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ARTICLE INFO ABSTRACT

Handling Editor: Jason Michael Evans The site selection for Low Impact Development (LID) practices is a significant process. It affects the effectiveness
of LID in controlling stormwater surface runoff, volume, flow rate, and infiltration. This research paper presents a
comprehensive review of various methods used for LID site selection. It starts by introducing different methods
and tools. Three main methods: index-based methods, GIS-based multi-criteria decision analysis (MCDA), and
multi-criteria models and tools, are discussed in detail. A comparative analysis of these methods is then con-
ducted based on ten different criteria. These criteria include the number of variables, data properties, the scale of
analysis, benefits maximization approach, multi-attribute decision analysis, user-friendliness, community and
stakeholder participation, and the validation methods. This comparison reveals limitations in each method.
These include inadequate data availability and quality, lack of evaluation methods, comprehensive assessment
criteria and spatial explicitness. These challenges underscore the need for future research to prioritize spatial
clarity, broaden criteria, improve data quality through standardization, incorporate field visits and remote
sensing for robust results, integrate big data, and develop web-based, open-source tools for enhanced accessi-
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bility. These key strategies provide valuable insights for advancing LID site selection methods.

1. Introduction

Urban expansion has led to a fast increase in impervious areas, hence
leading to an increase in compact and impermeable soils (Mustafa and
Szydtowski, 2020; Newcomer et al., 2014; Wang et al., 2018; Zolch
et al., 2017). Simultaneously, climate change is a major driver behind
the rise in the frequency and intensity of rainfall events (Shastri et al.,
2019; Szpakowski and Szydtowski, 2018). Moreover, projections indi-
cate a 25% increase in population density in risk-prone coastal areas by
2050, hence exposing more people to the rising impacts of climate
change (Szydiowski et al., 2023). The combined effect of urbanization
and uncertain rainfall intensity and frequency has caused cities to face
several adverse environmental challenges associated with urban sus-
tainability and urban water issues, including floods, stormwater runoff
pollution, a high frequency of extreme weather events, shortage of
groundwater resources, and sewer overflow (Herslund and Mguni, 2019;
Mustafa et al., 2019; Szydtowski et al., 2015, 2023; Wang et al., 2018;
Zolch et al.,, 2017). Among these impacts, stormwater flooding is a
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frequent and hazardous disaster that is of global concern, as it decreases
cities’ resilience and can cause severe damage to the economy, envi-
ronment, infrastructure, and human lives (Herslund and Mguni, 2019;
Mustafa et al., 2023; van den Berg et al., 2015). Over the last two de-
cades, floods have impacted 2.3 billion people, as reported by the United
Nations (Centre for Research on the Epidemiology of Disasters, UN Of-
fice for Disaster Risk Reduction, 2016).

Many strategies have been developed for stormwater management in
various countries to enhance the sustainability and resilience of cities
and communities such as low impact development (LID) and green
infrastructure in the USA (Ahiablame et al., 2012) and Canada (Tre-
nouth and Linden, 2018), sustainable urban drainage system (SUDS) in
the United Kingdom (UK) (Fletcher et al., 2015), sponge city (SPC) in
China (Yin et al., 2021), water sensitive urban design (WSUD) in
Australia (Radcliffe, 2019; Sharma et al., 2016), low impact urban
design and development (LIUDD) in New Zealand (Wang et al., 2021)
and active beautiful clean waters (ABC Waters) program in Singapore
(Liao, 2019). All these stormwater management strategies vary in their
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scope and context but the main idea behind them is the same, which is to
restore the disturbed natural hydrological cycle through natural pro-
cesses (Fryd et al., 2012).

Within the focus of stormwater management strategies, this review
paper narrows its focus to low impact development (LID). Coined in the
1990s in Prince George’s County, Maryland, the USA, LID is a sustain-
able urban flood management approach. It compensates for the impacts
of land development on on-site hydrology and water quality by utilizing
the natural processes for stormwater storage, retention, infiltration,
purification, utilization, and drainage. Apart from flood control, and
water quality improvement, LID can also function to water conservation,
and natural eco-system protection (Coffman, 1999).

Unlike conventional stormwater management system which carries
runoff to downstream sewers and outlets, LID focuses on localized
treatment, control, and infiltration of stormwater at its source (Coffman,
1999; Dong et al., 2017). Many LID practices such as bioretention cells,
rain gardens, porous pavement, green roofs, rainwater harvesting, etc.,
are applied to recover predevelopment site hydrology by reducing,
storing, evaporating, and infiltrating runoff (Coffman, 1999; Kasprzyk
et al., 2022). However, each LID practice has specific technical, and
non-technical (e.g., removal efficiency, infiltration capacity, cost)
characteristics, leading to uncertainties in scope (Jia et al., 2015),values,
and implementation feasibility (Mell, 2010; Pankhurst, 2012). Site
conditions like topography, soil type, groundwater level, climate, and
stormwater characteristics further limit LID implementation (Jia et al.,
2015). Therefore, understanding complexity of LID site selection process
and associated constraints is crucial.

1.1. LID site selection

The location of the LID is a critical factor to affects its effectiveness
and performance (Passeport et al., 2013). Site-specific features impact
various aspects such as runoff reduction, peak flow reduction, pollution
reduction, soil infiltration potential, to detain and carry water to next
LID practices (Agnew et al., 2006; Coleman et al., 2018; Hou et al., 2020;
Kong et al., 2017). Natural conditions including soil type, topography,
groundwater level, rainfall patterns, runoff, geology, and other hydro-
logical factors change the priority sites of LID implementation along
with socio-economic constraints (Charoenkit and Piyathamrongchai,
2019; Guerrero et al., 2020). Site ecology, existing green areas, water-
ways, air and water pollution level, and land surface temperature also
vary by location, influencing LID implementation (Newton, 2012). In
Gdansk, Poland, ongoing efforts involve actively engaging citizens in
city’s adaptation to climate change through nature-based solutions
showing the socio-economic dimension of LID site implementation
(Szydtowski et al., 2023). Socioeconomic factors which must be exam-
ined include land ownership, urban land use, above and below-ground
infrastructure, population, public interest and support, marginalized
communities, social and cultural recreational sites, urban planning
policies and stakeholders’ willingness, etc. (Sinnett et al., 2015; Brown
et al., 2016; Brown, 2005). These factors are non-consistent even be-
tween neighboring cities therefore local guidelines and local imple-
mentation plans are required to address the local issues (Buchholz,
2013).

The relative location (upstream/at-source, downstream/end-of-
pipe) of LID practices within the catchment is also essential in the
planning framework. The ideal location varies from place to place
depending on the type of LID practices, catchment characteristics and
project objectives (Zhang and Chui, 2018; Zhen et al., 2004). Few
studies have proven the efficiency of downstream LID practices in
reducing peak flow, while upstream practices can control runoff at its
source, reduce or eliminate pollution and alleviate the load of the
downstream stormwater system, hence reducing flooding duration
(Giacomoni and John, 2017). The restoration of hydrologic functions at
the disturbed source is recommended by the Department of Environ-
mental Resources of Maryland County (1999).
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Few LID practices like bioretention cells, porous pavement, rain-
water harvesting, are placed for on-site storage and treatment of the
stormwater runoff, (Jiang et al., 2015) whereas retention ponds,
detention ponds, and infiltration basins store water at downstream areas
to control the peak discharge, however, the issue of increase runoff re-
mains the problem (Holman-Dodds et al., 2003). Consequently, LID
practices should be placed with a full understanding of the effect of
relative location on LID performance, preferences of stakeholders’ and
demand of the project.

When planning LID practices, it’s crucial to consider the effect of LID
practices on the surrounding environment along with considering the
influence of environment on LID practices. For example, in areas with
high groundwater level, LID practices promoting infiltration and
recharge leading to groundwater flooding, groundwater pollution
(Bhaskar et al., 2018; Zhang and Chui, 2018; Zheng et al., 2018; Voisin
et al., 2018), in coastal areas led to seawater intrusion (Li et al., 2017).
Placing LID practices in mountainous areas, specifically on steep slopes,
may trigger mudslides or landslides when slopes are saturated with
water (US EPA, 2014). Green roofs and such practices that increase
evaporation, and need irrigation are not a good option in arid-semi arid
areas that eventually cause water scarcity (Jiang et al., 2015; Li et al.,
2017). Consequently, it demands a holistic approach to ensure sustain-
able implementation of LID practices.

1.2. Constraints in LID implementation

Identifying the location for the construction of LID practices is a
planning stage problem and is important for the success of a project.
Different criteria exist in guidelines released by relevant organizations
for site evaluation of LID practices however they are quite broad and are
not explicit according to local situations (Elliott and Trowsdale, 2007).
Notably, many LID projects have been sited manually, and have been
experimental and opportunistic (Van Roon, 2005; Walsh and Kunapo,
2009) without considering the benefits of site optimization and multi-
functionality. Hence, one of the challenges in LID planning and mapping
is the lack of consideration of LID multifunctionality because most of the
LID practices are implemented with a focus on local stormwater runoff
issues which does not cover a broad range of services (environmental,
social equity, economic) provided by the LID practices (Matthews et al.,
2015; Niemela, 2014; Sinnett et al., 2015). Environmental benefits
include improved air quality, water quality, enhanced biodiversity,
while socioeconomic benefits include educational improvements, pro-
vision of services, enhanced immune systems, social well-being, and
enhanced aesthetics (Kaykhosravi et al., 2019). One major objective of
LID site selection is to overcome the above-mentioned restrictions and
consider multi-functionality. To maximize the benefits of LID practices,
spatial allocation of LID practices is important because the effects of LID
practices may vary from site to site.

LIDs are expensive practices that require a lot of time to install and
manage, for example in China the sponge city project execution in more
than 30 cities involved an investment of more than 10 billion US$ (Jack,
2012; Jia et al., 2013; Li et al., 2016). Hence, if LIDs are to be imple-
mented, it should be based on on-site assessment and site-specific con-
ditions which can maximize their value and expense (Jack, 2012). A
need exists to prioritize where to spend resources, thus LID spatial
allocation requires a siting framework that can evaluate the local con-
ditions by highlighting the locations not only where it is most needed
but where it will bring the most benefits.

To effectively tackle this multi-objective problem, spatial allocation
tools and methods are needed which identify the optimal allocation of
LID practices based on multi-criteria. Thus far, a considerably larger
number of GIS-based site selection frameworks, models and tools have
been developed, considering the hydrological, hydraulic, ecological,
socioeconomic aspects (Fig. 1). Zhang and Chui (2018) reviewed spatial
allocation optimization tools for LID practices, Lerer et al. (2015) and
Kuller et al. (2017) focused on water sensitive urban design (WSUD)
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Fig. 1. A general LID site selection workflow.

based on three types of questions they can address i.e. “How Much”--
tools, “Where”-tools and, “Which”-tools but, did not delve into the
specific nuances of LID site selection. These reviewed studies limited
themselves to answering ‘what WSUD needs’, i.e., favorable conditions
that are compatible with chosen WSUD technology. Their focus was not
only on LID site selection methods but also included models for runoff
estimation, cost analysis, etc.
Consequently, the primary objectives of this paper are as follows:

e Select and review various methods and models available to decision
makers in the context of LID site selection through comprehensive
literature review.

e Establish robust evaluation criterion derived from existing literature,
facilitating framework for comparison.

e Comparison of identified methods based on selected criteria,
unraveling their capabilities and limitations.

The outcomes of this review are expected to make substantial
contributions:

e Offering researchers, a comprehensive overview for improving and
implementing the LID site selection methods, filling existing gaps,
and inspiring the development of new methods.

e Presenting recommendations for future research opportunities.

This paper is organized as follows: In section 2, methodology, liter-
ature search strategy is described, laying groundwork for next sections.
In section 3, LID site selection methods and tools are discussed. In sec-
tion 4, comparison of the selected methods is done based on the estab-
lished criteria. In last section 5, summary of key findings and
perspectives for future research are outlined.

2. Methodology

A three-fold approach was adopted for reviewing potential site se-
lection methods for green infrastructure. In the following, an elaborate
explanation of these three stages is provided: i) selection of site suit-
ability methods, ii) identification of evaluation criteria and iii) eventu-
ally the assessment of site suitability methods based on these evaluation
criteria.

2.1. Selection of site suitability methods

For this part of the study, a systematic literature research was con-
ducted. To make this literature review as integrative and exhaustive as
possible, a wide range of relevant sources were examined to find meta-
analyses of published scientific papers. Up to January 2023, we searched
the following data bases for full journal and peer-reviewed articles as
well as proceedings paper, review, and technical reports using a large
range of search terms and Boolean operators (e.g. site suitability AND
low impact development, green infrastructure AND spatial allocation
etc.), the word low impact development was replaced with other terms
like green infrastructure and setting the search timespan as all years.

The limited availability of LID site selection methods and tools,
especially in comparison to the abundance of hydrological modelling
tools, underscored a critical research gap. While, numerous tools facil-
itate modelling environments, the lack of LID siting tools highlights an
existing research gap that needs to be addressed.

The title of each paper was first carefully checked for relevance to 1)
the LID concept and 2) the LID site selection, based on their abstracts.
This led to the identification of methods that have been used in literature
for site suitability analysis of LID practices or green infrastructure. Of
these methods, four methods were selected, which included sub-models
and tools, based on their prevalence in literature, explicit or implicit
usage in LID site suitability, freely accessibility to users. This selection
process is significant in addressing the lack of consensus on a single site
selection method for LID within the existing literature. Consequently,
this review not only critically assesses various LID site selection
methods, but also aims to bridge a knowledge gap by addressing the lack
of a comprehensive and sophisticated approach to LID site selection.

2.2. Identification of evaluation criteria

Following the selection of methods, a list of evaluation criteria is
prepared. The selection of evaluation criteria relies on existing literature
which identifies the current limitations and gaps in both decision-
making processes and readiness of models. The evaluation criteria are:
i) the number of factors included, ii) data requirement, iii) data format,
iv) data pre-processing time, v) the scale of analysis, vi) benefits maxi-
mization approach, vii) multi-attribute decision analysis methods, viii)
user-friendliness, ix) community, and stakeholder participation in each
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method, x) and the existence of validation methods. The chosen criteria
are instrumental in assessing the efficacy and applicability of the iden-
tified LID site suitability methods.

2.3. Assessment of methods against the criteria

After composing the list of methods to review and the criteria that
could define their applicability, an assessment was made for every tool
separately. The assessment on the proposed evaluation criteria was
considered through analyzing the user guides, peer-reviewed literature,
and case studies. The thorough evaluation against each criterion not
only provides understanding of the capabilities and limitations of each
method but also identifies potential research and development oppor-
tunities in the spatial allocation of LID practices. By addressing the
existing challenges, the findings aspire to deepen the understanding of
the LID site selection process. This, in turn, enhance the effectiveness of
existing methods, guiding improvements in design and implementation.

Ultimately, this review stands as a valuable resource for researchers,
practitioners, and policy makers interested in optimizing the spatial
allocation of LID in urban areas.

3. Comparative review of methods of LID site selection

LID spatial planning is a relatively new phenomenon and conse-
quently less well-known and applied in practice. Therefore, each pub-
lication was analyzed by scanning the key concerns and the final
methods are as follows: LID site selection methods based on indices, GIS-
based MCDA, and multi-criteria models, and tools. These include
methods and models developed in academia as well as outside of
academia.

3.1. Index-based approaches

3.1.1. Topographic index

The topographic index-based LID siting method find suitable loca-
tions for LID construction in urban watersheds by considering variable
source area (VSA) and hydrologically sensitive area (HAS). It is based on
the idea that suitable locations for LID are hydrologically and ecologi-
cally sensitive, that is prone to generating runoff (Sheshukov et al.,
2018; Walter et al., 2000). The topographic index focuses on the effect of
topography on the generation, spatial distribution, and change of sur-
face runoff area (Hou et al., 2020).

The topographic index establishes a threshold for hydrological sen-
sitive areas that get saturated during rainfall, generate runoff, and carry
pollutants. The most common topographic index (Beven and Kirkby,
1979) is expressed as:

a
i=In (m) &)

Where « is the upslope contributing area, tan f§ is the topographic slope.
Walter et al. (2002) added soil water storage capacity to the topographic
index as K;D:

a
A= <tan p K,,D) 2

where K; is the mean saturated hydraulic conductivity of the soil
(mdfl), while D is the soil depth to the restrictive layer (m). The deeper
the soil depth D the higher the soil hydraulic conductivity K;, and the
lower the value of topographic index 1 , hence lower is the surface
runoff. As there are different soil layers with different K; values, so K;
can be defined as:

k=9 _ @)

(o)
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where d is the total thickness of soil above the restrictive layer, d; is the
thickness of layer i, k; is the saturated hydraulic conductivity of layer i
(Qiu, 2009).

Martin-Mikle et al. (2015) further extended the index by changing
the depth to restrictive layer D to include the impervious surface areas
ISA. The altered D is represented as Disa:

Disa =D — (D x ISA) @

where D is the original soil depth layer, ISA is the impervious areas. The
proportion of soil depth with no water storage capacity was then sub-
tracted from the original soil depth layer to account for decrease soil
water storage capacity due to an increase in impervious areas. The
modified index was expressed as A*:

a
=i —
A n <t'dl’l ﬁ K:DISA> (5)

A higher index value indicates greater number of pixels generating
surface runoff. Index value also increases if the areas have zero slope g,
whereas the value of index decrease with the increase in contributing
areas (Hou et al., 2020). A wide range of topographic index values must
be considered for selecting the suitable locations of LID practices siting.

Agnew et al. (2006) attempted to include precipitation in the topo-
graphic index as:

. aR
A =In <r 5 K,.D) (6)

where R is the measure of rainfall (md’l), that can be annual, monthly
precipitation, etc.

3.1.2. LID demand index

Kaykhosravi et al. (2019) introduced LID demand index, incorpo-
rating environmental, social factors alongside hydrological-hydraulic
factors.

The index classifies sites into two categories: feasibility sites, one
where the LID practices can be implemented, and demand sites, where
LID practices are needed for their benefits.

Three indices are introduced which are later combined to form one
index. The first one is the Hydrological-hydraulic index (HHI), based on
hydrological and hydraulic processes, assess runoff quantity on account
of parameters like rainfall intensity (R), soil water storage capacity (D),
catchment slope (S), and hydraulic conductivity (Ks). It ranks sites
depending on their runoff potential.

The environmental index (ENI) identifies sites according to their
demand for environmental benefits, considering environmental factors
such as air, water, and soil quality, and bio-habitat. The socioeconomic
index (SEI) incorporates population density, distance to educational
centers, hospitals, and green spaces.

Finally, the socio-economic environmental index (SEENI) is obtained
by combining ENI and SEI:

SEENI; = w, ENI; + wSEI, (@]

where SEENJ; is the socio-economic environmental index at cell j, wen
and wge are the weights given to the selected environmental and socio-
economic factors. LID demand index (LIDDI) is expressed as:

LIDDI; = HHI; + (1+ SEENI,) (€)

Due to the multiple benefits provided by SEENJ; it is added as an
additive value to the LIDD]; index. As the main priority is the stormwater
runoff control so if the HHI index value is zero i.e. no demand for LID to
control runoff then the indirect benefits ENI and SEI are also zero,
leading to the overall demand of LID zero to make sure there is no un-
necessary implementation of LID in the area.

Both of index’s methods discussed above are individual and have not


http://mostwiedzy.pl

A\ MOST

K. Gulshad et al.

(yet) been translated into a software that is readily accessible by urban
planners.

3.2. GIS-based multi-criteria decision analysis

GIS-based multi-criteria decision analysis represents spatial quali-
tative and quantitative information graphically through GIS with multi-
criteria techniques, incorporating decision-makers’ preferences,
manipulation of data, and rule-based preferences (Al-Shalabi et al.,
2006). The MCDA involves four steps: i) converting criterion data to
suitability values, ii) assigning weights to each criterion and attributes,
iii) combing the suitability values and weights, and iv) creating spatial
maps (Malczewski and Rinner, 2015).

MCDA is the most used method for LID site selection in the literature,
addressing several site-dependent factors affecting the implementation
and performance of LID practices in stormwater management. The se-
lection of criteria for LID MCDA depends on site suitability objectives,
regions context, professional advice, and thorough literature review
(Mitchell, 2005). These factors encompass biophysical, and
socio-economic factors detailed in Table S1 of the supplementary
material.

Once the appropriate factors are selected, the next step is assigning
weightage or ranking and conducting overlay analysis in GIS. The ana-
lytic hierarchy process (AHP) is a widely used method to assign weights,
involving a pairwise comparison between factors, and subjective
weights from experts and literature. Each factor and its sub-factor are
given weights representing their importance in LID siting (Saaty, 1994).
Following the AHP weighting process, overlay analysis generates the
final map for LID site selection.

3.3. Multi-criteria tools

Based on multi-criteria decision analysis, few models have developed
built-in tools for the suitability analysis of LID site selection. The detail
about such models is given in Table 1.

3.3.1. SUSTAIN

System for Urban Stormwater Treatment and Analysis Integration
(SUSTAIN), a watershed-scale decision support system, solve the prob-
lem of cost-effective and practical selection of management practices for
any study area. Developed as best management practices (BMP)
modeling framework, SUSTAIN combines tools for site suitability anal-
ysis, stormwater quality and quantity analysis, cost-effective LID selec-
tion optimization, and evaluation of various LID options (Lee et al.,
2012).

This review focuses on the LID sitting component within the

Table 1

Overview of LID site selection models and tools.
Tool/Model Developer Date Open
name Access
SUSTAIN US EPA & Tetra Tech started in 2003 and Yes

Shoemaker et al., 2009 version 1.0 was released
in 2009 (Shoemaker

et al., 2009)
GreenPlan-IT San Francisco Estuary 2015 (SFEI, 2015a) Yes
Institute (SFEI) and
regional partners
European project,

Flexible expert 2006 (Jin et al., 2006) Yes

system tool DayWater
(Flext)
SUDSLOC Middlesex University, 2006-2011 (Ellis and Yes
EU SWITCH project, Viavattene, 2014)
and the EU DayWater
project
GISP Meerow and Newell 2017 (Meerow and Yes

Newell, 2017a)
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SUSTAIN model. This tool enables users to evaluate, select and site LID
in suitable locations, utilizing ESRI’s ArcView and ArcMap spatial ana-
lyst extension for site suitability analysis (Lee et al., 2012). The tool
generates map-based output representing areas meeting specified
criteria, facilitating further analysis or placement of LID’s (Shoemaker
et al., 2009).

Notable application of SUSTAIN include its use in Allegheny County,
Pennsylvania (Shamsi et al., 2014), in designing green infrastructure for
stormwater management in Kansas City (Lee et al., 2012), and in suit-
ability analysis for LID practices at Universitas Indonesia (UI) Campus
(Warganda and Sutjiningsih, 2017).

3.3.2. GreenPlan-IT tool

The GreenPlan-IT tool was developed to select the cost-effective and
the best locations for the placement of green infrastructure using GIS,
watershed modeling, and optimization techniques. Just like the SUS-
TAIN model by EPA, the GreenPlan-IT tool also consists of four tools; a
GIS-based site locator tool (SLT) tool for LID, ii) a modeling tool built on
the EPA SWMM model, iii) an optimization tool for the selection of best
practices and their combinations, and iv) a tracker tool to track the
implementation of practices and their performance (Wu et al., 2018a).
In SLT of GreenPlan-IT, after the selection of variables, the variables,
and their sub-variables are given ranks in weighted overlay analysis
through an iterative process (SFEIL, 2015b). The output maps can be used
by municipal authorities for determining the effective locations for LID.

SLT of GreenPlan-IT was used to locate the suitable sites in the City of
Sunnyvale, USA (Wu et al., 2018a), the City of Oakland, USA (Wu et al.,
2018b), the City of San Mateo, USA (SFEI, 2015c), and the North
Richmond Pump, USA (Wu et al., 2018c¢).

3.3.3. Flext

A flexible expert system tool (Flext) is a computer-based expert
system that gives suggestions and advice to users just like real-world
experts (Thévenot and Forster, 2005). The tool requires spatial data
for suitability analysis, which is prepared, classified, intersected in the
GIS. Flext consists of three main components i.e., knowledge base,
inference engine, and user interface apart from the expert system. Based
on the available spatial data and professional knowledge, rules repre-
senting boundary conditions of all influential factors on different storm
water infiltration measures are first formulated in mathematic language.
All formulated rules are then organized into a flow chart towards
different decisions under different situations. For the planning project,
the developed expert system tool Flext is integrated into the GIS plat-
form through a user command. The system reads the input data for each
object from the corresponding record of the attribute record set of the
layer and saves its outputs back to the corresponding record. Flext was
applied to the city of Chemnitz, Germany (Jin et al., 2006).

3.3.4. SUDSLOC

SUDSLOC (Sustainable Urban Drainage System Location) is a GIS
decision support tool for the identification of sites appropriate for LID
practices installation at an urban scale (Viavattene and Ellis, 2011). It
can use both qualitative and quantitative data from a variety of sources
to investigate the maximum benefits of LID. After the selection of fac-
tors, they are ranked based on their performance for technical, envi-
ronmental, social, and economic benefits (Ellis et al., 2008). SUDSLOC is
coupled with a 1D stormwater model (STORM) and 2D GIS Flood model
(FLOODAREA) to compare flood level and water quality before and after
LID implementation. SUDSLOC together with these two models was
applied to the city of Birmingham, UK(Viavattene and Ellis, 2011).

SUDSLOC provides three options to access LID sites; potential areas
tool to identify all potential sites for LID, site by site assessment for each
LID, add stormwater BMP (Viavattene and Ellis, 2011).

3.3.5. GISP model
GISP (Green Infrastructure Spatial Planning Model) was introduced
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by Meerow and Newell (2017a) to identify the priority sites for green
infrastructure based on the GIS multi-criteria evaluation method.

The web-based version of the model is also available, which allows a
user to select the criteria, give weights, and visualize the results. This
web version is available for only four cities i.e. Detroit, New York City,
Los Angeles, and Manila (Meerow and Newell, 2017b).

4. Comparison of methods

In this section LID siting methods comparison is done based on
different criteria.

4.1. Number of factors

The number of factors considered in LID site selection determines the
depth, complexity, and quality of analysis. The more the factors
considered the more comprehensive the analysis will be, however, more
data will be collected and analyzed. On the other hand, fewer factors can
result in a less nuanced analysis that may not consider all factors for
decision making process. Therefore, it is important to keep a balance
between the number of factors considered and the clarity and usability
of analysis. The factors used in LID site selection methods range from a
small number to a large number in different methods as given in a
comparison Table 2. The topographic index considers a smaller number
of required parameters compared to other methods which are only the
topographic variables like soil, slope, upstream contributing area, soil
hydraulic conductivity, and soil depth to the restrictive layer. On the
other hand, a medium number of factors are included in the demand
index which are rainfall intensity, the water storage capacity of the soil,
hydraulic conductivity, slope, air, water and soil quality, biodiversity,
population density, distance to green spaces, distance to hospitals, and
distance to educational centers.

GIS-based MCDA is based on a broad set of factors notably envi-
ronmental, social, economic factors depending upon the conducted
research i.e., the choice of factors in MCDA is open to analysis. In the
SUSTAIN LID site selection tool, up to nine number of GIS data layers i.e.
the factors affecting the site selection process can be used in the tool.
These factors are soil type, slope, elevation, water table, stream location,
roads, land use, property type, and drainage area. Whereas the data
required by the site locator tool (SLT) of GreenPlan-IT to locate and rank
the sites can vary depending on the availability and need of the area. It
mostly includes depth to the water table, slope, soil type, land use,
imperviousness, liquefaction risk, parks, etc.

Flext also does not have a specific number of factors to be added
instead it considers the factors to be added by users such as surface slope,
soil permeability, soil thickness, distance to vulnerable structures like
building foundations, groundwater protection areas, groundwater
depth, etc. in spatial database format.

In SUDSLOC, site-specific factors are land use, depth to groundwater,
soil type, roof types, slope, area of surface, and drainage area. For the
GISP model, six criteria are considered that include stormwater man-
agement, air quality, urban heat island effect, access to green space,
landscape connectivity, and social vulnerability.
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4.2. Data properties and spatial scale of analysis

Table 3 provides a summary of data properties and scale of analysis
considered in the different LID site selection methods. These properties
include the data format, availability, simplicity or complexity, and data
preprocessing time. This is the initial step in screening the method for
analysis and let the users select the appropriate method according to
their need. Furthermore, it ensures that the decision making is based on
high quality and relevant information.

The LID-demand index poses challenges due to lack of data avail-
ability for non-easily measurable hydrological-hydraulic index such as
hydraulic conductivity, soil storage capacity, concentration-time vari-
ables. The LID demand index can be applied at micro, meso, and macro
scale.

MCDA can be applied for the selection of sites at the broader scale i.
e., in the city master plan but it should be followed up with fine-scale
analysis. The availability and simplicity of data depend on the selec-
tion of factors as it provides users with several factors to choose ac-
cording to the objectives of the research. SUSTAIN LID site selection tool
collects data through vector and raster format, accommodating multiple
scales from watershed scale to site-scale analysis, requiring high-
resolution data for the site scale.

GreenPlan-IT’s SLT output accuracy depends on the input data ac-
curacy, resolution, coverage. The users may use regional base analysis
only, regional/local data only, regional base analysis, and local/regional
data according to the available data to improve the output and is also
applicable from large to small spatial scale. Flext, applied at the city
scale with data acceptable in any GIS format, generates output maps
through Geomedia but lacks full GIS integration.

SUDSLOC identify locations at different scales like cadastral, road,
park, building, or pavement scale, incorporating user-friendly tools with
simple preprocessing. GISP, designed for citywide scale, lacks land use,
cost, and other factors for green infrastructure development (Meerow
and Newell, 2017a), making it suitable for city-level analysis with finer
scale needed afterward.

4.3. Benefits maximization

LID practices are implemented to control stormwater runoff, but they
provide other benefits simultaneously i.e., multifunctionality. Table 4
provides a summary of the benefits maximization considered in LID site
selection methods. However, multifunctionality can be possible if the
spatial placement of LID practices is optimized to areas providing mul-
tiple benefits and avoid tradeoffs (Tran et al., 2020).

The topographic index for LID site selection utilizes HSA and VSA,
which are used to identify the areas generating runoff which are hy-
drologically sensitive to water pollution transport risk. Therefore, they
do not focus on the physical processes and ground water influence that
must be considered for LID site selection but include only the topo-
graphic variables (Martin-Mikle et al., 2015). Modifications, including
precipitation intensity, amount, and its geospatial or temporal distri-
bution, socio-economic and environmental factors need to be added in
the index along with other topographic factors like impervious area,
landcover distribution. Studies validating the topographic index yielded
mixed results, with some reported alignment with ground truth while

Table 2
Number of factors considered in LID site selection methods.
Comparison factors Index-based methods MCDA
Level 1 Level 2 Topographic index ~ LID demand index GIS-based MCDA ~ MCDA-tools
SUSTAIN SLT of GreenPlan-IT Flext SUDSLOC GISP
Number of factors considered low v
medium v v v v
high v v v
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Table 3
Data properties and scale of analysis considered in LID site selection methods.
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Comparison factors Index-based methods

MCDA

Level 1 Level 2 Topographic index ~ LID demand index  GIS-based MCDA  MCDA-tools
SUSTAIN  SLT of GreenPlan-IT  Flext = SUDSLOC  GISP
Data format Vector v v v v v v v v
Raster v v v v v v 4 v
Data requirement Freely available v/ X X v X v v v
simple data v X X v X v v v
Data pre-processing time  Takes time X X X X X X X X
Spatial scale of analysis Watershed scale v v v v v X X
City scale v v X v v v X v
Local-scale v v X v v v X

The topographic index simple data requirement and GIS format make it cost effective for LID site identification in low budget areas, utilizing publicly available DEM
and soil data for estimation. It can be applied at various scales i.e., local, intermediate, catchment, and reach scale by changing drainage area size.

Table 4
Benefits maximization considered in LID site selection methods.
Comparison factors Index-based methods MCDA
Level 1 Level 2 Topographic LID demand GIS-based MCDA-tools
i i MCDA
index index ¢ SUSTAIN  SLT of GreenPlan-  Flext ~SUDSLOC  GISP
IT
Benefits Hydrological benefits v v v v v v
maximization Environmental benefits X v v X v X v v
Socio-economic X v v X v X v v
benefits

other exhibiting discrepancies, possibly due to diverse soil, climate, land
use, and geology. Researchers modified topographic index to improve
their predictive ability by including local conditions. Contrarily, the LID
demand index considers hydrological-hydraulic factors alongside
limited environmental and socio-economic factors.

GIS-based MCDA research often neglects the inclusion of
hydrological-hydraulic and socio-economic factors while considers only
bio-physical factors. Evidence exists to include a variety of factors in
suitability analysis but still, they were neglected in most of the tools and
methods (Kuller et al., 2017). Tools like SUSTAIN and Flext also lack the
provision of ecological and socioeconomic benefits from LID practices.
In contrast, GreenPlan-IT site locator tool let the users add the infor-
mation about existing green infrastructure, public-private areas, favor-
able areas, and less favorable areas for green infrastructure based on
environmental, socio-economic factors, and areas not suitable for green
infrastructure (SFEIL, 2015b). Similarly, SUDSLOC considers the tech-
nical, environmental, pollutant removal, operation & maintenance, so-
cial and urban community, legal and urban planning, and economic
benefits. The GISP model also include environmental and social factors
beyond hydrological factors.

4.4. Multi-attribute decision analysis with participatory decision support

Many multi-attribute decision analysis methods exist like the
weighted linear combination, the analytic hierarchy process, outranking
methods, etc. and the spatially explicit methods. Each LID site selection
method or tool uses one of these or their combination to give weights to
the criteria as shown in Table 5. Public participatory GIS, representing
local knowledge, carry out local decision making or empower margin-
alized communities, engages stakeholders having expertise in LID and
urban development issues.

For the topographic index, no decision analysis process is conducted
and hence there is no involvement of stakeholders or public participa-
tion in decision making. For the LID demand index, a decision analysis
process is employed, utilizing a weighted linear method with stake-
holders’ involvement.

In MCDA, the selection of multi-attribute decision analysis methods
and the involvement of stakeholders is associated with uncertainties.
Model uncertainty exists because there is no universally accepted model
(like AHP or WLC). Therefore, it is recommended to select a model based
on data requirement, the decision problem, and complexity. For LID site
selection research, AHP and weighted linear combination are the most
widely used models for MCDA. Criteria uncertainty involves challenges
in defining criteria, their values, and standardization. Additionally,

Table 5
Multi-attribute decision analysis methods and participatory decision support considered in LID site selection methods.
Comparison factors Index-based methods MCDA
Level 1 Level 2 Topographic LID demand GIS-based MCDA-tools
index index MCDA
SUSTAIN SLT of Flext SUDSLOC GISP
GreenPlan-IT
Multi-attribute decision Weighted linear X v v 4 v N/A v v
analysis methods combination
AHP X v N/A
other X N/A
Participatory decision support Stakeholder X v v v X v v v
participation
Public participation x v x x
7
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there is uncertainty in assigning weights to criteria, as experts may face
challenges due to limited information (Malczewski and Rinner, 2015).
MCDA is subjective, lacks consideration of spatial and temporal changes
due to focus on multiple benefits, that may introduce bias. Therefore, it
is not preferred for wider generalization and when making long term
future decisions (Labib, 2019). Disagreement among researchers on
factors importance can complicate the process and increase the time.
Hence, defining research objective is crucial so that weights are given
depending upon the certain goal of the research like stormwater runoff
management should be preferred over the socio-economic benefits of
LID.

For the SUSTAIN LID site selection tool, the default suitability
criteria, used to assign values for the selected factors, are adopted from
EPA reports (Shoemaker et al., 2009), however, users can adjust pref-
erences according to local conditions, local knowledge, stakeholder’s
input through the weighted linear combination.

The SLT of GreenPlan-IT uses a weighted linear combination for
input factors however lacks consideration of public and stakeholder
involvement. Flext, an expert-based tool, creates certain rules for input
factor boundary conditions using input data and professional knowl-
edge. It uses a decision matrix and inference engine to provides advice
and recommendations considering expertise knowledge and observing
changes input data and relevant rules. In addition to suggesting LID
locations, it suggests sites requiring field verification, or specific vari-
ables needing accurate data (Jin et al., 2006).

SUDSLOC involves stakeholders through DayWater Multi-criteria
Comparator, using a weighted linear analysis method. Both stake-
holders and users can also change their preferences in a multi-criteria
comparator (Viavattene and Ellis, 2011). In the GISP model, selected
criteria are evaluated and weighted through rating, ranking, and pair-
wise comparison methods by expert stakeholders (Meerow and Newell,
2017a).

4.5. User-friendliness

Prioritizing user-friendliness is crucial for accessibility, ease of use,
transparency, and communication. The topographic index, LID demand
index, GIS-based MCDA, SUDSLOC, and GISP are user-friendly while
SUSTAIN model tool, SLT of GreenPlan-IT, and Flext have a complex
user interface for handling and processing the data as presented in
Table 6. However, SUSTAIN and GreenPlan-IT provides user manual to
make it easier for users to use these tools. Kuller et al. (2017) placed
Flext in medium level group in terms of complexity of methodology
while SUSTAIN in low level complexity group.

4.6. Validation methods

The validation of LID site selection methods is critical for ensuring
the reliability of the chosen methods. The evaluation processes involve
verification, validation, and sensitivity analysis. Verification ensures
that model is built correctly according to specifications while validation
confirms the accuracy of the model’s output when compared to real
data. Sensitivity analysis further checks the variation in model output
when its parameters are altered (Qureshi et al., 1999).

In the context of LID, validation process is challenging due to the
diverse nature of models. Hydrological models provide measurable re-
sults, while socio-technical models, often based on expert’s judgment,
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pose difficulties in validation (van Asselt and Rotmans, 2002). For
instance, GIS-MCDA, a widely used method, are difficult to validate
against field measured data. That is why, to date, most studies have
ignored the validation of resulting LID site suitability maps obtained
from GIS-MCDA (Kuller et al., 2019).

Studies highlight various approaches to address this challenge. Some
(Martin-Mikle et al., 2015; SFEI, 2015c) validated through field visits to
verify the feasibility of LID practices indicated by the map, considering
factors like site size, topographic features, and land use land cover
changes. Error rates for unsuitable sites are calculated after a field visit,
providing a quantitative measure of accuracy (Martin-Mikle et al.,
2015). Virtual site visits using Google Street View or integration with
Google Earth are alternative validation methods (Christman et al.,
2018).

Despite the widespread use of topographic index in stormwater
runoff studies, varying results highlight a lack of a definite evaluation
method. Furthermore, the validation of the LID-demand index is
exemplified by the HHI results. The HHI was validated through the
physical model (HEC-HMS), and historical flood data. However, eco-
nomic, and environmental indices faced difficulties in validation due to
the complex decision-making model validation process (Kaykhosravi
et al., 2019). Among the review models in this study, for GISP model
results, evaluation was done for predicted locations but by using the
statistical method of Pearson correlation. Notably, GISP is an individual
study and has not been converted into a software that can be used for LID
site suitability analysis and its web version is available but only for four
cities. Table 7 provides an overview of the validation methods consid-
ered in LID site selection, emphasizing the need for robust validation
methods to ensure the credibility of the chosen indices and models.

While literature recognizes the importance of validation methods, a
dichotomy exists between the belief that models cannot be reliable
without validation, and the view that, the usefulness of socio-technical
models’ is important regardless of their validation. The later empha-
sizes factors such as reducing time, and cost in decision-making,
improving analysis results, user-friendliness, and method flexibility
(Kuller et al., 2019). Despite this, multi-criteria tools and models lack
specific results evaluation methods, underlining the need for a more
comprehensive approach of validation in the context of LID site
selection.

5. Conclusion and recommendations

To mitigate the significant effect of urbanization on the urban
environment, low-impact development practices are becoming increas-
ingly popular in both academic research and engineering applications.
The spatial allocation of LID practices gains attention, leading to the
development of number of methods and tools that provide considerable
support to LID planning process.

GIS-based MCDA stands out for its spatially explicit assessment, ac-
commodating large numbers of factors, has flexibility of scale, ease of
use, visual and intuitively interpretable output. However, GIS-based
MCDA has its problems like data ambiguity, model selection, specifi-
cation of weights, standardization of maps, different results from
different models, and lack of evaluation methods. Furthermore, the
complexity grows with more criteria, posing challenges in determining
influential criteria and weightage, thus introducing potential human
bias. Conversely, among multicriteria models, and tools, none proved

Table 6
User friendliness in LID site selection methods.
Comparison factors Index-based methods MCDA
Level 1 Level 2 Topographic index LID demand index GIS-based MCDA MCDA-tools
SUSTAIN SLT of GreenPlan-IT Flext SUDSLOC GISP
User-friendly method v v X X X v v
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Table 7
Validation methods considered in LID site selection methods.
Comparison factors Index-based methods MCDA
Level 1 Level 2  Topographic index  LID demand index =~ GIS-based MCDA  MCDA-tools
SUSTAIN SLT of GreenPlan-IT  Flext SUDSLOC GISP
Validation methods exist or not  Yes v
No v v v v 4 v v

adequately extensive or sophisticated. They focus on a small number of
mainly biophysical factors, overlooking a broad variety of suitability
factors.

LID site selection methods are valuable for informed decision-
making. Their successful implementation relies on assessing project-
related factors and adapting approaches to real-world conditions.
Collaboration with experts, stakeholders and adherence to regulatory
compliance is crucial for practical implementation, requiring in-depth
and spatially explicit assessment. The review highlights a need for
user friendly, flexible, and heuristic but methodologically rigorous tools
considering the full spectrum of suitability factors. However, as planning
processes and tools grow complex, transparency and user friendliness
may decrease, impacting accuracy and interpretability. Nevertheless, it
is important not to disregard the complexity of reality in LID spatial
planning.

Addressing various aspects and challenges is crucial in the develop-
ment of future LID site selection methods or research:

LID site selection methods must be spatially explicit, broader in
scope, and comprehensive in assessing criteria, interpreting
outcome, and considering the full spectrum of suitability criteria.
Considerations should include more diverse ecological, subsurface
hydrological processes and landscape metrices in the planning
process.

Efforts are needed to improve data availability and quality, involving
standardization and spatial data integration.

Ensuring transparency in the selection process of alternatives,
criteria, and weights.

Conducting sensitivity analysis helps understand how weights and
score influence GIS-based MCDA model results.

Standardizing maps could be done using predetermined standards
for mapping process such as scale of map, spatial resolution and
ensuring consistent data sources.

Evaluation methods such as field verification, and remote sensing are
essential.

Future LID site selection methods could leverage big data to over-
come spatial problems involving; i) a large amount of non-linear and
multivariate data, ii) unclear expert decisions. This requires further
research into data gaps, and ecological/socio-economic impacts.
Web-based tools are recommended to let the users select the goal,
criteria and rank them to find a suitable location for LID practices.
Web-based tools provide greater accessibility, distant collaboration,
public engagement, and adoptability to various geographic and
socio-economic environments. Open-source LID site selection tools
are suggested, allowing local authorities to incorporate their specific
GIS-data and adapt methods.

Climate resilience is crucial, commending LID methods to incorpo-
rate climate projections and vulnerability assessments.

A thorough preliminary site analysis is necessary for efficient LID
design, identifying impervious areas, suitable LIDs, their combina-
tions and required sizes, retrofitting criteria and maximization of its
target benefits.
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