 mm/yr,
indicate that ET covers can suppress infiltration at least as well as clay or composite covers in
arid climates [12]. In wet areas, percolation rates were greater when precipitation exceeded
potential evapotranspiration and ranged from 12.2 to 128 mm/yr with alternative covers,
3.1 to 315 mm/yr with clay covers, and 1.0 to 7.1 mm/yr with composite covers. From these
data, ACAP suggested similar target percolation figures, of 1 mm/yr for semi-arid/arid
sites and 5 mm/yr for humid locations [12].

An additional compilation of ACAP, as well as similar studies, demonstrated that ET
covers in arid and semi-arid regions, on average, transmit to the underground less than
2.2 mm/yr (0.4% of the precipitation), and half of the covers even <0.1 mm/yr [50]. In
contrast, conventional soil covers in arid environments averaged 52–195 mm/yr (6–17%).
While in wet climates, ET covers may not always reach low percolation values, they are
competitive with clay caps and can provide other benefits, such as improved vegetation
growth and enhanced methane oxidation [50].

5.1.2. Case Studies and Regulatory Acceptance

ACAP also looked at particular projects. For example, the Oil Landfill in Monterey
Park, California, which was the first ET cover approved for a hazardous waste site, was
designed through a stepwise process to ensure that subsurface flow through the ET cover
was no greater than that through a prescriptive barrier [51]. The structure included a
1200 mm thick vegetated cover containing compacted clay and a foundation layer [50].
The cover was adapted to local climate conditions by assessing site-specific hydraulic
properties, rooting depth and possible supplementary irrigation. The successful operation
of this cover demonstrated that vegetated covers could comply with stringent hazardous
waste regulations [51].

Field evidence gathered by ACAP helped drive the shift in U.S. regulations. Solid-
waste agencies now acknowledge ET covers as an acceptable final closure option. Guidance
materials (such as United States Environmetal Protection Act 2014’s fact sheet on ET cover
systems) highlight that ET covers may provide performance similar to or better than
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conventional covers in arid and semiarid climates, with a lower risk of underperformance
due to desiccation and freeze–thaw cycles. Water-balance data from the field indicate that
ET cover designs need to be site-specific and that performance improves as vegetation
matures [12], underscoring the importance of long-term monitoring. As shown in Table 4,
experience with ACAP demonstrates that robust multi-site monitoring can build regulatory
confidence in the adoption of nature solutions such as phytocapping [7].

Table 4. Summary of performance standards (proven and expected) for a phytocap.

Region/Climate Standard/KPI Numerical Value Reference

Various Target annual
percolation rate <30 mm/year [25]

Subtropical
Australia

Achieved annual
percolation rate

16.7 mm/year
(1400 mm soil) [52]

Humid subtropical
USA

Achieved annual
percolation rate 20–30 mm/year [32]

Australia Performance-based:
minimize infiltration <30 mm/year [34]

5.2. Australian Alternative Cover Assessment Program (A-ACAP)

The Australian Alternative Cover Assessment Program (A-ACAP) was established
in the mid-2000s as a multi-agency undertaking to evaluate phytocaps across a range
of climates and conditions within Australia [7,13]. The program was funded jointly by
the Waste Management Association of Australia and research partners with the aim of
determining whether soil–vegetation covers could achieve landfill performance standards
more sustainably and cost-effectively than conventional barriers [10,13]. A-ACAP was
adopted under the U.S. Alternate Cover Assessment Program (ACAP), however, tailored
to represent Australia’s diverse climate profile from maritime temperate in the south, to
tropical monsoonal rainfall in the north [7,53]. The program aimed to monitor water
balance, plant survival and landfill gas emissions, improve modeling tools and public
national guidelines [13,41].

5.2.1. Field Trials Across Five States

Full-scale trial sites were set up by A-ACAP in five landfills; Taylors Road landfill
in Melbourne (Victoria), Southern Waste Depot in Adelaide (South Australia), Stuart
landfill in Townsville (Queensland), Henderson Waste Recovery Park in Perth (Western
Australia) and Lismore Waste Facility in New South Wales [10,13]. All sites were unique in
climate, being maritime (Melbourne), Mediterranean-type (Adelaide and Perth), tropical
monsoonal (Townsville), or subtropical (Lismore) [13]. Traditional capping systems used
in these generally included a shallow layer of soil on top of a compacted clay barrier (e.g.,
0.5 m soil + 0.5 m clay, for Taylors Road) or were made with composite profiles of the above
components [13]. On the other hand, the A-ACAP phytocaps were constructed with much
thicker monolithic soil profiles, ranging from 1.3 to 1.7 m in depth, consisting of loam,
sandy loam, and clayey sand, in which were planted native trees, shrubs, and grasses to
maximize evapotranspiration [13]. The Townsville trial replaced a conventional cover of
0.3 m soil/0.5 m clay with an equivalent 1.5 m loam phytocap planted with native species,
and the Perth site was planted with a 1.6 m clayey sand cap and local vegetation [13].

Precipitation (P), potential evapotranspiration (PET), runoff (R), drainage (D) and
change in soil moisture were used to quantify the water balance in the trials. The differences
in climate allowed examination of whether thick soil covers serve as reservoirs for wet-
season rainfall and release it through evapotranspiration during dry periods [13]. Phytocaps
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need storage and release capacity, so the soil profile’s porosity must be adequate to store
rainfall until plants can transpire it [53]. According to the ACAP findings, a thickness of
1–1.5 m is recommended to provide sufficient rooting depth and soil-moisture storage for
indigenous plants [41].

5.2.2. Performance Criteria and Guidance

A-ACAP validated the hydrological performance in accordance with Australian land-
fill guidelines [13]. According to the NSW EPA’s capping guidelines, infiltration through the
base of a final cap must be <5% of annual rainfall [13]. At the landfill in New South Wales,
for instance, water-balance modeling shows that alternative covers transmit percolation at
≤5% of the average annual rainfall [13]. Over the course of an ACAP, phytocap percolation
was monitored using lysimeters and soil moisture sensors [41,53]. The results suggested
that thick vegetation cover can be as adequate as, or more effective than, compacted clay
caps [13]. Anecdotally, percolation was frequently <20 mm/yr, which is <2% of annual
rainfall at sites receiving around 1000 mm/yr [10,13].

Design guidance within the program was oriented towards the use of modeling tools
to predict cap performance [41]. Although traditional U.S. models (e.g., HELP) tended to
overpredict percolation in the case of ET covers [41,54], A-ACAP instead suggested using
unsaturated flow simulations (e.g., HYDRUS-1D or SWAP) to better capture the impact on
soil–plant–atmosphere interactions [7,41]. Model simulations of different climate scenarios
can provide optimal soil depth and plant choice [41]. A-ACAP guidelines also highlighted
the necessity of choosing indigenous plants that are well adjusted to the weather and soil
conditions in a region, and to include native deep-rooted vegetation with high rates of
evapotranspiration [7,13]. A diversity of plants (by intercropping trees, shrubs and grasses)
increases resilience to pests and a changing climate [10]. A further design suggestion is that
if soils have a low content of water-holding capacity, they might be amended with organic
(compost) or mineral (clay) additives to promote storage [13].

5.2.3. Influence and Adoption

The A-ACAP results served as the scientific foundation of national phytocap design
guidance [13]. They showed that a full vegetative cover could provide satisfactory water in-
filtration prevention while remaining stable under the temperature and climatic conditions
typical of Australian locations [41]. In response, state regulators began to allow phytocaps
instead of prescriptive clay liners in landfill closure permits [13]. Since then, several landfills
in Queensland, New South Wales and Western Australia have implemented phytocapping
for final closure using the design specifications established by A-ACAP for soil thickness,
vegetation type and monitoring [10,13]. It has also prompted research to develop hybrid
designs combining ET and capillary barriers, as well as the use of numerical modeling (e.g.,
HYDRUS-1D) to optimize covers [7,41]. In general, the program exemplifies the importance
of science-based field experiments in creating regulatory confidence in nature-based waste
management systems [13].

5.3. Other International Initiatives

Outside the US and Australia, the use of ET covers for landfills has steadily increased [7,27].
Many national programs and local experiments are examining phytocapping as a cost-
effective alternative to non-permeable clay or geomembrane caps [21,42]. This section
reviews published academic literature to summarize these international efforts, with a
specific focus on those in Europe and the developing world.
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5.3.1. Europe—Pilot Projects and Water-Balance Studies

Several European countries have tried vegetated covers [7,55]. A water-balance model
analysis from northern Germany focused on a short-term mineral capping with a 1 m thick
recultivation layer consisting of topsoil and sandy loam at the Rastorf landfill site [56].
Planting suitable vegetation enhanced soil physical structures and played an essential role
in reducing runoff and erosion of the covered bed [56]. This was a short-term cap, but such
a voluntary initiative shows the European commitment to recultivate closed landfills with
vegetation communities to control hydrology and erosion [55,57].

Studies also provide helpful discussions of the continued use of compacted clay or
geomembrane liners in developed countries and of their inadequacy in reducing percola-
tion [26,32]. In addition to hydrological management, other positive aspects that attract
European policy-makers are increased cap stability, reduced erosion, increased biodiversity,
opportunities to grow commercial plants, carbon sequestration and improved methane
oxidation [7,27,55].

5.3.2. Asia and Africa—Low-Cost Opportunities for Developing Countries

Phytocaps offers a potential low-cost solution for countries where engineered liners are
too expensive [13,42]. Only a small proportion of waste disposal in developing countries
is undertaken through sanitary landfills, while most of the cities continue to practice
open dumping [27,58]. The merits of using natural soil–plant alternatives include lower
engineering inputs and lower costs than those of impermeable barrier caps [13,37]. The
method uses on-site materials, such as soil and plants, which could help developing
countries change how they cap waste sites [42]. This cost–benefit analysis, along with
the potential for methane oxidation in the vegetated cover layer, makes phytocapping an
attractive option for landfill closure in low-income areas [10,27].

It has been noted that, landfilling remains the most common method of municipal
waste disposal, and that many landfills are found in both developed and developing coun-
tries [58]. Since traditional caps are now deemed inadequate, water storage in waste is
being addressed through plants to reduce and restrict its ingress [26,32]. Phytocapping can
provide additional value, such as commercial (bioenergy crops, timber), biodiversity and
carbon sequestration [27]. In southeast Asia and Africa, where pilot projects have been ini-
tiated to rehabilitate older dumps using evapotranspiration (ET) covers to control leachate
and enhance vegetation, such co-benefits are particularly welcome [21,58]. Although the
results from these trials have not been widely released, they illustrate that phytocaps can be
applied, from high-income areas seeking green technologies to low-income regions where
cost and design adaptability are paramount [27].

6. Discussion
6.1. Technical Challenges in Design

Constructing a phytocap is more than merely placing soil and plants on top of waste; it
involves much larger site-specific factors, such as soil thickness, compaction and vegetation
type. It can capture rainfall, grow plants and support evapotranspiration [7,27]. A central
problem is quantifying growth-layer thickness. The soil layer needs to be sufficiently deep
to accommodate local precipitation patterns. For instance, it can range from 0.5 m to 3 m in
North American ET covers (snowmelt, storms or dormant seasons) [5]. The compaction
is essential; if it is too much, it reduces water storage and inhibits root growth, while
if not enough, and the material settles too much, a space is left between the aggregate
particles through which water will percolate [53,59]. Laboratory and field trials in Australia
showed that optimal relative compaction was 76% for plant water use and 79% for root
length density [53]. Phytocap performance declines outside the 70–83% range. Wet or
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monsoonal environments may require deeper profiles, whereas far shallower covers might
be sustainable within arid regions [41,53,59].

Vegetation selection presents further trade-offs. It is recommended to plant a yard
mixture of grasses, shrubs and trees appropriate to the relevant region’s climate [5]. Warm
and cool season species mixes can extend the period of transpiration across the growing
season [60]. Trees with deep roots may penetrate the waste if the underlying soil is shallow,
whereas grasses most often have lateral root systems that may not remove water in sufficient
quantity [7]. Designers must also evaluate root penetration risks—vegetation can cause
contaminants to be moved into biomass—and should select species resistant to landfill
gases [27]. A significant design challenge that remains is to balance plant density, root
depth and transpiration capacity with ecological resilience [13].

Modeling and data constraints also complicated the design. Soil water-balance models,
such as HYDRUS-1D, can also be used to estimate storage and drainage requirements. Still,
their accuracy depends on local climate patterns and geography, as well as soil hydraulic
properties and biotic parameters [41]. Design must take into account climate (rainfall
quantity and timing), soil type, thickness and vegetation type [37]. Most phytocap tests
have been small-scale or short-term, and have not resolved which soil mix is best or how
thick it should be in tropical monsoonal versus temperate climates [13]. There is a need for
rigorous sensitivity analyses of soil thickness, degree of compaction and plant traits across
climatic scenarios to build the necessary confidence among engineers and regulators [53,61].

6.2. Performance Under Climate Extremes

ET cover effectiveness may be reduced under climate extremes, which include long
drought periods, heat waves and significant precipitation events [7,62]. Research on ET
in semi-arid Australia found that species varied in water use, such as Senna artemisioides,
which lost the most water quickly after rainfall and is ideal for regions with frequent
low-intensity storms. In contrast, Sclerolaena birchii extracted water from deeper soil layers
with its deep roots and was used during prolonged dry periods followed by high-intensity
storms [62,63]. These results underscore that species choice must align with local rainfall
patterns. However, establishing vegetation on arid and semi-arid lands is difficult: transpi-
ration must dominate over bare-soil evaporation, so achieving this requires a minimum
survival rate above ~50% cover; nevertheless, water-limited ecosystems seldom support
such high values [42,62]. During an extended drought, vegetation can become stressed, and
when rain comes, it will infiltrate in pulses. On the other hand, heavy rainfall can saturate
the soil, leading to temporary ponding when soil storage capacity is exceeded [7,64].

Trade-offs are therefore involved in creating climate-resilient phytocaps. Event-tree
analyses for landfill covers which conceptually analyze climate extremes such as droughts
and storms aid decision-makers in assessing specific site scenarios and identifying key
thresholds for intervention (e.g., drainage) [65]. For adaptation, planting drought-tolerant
species, adding deeper soil profiles or mulches to increase available water capacity, and
installing supplemental irrigation are recommended in tropical climates [7]. In established
areas, irrigation or drought-tolerant grasses and shrubs may help alleviate plant stress and
reduce erosion. However, such interventions add complexity and expense [27,64].

More long-term work is necessary, according to current research. Most trials are
short-term or performed in benign climates, and few trials have evaluated performance
under simultaneous stress, such as drought followed by heavy rain [7]. It is advocated that
in situ measurements and controlled experiments be used to advance the understanding
of soil–vegetation–atmosphere interactions, while developing modeling frameworks that
optimize soil thickness, texture and species composition for specific climates [41,63]. In the
absence of these data, engineers and regulators will need to develop designs with significant
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safety factors, extensive monitoring programs and contingencies (e.g., irrigation) that keep
phytocapping systems functioning efficiently under more extreme conditions [7,27].

6.3. Monitoring and Performance Evaluation of Phytocaps

The behavior of a phytocap, in contrast to barrier caps, cannot be predicted from mate-
rial properties alone and requires long-term field monitoring to confirm effectiveness [7,27].
Percolation is usually expressed as a flux (mm yr−1) based on water flow through the cover
bottom [41]. For direct measurements, pan lysimeters are mounted below the cover so
they intercept all percolating water and deliver it to a tipping bucket for measurement.
Lysimeters were also used in the U.S. Alternative Cover Assessment Program (ACAP)
and other field trials [32]. But lysimeters are costly and invasive [60]. Instead, indirect
means of estimating percolation can be made using soil-moisture sensors (e.g., time-domain
reflectometry, resistivity probes) [53]. Indirect methods are sensitive to sensor precision
and depend on modeling assumptions [41].

Soil-moisture profiles, root zone status, settlement, gas emissions, erosion and slope
stability are all measured with a range of instruments (settlement gauges, erosion pins, etc.,
gas wells and remote sensing such as LiDAR) [13,66]. Vegetation cover is evaluated using
ground or remote sensing methods, and high coverage is essential to retain a store-and-
release function; reductions could indicate functional degradation [27]. Innovative tools
such as low-cost capacitive moisture sensors, wireless data loggers and remote sensing are
being explored, but require calibration and validation [37,66]. Numerical simulations based
on Richards’ equation (e.g., HYDRUS-1D) are used to predict water balances and verify
design assumptions. However, models can fall short in predicting how covers perform
across different environments [41].

Phytocapping has yet to receive widespread regulatory acceptance as a treatment op-
tion. Insufficient long-term data and a lack of universal regulation hinder its adoption [7,27].
Direct measurement of low percolation fractions is costly and laborious; therefore, regu-
lators may require an additional barrier or repeated testing/monitoring [37]. It has been
suggested that a standardized procedure combining lysimeter measurements, soil water
content monitoring, and vegetation surveys should be used [13]. Transparent performance
criteria (e.g., annual percolation <5% of rainfall) and robust real-time monitoring systems
would help build trust and expedite approval processes [13]. Until that guidance arrives,
every phytocap project is subject to site-specific review and an added delay in adoption [27].

6.4. Regulatory and Institutional Barriers

In many countries, the limitation is that customary landfill regulations (in particu-
lar, leachate and gas control, as well as monetary duties for aftercare) are anchored in
conventional low-permeability lining caps (clay or geomembrane), thereby acting as insti-
tutional barriers [27]. The U.S. RCRA (Resource Conservation and Recovery Act) requires
final covers to be less permeable than the landfill liner (or ≤10−5 cm s−1) [26]. These
prescriptive measures are aimed at avoiding the “store and release effect” and obviate the
use of ET covers due to their performance, which is based on permeability rather than
prevention [12]. The United States only began authorizing research, development and
demonstration permits in 2004 to explore alternative cover options; such design changes
must be site-specifically modeled with demonstrated infiltration containment [67]. The
acquisition of such permits requires experience and long-term observation, qualities many
landfill operators lack [27].

Regulators require field evidence for approval. For instance, at the Lopez Canyon
municipal landfill in California, an ET cover design did not receive final approval; a
regulator demanded 2 years of performance data to verify the model’s efficacy before
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granting final approval [5]. Gathering and analyzing performance data is necessary to
achieve guaranteed fault tolerance, but it adds to deployment costs and time, leading
to institutional resistance [7,12]. Cap thickness is also specified by regulations, usually
0.3–1 m, depending on waste category [26]. Designers say they are concerned that tree roots
may work their way up through thin caps, establishing preferential flow paths and liability
for leachate leakage [27,42]. This is the fear behind regulators’ reluctance to consider
woody plants on caps. Still, a series of field studies has shown that hybrid poplars and
grasses can be used successfully, and US regulators have approved hybrid poplars for
phytoremediation projects [67].

Another obstacle is the need for several permits and public consultations. Guidance
from the Interstate Technology and Regulatory Council of the US suggests that cap con-
struction may require solid-waste construction permits, stormwater discharge permits, and
compliance with federal and state environmental laws [67]. These hoops of regulation
also add cost. Where there is no standard for composted biosolids in a state, the use of
biosolids for enhancing phytocaps is challenged by regulatory uncertainty [26]. It has
been emphasized that percolation rates during establishment or following damage can
exceed regulatory limits [10]. Ultimately, the degree of allowable recycling of organic soil
amendments in landfill caps depends on the national regulatory context [27,67]. Harmo-
nized guidelines that acknowledge nature-based covers and disseminate good practices are
therefore critical to breaking down such institutional barriers and unlocking the climate-
resilience potential of phytocapping [7].

In general, landfill closure regulations were explicitly developed for traditional low-
permeability caps and therefore introduce substantial institutional momentum against the
use of phytocapping. Prescriptive criteria, such as the US RCRA requirement for a final
cover with permeability similar to the liner, discourage the use of ET covers [5]. Because of
the scarcity of research, development and demonstration permits, operators are required to
undertake extensive performance monitoring and modeling to demonstrate equivalency—
hurdles that many companies are not equipped to clear [67]. Specific case examples, such
as the Lopez Canyon ET cover, demonstrate that regulators require multi-year data before
granting full approval, further delaying approvals [5].

Regulatory frameworks control cap thickness and, in some cases, prohibit woody
vegetation due to concerns about root penetration or preferential flow, despite empirical
evidence of the effectiveness of species such as hybrid poplars [27]. Multiple permits—
for cover construction, stormwater discharge and public consultation—complicate and
raise costs. Furthermore, the application of organic amendments is frequently limited
by different regulations [67]. These factors cumulatively delay the adoption of nature-
based landfill closures, highlighting the requirement for harmonized guidance and wider
promotion of successful phytocapping case studies.

6.5. Strategic SWOT Synthesis

In order to consolidate the above evidence and translate it into policy-relevant implica-
tions, a SWOT-based synthesis was developed. The SWOT framework as Shown in Table 5
was used as an analytical tool that helped to connect technical, ecological and economic evi-
dence on phytocapping with practical implications for urban landfill closure. The synthesis
reveals strengths and weaknesses internal to phytocapping systems as well as external
opportunities and threats affecting their larger adoption. This structure clarifies where
field evidence supports phytocapping, remaining uncertainties and what combination of
monitoring, regulation and further research is needed for wider implementation.
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Table 5. SWOT-based analysis of phytocapping.

Category Evidence-Based Finding Implication for Design,
Monitoring or Policy

Key Supporting
Evidence

Strength: Hydrological
regulation

Bio-pump action facilitates
percolation reduction by store and

release principle. Field trials
conducted in Australia and the USA

confirm that carefully designed
evapotranspiration covers can

achieve low drainage rates when
appropriate climatic and design

conditions are established.

Phytocapping as a
performance-based

low-permeability cover
alternative where soil

depth, climate and
vegetation are

appropriately matched

[12,13,32,34]

Strength: Greenhouse-gas
mitigation

Vegetated covers are designed to
provide aerobic root-zone conditions
and promote microbial activity which

can support methane oxidation.
Methane surface flux reduction;

however, methane oxidation
efficiency and net greenhouse-gas
reduction need to be considered as

independent parameters.

Methane claims must be
scrutinized using definitive

performance measures,
such as surface flux,

vertical concentration
gradients and oxidation

efficiency.

[29,42,44]

Strength: Ecological and
urban co-benefits

Facilitating vegetation establishment
and controlling erosion, phytocaps

can improve biodiversity, be utilized
for ecological restoration purposes,
serve as an aesthetic enhancement

and support the reuse of land
after closure.

Ecological restoration and
provision of public amenity

make possible new
framings of closed landfills

as urban green
infrastructure.

[27,49]

Strength: Economic
feasibility

Published studies claim lower
construction costs relative to

standard clay or composite covers,
especially where local soils and

native vegetation are used.

Cost savings are needed to
underpin adoption,

particularly in municipal
and low-resource contexts,

but all estimates should
explicitly state

assumptions about the site.

[21,27]

Weakness: Site-specific
performance

The performance of phytocap is
highly dependent on rainfall regime,

potential evapotranspiration, soil
texture, soil depth, landfill settlement

and vegetation establishment.

Phytocapping cannot be
claimed as a generalized

solution; site- and
climate-specific design,

modeling and monitoring
of each implementation

remains critical.

[13,41]

Weakness: Limited
long-term evidence

Long-term data are still
lacking—especially in regions other

than Australia and the US and
particularly under humid tropical,

monsoon, freeze–thaw and
low-maintenance conditions.

Phased transition follows
the idea that regulators

may require to monitor it is
fully accepted. There is a
need for longer-term field

trials across
under-represented

climate zones.

[12,13,34]
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Table 5. Cont.

Category Evidence-Based Finding Implication for Design,
Monitoring or Policy

Key Supporting
Evidence

Weakness: Monitoring
burden

Percolation and gas flux will need
direct measurement, but this could

be done by means of lysimeters,
soil-moisture sensors, gas chambers

and long-term data collecting.

Realistic monitoring
protocols that balance

scientific confidence with
municipal cost limitations

must accompany
performance-based

approval.

EPA/ITRC/NSW
EPA/A-ACAP

guidance

Opportunity:
Performance-based

regulation

Phytocapping is more closely aligned
with performance-based closure

criteria than with prescriptive
low-permeability rules.

Regulations might move
from specifying cap

material or thickness to
demonstrable parameters

such as percolation
percentage, vegetation
cover and soil-water

storage and methane flux.

EPA/ITRC/NSW
EPA/A-ACAP

guidance

Opportunity: Urban
climate adaptation

The phytocapped landtype has
several functions that are relevant to
urban green infrastructure, ecological

corridors, carbon storage, heat
mitigation and adaptive land reuse.

Landfill closure should
become integrated into
urban sustainability &

biodiversity and
climate-resilience planning.

[1,49]

Opportunity: Phased
approval pathway

Staged demonstration can help
address the evidentiary burden on

regulators: monitoring and adaptive
management.

A phased framework
would start with modeling

and design review,
followed by pilot-scale

testing, full-scale
implementation and finally,

long-term auditing of
performance.

[12,34]

Threat: Climate extremes

Extreme rainfall could exceed storage
potential while prolonged drought
can decrease vegetation health and

evapotranspiration.

Climate-stress testing
should be factored in the

design by selecting
drought-tolerant species,

providing adequate storage
depth, and erosion control

and contingency
monitoring.

[37,53,60]

Threat: Institutional inertia

Many landfill regulations still focus
on traditional clay or geomembrane

barriers, which can impede the
implementation of nature-based

closure systems.

Regulatory confidence
requires clear performance

metrics, monitoring
evidence and recognized

guidance documents

EPA/ITRC/NSW
EPA/A-ACAP

guidance

Threat: Inappropriate
vegetation or design

Hydrological or gas-control
performance can be inadequate as a
result of poor species selection, too
high rooting risk, insufficient soil
depth or improper maintenance.

Design guidance should
also include which specific
vegetation traits, rooting

depth capability,
compatibility with soils,

requirements for
establishment and

long-term maintenance.

[60]
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However, from the perspective of the SWOT synthesis, it seems to indicate that the op-
timal adoption pathway stems primarily from a synergism between phytocap strengths and
external opportunities. The common systems for hydrological regulation, methane attenua-
tion, cost reduction and ecological co-benefits facilitate a transition toward performance-
based landfill closure, but only if regulators are open to evaluating outcomes rather than
dictating material uses. But the weaknesses–threat interaction is equally relevant. Climate
extremes and prescriptive regulations can further complicate design for a specific site,
uncertainty about establishment success, create an excessive monitoring burden due to
limited long-term data or even lead to institutional inertia. This advocates for a progressive
approval framework for phytocapping based on site-specific modeling, pilot-scale testing,
defined performance indicators and adaptive monitoring followed by periodic regulatory
review. This framing positions phytocapping as a climate-responsive nature-based solution
complementary to engineered cover systems, rather than a generalized replacement.

7. Conclusions
Municipal solid waste (MSW) is still on the rise worldwide, and the waste industry as

a whole remains a major contributor to greenhouse-gas emissions. Landfill closures close
landfills and use low-permeability clay or synthetic caps to prevent water from entering
the waste, but they tend to crack over time and do not work well in extreme weather.
Phytocaps utilize soil as a water storage system and plants as bio-pumps, to minimize
leachate production and promote evapotranspiration. This method connects engineering
with ecology and offers a route to climate-resilient waste management by working with
natural processes rather than relying solely on impermeable barriers.

Field trials in Australia show that well-designed phytocaps can be as, or even more,
hydrologically effective than a clay cap. It has also been found that vegetated caps de-
creased surface methane fluxes by 75–85% compared to adjacent unvegetated cells. These
differences can be explained by the fact that plant roots and porous soil create aerobic con-
ditions, which favor methanotrophic oxidation. Phytocaps also capture rainwater (20–30%)
and support a high transpiration rate (1–2 mm/d), further restricting percolation. Such
performance could help reduce GHG emissions from landfills, which are estimated to
account for approximately 18% of global anthropogenic methane emissions. Vegetation sta-
bilizes the cover soils, reduces erosion and windblown dust, increases biological diversity,
is available for commercial plantings, stores carbon and supports methane oxidation.

Construction costs are generally 35–72% lower than for traditional clay covers, and
maintenance is also reduced because they utilize local soils, require less engineering and add
fewer artificial materials. When combined with a compost-like growth media, phytocaps
capture organic waste for composting, and waste biodegrades it further, minimizing the
escape of methane, a potent greenhouse gas.

However, phytocapping has limitations; it is not always feasible. The success of a
phytocap relies on a specific design tailored to local climate conditions, soil properties
and plant communities. Soil depth must store enough water for a wet season, and plants
must be able to transpire water year-round to avoid percolation. Resilience and ecological
function can be supported by diverse species. Tree stems can act as conduits for methane,
outgassing from a sealed landfill. This shows that inappropriate selection of species or
density can unintentionally bypass methane oxidation. Furthermore, long-run actual
performance data for phytocaps are limited. Programs such as the A-ACAP in Australia
have begun developing design guidelines and demonstrating regulatory compliance across
several climate zones. But more field studies and monitoring are necessary to create a
working understanding of cap longevity and plant survival. With enabling institutions and
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further analysis, phytocapping has the potential to transform landfilling from engineered
isolation to a regenerative, climate-resilient landscape.

Policy support and additional field research, especially in diverse climates, are es-
sential to produce regulations that foster regulatory acceptance. Bearing this in mind, the
‘phytocapping’ option emerges as a promising ‘soft’ technology and nature-based solution
for turning leachate-stressed landfills from liabilities into climate-smart assets.

There is an urgent need to support long-term monitoring of established and new
phytocaps to generate data on their performance over decades and under changing climatic
conditions. Future scientific investigations at long-term experimental sites should be
established across various climatic zones (humid tropics, arid deserts, temperate regions,
etc.), and parameters such as percolation, gas fluxes and vegetation dynamics should be
monitored throughout the observation period. These studies would validate predictions
and refine design standards (e.g., ascertain what depth of soil works best in a given rainfall
zone). Crucially, extended periods of data collection enable the relationship between system
changes and climate to be observed over time scales relevant to adaptive management.

Further research and development should target enhancing phytocap design to in-
crease climate resilience. This extends to identifying drought-resistant and salt-tolerant
plants or cultivars (in arid or semi-arid conditions) or high-transpiration species (for wet
conditions). Mixtures of species in the phytocaps (biodiverse plantings) might be trialed to
see whether they are more stable (diversity can provide resilience against pests, diseases
and extreme events; if one species fails, others can step in). Intelligent irrigation systems
can be implemented as technology solutions (based on soil-moisture sensors) to protect
vegetation from extreme droughts and reduce water consumption. It may be worth consid-
ering soil amendments (e.g., hydrogel polymers or biochar) to promote water retention in
sandy soils or during dry seasons. By considering future climate stresses, these research
directions aim to make phytocapping more resilient to the more extreme weather conditions
expected in the coming decades.

As more data accumulate, one significant future step is to extract results and develop
clear guidelines for phytocapping. With all the resources and work already invested in
capping design, designer manuals for “traditional” waste-disposal caps exist, and a similar
effort should be conducted for the overall phytocaps, led by environmental or international
bodies. These guidelines would include preferred soil properties, a matrix of vegetation
choices by climate zone, minimum thickness for satisfactory cover, slope design to prevent
erosion and so forth, based on all available research and previous test results. They would
also establish performance standards that all landfill operators would be expected to
achieve (e.g., the <5% infiltration criteria), as well as testing protocols. It may be helpful to
develop international standards (ISO or ASTM), so these ‘phytocapping’ systems designs
have a standards-based analogue, which can then be accepted for regulatory submission
anywhere in the world. The A-ACAP and U.S. ACAP assumptions will be a primary source
of input, but additional contributions would need to be considered.

To become more widely adopted in our industries, phytocapping must be integrated
into regulatory frameworks and perhaps incentivized. Opportunities for the future in-
clude writing policy guidance or model regulations that specifically approve vegetative
covers as an alternative method of landfill closure (with reasonable performance assurance).
Environmental agencies could create pilot funding or incentive programs to encourage
municipalities to experiment with phytocapping at appropriate sites, particularly in devel-
oping areas where financing is a problem. It could also be bolstered through linkages to
climate policy—for example, by counting the methane avoided from phytocaps in green-
house gas accounting or carbon credit schemes. If landfill operators can get carbon credits
for the methane oxidized by their phytocap, that would create a financial incentive to adopt
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the technology. Moreover, linking phytocapping to city-green agendas or disaster risk
reduction (e.g., using closed landfills as flood attenuation green spaces) might mobilize
new financial sources and partners.

Future research and applications of phytocapping by researchers and practitioners
could consider hybrid or novel utilization of the technique. For instance, the use of phyto-
caps and renewable energy installations (such as solar panels raised above a vegetated cap
or agrovoltaic systems) to double-use the closed landfill site may be considered. Another
line of work is the application of phytocapping for the remediation of polluted sites other
than MSW landfills (e.g., covering mine tailings or industrial waste with vegetation to
reduce dust emission and water infiltration). Socio-economic research on how communities
view phytocapped landfills redeveloped into parks/resource sites, and on the use of these
facilities, should be conducted to verify that the facilities/services are providing social
value. By expanding the application and demonstrating other areas of improvement, the
approach of phytocapping can gain greater interest.

In conclusion, accelerating the adoption of phytocaps will require a multifaceted ap-
proach that includes science, engineering, policy and education disciplines. Phytocapping
could transform from a niche solution to the bedrock of climate-resilient municipal waste
management, representing a shift toward working with nature rather than against it for
environmental solutions. Phytocapping technology will continue to evolve, protecting
ecosystems from landfill contamination while also advancing a global shift in waste man-
agement towards a more sustainable, circular and resilient future. These results indicate
phytocaps delay water movement and can reduce cumulative deep drainage, meaning that
they should only be promoted as a generalized landfill closure technology with climate-
adaptive potential but designed for local performance with long-term monitoring and
regulatory acceptance. The most compelling contribution of the study to urban science is
its linkages between closure of landfills with green infrastructure, ecological restoration,
climate adaptation and performance-based municipal waste governance.
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