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A B S T R A C T

Gentle Remediation Options (GRO) such as phytoremediation are gaining particular attention as a sustainable 
approach for remediating contaminated land and for the redevelopment of critical areas such as urban brown
fields. Beyond soil remediation, these solutions can offer multiple benefits in the form of Ecosystem Services (ES), 
helping mitigate other important urban issues such as the heat island effect or air pollution. The balance between 
impacts and benefits can be quantitatively assessed combining industrial ecology tools like Life Cycle Assessment 
(LCA) with the ES evaluation, but the integration of these approaches remains limited. This review focuses on 
phytoremediation solutions for urban settings and aims to understand how LCA is applied in this specific field, 
highlighting potential gaps in the integration with the ES evaluation. A systematic literature search resulted in 
the analysis of 13 studies published between 2010 and 2024. The results show that LCA is a useful tool in the 
quantitative assessments of this GRO, but efforts should be made to broaden the types of ES considered in the 
analysis. Moreover, a phytomanagement perspective should be applied, considering the post-remediation effects 
on the overall impacts-benefits estimation and thus providing decision-makers with a comprehensive tool for 
sustainable planning.

1. Introduction

Sustainable urban development is crucial to preserving cities as vital 
centers of human activities. In 2008, the global urban inhabitants out
numbered the rural and, by 2050, it is expected that two-thirds of the 
population will be living in cities (United Nations, 2019). Parallel to this 
trend, many industrial sites that were once part of the urban center are 
now abandoned, or due to urban sprawl some former industrial areas are 
no longer suburban and have been incorporated into the inner-city 
structure (Wang et al., 2020). The result is a heterogeneous mixture of 
derelict land, which is often neglected for reuse or redevelopment due to 
doubts concerning possible environmental contamination of the sites 
(Norrman et al., 2016; EPA, 2022). To be differentiated from “green
fields” (i.e. land that has not been previously developed), these areas 

have been defined as “brownfields” (Adams et al., 2010, January).
The presence of contaminants in urban soils poses risks to human 

health as they can be leached into water reserves or cause direct damage 
through the inhalation of dust, dermal contact and ingestion (Akram 
et al., 2018; Al-Swadi et al., 2022; Kicińska and Wikar, 2024; Lemming 
et al., 2010; Petruzzelli et al., 2010; EPA, 2011). Brownfields regener
ation encompasses not only environmental considerations, but also so
cial and economic ones; in other words, a meticulous sustainable 
approach is necessary (Bielinskas et al., 2018; Laprise et al., 2018).

So far, the remediation activities have been hindered by many fac
tors, such as high costs, intricate bureaucratic systems, and uncertainty 
in the results (Green, 2018). Furthermore, traditional remediation 
technologies, such as dig and haul or chemical treatments, can result in 
loss of land functionality and cause secondary pollution (e.g., emission 
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of greenhouse gases, SOx, NOx, VOCs) (Hou et al., 2023). A valid 
alternative is the deployment of Gentle Remediation Options (GRO), 
which are extensive low cost (mostly plant based) technologies defined 
as risk management strategies that also provide a net gain, or at least no 
gross reduction, in soil function (Cundy et al., 2013). GRO are 
Nature-based Solutions (NbS) that deploy plants, fungi, bacteria and soil 
amendments to extract, degrade or stabilize contaminants (e.g., heavy 
metals, hydrocarbons) (Cundy et al., 2015; Drenning et al., 2022). 
Among GRO, phytoremediation relies on the contaminant removal or 
immobilization performances of plants (Song et al., 2019; Wang et al., 
2021). It is possible to divide phytoremediation into categories based on 
the strategies adopted by plants for dealing with xenobiotics: phytoex
traction, phytostabilisation, phytodegradation, and rhizodegradation 
(Meagher, 2000; Peuke and Rennenberg, 2005). Despite the many 
proven environmental and economic benefits (Asante-Badu et al., 2020; 
Cristaldi et al., 2017; Farraji et al., 2016; Fermeglia and Perǐsić, 2023a), 
phytoremediation is still far from being adopted on a large scale, mainly 
due to constraints such as variable yields of plants living on harsh soil 
conditions (Schwitzguébel, 2017; Seth, 2012), long operational time and 
high dependence on site-specific conditions (Fernández-Braña et al., 
2023; Moreira et al., 2021; Schwitzguébel, 2017). Moreover, the in
vestments in phytoremediation projects are often hindered by high un
certainty in the results and discrepancies between the short-term budget 
strategies and the long remediation time (Gerhardt et al., 2017). To 
better promote this kind of solutions and to ensure the maximum de
livery of benefits, there should be a shift from the concept of phytor
emediation to that of phytomanagement, applying costs-benefits 
analysis and considering all aspects of remediation on different time 
scales (Moreira et al., 2021).

Fundamental benefits that need to be clearly assessed in phytoma
nagement are the various services that a restored natural land could 
provide to humankind. Healthy environments can offer benefits that 
have been defined as “Ecosystem Services” (ES) by the Millennium 
Ecosystem Assessment (M.E.A., 2005). The evaluation of ES such as 
reducing greenhouse gas emissions through carbon uptake, managing 
and improving water flow and quality, restoring soil ecosystems, and 
supplying raw materials for bioenergy generation is essential for a 
comprehensive analysis of green remediation options (GRO) like 
phytoremediation.

The application of industrial ecology tools such as Life Cycle 
Assessment (LCA) can help account for the environmental impacts of 
production processes on ecosystems (Larrey-Lassalle et al., 2022). This 
provides a quantitative basis for defining the benefits and costs of GRO 
throughout the lifetime of a remediation project, as well as illustrating 
different scenarios under changing climate conditions (Chan and Sat
terfield, 2020; Roman et al., 2021). LCA is an ISO standardized method 
that quantifies the environmental impacts of human activities with a 
systematic approach, from raw materials and resource extraction and 
processing, to production, use phase and end-of-life (ISO14044:2006). 
Research on LCA has shown that the sustainable handling of contami
nated sites can lead to positive environmental and socioeconomic out
comes (Khan et al., 2023; Kuykendall and McMullan, 2014; O’Connor 
et al., 2019; Vigil et al., 2015).

Many recent studies have highlighted the importance of integrating 
LCA and ES accounting frameworks to comprehensively address envi
ronmental costs and benefits, as well as quantify direct and indirect 
interactions between human activities and the environment (Alshehri 
et al., 2023; Babí Almenar et al., 2023; Lee and Bakshi, 2023; Rugani 
et al., 2019). However, the integration of these two academic fields is 
still facing several methodological challenges, and efforts are being 
made to address these gaps in different ways. Some researchers 
emphasize that LCA could enhance the evaluation of ES supply changes 
by considering the ecosystem transformations caused by inventory flows 
(Blanco et al., 2018; Bruel et al., 2016). They acknowledge that this 
approach is complex, as it requires precise expression of relationships 
between different elements and may be data-intensive to develop 

models for multiple ES simultaneously (Bruel et al., 2016). Additionally, 
information on some ES may be either unavailable or qualitative in 
nature (Blanco et al., 2018). Another common observation is that LCA 
and ES operate at different temporal and spatial scales, with LCA 
assuming homogeneity over time and space, while ES are dynamically 
variable and location-specific (Othoniel et al., 2016; Rugani et al., 
2019). This issue is deeply linked with the assessment of process chains’ 
impacts on biodiversity, where the advances in ES accounting still face 
challenges in the integration with LCA. For instance, the consistency of 
using methods operating across different scales and boundaries or the 
heterogeneity of data still hinder the integration of LCA metrics into 
decision-making processes (Crenna et al., 2020). Furthermore, LCA has 
traditionally focused on the negative impacts of product flows on ES, 
neglecting potential benefits in some cases (Hardaker et al., 2022). 
Recent studies suggest developing impact categories already included in 
LCA, such as land use and land occupation, to better address the dy
namic and spatial explicit interaction of ES with anthropogenic drivers 
(VanderWilde and Newell, 2021).

Starting from these considerations about LCA and ES integration, and 
recognizing the importance of a holistic approach in the evaluation of 
GRO, this review aims to examine how these challenges have been 
addressed in the assessment of the impacts and benefits generated by 
phytoremediation projects. The review seeks to answer the following 
questions:

1) How and to what extent is LCA integrated into the environmental 
sustainability analysis of phytoremediation of brownfields?

2) How are the concepts of ES systematically incorporated into the 
LCA of phytoremediation?

3) Is post-remediation management included in the assessment?

2. Methodology

A systematic review of the literature on LCA and ES accounting was 
conducted with a focus on phytoremediation projects. Because the 
assessment of ES encompasses both non-monetary and monetary sources 
of value, not only the cases where an economic valuation of ES is carried 
out (as in Alshehri et al., 2023) were considered. Many studies did not 
involve any monetary calculations related to ES, even though these 
values were still accounted for in the flows. For example, the inclusion of 
biomass valorization in the system could be viewed as a provisioning ES 
provided by phytoremediation interventions.

The literature collection took place in May 2024 using the Scopus 
platform. The search string combined the concepts of brownfields and 
bioenergy with phytoremediation and LCA, excluding any references to 
wastewater since the primary focus was on remediating brownfield land 
only. The search string used was as follows:

( TITLE-ABS-KEY ( "brownfield*" OR "wasteland" OR "marginal land" 
OR "polluted land" OR "abandoned land" OR "vacant lot*" OR "informal 
green space*" OR "liminal space*") OR ( TITLE-ABS-KEY ( "biomass" OR 
"biofuel*" OR "bio-fuel*" OR "bioenergy" OR "bio-energy" OR 
"biochemical*" OR "bio-chemical*" OR "biorefiner*")) AND ( TITLE-ABS- 
KEY ( "phytomanage*" OR "phyto-manage*" OR "phytoremediat*" OR 
"phyto-remediat*" OR "phytoextr*" OR "phyto-extr*" OR "phytostabil*" 
OR "phyto-stabil*" OR "phytodegrad*" OR "phyto-degrad*" OR "bio
remediat*" OR "bio-remediat*" OR "bio-remediat*" OR "nature-based" 
OR "naturebased")) AND ( TITLE-ABS-KEY ( "life cycle a*" OR "lifecycle 
a*" OR "life-cycle a*" OR "LCA" OR "footprint")) AND NOT ( TITLE ( 
"wastewater" OR "sludge") OR KEY ( "wastewater" OR "sludge")))

193 results were obtained for further screening. This literature body 
was first reduced to 168 by excluding all the documents that were not 
either Research or Review Articles. Then, after their thorough abstract 
reading, 13 articles were selected for an in-depth analysis. Articles 
referring to agriculture land or to water purification systems and 
floating islands were not included because they were considered out of 
scope. Out of two articles on the same case study (Vocciante et al., 2019, 
2021), we considered only the former but still compared them because 
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they applied a different functional unit in the assessment. The time 
frame of the articles was from 2010 to 2024.

As observed by Hou and O’Connor (2020), the impacts of brown
fields remediation projects go beyond the site’s spatial and temporal 
boundaries. According to this rationale, brownfields remediation im
pacts can be categorized as primary (impacts caused by toxic substances 
in environmental media at a brownfield site), secondary (impacts caused 
by the remediation process itself), and tertiary (consequential impacts of 
the final land use) (Hou et al., 2023). In this case, the conceptual 
approach outlined by Lesage et al. (2007) was used in the impact 
assessment section to decide whether the primary impacts of remedia
tion had been considered in the assessment. According to this frame
work, the primary impacts are mostly site-specific and are defined by 
both site contamination (where normally the effects of remediation are 
accounted for as negative impacts in the soil), and physical attributes 
that are typically represented by land use and land use changes.

The critical review of the selected literature was conducted using the 
approach proposed by Larrey-Lassalle et al. (2022). This approach in
volves analysing different parameters across the four phases of LCA (ISO 
standard 14040:2006) in each reviewed study (Table 1): “Phase 1—goal 
and scope definition, Phase 2—inventory analysis or life cycle inventory 
(LCI), Phase 3—impact assessment or life cycle impact assessment 
(LCIA), and Phase 4—interpretation of the results”. This method allowed 
us to systematically examine the contents of the 13 studies based on 
specific issues and questions.

2.1. Analysis of LCA phase 1—goal and scope

This step is the starting point of every LCA and is crucial for all other 
phases. Here, practitioners describe, among other aspects, the aim and 
target of the analysis, the system considered, and its life cycle stages. 
Other aspects of this first part include the system boundaries, the time 
frame, and the Functional Unit (FU), which is the quantified perfor
mance of a system to which all flows are scaled (Arvidsson and Ciroth, 
2021; European Commission, JRC-IES, 2010). The analysis of the scope 
definition includes (i) the functions and functional unit(s) considered, 

(ii) the system boundaries considered (life cycle stages), (iii) the reme
diation options, plant species and period of analysis, (iv) the geographic 
location, site size, and depth of contamination. For the specific case of 
phytoremediation, special attention was paid to the different surface and 
depth of interventions and possible end of life options (when included).

2.2. Analysis of LCA phase 2—life cycle inventory (LCI)

This phase involves data collection and calculation to quantify all the 
flows between the studied system and the environment, including 
resource inputs (e.g., raw materials, energy, freshwater, land occupa
tion) and substance outputs (e.g., chemical emission) to air, water, and 
soil compartments. It is the core of the analysis, and the impact assess
ment phase depends on its results (European Commission, JRC-IES, 
2010). In this work, the analysis of the LCI phase focused on specific 
features associated with phytoremediation, such as CO2 sequestration, 
carbon balance, emissions in the environment due to fertilizers or pes
ticides, irrigation, and quantification of the remediation performances 
of different plants investigated in the literature.

2.3. Analysis of LCA phase 3—life cycle impact assessment (LCIA)

The LCIA phase assesses the impacts potentially caused by the 
extraction of natural resources and the use of land, as well as by the 
release of pollutants and waste, which are inventoried as elementary 
flows. In LCIA, those aggregated elementary flows in LCI are multiplied 
by a characterization factor (CF), which aids quantifying how much the 
resulting LCI can contribute to a given impact category. Two main types 
of impact categories can be selected (1) midpoint impact categories, 
which are intermediate measures of environmental impact reflecting 
changes in the natural environment due to human activities, and (2) 
endpoint or damage impact categories, which typically evaluate final 
impacts on human health, ecosystem quality, and resources. LCA prac
titioners can choose among many assessment models to characterize 
inventory flows and evaluate potential impacts (e.g., CML2001, TRACI, 
ReCiPe, IMPACT World+, LC-IMPACT (EU) and so on; Hauschild et al., 
2018). Additionally, the LCIA phase allows for normalization and/or 
weighting of impact results (ISO 14044:2006). This paper covers the 
analysis of the LCIA phase including: (i) Consideration of impact and 
damage categories and the LCIA method(s) used, (ii) Climate change 
impact (value), (iii) Cumulative Energy Demand (CED), (iv) Expression 
of land use changes, (v) Normalization and/or weighting of the results, 
(vi) Eventual ES accounted for and (vii) Description of primary impacts 
of remediation.

2.4. Analysis of LCA phase 4—interpretation

The interpretation is the final phase of an LCA where results are 
considered together and analysed highlighting the uncertainties of the 
applied data and the assumptions that have been made and documented 
throughout the study (European Commission, JRC-IES, 2010). There
fore, we focused on (i) the results of the contribution analysis, which 
highlights possible hotspots of the impacts, (ii) the presence of a sensi
tivity or uncertainty analysis, (iii) climate change related considerations 
and (iv) the results in comparison with other remediation techniques.

3. Results

3.1. Phase 1: goal and scope definition

Some initial observations can be made by comparing the character
istics of the case studies (Table 2). For instance, the surface area 
considered in the studies varies significantly, ranging from hundreds of 
square meters to hectares. In terms of the depth of intervention in the 
soil, most of the studies clearly define this aspect. Otherwise, the 
Functional Unit (FU) is expressed in volume of soil, highlighting the 

Table 1 
Key issues and questions investigated within each reviewed study.

Phase 1: Goal and Scope definition

Functions and 
functional 
unit(s) 
considered

System 
boundaries 
considered (life 
cycle stages)

Remediation 
options, plant 
species and period 
of analysis

Geographic 
location, site size, 
depth of 
contamination

Phase 2: Life Cycle Inventory

Is CO2 

sequestration 
considered? 
(value)

Is it explicitly 
stated that the 
mass balance is 
respected for the 
carbon? Biomass 
yield?

Are emissions in the 
environment 
considered after 
application of 
mineral/organic 
fertilizers or 
pesticides?

Is the model/ 
source mentioned, 
or details on 
calculations 
given? 
Irrigation? 
Remediation 
yield?

Phase 3: Life Cycle Impact Assessment

Impact and damages 
categories 
considered and 
LCIA method(s) 
used

Climate 
change impact 
(value) 
Cumulative 
Energy 
Demand 
Land use 
changes

Normalization of the 
results (Yes/No) 
Weighting of the results 
(Yes/No)

ES accounted 
for 
(explicitly 
and 
implicitly) 
Primary 
impacts

Phase 4: Interpretation

Contribution 
analysis 
Main 
contributors

Comparison with 
other remediation 
techniques

Sensitivity or 
uncertainty 
analysis

Climate change 
considerations
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Table 2 
Analysis of LCA phase 1 of the selected literature.

CASE STUDY CHARACTERISTICS PHASE 1: Goal and Scope

Author Pollutant(s) Field area 
(m2)

Function - Functional Unit System Boundaries* Remediation options Timeframe

Suer & 
Andersson-Sköld, 
2011

Mineral oil: organic aliphatic 
compounds, with locally 
some aromatic compounds 
and BTEX.

5000 One site (5000 m2) Cradle to gate No action 
Biofuel 
(phytoremediation)

20 years

Excavation and refill 40 days
​ ​ ​ ​ ​ ​ ​
Witters et al., 2012; 

Witters, Mendelsohn, 
Van Slycken, et al., 
2012

Cd (Zn and Pb under 
regulations limit)

N.A. 1 ha of land that can be safely 
used

Cultivation and 
disposal (cradle to 
grave)

Three different energy 
crops with 
phytoremediation traits

1 year of CO2 

abatement

Vigil et al., 2015 Pb 10,000 
(assumed)

1 ha of decontaminated land Cradle to grave No action N.A.
Excavation and refill 40 days
Phytoremediation 32 years

​ ​ ​ ​ ​ ​ ​
O’Connor, Zheng, 

et al., 2019
Tetrachloroethylene (PCE) 
groundwater contamination,

9000 9000 m3 volume of a PCE- 
contaminated aquifer

Cradle to grave Phytoremediation 100 years

Vocciante et al., 2019 mix, mainly As and Pb 712 1 m2 of contaminated site Cradle to grave Phytoremediation 2 years 
GWP: 100 
years

Vocciante et al., 2021 mix, mainly As and Pb 712 1 m3 of contaminated site Cradle to grave Phytoremediation 2 years 
GWP: 100 
years

Lin et al., 2022 Tannery wastewater 
containing Cr, Cu, and Ni

960 24 days of excavation and refill 
(one time operation), vs 1 year 
of phytoremediation

Cradle to gate (no 
disposal).

In situ excavation and 
refill

24 days (one 
time)

Cradle to grave 
(incineration)

Phytoremediation 1 year

Zn, Cr, Cu, and Ni 5678 49 days of excavation and refill 
(one time operation), vs 1 year 
of phytoremediation

Cradle to gate (no 
disposal)

In situ excavation and 
refill

49 days (one 
time)

Cradle to grave 
(incineration)

Phytoremediation 1 year

​ ​ ​ ​ ​ ​ ​
Espada et al., 2022 Pb 10,000 Decontamination of 1 ha of the 

considered soil (depth of 20 cm) 
up to the maximum Pb 
concentration allowed by the 
government regulations.

Cultivation and 
harvesting, 
conditioning and 
transport and use of 
the grown biomass

Phytoremediation 31 years

​ Soil washing 
Excavation and landfill 
deposition

​

​ ​ ​ ​ ​ ​ ​
Lynch & Satrio, 2022 Pb 10,000 8.15 tons (on dry basis) of 

switchgrass average amount 
yearly in one ha)

Cradle to grave Phytoremediation 3.5 years

Todde et al., 2022 Pb, Zn. Cd 10,000 1 kg of dry matter industrial 
hemp product AND 1 ha of 
phytoremediated area

Cradle to grave Phytoremediation GWP: 100 
years

Soleimani et al., 2023 Chloride (marine dredged 
sediment)

N.A. 1 m3 sediment 
phytoremediation

Cradle to gate Phytoremediation Not 
achievable in 
less than 357 
years.

Sediment landfill N.A.
​ ​ ​ ​ ​ ​ ​
Alshehri et al., 2023 Heavy metals, polyaromatic 

hydrocarbons, chlorinated 
solvents, ammonia

2,000,000 Treatment of 1 m3 of polluted 
soil as per applicable standards

Cradle to grave No action 30 years
“London Olympic Park” 
(combination of 
remediation 
technologies)

3 years

Phytoremediation 12 years
​ ​ ​ ​ ​ ​ ​
Espada et al., 2024 Cu, 627 ppm (77 ppm to be 

removed)
10,000 Decontamination of 1 hm2 of 

the considered soil (20 cm 
depth) up to the maximum Cu 
concentration allowed by 
government regulations

Cradle to grave Phytoremediation (3 
solutions)

7–22 yeas 
(depends on 
the crop)Soil washing

Soil excavation

* The system boundaries define which parts of the life cycle and which processes belong to the analysed system, i.e. are required for providing its function as defined 
by its functional unit. They also define across which boundary the exchange of elementary flows with nature takes place (European Commission, JRC-IES, 2010). The 
scope can include the entire life cycle or be limited to part thereof, defining the following boundaries: Cradle-to-grave (full life cycle from raw materials extraction 
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importance of understanding the depth of contamination for successful 
phytoremediation (Alshehri et al., 2023; Vocciante et al., 2021). Addi
tionally, the contaminants studied are of different nature, including 
heavy metals, hydrocarbons, and chlorinated compounds. It is inter
esting to observe how different functional units (FUs) shift the focus of 
the analysis towards various goals of remediation, such as improving soil 
quality or achieving an acceptable level of pollutants for future land use. 
Specifically, the multifunctionality of remediation can be expressed 
through different FUs (as in Todde et al., 2022, “1 kg of dry matter in
dustrial hemp product and 1 ha of phytoremediated area”) or with a 
comprehensive FU, as suggested in Espada et al. (2022). Here they 
indicate not only the area or volume of soil to be decontaminated, but 
also the threshold to be reached as “Decontamination of 1 ha of the 
considered soil (depth of 20 cm) up to the maximum Pb concentration 
allowed by the government”. Another clear example can be seen in the 
comparison between the work of Vocciante et al. in 2019 and 2021. 
While the case study remains consistent in both articles, the focus shifts; 
the former article emphasizes biomass disposal for phytoremediation, 
while the latter compares different remediation options. In 2019, the FU 
was “1 m2 of contaminated site” whereas in 2021, it changed to “1 m3 of 
contaminated site”, transitioning from a surface to a volume. This 
changes the results for example in the impacts related to the possible 
disposal options, where fast pyrolysis always provides better results than 
incineration. However, when considering a volume of soil, the gap is 
negligible. In contrast, when the FU is a surface, the results are 
considerably different.

The system boundaries considered in these studies are mostly cradle- 
to-grave (91.7 %), emphasizing the impacts of the interventions and the 
importance of biomass valorization through the right disposal. In the 
case of Suer and Andersson-Sköld (2011), the analysis stops at the gate 
once remediation has resulted in clean soil. Soleimani et al. (2023)
define cradle-to-gate boundaries, but their model also incorporates 
end-of-life processes for biomass treatment, indicating that the bound
aries may actually be cradle-to-grave.

Seven out of twelve studies compare phytoremediation with 
different remediation technologies or with “no action” scenarios.

3.2. Phase 2: life cycle inventory

In this phase we observe that a carbon mass calculation is never 
clearly expressed. Only Vocciante et al. (2019) mention that for biomass 
valorization a literature reference has been used for the elemental 
composition of the biomass, and that the incineration of biomass follows 
the stoichiometric combustion. In nine out of twelve studies, the 
biomass yield is reported after calculations (Soleimani et al., 2023), 
derived from lab experiments/pilot plants/field data (Lin et al., 2022; 
Lynch & Satrio, 2022; Todde et al., 2022; Vigil et al., 2015; Witters, 
Mendelsohn, Van Passel, et al., 2012; Witters, Mendelsohn, Van Slycken, 
et al., 2012) or from literature/reference tables (Alshehri et al., 2023; 
Espada et al., 2022, 2024; Witters, Mendelsohn, Van Passel, et al., 2012; 
Witters, Mendelsohn, Van Slycken, et al., 2012). Fertilizers are consis
tently included as input flows, whereas in only in one study herbicides 
and pesticides are considered as well as mobilizing agents. The necessity 
of using fertilizers likely arises because contaminated sites not only 
contain phyto-toxic concentrations of pollutants, but are also commonly 
characterized by unfavorable soil properties such as nutrient deficiency, 
poor soil structure, low organic matter (OM), etc. (Kidd et al., 2015). 
Eight out of twelve studies describe the contaminant extraction yield or 
the contaminant decay rate (O’Connor, Zheng, et al., 2019; Vigil et al., 
2015). They also discuss the Bioconcentration Factor (BCF) (Espada 
et al., 2022, 2024; Soleimani et al., 2023) and provide experimental 
results on the plants’ remediation traits (Lin et al., 2022; Vocciante et al., 
2019; Witters, Mendelsohn, Van Passel, et al., 2012; Witters, 

Mendelsohn, Van Slycken, et al., 2012). In three other studies the 
contaminant extraction yield is not explicitly stated, but the time 
required for phytoremediation is expressed in the needed years of 
intervention (Alshehri et al., 2023; Lynch & Satrio, 2022; Suer & 
Andersson-Sköld, 2011). Only one study focuses on biomass yield for 
energy, referring to one harvest cycle without specifying how many 
cycles are needed for complete remediation (Soleimani et al., 2023). As 
shown in Table 2, 50 % of the studies compare phytoremediation with 
other remediation techniques, often using different time frames for the 
selected solutions. When evaluating phytoremediation alone, re
searchers typically assess the most sustainable method of biomass 
disposal (Lynch & Satrio, 2022; Todde et al., 2022; Vocciante et al., 
2019). Only three studies mention a numerical value of CO2 sequestra
tion by plants, which attains to 1.75 Mg ha− 1 y− 1 for Festuca arundinacea 
(Espada et al., 2022) 14,214 Mg ha− 1 y− 1 for energy maize, 
4460 Mg ha− 1 y− 1 for commercial willow (Salix spp.) in short rotation 
coppice, 12,902 Mg ha− 1 y− 1 for breeding clone willow in short rotation 
coppice, 3165 Mg ha− 1 y− 1 for rapeseed (Witters, Mendelsohn, Van 
Passel, et al., 2012; Witters, Mendelsohn, Van Slycken, et al., 2012) and 
2.78 Mg ha− 1y− 1 for Brassica juncea, 5.42 Mg ha− 1y− 1 for Medicago 
sativa, 4.89 Mg ha− 1y− 1 in rotary cultivation (Espada et al., 2024).

3.3. Phase 3: life cycle impacts assessment (LCIA)

Fig. 1 summaries how the reviewed studies make use of the impact 
categories. Those categories are divided into “Endpoint” and “Midpoint” 
impacts (see Section 2.3), resulting in a general tendency towards 
midpoint indicators. This could depend on the fact that midpoint in
dicators are chosen early in the environmental mechanism, giving a 
more measurable and certain result compared with endpoint ones. These 
latter are downstream in the environmental mechanism, giving more 
relevant but hardly verifiable information. The ReCiPe LCIA method is 
adopted in most cases (41,7 %), as it is often preferred for studies con
ducted in Europe. Regarding the analysed impacts, only climate change 
(as endpoint impact or as Global Warming Potential, GWP, midpoint 
impact) is consistently considered. It is important to note that relying 
solely on GWP may not provide a comprehensive evaluation of the 
overall sustainability of an intervention, as results may vary when using 
multiple indicators frameworks. Moreover, meaningful potential trade- 
offs might be hindered when focusing the LCIA on a single issue 
impact indicator only. For example, the studies by Vigil et al. (2015) and 
Todde et al. (2022) both examine different biomass disposal options but 
focus on different impact categories, leading to different conclusions. 
Vigil et al. (2015) consider urban land occupation, agricultural land 
occupation, natural land transformation, particulate matter formation, 
fossil depletion, and climate change as main impact categories. On the 
other hand, Todde et al. (2022) focus only on GWP and Cumulative 
Energy Demand (CED). Since the use of fossil fuels for energy is an 
important driver of climate change, it has been shown (Huijbregts et al., 
2006) that GWP and CED are strongly correlated, and therefore draw 
similar conclusions. Hence, in Todde et al. (2022) the main contributors 
to the final impacts are activities that consume the most diesel, such as 
harvesting and plowing, while fertilization, for example, has a minor 
impact. In contrast, the impacts considered by Vigil et al. (2015) have a 
broader vision and land-use categories are major contributors to the 
results of phytoremediation scenarios, along with intensive agricultural 
practices, application of mineral fertilizers and harvesting operations.

Another midpoint category that is linked with the possible disposal 
and valorization of the biomass is the Cumulative Energy Demand 
(CED). The CED quantifies both direct and indirect energy consumption 
in MJ over the entire life cycle, encompassing energy used in the 
extraction, production, and disposal of raw and auxiliary materials 
(Frischknecht et al., 1998). In only one third of the studies the CED 

through production, use, end-of-life treatment, recycling and final disposal), Cradle-to-gate (from raw resource extraction up to an in-between point of the life cycle), 
Gate-to-gate (considering only a limited section of the life cycle), specific parts of the life cycle (e.g., waste management, components of a product) (ISO14044:2006).
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(Espada et al. 2022, Lynch and Satrio, 2022, Todde et al., 2022) or the 
energy consumption (Suer & Andersson-Sköld, 2011) are expressed. All 
these studies assess the valorization of biomass from contaminated land. 
It is therefore a crucial point to express the appraisal of both energy 
production and consumption of the process.

The evaluation of ES has been systematically considered only by 
Alshehri et al. (2023). They adapt the cascade ES-LCA framework pro
posed by Rugani et al. (2019) for a case study on remediation, expanding 
it with an additional goal and scope step. The goal is to capture the 
tertiary impacts of remediation (post-remediation development) of 
conventional and nature-based remediation options. Nevertheless, we 
considered in the analysis also the ES implicitly accounted for, with the 
requirement of being quantitatively expressed in the flows: 

• Provisioning: biomass derived from phytoremediation is used as 
bioenergy source (e.g. conversion of produced biomass into energy 
reduces the need for natural gas and avoids the related impacts)

• Regulating: remediation effects of phytoremediation on soil quality 
and mediation of water flows (e.g., in the calculation for irrigation 
needs)

Results are plotted in Fig. 2, based on the classification of phytor
emediation’s environmental and social benefits by Guidi Nissim and 
Labrecque (2021), grouping them into corresponding ES flows following 
the CICES classification. ES directly related to phytoremediation (e.g. 
mediation of waste and toxics or energy provision) are highly reported, 
whereas other important ES provided by phytoremediation (e.g., 
mediation of flows such as urban hydrology) are underrepresented. 
Cultural ES (yellow) are instead completely absent from the assess
ments. This is likely due to the challenge of quantifying such ES, as noted 
by Hirons et al. (2016) Kosanic and Petzold (2020), Langemeyer et al. 
(2023) among others. Another significant omission concerns biodiver
sity, which is not an ES itself, but its conservation is essential for ES 
delivery (Mace et al., 2012).

In addition to soil remediation, which is commonly described, car
bon sequestration and biomass for bioenergy are mentioned in almost 
every study, even if they are not explicitly defined as ES. All case studies 
suggest reinvesting biomass into the energy production as a way to 
mitigate the environmental impacts of phytoremediation and promote 
these remediation options over traditional techniques. For instance, in 
Vocciante et al. (2019) the use of biomass combustion for electricity 
generation results in the reduction of the overall impacts by about 45 %, 

with the share of the disposal phase decreasing from 25 % to 16 % of the 
total contributions, making this Nature-based Solution (NbS) almost 
carbon neutral. This can be further improved by employing fast 
pyrolysis.

Another discriminating aspect is related to the use of water, which is 
described only in 50 % of the studies and not always quantitatively. 
Additionally, water depletion is only included as an indicator in three 

Fig. 1. Frequency of impact categories assessed in the studies. Since two of the selected studies, namely Vocciante et al. (2019) and Vocciante et al. (2021), refer to 
the same dataset, it has been decided to consider only the former (giving a total of 12 studies) to avoid double counting in the results.

Fig. 2. Ecosystem Services accounted for in the reviewed studies; indicators 
retrieved from the list of phytoremediation’s benefits of Guidi Nissim and 
Labrecque (2021), grouped following the CICES classification of ES flows. Since 
two of the selected studies, namely Vocciante et al. (2019) and Vocciante et al. 
(2021), refer to the same dataset, it has been decided to consider only the 
former (giving a total of 12 studies) to avoid double counting in the results.
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out of twelve studies. Soleimani et al. (2023) consider water depletion 
and highlighted the positive performance of Arundo donax in terms of 
water requirements, but without providing a clear numerical expression 
of the ES. On the other hand, the water requirements are often expressed 
in volume/year (O’Connor et al., 2019; Vocciante et al., 2019) and in 
some cases, irrigation practices vary based on average rainfall values for 
the specific area (Espada et al., 2022, 2024; Todde et al., 2022). Finally, 
only two studies explicitly try to express the primary, secondary and 
tertiary impacts of remediation. O’Connor et al. (2019) use a model to 
quantify the primary impacts and then categorize the remediation ac
tivities as secondary impacts. On the other hand, Alshehri et al. (2023)
evaluate the tertiary impacts of remediation in addition to the primary 
and secondary impacts by expanding the LCA-ES framework with an 
additional 5th “Valuation” step. They also consider the Urban Land 
Occupation to assess the efficiency of remediation options, monetizing it 
in step five as the cost of the land being out of use during remediation. 
Additionally, a “Truncation error estimate” is used to describe the pro
portion of impact not covered by the system boundaries of the LCA (as 
defined by Ward et al., 2018), demonstrating the percentage of over
looked impacts of traditional LCA compared to the ES-LCA outcomes.

3.4. Phase 4: interpretation

Given the high variety of contaminants, plants used, impacts meth
odologies, etc., it is not possible to identify any clear trends in the 
interpretation of the impacts. However, some interesting aspects can be 
observed. Conditioning of the biomass such as anaerobic digestion, is 
often one of the most impactful operations (Alshehri et al., 2023; Espada 
et al., 2022). As mentioned earlier, land use and land use change account 
for a significant portion of the final impacts when assessed (Suer and 
Andersson-Sköld, 2011; Vigil et al., 2015). In Vocciante et al. (2019), the 
site preparation requires asphalt removal, and this is the most impactful 
operation. This finding is crucial when considering the implementation 
of phytoremediation on sites with a high percentage of artificial land 
cover. Other significant hotspots include biomass harvest phases and 
fossil fuel combustion for various operations (e.g., personnel trans
portation, biomass transportation and disposal). A sensitivity or uncer
tainty analysis is conducted in 70 % of cases. In these cases, different 
biomass yields are tested (Vigil et al., 2015; Witters, Mendelsohn, Van 
Passel, et al., 2012; Witters, Mendelsohn, Van Slycken, et al., 2012), 
different scenarios are evaluated (Suer and Andersson-Sköld, 2011; 
Todde et al., 2022) or the data sets uncertainty is analysed. Including 
possible changes in the biomass yield is important in terms of climate 
uncertainties, which is crucial to assess in case of long-term remediation 
activities (Jaskulak et al., 2020; Soleimani et al., 2023). Otherwise, 
O’Connor et al. (2019) consider climate change by assessing the phy
toremediation yield under various sea-level rise scenarios as well as the 
effects of changing hydroclimatic conditions, while Soleimani et al. 
(2023) consider different plant survival rates.

When phytoremediation is compared with other remediation tech
niques, results unanimously find it as the least impactful option, despite 
the longer operational times, and especially if combined with biomass 
valorization (Vigil et al., 2015; Todde et al., 2022; Lin et al., 2022; 
Soleimani et al., 2023; Alshehri et al. 2023). However, Suer and 
Andersson-Sköld (2011) point out that the main impact contributors of 
the traditional techniques and the ones for phytoremediation are linked 
to different environmental issues, and do not occur at the same 
geographical scale. Moreover, they suggest further developing the 
assessment of land use issues.

Finally, it is worth mentioning the work of Braun et al. (2024), which 
is not a standard LCA, but rather a sustainability assessment that de
velops a tool for selecting the best remediation technique. In this study, 
phytoremediation is compared with electrokinetics and excava
tion/disposal using a holistic approach to determine the most sustain
able technique. The phytoremediation data in this study are derived 
from a previous work by da S Trentin et al., 2019, where a framework for 

the “Quantitative Assessment of Life Cycle Sustainability” was proposed. 
The approach by Braun et al. (2024) stays in the holistic view of sus
tainability and in the high differentiated impact categories considered. 
They aim to address all three pillars of sustainability (i.e., environ
mental, social, economic), create a list of 63 impact components divided 
into 20 impact factors, and assign each a weighting value. Furthermore, 
an impact matrix is developed to evaluate each component, whether it 
has a negative or positive impact. The method by Braun et al. (2024)
introduces uncertainties, such as in the selection of weighting factors, 
and should be validated with more case studies beyond those selected by 
the authors. However, it provides valuable insights creating sustain
ability indicators even for ES categories that are challenging to quantify 
(e.g., cultural). Moreover, many impact categories considered can be 
related to ES and their benefits (e.g., those with a positive impact in the 
matrix), such as “Protection of fauna-flora-natural habitats-landscape”, 
“Public health and community safety”, “Protection of groundwater” or 
“Cultural and tourist promotion”. The results of this evaluation always 
describe phytoremediation as the most sustainable solution.

4. Discussion

This review confirms that LCA is a valuable tool for assessing the 
sustainability of phytoremediation in urban brownfields. It is a method 
that can be applied to sites of various sizes, pollutants and plant species 
involved, providing a reliable description of the hotspots in the inter
vention. These hotspots are the most impactful systems in the life cycle, 
where it would be most meaningful to consider different alternatives. 
Additionally, the case studies reviewed suggest that reinvesting biomass 
into energy production can help to balance the environmental impacts of 
phytoremediation. This finding supports the use of phytoremediation 
over traditional techniques. When planning for sustainable GRO, it is 
crucial to consider the transportation of harvested biomass, determining 
the maximum sustainable distances from the disposal facility (Vigil 
et al., 2022). Moreover, the designated disposal of contaminated 
biomass could intensely change the results. This is because, as observed 
by Vigil et al. (2015), there would be a significative difference in the 
impacts if the metal concentrations in plants are low enough to be 
accepted in an inert landfill or, on the contrary, if different legislation or 
a higher concentration would impose a treatment in a hazardous ma
terial landfill (as shown by Suer and Andersson-Sköld, 2011). For 
instance, for phytoextraction it could be interesting to evaluate whether 
replacing hyperaccumulator plants with fast-growth woody plants could 
lead to a better balance between remediation yield and ease of disposal.

Focusing on the disposal phases of the biomass is also important due 
to the issue of contaminated biomass, which requires dedicated man
agement. In this regard, the main advantages of collecting biomass from 
phytoremediation systems include not competing with food crops for 
land, providing sustainable energy from marginal land, while cleaning 
up polluted soils (Grifoni et al., 2021; Khan et al., 2023). The potential 
use of this biomass as feedstock in the bioenergy market should be 
carefully evaluated, for example by applying consequential LCA (C-LCA) 
approaches that may “[…] provide information on the environmental 
burdens that occur, directly or indirectly, as a consequence of a decision, 
generally represented by changes in demand” (UNEP, 2011). This type 
of environmental assessment analyses how physical flows and related 
environmental burdens depend on socio-economic mechanisms through 
market information and economic models. C-LCA has already been 
utilized in studies within the bioenergy sector (Krogh et al., 2024; 
Marvuglia et al., 2013; Vázquez-Rowe et al., 2014). Conducting a C-LCA 
would enhance the sustainability analysis of phytoremediation by 
incorporating a more holistic socio-economic approach.

Even though the LCA is a standardized procedure, many aspects of 
the analysis depend on practitioners’ choices, such as the goal and scope 
definition or the selection of impact assessment methods. This impli
cates a great variability in the analysis outcomes. However, some im
pacts could be included in the analysis more systematically. For 
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example, the “Land use” impact category is only mentioned in one third 
of the studies (Alshehri et al., 2023; Soleimani et al., 2023; Suer and 
Andersson-Sköld, 2011; Vigil et al., 2015). When land use and land use 
change are considered, those are among the major contributions of the 
impact score from a positive perspective. As pointed out by Lesage et al. 
(2007), changes in land use can provide relevant benefits when 
considering tertiary effects of remediation. This was demonstrated in a 
case study where the avoided pressure on vacant urban sites, greenfields 
and arable land was considered as a result of the redevelopment of 
brownfields for urban housing. Larrey-Lassalle et al. (2022) also 
observed a similar trend in the LCA of Nature-based Solutions (NbS) in 
general, suggesting that a more systematic inclusion of land use cate
gories is welcome due to their relevance for the assessment of the ben
efits associated with the ES supply. Accordingly, many ES are driven by 
land-use change (Metzger et al., 2006), making it important to evaluate 
the impacts caused by long remediation processes on land availability 
for communities and ecosystems (Beames et al., 2015). Interestingly, Wu 
defines “Landscape sustainability science” as a “place-based, 
use-inspired science of understanding and improving the dynamic 
relationship between ecosystem services and human well-being in 
changing landscapes under uncertainties arising from internal feedbacks 
and external disturbances” (Wu, 2013).

This review also highlights the complete absence of any biodiversity 
impacts and/or benefits considerations in the reviewed studies. As 
pointed out by Damiani et al. (2023), the impacts of production and 
organization on biodiversity are only partially included in LCA (usually 
as the potential disappearance fraction of species due to land use), and 
there is a need for the development of robust and complete indicators. A 
more precise expression of biodiversity in LCA would allow for the ac
counting of benefits of interventions, such as the enhancement of ES 
provision, for example, the creation of habitat and shelter which would 
increase the supply of ES (Burges et al., 2016; Garbisu et al., 2020). 
Biodiversity plays a crucial role in urban ecosystems, where conserva
tion strategies are expanding to focus on both the quality and quantity of 
urban nature (Kowarik et al., 2020). Many studies emphasize the 
importance of healthy biodiverse green spaces in providing regulating, 
provisioning and cultural ES in cities (Haase et al., 2014; Schwarz et al., 
2017), as well as promoting physical and mental health (Bratman et al., 
2012; Hartig and Kahn, 2016). In the case of phytoremediation, the 
widespread lack of an LCIA on biodiversity and of the consideration of 
benefits should be addressed, since the chosen solutions can differently 
affect the peculiar biodiversity that exist in such extreme environments 
(Garbisu et al., 2020). Protecting and enhancing this biodiversity across 
diverse trophic levels can indeed improve the efficacy and resilience of 
the deployed plants (Burges et al., 2016). Furthermore, monitoring of 
trade-offs and synergies between biodiversity and ES shall be part of a 
phytomanagement strategy (Garbisu et al., 2020), starting from the 
definition of the intervention’s beneficiaries (Maia de Souza et al., 
2018). Good examples on how to address this issue can be found in LCA 
studies on agricultural practices, where spatial explicit, predictive in
formation about the impacts on biodiversity and ES have been inte
grated to inform strategic planning and decisional processes 
(Chaplin-Kramer et al., 2017). Other studies in this field have proposed 
the use of spatial-explicit tools to quantify ES and calculate specific 
characterization factors (Lago-Olveira et al., 2025) or used remote 
sensing technology to detect changes at local scale at different time and 
spatial resolution (Geyer et al., 2010, Rugani and Rocchini, 2017, Kaita 
and Harun, 2023).

Regarding the impact on water resources, less than one third of the 
reviewed studies evaluate some indicators of scarcity assessment. This 
could be a gap to address when evaluating the benefits and drawbacks of 
phytoremediation. Water use for irrigation is crucial for growing plants 
used for remediation. However, their selection must consider local cli
matic conditions and biogeographical characteristics, with long-term 
planning under the current changing rainfall predictions. Possible sus
tainable solutions include urban wastewater for irrigation (best if the 

treatment plant is close to the phytoremediation site) or the selection of 
species resistant to water stress, extreme droughts or heat waves 
(Garbisu et al., 2020). Additionally, there is a generalized lack of 
modelling of climate change scenarios. This could be problematic for 
planning implementation phases, especially for techniques like phytor
emediation that often require more than 10 years to be effective. Prac
titioners should consider that plant performances under current climate 
conditions may not be maintained in scenarios with increasing tem
peratures and drought. An applicative example stems from LCA for 
agricultural production, where Niero et al. (2015) implemented a LCA 
with scenarios based on a multi-factor simulation study. They started 
defining parameters to describe the impact of climate change on crops, 
and then recommended a multi-step method to develop a scenario 
analysis for future crop production. This modelling approach could also 
be applied to phytoremediation species. Previous studies have utilized a 
similar method to assess the yield of poplar cultivation under different 
CO2 atmospheric concentrations (González-García et al. 2012). This 
could enhance the understanding of uncertainty in LCA scenarios for 
future climate conditions. Alternatively, system dynamics models can be 
used to evaluate the effectiveness of NbS under different climate change 
scenarios. Climate projections can be depicted as Representative Con
centration Pathways (RCP, Gómez Martín et al., 2021), also combined 
with Global Climate Models (GCM, Marvin et al., 2023), which are 
dependent on varying levels of greenhouse gas emissions in the coming 
century (i.e., changes in radiative forcing). The changes would impact 
factors such as plant growth, precipitation and evapotranspiration, 
which can be integrated into the model to assess the future potential of 
the selected NbS (Gómez Martín et al., 2021; Marvin et al., 2023).

Given that the planning of phytoremediation should be viewed from 
a long-term perspective and may be influenced by the effects of climate 
change, it is important to incorporate such simulations into the LCA 
before implementation. This is particularly true if the goal of the study is 
to incorporate stakeholders’ feedback in a decision-making process to 
compare various remediation options.

As anticipated in previous studies, the inclusion of ES in the LCA 
framework is quite fragmented, and their evaluation is usually expressed 
‘indirectly’ (i.e., impact on the capacity of ecosystems to supply services) 
and without explicit reference (Blanco et al., 2018; Bruel et al., 2016). 
This issue is reflected in the reviewed studies, while a systematic inte
gration of ES accounting in LCA to describe the benefits of GRO could 
make those systems more competitive with traditional solutions. For 
example, O’Connor et al. (2019) discuss the importance of choosing 
phytoremediation due to benefits such as creating a pleasant microcli
mate, providing shade for pedestrians or even serving as a cultural 
habitat. However, they do not express them quantitatively, nor are the 
benefits balanced against the related environmental costs of the life 
cycle.

As described before, the incorporation of dynamic temporal and 
spatial scales of ES into LCA is still facing several challenges. A good 
solution to contain the efforts needed on data collection could be to limit 
the evaluation of the ES belonging to the foreground system only. The 
assessment of ES on an interregional level is indeed still complex (Maia 
de Souza et al., 2018, Xue and Bakshi, 2022, Taelman et al., 2024) and 
the databases are not yet as complete as the one of LCA for the back
ground systems. In this regard, some interesting solutions have been 
studied, such as the framework based on telecoupling, an umbrella 
concept that considers socioeconomic and environmental interactions 
over distances (Koellner et al., 2019).

In this modelling integration effort, uncertainty analysis plays a 
pivotal role. The concept of uncertainty does not have a universally 
accepted definition, but it can be explained as everything unknown and 
that can be expressed with a specific probability or confidence degree. 
More specifically, the "unknown" encompasses random and systematic 
errors (arising from estimation, measurement, or data collection), mis
takes, as well as epistemological (or epistemic) uncertainty—referring to 
the lack of scientific knowledge and resulting misinterpretations 
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(Hauschild et al., 2018). Alshehri et al. (2024) recently showed that a 
thorough uncertainty analysis is needed to enhance the reliability of the 
ES-LCA integrated assessment of NbS such as phytoremediation. Both ES 
assessment and LCA approaches are indeed affected by different sources 
of uncertainties, which for instance could arise from external parameters 
such as variable natural parameters (Alshehri et al., 2024). In the case of 
phytoremediation, more data from different field experiments are 
needed, since this technique is very much dependent on plants perfor
mance on different soils, with different pollutants and in different cli
matic conditions (Schwitzguébel, 2017, Fernández-Braña et al., 2023, 
Moreira et al., 2021). This empirical gap could also be solved with 
phytoremediation models, which could realistically assess the duration 
of phytoremediation under various scenarios, including soil amend
ments, agronomic practices, reactive transport, and the interactions 
among hydrological, biogeochemical, and ecological processes (Wang 
and Aghajani Delavar, 2024). This could help define a suitable time 
horizon for the LCA, and determine if a Dynamic-LCA (DLCA) approach 
should be preferred (Lueddeckens et al., 2020). DLCA is still an evolving 
field, and operational tools capable of calculating time-differentiated 
inventories and impacts need to be developed (Pigné et al., 2020).

As depicted in Fig. 2, the trend in the evaluation of ES in LCA of 
phytoremediation is currently prioritizing “Biomass for bioenergy” and 
“Carbon sequestration” along with “Soil quality and remediation”. For 
instance, biomass valorization is often seen solely as a source of energy. 
To enlarge the scope in a full circular economy framework, it would be 
important to assess the environmental performance of using biomass as 
a raw material for biorefineries, as demonstrated by Lynch and Satrio 
(2022). In this regard, the calculation of the CED can be a good way to 
analyse the energy consumption throughout the whole life cycle and to 
compare different scenarios of energy generation (as done by Todde 
et al., 2022). The CED, and especially the demand for fossil energy, has 
shown to correlate well with most midpoint impact categories of LCA 
(such as GWP or acidification potential), and could therefore be used as 
a proxy for these environmental impacts in case of data shortage 
(Huijbregts et al., 2006). Nevertheless, this is not the case for other 
categories such as land-use impacts that should be separately analyzed 
for a complete environmental performance assessment (Huijbregts et al., 
2006). Moreover, Lynch and Satrio (2022) used this indicator to calcu
late the Energy Return On Investment (EROI), which is the ratio of the 
energy supplied by the process system to the non-renewable energy 
consumed directly and indirectly during the process (Cleveland, 1992). 
When dealing with energy-production systems, the EROI is an important 
environmental-feasibility index and helps to obtain a clear comparison 
among different solutions. However, there may be limitations when 
applying biomass from phytoremediation for pollutants extraction from 
soils. For example, the type and concentration of pollutants could in
fluence the feasibility of using the resulting biomass as a raw material for 
biorefineries (Kick et al., 2024). As we could observe in the analysed 
studies, different pretreatment and disposal solutions can be compared 
via LCA (Todde et al., 2022, Lynch and Satrio, 2022) and the aim should 
be to find the most sustainable balance between operational costs (both 
environmental and economic) of the pre-treatments and the feasibility 
of either concentrating the pollutants into char and ashes, or to control 
the emissions of the most volatile ones into the air compartment (Jiang 
et al., 2015, Lee et al., 2018, Cozma et al., 2021). However, the valo
rization of biomass derived from phytoremediation still faces legal and 
policy obstacles. The scaling up of nature-based, sustainable soil reme
diation methods is indeed impeded by the absence of a harmonized 
legislation for soil protection at both supranational and national levels. 
Moreover, the recovery of biomass depends strictly on the waste legis
lation, which should classify these outflows as End-of-Waste or 
by-products (Fermeglia and Perǐsić, 2023b), once assured that “the 
re-use of the substance or product will be legal and not lead to further 
environmental and/or health impacts” (EU Waste Framework Directive, 
2008). For this purpose, the distribution of the pollutants within the 
biorefinery products can be studied (Kick et al., 2024). Another step 

forward to a wider deployment of phytoremediation, and to possible 
combinations of phytomanagement and traditional techniques could 
depend on a change in the legislation’s paradigm of remediation itself. 
The current trend is to abandon policies that involve removing pollut
ants to achieve the original reference state in favor of risk-based policies 
(Ramón & Lull, 2019). The latter involve remediating the bioavailable 
fraction of contaminants, considering only the acceptable residual risk. 
This would greatly reduce the time to reach threshold values, making 
GRO more competitive compared to conventional remediation tech
niques (Moreira et al., 2021).

Other benefits associated with GRO could be easily incorporated into 
the evaluation, effectively offsetting the impacts of the intervention. 
This is exemplified for instance by Babí Almenar et al. (2023) in a case 
study of an afforestation project in Madrid, where the “avoided run-off" 
indicator is balanced with “water depletion” and “filtration of air 
pollution by plants” with “particulate matter formation”.

It is clear that a phytoremediation stand does not have the same 
potential as an urban park to provide ES for human well-being. How
ever, it can still offer some relevant ES that should be quantified more 
thoroughly. For instance, it would be significant to fill the gap of cultural 
ES related to urban phytoremediation; this could be done quantitatively 
in different ways, for example with non-monetary methods (combining 
participatory GIS, social media and questionnaires, interviews) or with 
monetary methods (such as the esthetic valuation that transformed areas 
can transfer to the house pricing of the neighborhood) (Romanazzi et al., 
2023). For instance, many studies have proven the role of ornamental 
plants in phytoremediation, adding aesthetical value to the urban fabric 
while creating a multifunctional landscape (Khan et al., 2021, Kaushal 
et al., 2021, Rocha et al., 2022, Podhajska et al., 2023). Planning an 
effective design can help improve the acceptance of such solutions by 
the citizens along with their well-being (Keeler et al., 2019, Khan et al., 
2021), creating a green space that can influence the prices of the sur
rounding properties (Chen et al., 2022). The improved estate value can 
thus be a way to quantify the cultural ES provided. In terms of urban 
hydrological regulation, most perennial woody species used for 
brownfield reclamation show an annual stormwater canopy interception 
rate comparable to most urban forest species (Kermavnar and Vilhar, 
2017). The positive hydrological effects of fast-growing tree species used 
in phytoremediation, such as willows or poplars, can also reduce soil 
bulk density, allowing for better water infiltration (Kahle and Janssen, 
2020). Moreover, expressing negative and positive impacts as a ratio 
may enable the communication of the net positive effects of phytor
emediation. This can highlight areas where environmental performance 
can be improved in the system, or where the impacts of an intervention 
are not justified by the benefits. Liu and Bakshi (2019) suggested inte
grating the demand and supply of ecosystem goods and services at 
multiple spatial scales into conventional LCA to obtain “absolute envi
ronmental sustainability metrics”. This approach could help moving 
away from using monetary cost-benefit approaches, which have become 
common in aiding policy makers in analysing trade-offs (Drupp et al., 
2024). When considering the importance of a healthy environment, 
balancing harmful impacts with benefits, rather than focusing on 
financial returns, would allow for a more holistic and ethical sustain
ability assessment. It would also provide a clearer expression of the 
actual social and environmental costs beside the economic ones. Various 
studies have focused on integrating transdisciplinary knowledge in the 
ES approach to avoid the risk of reducing basic values such as human 
well-being and biodiversity protection to financial terms (Norström 
et al., 2022; Spash and Hache, 2022). Future models of phytor
emediation in urban settings should therefore consider the specific 
urban challenges involved on top of soil remediation; this requires a 
careful analysis of the socio-ecological asset, aiming for the sustain
ability of the process without forgetting about the complex social dy
namics and equality issues to green infrastructures (Meerow and Newell, 
2019). This could help highlight the demand for ES in a specific area, 
and hence the nexuses between it and the contributions that the chosen 
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GRO could give to the socio-ecological processes (Babí Almenar et al., 
2021). On top of that, to organize complex environmental, economic 
and social aspects of phytoremediation in urban settings it could be 
advisable to perform more holistic analysis such as a Life Cycle Sus
tainability Assessment (LCSA), a way to combine environmental LCA, 
Social-LCA (S-LCA) and Life Cycle Costing (LCC) (Kloepffer, 2008; 
UNEP-SETAC, 2011).

As previously discussed, the impacts of remediation go beyond the 
spatial and temporal boundaries of the site, affecting a larger scale and 
long-term horizon. These impacts can be classified as primary, second
ary and tertiary, and this classification should be better integrated into 
the sustainability assessments. For example, Hou et al. (2023) suggest 
that a risk assessment is necessary to describe primary impacts and avoid 
misleading conclusions when choosing the best option. Secondary im
pacts are related to remediation operations and are typically assessed in 
LCA. Tertiary impacts, although less analysed, are crucial to highlight 
how different brownfield remediation strategies affect environmental 
flows to and from the site during the post-remediation phase (Lesage 
et al., 2007). These last impacts could also exceed the previous ones 
(Lesage et al., 2007, Hou et al., 2014, Hou et al., 2023), and a conse
quential LCA should be applied to capture how the management choices 
will affect the environmental flows in the post-remediation management 
phase (Hou et al., 2023). An attributional analysis of this phase would 
indeed transfer only partial information about the consequences of the 
decisions and would lead to allocation issues (Lesage et al., 2007).

The integration of the ES framework into LCA still requires further 
standardization such as in the choice of classification systems or in the 
temporal and spatial scales of assessments, as noted by Rugani et al. 
(2019). Efforts should focus on conducting a broader validation of 
simulation models with real case studies to transparently promote 
Nature-based Solutions for addressing challenges in deteriorated urban 
areas like brownfields. This approach can foster sustainable urban 
development that addresses issues beyond remediation, such as resil
ience to climate change, mitigation of the urban heat island effect and 
biodiversity loss.

5. Conclusion

This systematic literature review on the application of LCA for the 
sustainability assessment of phytoremediation for brownfields redevel
opment has highlighted current trends and knowledge gaps to be 
addressed in future research efforts. Moreover, we analysed the occur
rence of the ES evaluation methodology and principles in the LCA ap
proaches, revealing a great potential for their integration. This 
integration can further promote the application of these tools to provide 
policymakers and stakeholders with comprehensive information to 
evaluate different remediation strategies and creating reliable frame
works for policy support. Based on the results of this review, we 
recommend focusing on the following aspects for future research: (1) 
consider ES beyond biomass provisioning for energy purposes, such as 
air pollutants filtration or runoff control; (2) integrate LCA and ES 
assessment approaches to evaluate various remediation possibilities and 
demonstrate the environmental counterbalancing effects of GRO; (3) 
develop high spatial resolution analysis for an improved characteriza
tion of the effects on biodiversity at the implementation scale; (4) 
standardize the inclusion of primary-secondary-tertiary remediation 
impacts in sustainability assessments. Investigating the initial research 
questions showed that the complex challenges of brownfields redevel
opment can be addressed quantitatively using industrial ecology tools 
like LCA. However, this type of analysis is not consistently applied in 
phytoremediation case studies. A larger number of examples and data 
could provide a better understanding of the potential and effectiveness 
of these solutions. To achieve this, it is crucial to expand the analysis by 
integrating a broader ES evaluation into the assessment, as the results 
differ when the benefits of GRO are considered. Lastly, for concrete 
planning that extends beyond remediation boundaries, it is essential to 

incorporate life-cycle and long-term sustainable thinking. This can be 
achieved through a phytomanagement approach that includes the 
assessment of post-remediation alternatives in overall decision-making 
processes.
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Martín, S., Barros, R., 2023. Sustainability of phytoremediation: post-harvest 
stratagems and economic opportunities for the produced metals contaminated 
biomass. J. Environ. Manag. 326, 116700. https://doi.org/10.1016/j. 
jenvman.2022.116700.
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biodiversity economics. Globalizations. 〈https://www.tandfonline.com/doi/abs/10. 
1080/14747731.2021.1929007〉.
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