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a b s t r a c t

A rapid progress of low-impact development type of best management practices for urban storm water
runoff quantity and quality control at a global scale has occurred in the past decade. In-depth research on
low-impact development type of best management practices as useful technologies and measures to
control stormwater runoff is being conducted worldwide. This paper presents a literature review of the
environmental and economic evaluation of low-impact development type of best management practices
through life cycle perspective. Research gap and future agenda are also proposed. Results show that life
cycle assessment or life cycle cost analysis for low-impact development type of best management
practices are widely documented. However, certain challenges still exist. Most works involved only on-
site or facility scale or just considered certain environmental effect aspect. In addition, the lack of onsite
monitoring data of water quality and quantity affects further research on low-impact development type
of best management practices evaluation. In most emerging and developing countries, low-impact
development type of best management practices implementation is still in the start-up stage. Quanti-
tative life cycle assessment or life cycle cost analysis studies of low-impact development type of best
management practices can provide necessary and useful information for decision-makers in regional
scale low-impact development type of best management practices arrangement. Low-impact develop-
ment type of best management practices database based on specific regions should also be established to
support further in-depth research. Finally, low-impact development type of best management practices
can offer various benefits to urban eco-systems. Researchers should provide a combination of environ-
mental, economic, and social benefits of low-impact development type of best management practices to
fulfill sustainability.

© 2018 Published by Elsevier Ltd.
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1. Introduction

The increasing urbanization can lead to social and economic
progress, but also puts pressure on cities to provide infrastructure
and social services. As we know, excessive urban runoff caused by
dramatic increases of urbanization is causing flooding in urban
areas and urban water quality deterioration in receiving water
bodies and even economic losses (Baek et al., 2015). It thus brings
negative impacts including urban flooding, water shortage, water
pollution, and other water related ecological environment
problems.

The urban runoff control has been the worldwide focus and
different countries have their own solutions and approaches to deal
with it. At present, some commonly used practices such as low
impact development (LID) (Prince George's County, 1999a and
1999b) and best management practices (BMPs) (Schueler, 1987;
Clar et al., 2004) in the U.S., sustainable urban drainage systems
(SuDS) (Martin et al., 2000; Martin, 2001) in the U.K., and water
sensitive urban design (WSUD) (Whelans et al., 1994; Wong, 2007)
in Australia gained much attention in the world. All of them are
aimed to protect and utilize natural resources to control storm-
water and urban runoff. But different practices have different pri-
orities, application scopes, and management styles (Fletcher et al.,
2014). These practices can be divided into different types accord-
ing to their functions, such as infiltration (e.g., bioretention,
permeable pavement, green roof, seepage well, and concave-down
greenbelt), storage (e.g., constructed wetland, wet pond, and
cistern), regulation (e.g., regulation pond and regulation pool),
transmission (e.g., wet and dry grassed swale), and purification
(e.g., buffer strip and first flush devices) (Eckart et al., 2017). Deci-
sion- or policy-makers should choose suitable practices based on
the actual condition. In 2013, the Chinese government announced a
“Sponge City” initiative. In 2015, 2016, the China Ministry of
Finance, with support from Ministry of Housing and Urban-Rural
Development of the People's Republic of China (MOHURD) and
the Ministry of Water Resources, selected 30 cities among more
than 500 applicants, as pilot cities under the Sponge City plan
(MOHURD, 2014). The total investment was approximately $6.4
billion (Jia et al., 2017). The low-impact development type of best
management practices (LID-BMPs) are essential for Sponge Cities.

LID-BMPs, a sustainable, innovative, and effective stormwater
runoff control method (Jia et al., 2015), has gained considerable
attention for controlling stormwater and non-point source pollu-
tion (Dietz, 2007; Pyke et al., 2011). As reported, LID-BMPs can
achieve good runoff quantity (e.g., peak flow rate and total runoff
volume) (Brown and Hunt, 2011; Chapman and Horner, 2010; Chen
et al., 2013; Houng Li, 2008) and quality reduction performance
compared with gray infrastructures (Jia et al., 2015; Mangangka
et al., 2015; Spatari et al., 2011; Trowsdale and Simcock, 2011).
However, the implementation (including production and trans-
portation of raw materials, installation, operation, maintenance,
labor, and decommissioning) of LID-BMPs can generate environ-
mental and economic burdens (Santos et al., 2017; Xu et al., 2017).
Accordingly, the comprehensive evaluation of environmental and
economic benefits or impacts of LID-BMPs should be conducted.
Many researchers began to realize the importance of comprehen-
sive benefits of LID-BMPs to appropriately implement especially in
developed countries.

Life cycle assessment (LCA) is a scientific and systematic tool
used to assess environmental effects throughout the whole life-
cycle of a product, process, or practice (ISO 14040, 2006). Simi-
larly, life cycle costing (LCC) (Woodward, 1997; Standards Australia/
StandardsNew Zealand,1999) is defined as a process of determining
the sum of all expenses associated with a complete life-cycle of a
product system. Material acquisition, installation, operation,
maintenance, and disposal cost are all included. Studies using LCA
(Flynn and Traver, 2013; Kosareo and Ries, 2007; Lopsik, 2013;
O'Sullivan et al., 2015; Spatari et al., 2011; Xu et al., 2017) or LCC
(Carter and Keeler, 2008; Dabbaghian, 2014; Hadjimichael et al.,
2016; Hasik et al., 2017; Wang et al., 2016; Zhan and Chui, 2016)
to evaluate the environmental and economic effects of LID-BMPs
are widely investigated. For further in-depth research on LID-
BMPs evaluation, both LCA and LCC should be used. This combi-
nation is important for decision- and policy-makers when assess-
ing the sustainability of individual LID-BMPs projects (Zuo et al.,
2017).

LCA studies of LID-BMPs are nowwidely acceptable, However, in
order to further prompt the research and application, the current
research results of these evaluation need to be summarized and
future research agenda need to be discussed.

1.1. Fundamentals of existing LCA method

LCA can be traced back to 1960s in the study area of packaging
field (Zuo et al., 2017). At present, with the rapid development and
further research, LCA has been recognized as a motivation mech-
anism in government policies to promote sustainable development.
Nowadays, the applications of LCA are extensive, including product
design, strategic planning, and marketing, process improvements.
LCA provides an opportunity to address a product or a system in a



Table 1
Introduction of eight commonly used LCA models.

LCA
Models

Owner Website Description

eBalance China. IKE company http://www.ike-global.com/
archives/738.html

The first Chinese LCA software with independent intellectual property rights.

LCAiT Swedish Chalmers
Industriteknik.

https://lcait.com/ Providing energy, fuel production and logistics, chemicals, plastics, pulp and paper products database.

GaBi Germany, Thinkstep
Global Headquaters.

http://www.gabi-software.
com

Including 800 different energy and material processes. Providing 400 kinds of industrial processes.

PEMS British Pira International
Company.

http://tbt.testrust.com/zt/
co2/8-react-202.html

Parameters mainly adopts the European data, and not be modified or edited by oneself.

SimaPro Netherlands. http://www.pre-
sustainability.com/simapro

Incorporating a number of LCIs including ecoInvent and a number of impact assessment methods. It has
the most detailed database in the manufacturing stage.

TALLY United States. http://choosetally.com The first LCA app that calculate the environmental impacts of your building material selections directly
in an Autodesk® Revit® model.

IMPACT England. http://www.impactwba.
com/

Measuring the embodied environmental impact and life cycle cost performance of buildings. Integrated
into 3D CAD/BIM (Building Information Modeling) software tools.

eTool
LCA

Perth, Australia. http://etool.net.au/ Life Cycle Design software for the built form. It only can calculate GWP.
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holistic approach and to understand the resulting impacts and their
causes. So far, approaximately nine models are available worldwide
to assist LCA. Table 1 presents the eight commonly used LCA soft-
wares worldwide. Most models are developed by developed
countries, but many of them are location-specific and may not
occupy an international market. Users should choose suitable
model according to their database, products, and processes.

1.2. Fundamentals of existing LCC method

The conventional costs of all LID-BMPs were assessed through
the LCC method. The history of LCC originated from procurement
techniques in the 1930s. Subsequently, LCC was widely used into
different industries, and many standards that cover LCC were
conducted (Zuo et al., 2017). LCC is a framework for the life cycle
evaluation of costs that may be used along with or independently
from LCA (Swarr et al., 2011). The steps involved in LCC are similar
to those in LCA but do not include an environmental impact
assessment phase (Xu et al., 2014, 2017). The flowchart of the LCC
methodology is presented in Fig. 1. In the LCC flowchart, the cost of
raw materials, labor, additional equipment and mainenance of the
construction, operation, andmaintenance stages are considered. All
the inputs and outputs are listed based on functional unit. Several
Raw materials
production

Transportation
(Assume 40km)

Construction
phase

Operation
Phase

Raw materials
Cost

Energy consumption
Cost

LID-BMPs maintenance,
and labor cost

Life cycle economic
assessment

Energy consumption,
installation, and labor

cost

Fig. 1. The flowchart of LCC for LID-BMPs methodology.
commonly usedmodeling tools for LID-BMPs economic assessment
are shown in Table 2.

In numerous developing countries, LCA or LCC research on LID-
BMPs is scarce. This is mainly because the national implementation
of LID-BMPs is later than developed countries (Güneralp et al.,
2017). China is considered as an example to introduce certain dif-
ficulties encountered in LID-BMP implementation given its regional
scale construction of LID-BMPs in recent years. In China, studies on
the evaluation of LID-BMPs through LCA and LCC have yet to be
published in international journals. Xu et al. (2017) attempted to
use LCA specific to LID-BMPs in China. LCA of LID-BMPs is a rela-
tively new area of research and is a powerful tool toward sustain-
able and restorative planning and design. The experience of
worldwide studies on LCA and LCC of LID-BMPs should be sum-
marized for the practical application of LID-BMPs.

This research presents a review of LID-BMPs evaluation through
a life cycle perspective. In particular, the use of LCA and LCC of LID-
BMPs worldwide is reviewed. In addition, knowledge gap and
future research agenda are proposed.
2. Methodology

This study conducted a comprehensive review by using the
content analysis method (Elo and Kyng€as, 2008) to achieve research
objectives and provide academics an in-depth understanding of the
research areas and structure in environmental and economic
evaluation of LID-BMPs through a life cycle perspective. The main
steps of content analysis are shown in Fig. 2. First of all, defining the
concept to analysis, such as searching for the relevant literature
based on the specific words or phases in the title and abstracts.
Then, distinguishing these concepts by investigating the selected
studies to remove the duplicates. What's more, coding the texts to
confirm suitable papers for reviewing by eliminating “irrelevant”
information. The out of focus knowledge areas and LID-BMPs
evaluation that do not through a life cycle view were used as the
exclusion criteria. Finally, analysing the selected articles in full-text
to recognize the types and stages (e.g., construction, operration,
and maintenance) of LID-BMPs and LCA methods (Zuo et al., 2017).
In this study, the Web of Science database was choosen for content
analysis. This was mainly because it has a large coverage of the
most relevant and influential journals. Also, it is regarded as the
most comprehensive database due to its record combined with
scientific robustness (Timothy and Daniel, 2018; Thome et al.,
2016).

http://www.ike-global.com/archives/738.html
http://www.ike-global.com/archives/738.html
https://lcait.com/
http://www.gabi-software.com
http://www.gabi-software.com
http://tbt.testrust.com/zt/co2/8-react-202.html
http://tbt.testrust.com/zt/co2/8-react-202.html
http://www.pre-sustainability.com/simapro
http://www.pre-sustainability.com/simapro
http://choosetally.com
http://www.impactwba.com/
http://www.impactwba.com/
http://etool.net.au/


Table 2
Introduction of five commonly used LCC models.

LCC Tools Owner Website Description

GI-Val The Mersey Forest. http://www.merseyforest.org.uk/services/gi-
val/

Identifying the marginal benefit, the additional value of the LID-BMPs
and trying to ensure that there is no 'double counting' of value.

BMP and LID whole
life cycle cost
modeling tools

Water Environment
Research Foundation
(WERF), Alexandria.

http://www.werf.org/i/a/Ka/Search/
ResearchProfile.aspx?ReportId¼SW2R08

Providing a framework for calculating life-cycle costs (capital, land, and
operation/maintenance costs) of LID-BMPs.

The National GVC Center for Neighborhood
Technology, Chicago.

http://greenvalues.cnt.org/national/
calculator.php

Comparing the performance, costs, and benefits of Green Infrastructure,
or LID-BMPs quickly.

SUSTAIN United States
Environmental Protection
Agency.

https://www.epa.gov/water-research/
system-urban-stormwater-treatment-and-
analysis-integration-sustain

Evaluating cost effectiveness of GI and selecting the most cost-effective
solution in stormwater quality. The cost database in SUSTAIN is
expressed in terms of unit costs of individual construction components of
a LID-BMP.

LIDRA eDesign Dynamics, New
York Open SourceWeb-
Based tool.

http://www.lidratool.org/database/database.
aspx

Comparing the cost effectiveness of reducing runoff with different LID
technologies. Users can run LIDRA simulations for free

Web of Science articles on LCA or LCC
evaluation of LID-BMPs

Decide the level and concept to analysis
(LCA or LCC bioretention, green roof, etc.)

Investigate the selected studies to remove the
duplicates

Develop rules for coding texts and decide what
to do with "irrelevant" information

Code the texts and analyze results

LCA evaluation
of LID-BMPs

LCC evaluation
of LID-BMPs

Interpretation and discussion
(Find out shortcomings and propose research

agenda)

Fig. 2. Main steps of content analysis method.
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3. Review results and discussion

3.1. Literature search results

The review results are shown in Fig. 3 after searching the key-
words, removing the duplicates, and analysisng the content from
the Web of Science, the results are shown in Fig. 3. Fig. 3a depicts
that the initial study related to the LCA/LCC evaluation of LID-BMPs
can date back to 2006, before 2006, no study on this field was
found. Besides, the number of papers increased from 2006 to 2017,
but the total number was not that much. This phenomenon
revealed that LCA/LCC evaluation of LID-BMPs is a relatively un-
developed area of study. Fig. 3b presents keywords search results
but we find that studies are mainly confined to green roof (i.e., 45),
constructed wetland (i.e., 15), and bioretention (i.e., 6). Other LID-
BMPs study were relatively few. Fig. 3c shows the publications by
the top fifteen journals in number of papers. Results depicts pub-
lications of LCA/LCC evaluation of LID-BMPs derived from a variety
of journals which is mainly because this research field is interdis-
ciplinary. Noteworthy, many studies are come from international
conferences. This phenomenon reveals that face-to-face exchanges
is an favor option for many researchers in some extent.

Thome et al. (2016) presented a systematic review of the extant
literature in sustainable infrastructure and found that the fields of
LID-BMPs and green infrastructures are relatively new, lively, and
ever growing. According to the literature search results in section
3.1, LCA/LCC evaluation of green roof, constructed wetland, and
bioretention are much more than other LID-BMPs. Sections 3.2
have shown detailed LCA/LCC evaluation on them. Table 3 pre-
sents a brief summary of worldwide LCA/LCC studies on LID-BMPs.
Results show that all LCA studies have been conducted in devel-
oped countries, such as America, Canada, Austrilia, and European
countries. In Asia, especially in China, no studies on the evaluation
of LID-BMPs by using LCA have been published in English-language
peer-reviewed journals except that of Xu et al. (2017). This can be
mainly attributed to the large scale construction of LID-BMPswas in
the early stage compared with developed countries. Researchers
worldwide began to focus on the LCC since the 1930s (Zuo et al.,
2017), but the application on LID-BMPs started to appear only in
the last decade. Studies on the LCC of LID-BMPs are less than that of
LCA. As presented in Table 3, most of LCC studies were conducted in
developed countries.

Above all, no matter for the number of papers or conducted
types of LID-BMPs, conclusions can be drawn that LCA/LCC evalu-
ation of LID-BMPs is a new research field. Different practices have
their own advantage based on their function. Therefore, in order to
provide more useful information for decision- or policy-makers, in-
depth evaluation of different types of LID-BMPs should be con-
ducted in the future research.
3.2. LCA/LCC evaluation on three most studied practices

3.2.1. Green roof

3.2.1.1. Life cycle environmental performance. Green roof is partially
or completely covered with vegetation and a growing medium and

http://www.merseyforest.org.uk/services/gi-val/
http://www.merseyforest.org.uk/services/gi-val/
http://www.werf.org/i/a/Ka/Search/ResearchProfile.aspx?ReportId=SW2R08
http://www.werf.org/i/a/Ka/Search/ResearchProfile.aspx?ReportId=SW2R08
http://www.werf.org/i/a/Ka/Search/ResearchProfile.aspx?ReportId=SW2R08
http://greenvalues.cnt.org/national/calculator.php
http://greenvalues.cnt.org/national/calculator.php
https://www.epa.gov/water-research/system-urban-stormwater-treatment-and-analysis-integration-sustain
https://www.epa.gov/water-research/system-urban-stormwater-treatment-and-analysis-integration-sustain
https://www.epa.gov/water-research/system-urban-stormwater-treatment-and-analysis-integration-sustain
http://www.lidratool.org/database/database.aspx
http://www.lidratool.org/database/database.aspx
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planted over a waterproofing membrane (Demuzere et al., 2014;
Vandermeulen et al., 2011). Green roof is mainly classified into
two types, namely, intensive green roof and extensive green roof
(Vacek et al., 2017). Based on the statistics from Web of Science,
green roof has gained themost attentionwith the papers number is
45. This can bemainly attributed to themultiple environmental and
economic benefits. The commonly recognized environmental
benefits of green roof are water pollutants mitigation (Jia et al.,
2015; Jia et al., 2015), air pollution mitigation (Currie and Bass.,
2008; Gwak et al., 2017; Yang et al., 2008), energy savings (Cubi
et al., 2016; Pan and Chu, 2016; Gargari et al., 2016; Julia et al.,
2016), runoff control (Jia et al., 2015; Liu et al., 2015; Law et al.,
2017) and peak flow reduction (Jia et al., 2015; Vijayaraghavan,
2016).

Green roofs have gained global acceptance with their consid-
erable potential in mitigating the environmental problems of urban
centers comparedwith conventional roofs (Corrie Clark et al., 2008)
and mitigate extremely climates. Jaffal et al. (2012) conducted a
comprehensive study on the impact of a green roof on building
energy performance, this study showed that green roofs are ther-
mally beneficial for hot, temperate, and cold European climates.
Fabricio Bianchini and Kasun Hewage (2012a) evaluated the envi-
ronmental benefits of green roof by comparing the emissions of
NO2, SO2, O3, and PM10 in the production of green roof material.
Results showed that green roof can balance air pollution generated
from polymer production in 13e32 years. However, polymer pro-
duction can cause negative environmental impacts other than air
pollution. Therefore, environmentally friendly and sustainable
materials should replace polymers. This suggestion was also rec-
ommended by researchers Flynn and Traver (2011) and Xu et al.
(2017). Alternatives should also be evaluated using LCA. Kosareo
and Ries (2007) compared the LCC and environmental effects of
intensive green roofs and extensive green roofs and conventional
roofs in the USA. The LCAwas performed based on the different life
stages of all three roofing systems (i.e., fabrication, transportation,
installation, operation, maintenance, and end of life). The results



Table 3
Examples of LCA studies on LID-BMPs worldwide.

Authors Year LID-BMPs Type Country Methods Phase Included

1 Saiz et al., 2006 Green roof Spain LCA Construction, operation, and maintenance
2 Kosareo and Ries.2007 Green roof USA LCA and LCC Construction, operation, maintenance, and

disposal
3 Carter and Keeler.2008 Green roof USA Life cycle cost-benefit analysis Construction, operation, and maintenance
4 Clark et al., 2008 Green roof USA Life cycle cost-benefit analysis Construction and operation
5 Bianchini and

Hewage.2012
Green roof Canada Eco-Indicator (H) Construction

6 Bianchini and
Hewage.2012

Green roof Canada Life cycle cost-benefit analysis Construction, operation, and decommissioning

7 Dabbaghian.2014 Green roof Canada IMPACT 2002þ Construction and operation
8 El Bachawati et al., 2016 Green roof Lebanon IMPACT 2002þ Construction
9 Vacek et al., 2017 Green roof Czech

Republic
CML2001 Production, construction, use, and end of life

10 Flynn and Traver.2013 Bioretention/Rain garden USA LCA and i-Tree Eco Construction, operation, and decommissioning
11 Vineyard et al., 2015 Bioretention/Rain garden USA LCA and LCC Manufacturing, use, and disposal
12 Mangangka et al., 2015 Bioretention/Rain garden Australia e Operation
13 Petit-Boix et al., 2015 Bioretention/Rain garden Brazil ReCiPe Construction and operation
14 Wang et al., 2016 Bioretention/Rain garden Singapore, LCA and LCC Construction and operation
15 Seib.2009 Constructed wetland USA LCA Construction, operation, and disposal
16 Lopsik.2013 Constructed wetland Estonia LCA-IMPACT 2002 þ and

ReCiPe
Construction and operation

17 DiMuro et al., 2014 Constructed wetland USA LCA-TRACI and LCC Construction and operation
18 Flynn.2011 Bioretention/Rain garden and green

roof
USA LCA-TRACI, i-Tree Eco Construction, operation, and decommissioning

19 Spatari et al., 2011 Permeable pavement USA LCA Construction and operation
20 Xu et al., 2017 LID-BMP train system China LCA and LCC Construction and operation
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presented that green roofs can significantly reduce the life cycle
environmental impacts of a building by decreasing the energy use.
Dabbaghian (2014) investigated the environmental benefits of the
three types (i.e., intensive green roofs, extensive green roofs, and
conventional roofs) of roofing systems. The LCA results also showed
that the extensive green roof system is a more desirable option in
terms of long-term sustainability performance criteria. Similarly, El
Bachawati et al. (2016) compared the environmental impacts of
green roofs and conventional roofs by using LCA. The results clearly
indicated the extensive green roof was the best option for all
environmental impact categories. Above all, green roofs are more
environmetnally friendly than other types of roofs (such as PVC or
bituminous layer, ceramic and cement mortar tiles) in most cases
(Carretero-Ayuso and García-Sanz-Calcedo, 2018).
3.2.1.2. Life cycle economic performance. Life-cycle costing of green
roofs is also an important key factor of its application. There are
some factors that can influence the cost of green roof, such as the
plant's types, the waterproofing layers, and the life span (Shafique
et al., 2018). Fabricio Bianchini and Kasun Hewage (2012b) con-
ducted a life cycle net costebenefit analysis of extensive green roof
and intensive green roofs that considered manufacturing, con-
struction, operation, and decommissioning phases. Results
demonstrated that the potential profit of green roofs is consider-
ably higher than its potential losses. In addition, they suggested
that future research should reuse the waste materials in green roof
construction to increase economic and environmental benefit. Peng
and Jim (2015) also conducted an economic evaluation of extensive
and intensive green roofs. The results presented that the extensive
green roof is more economical than intensive green roof in terms of
benefitecost ratio and payback time. The assumed 40-year life
cycle benefitecost ratio of extensive green roof is 3.84 with a
payback period of 6.8 years, whereas the equivalent values for
intensive green roof are 1.63 and 19.5 years, respectively. Kosareo
and Ries (2007), Clark et al. (2008), Carter and Keeler (2008), and
Bianchini and Hewage (2012b) also have presented the economic
benefits of green roof. However, these studies showed that the cost
of construction and mainenance are some challenges faced with
the application of green roofs.

3.2.2. Bioretention

3.2.2.1. Life cycle environmental performance. Bioretention, also
called rain garden, is a novel stormwater treatment practice that
uses a mixture of soil/sand/mulch as adsorptive filtration media
that can capture pollutants generated by urban runoff (Houng Li,
2008). This approach is one of the most commonly used LID-BMP
facilities to gather and absorb rainwater. Bioretention emissions
may be offset by the sequestration of carbon dioxide and the
filtration of air pollutants by its plant life (Flynn and Traver, 2011).
Flynn and Traver (2013) conducted a complete LCA analysis of bio-
infiltration in the USA through construction, operation, and
decommissioning stages. The results showed that the construction
phase is the main contributor to the overall environmental effects.
However, carbon emissions can be offset by the operation phase in
approximately 4 years. Vineyard et al. (2015) used LCA to used LCA
to compare environmental impacts of bioretention and traditional
wastewater utilities, including material extraction, manufacturing,
use, and disposal stages. Results showed that bioretention was
more environmentally than traditional wastewater utilities
because it has a 62%e98% reduction of environmental impact.
Wang et al. (2016) conducted an LCA analysis for a bioretention
through construction, operation, and maintenance stages. They
found that maintenance contributed most (35.6%) of the climate
change and transport was the second greatest contributor (30.2%).

3.2.2.2. Life cycle economic performance. Wang et al. (2016)
assessed the capital costs and operation and maintenance (O&M)
costs for bioretention systems through LCC analysis over an
assumed life cycle of 35 years. Their findings indicated that main-
tenance and transportation are the most critical elements of LCC
and LCA and that rigorous management of maintenance and
transportation is crucial to improve the costebenefit of
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bioretention. An LCC analysis of bioretention was conducted by
Flynn and Traver (2013). Their results showed that the total cost of
the construction phase of bioretention is approximately 1.55� 105

USD/per hectare of impervious drainage area (ha-IDA). Xu et al.
(2017) also conducted an economic analysis of LID-BMPs, which
includes bioretention, grassed swale, infiltration pit, constructed
wetland, and buffer strip. Moreover, these factors were quantita-
tively assessed. The total cost of the construction phase of LID-BMPs
is approximately 1.31� 105 USD/ha-IDA. The two results are
consistent under the same functional unit (/ha-IDA). Chui et al.
(2016) assessed the cost-effectiveness of specific LID practice
(such as GR, bioretention, and porous pavement) designs in
response to large storm events by using LCC, including land cost,
construction cost, and O&M costs. The results indicated that porous
pavement is the most cost-effective practice for peak flow
reduction.

3.2.3. Constructed wetland
3.2.3.1. Life cycle environmental performance. Constructed wetland
is another popular LID-BMP practice because of its acceptable
performance in water and air quality purification. At present, most
LCA studies of constructed wetland were conducted by analysing
different environmental impact categories. Matt Seib (2009) con-
ducted LCA analysis of a treatment wetland through assembly,
operation, and disposal stages. Results showed that respiratory
inorganics and fossil fuel categories are the most significant cate-
gories because of their materials for construction and trans-
portation. These results allow future designers to consider
alternative materials, configurations, and management options for
wetland design to minimize impact. DiMuro et al. (2014) also
conducted an LCA analysis of constructed wetland and demon-
strated that lower energy and material inputs to the constructed
wetland results in low potential impacts for fossil fuel use, acidi-
fication, smog formation, and ozone depletion. Lopsik (2013) pre-
sented an LCA analysis of a small-scale constructed wetland in
Estonia. The system boundary included construction and operation
phases. They concluded that the construction phase and the use of
lightweight expanded clay aggregate in constructed wetlands
mainly contribute environmental impacts. Wang et al. (2018)
evaluated a field tidal flow constructed wetland and traditional
constructed wetland for wastewater treatment through environ-
mental impacts. Results indicated that electricity consumption of
water pump, which is used for creating tidal flow, was the most
contributor to almost all impact categories. The vegetation miti-
gation CO2 effect of tidal flow constructed wetland was marginal
compared with traditional constructed wetland. The environ-
mental performance of constructed wetland should be evaluated
through different factors (e.g., life cycle stage, energy consumption,
emissions mitigation).

3.2.3.2. Life cycle economic performance. DiMuro et al. (2014)
compared the cost of constructed wetland and gray in-
frastructures. The financial break-even point of gray infrastructures
is approximately two years. After two years, the total cost of gray
infrastructures is higher than that of constructed wetland year by
year. The low energy and resource requirement and the low O&M
support are themain contributors. Tupper (2012) evaluated the LCC
of LID-BMPs and traditional gray infrastructures and found that the
construction cost of LID infrastructures was 34% higher than the
traditional development. However, from the operation perspective,
the LID-BMPs provide competitive environmental and economic
potential compared with gray infrastructures. Demuzere et al.
(2014) estimated the benefits of LID-BMPs through climate
change mitigation and adaptation. Maria Raquel et al. (2016)
evaluated the potential climate change impacts of LID-BMPs
vegatations. Kumari and Kumar Sharma (2016) reviewed the
research literature on infrastructure and related issues and pre-
sented the results in a systematic manner. These studies revealed
that infrastructure is the backbone of all economic and social ac-
tivities; it helps reduce barriers to national development such as
unemployment, poverty, regional imbalances, and low
productivity.

3.3. Limitations of current research

3.3.1. Green and gray infrastructure comparison
In addition to the evaluation of single LID-BMP practice, the

comparison of green and gray infrastructures is important to
scientifically assess the performance of LID-BMPs. A complete LCA
analysis of the construction, operation, and maintenance phases of
green (such as porous pavements, bioretention, and infiltration pit)
and gray combined sewer overflow (CSO) control strategies was
conducted by De Sousa et al. (2012). GHG emissions (t CO2-eq) were
considered as the evaluation objective. Evidently, green strategies
exhibit considerable potential to reduce CSOs and carbon emis-
sions. Comparisons of green (such as bioretention) and gray (such
as pre-fabricated concrete vortex unit and sub-surface sandfilter)
infrastructures were conducted by O'Sullivan et al. (2015) through
LCA analysis. The environmental effects associated with materials,
construction, transport, operation, and maintenance were quanti-
fied, and the results indicated that bioretention exerted the lowest
environmental impact because of the low maintenance and no
concrete construction. An integrated environmental assessment of
green (such as permeable pavement and bioretention) and gray
(such as existing combined sewer systems) infrastructures has
been conducted by Casal-Campos et al. (2015), and green infra-
structure alternatives were found to be more environmentally
beneficial than their gray infrastructure counterparts. In addition,
they suggested that a combination of green and gray infrastructures
may exert a mutually beneficial effect. Tiwary and Kumar (2014)
provided an emerging perspective to urban ecosystem service of
impact evaluation of greenegray infrastructure interaction. A
comparison of hypothetical green (such as bioretention, green roof,
and permeable pavement) and gray infrastructures was conducted
by Wang et al. (2013). They pointed out that green infrastructures
can achieve better water quality improvement goals than gray
infrastructures.

Most studies only made comparisons of green and gray in-
frastructures, few made a combination of them. Results presented
that green infrastructures can achieve better water quality and
quantity control performance, however, green infrastructures can't
replace the gray infrastructures completely considering the safety
during extreme storm events, the economic cost and benefit also
should be considered. In future research, it would be very impor-
tant to optimize the proportion of green infrastructures and gray
infrastructures system under the multi-criteria of environment,
economy and safety benefits.

3.3.2. Regional scale evaluation
Studies mentioned above only considered specific LID-BMP case

research, regional scale evaluation is rare. However, it is important
for policy- and decision-makers to implement LID-BMPs. Few
studies made regional scale research. Zhan and Chui (2016)
attempted to calculate the life cycle net benefit of LID practices
(such as green roof, bioretention, and porous pavements) in a city
scale (i.e., Hong Kong). In addition, they quantitatively presented
30-year economic benefits of LID-BMPs are 5.3 billion USD. The
research provided a framework to quantify and evaluate the LCC
and benefits of LID-BMPs to modify these assumptions based on
local condition for application to numerous other cities worldwide.
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Chen (2015) presented a nationwide study on how urban LID-BMPs
can contribute to the carbon balance through the entire life cycle in
35 major Chinese cities. The estimated carbon storage amounts is
approximately 18.7 million tons, with an average carbon density of
21.34 t/ha. These experiences should be applied to improve China's
LID-BMP implementation.

3.4. Research of LID-BMPs performance in China

As previously mentioned, emerging and developing countries
lack the LCA studies of LID-BMPs. However, the researches on the
LID-BMPs performance on water quality and quantity control are
extensively reported. This study takes China as an example to show
the current research of LID-BMPs because of the Sponge City con-
struction project.

Fig. 4 shows the LID-BMPs construction situation of the 16 first
pilot sponge cities in China in 2017. Results indicated that bio-
retention, porous pavement, and grassed swale are the most pop-
ular practices, while rain barrels, sunken green belt, and seepage
well are seldom built. This phenomenon can bemainly attributed to
the good performance in controlling runoff of bioretention, porous
pavement, and grassed swale. Selecting the proper LID-BMPs are
rather significant for urban runoff control because of the compli-
cated climate, geography, population, and economic growth in
China. Future studies shouldmakemore accurate assessment of the
LID-BMPs performance (e.g., environmental, economic, and social)
to provide useful and credible information for decision and policy-
makers in appropriate implementing LID-BMPs.

3.4.1. Environmental performance
After the China National Knowledge Internet (CNKI) from 1979

to 2017 was searched with the subject of LID-BMPs, the related
literature approximately reached 140. The literature includes en-
gineering measures, planning schemes, and experimental facilities.
The results of the runoff control performance (quality and quantity)
(Jin et al., 2008; Shi et al., 2007; Wang et al., 2008; Zeng, 2003; Sun
et al., 2009; Cheng et al., 2009a,b; Huang et al., 2010) and cost in-
formation (Chen et al., 2014; Lu, 2013; Qi, 2013; Wang et al., 2009;
Ye et al., 2004; Yan, 2011; Zhou et al., 2011) were collected, but
onsite monitoring data, such as runoff volume (Chen et al., 2006;
Cheng et al., 2009a,b; Ou and Che, 2001; Shan et al., 2006; Xu
et al., 2005) and pollutant removal efficiency (Xiao et al., 2010; Li
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et al., 2010, 2014; Zhou et al., 2011; Meng et al., 2013; Wei, 2014)
were few. The detailed distribution and types of LID-BMPs con-
ducted in China are presented in Fig. 5. Results presented that these
researches are mainly from Beijing, Shanghai, Shenzhen, and
Wuhan cities which can be attributed to the fast economic and
population growth in these cities. The LID-BMPs are mainly tar-
geted on bioretention, constructed wetland, and permeable pave-
ment, this results are similar to Fig. 4.

Most Chinese literature focused on volume analysis, including
runoff reduction and peak flow reduction. Few studies focused on
water quality. The average removal efficiency of Chinese studies on
LID-BMPs is presented in Table 4.

These studies showed that the lack of onsite data of LID-BMPs in
China is a considerable challenge for further research because the
inlets and outlets, such as permeable pavement, of certain LID-
BMPs cannot be defined easily. Inappropriate monitoring method
is also another reason. Moreover, some provincial and local gov-
ernment officials lack enthusiasm, which serves an important
function. The MOHURD issued a monitoring guide in the late 2017.
The guide presented detailed information on how to monitor ve-
locity, volume, and quality. An explicit table for pollutant removal
rate and design parameters was also required. This action is useful
in developing the Chinese LID-BMP database.
3.4.2. Economic performance
Cost analysis can add reliability and veracity to the planning

optimization of LID-BMP arrangement. Similar to the LCA studies of
LID-BMPs, several LCC studies were conducted by Chinese re-
searchers (Chen et al., 2014; Ma et al., 2013). Chen et al. (2014)
performed a cost-benefit analysis of 15 LID practices in China. The
results showed that LID practices offer considerble potential in
economic benefit (such as reduced costs of stormwater runoff
permit, CSO control, rainwater infiltration and purification, flooding
control, and heat stroke prevention). The same results were also
reported by Ma et al. (2013) that the costebenefit ratio of LID in
China was markedly superior to that of traditional rainwater con-
trol strategies. In addition, the social benefit that alleviates the
contradiction between water supply and demand was considered.
Finally, they pointed out that China lacks economic data and that
further research on cost-effectiveness analysis of LID-BMPs is
required. Lu et al. (2013) presented a case study and calculated the
cost-benefit of bioretention and permeable pavement in Beijing,
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Table 4
Average removal efficiency of the Chinese studies on LID-BMPs.

LID-BMPs type Pollutants removal rate (%)

BOD COD SS NH3eN NO3eN TP TN Pb Zn

Concaved down green area e 51.65 e 60.39 e 54.88 33 e e

Seepage ditch 70 72.75 75.47 52.5 50 69.48 55.7 e e

Constructed wetland 44.75 86.23 71.18 67.07 e 70.56 85.33 62.71 e

Bioretention 71.85 59.1 79.15 65.45 e 72 73.9 e e

Permeable pavement e 62 34.93 39 75.55 57 53 60 60
Reservoir 19.9 41.88 59.32 21.62 20.05 15
Infiltration pit 40 77.97 90 85.11 69.93
Grassed swale e 26.7 46.25 44.7 �6.8 51.4 98 97
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China. Their results indicated that the total costs of bioretention
and permeable pavement are 89,895 and 60,458 USD, respectively.
The total economic benefit is 5778 USD per year, and the payback
times of bioretention and permeable pavement are approximately
14 and 9.5 years, respectively.

At present, several Chinese studies focus on the total cost of
runoff control project of a campus and a housing estate, and other
studies focus on the separate LID-BMPs. The Sponge City
Table 5
Chinese research about the cost of LID-BMPs.

LID-BMPs type Unit Min Max

Sunken green belt RMB/m2 200 300
Bioretention RMB/m2 500 1200
Permeable pavement RMB/m2 326 1500
Reservoir RMB/m2 30 100
Infiltration pit RMB/m2 3500 9000
Grassed swale RMB/m2 drainage area 60 450
Green roof RMB/m2 576 1600
Wet pond RMB/m2 200 1100

RMB: Abbreviation of renminbi, Chinese yuan. (1 RMB is equal to 0.14 USD).
Construction Technology Guide (MOHURD, 2014) showed several
reference prices of Beijing LID-BMP projects. However, the cost data
were evaluated through the floor space rather than the detailed
cost through the entire life cycle, which includes excavation, con-
struction, planning, and operation. A review on Chinese research on
the cost of LID-BMPs through CNKI was conducted (Table 5).

3.5. Summary of literature results

3.5.1. Summary of environmental performance
Different LID-BMPs perform their own functions to control

stormwater runoff quality and quantity. In that way, the water
footprint was reduced and the virtual water utilization was
increased. But the current research only considered stormwater, so
the detailed water footprint and virtual water assessments were
not introduced. From the life cycle environmental perspective, each
practice offers its own advantage in environmental effect. There-
fore, conclusions cannot be simply drawn as towhich practice is the
most or least environmentally beneficial. For all practices, opera-
tion phase can generate better environmental benefit because of
the reduced air and water pollutants. On the contrary, construction
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andmaintenance phases generated highest environmental burdens
due to the raw materials utilization. Accordingly, the efficiency of
raw materials should be improved and optimized. For green and
gray infrastructures comparison, most studies showed that green
infrastructures are more environmentally friendly than gray ones.
But studies also show that in some cases, the combination of green
and gray infrastructures can achieve good environmental perfor-
mance. For further research, especially for Asian countries, the
experiences of developed countries should be summarized to
promote the implementation of LID-BMPs.

3.5.2. Summary of economic performance
From the life cycle economic view, operation stage of LID-BMPs

can provide significant economic benefit because of reduced peak
flow and total runoff volume. However, construction and mainte-
nance phases can generate high economic burdens. The disposal
stage can be treated through two approaches, namely, discarding
and recycling. At present, most LID-BMPs are in the operation stage.
The disposal stage lacks detailed data for conducting a research, but
certain studies developed an idealized model based on the con-
struction phase to calculate the environmental and economic
burden and benefit of the disposal stage. Besides, extremely few
studies offered the evaluation through a unit area or a certain
functional unit, thus, it's hard to compare the economic cost or
benefit among different practices. Accordingly, the efficiency of raw
materials should be improved and optimized, and evaluations
based on certain functional unit should be presented. Future
research on economic assessment of LID-BMPs should be holisti-
cally analyzed through the entire life cycle, especially in China.

4. Conclusion and future research agenda

This review analyzed studies related to the LCA/LCC evaluation
of LID-BMPs from 2006 to 2017. Based on the discussion, the
following conclusions can be drawn:

C For life cycle environmental assessment, operation stage
generated environmental benefit while construction and
maintenance generated highest environmental burdens.

C In most cases, green infrastructures are more environmen-
tally friendly than gray infrastructures.

C The efficiency of raw materials should be improved and
optimized to reduce the environmental effects of construc-
tion and maintenance stages.

C For life cycle economic assessment, operation stage gener-
ated economic benefit while construction and maintenance
generated high economic burdens.

C At present, the disposal stage lacks detailed data due to most
LID-BMPs are still in the operation stage.

C Most studies only considered on-site or facility scale evalu-
ation, regional scale evaluation is extremely few.

C In China, lack of the onsite data is the biggest challenge in
LID-BMPs evaluation. However, along with the national pilot
sponge city construction many onsite data would be avail-
able in the near future.

Results indicated that LCA and LCC evaluation of LID-BMPs is an
expanding research field. LID-BMPs offer various benefits to urban
eco-systems, generating environmental benefits by mitigating air
pollutants and water pollutants. Also, LID-BMPs provide economic
benefits by reducing the cost of water treatment and energy con-
sumption. The social service value is another aspect that LID-BMPs
can offer. Therefore, their regional scale application has been
widely prospected although the multidisciplinary nature of
regional scale application causes considerable challenges. However,
as shown before, certain limitations exit. Studies related to the
quantitatively evaluation of ecological service value extremely few.
At present, most countries, especially developing countries, lack
the indigenized LCA and LCC research on LID-BMPs. Besides, very
few studies have considered comprehensive benefits (such as
economic, environmental, social benefits) or the different types of
LID-BMPs at a regional scale. Moreover, onsite monitoring data are
significant in guiding the future application of LID-BMPs while few
cities have monitored operation data. Finally, the lack of disposal
data is another limitation that affects the whole life cycle assess-
ment of LID-BMPs.

Therefore, future research should address numerous scientific
and technical challenges to present an increasingly systematic and
credible assessment. First, efficient target-oriented LCA and LCC
studies on LID-BMPs should be conducted, and a detailed database
on LID-BMPs construction and operation phases should be estab-
lished. Second, modification and optimization of current con-
struction materials and development of novel materials should
continue to obtain better environmental and economic benefits.
Third, the generality and individuality of different types of LID-
BMPs should be proposed to guide further in-depth studies.
Finally, the development of LID-BMPs with high environmental,
economic, and social benefits of regional scale application should
lead to future progress to satisfy the requirements of sustainability.
In brief, joint experimental, computational, and practical in-
vestigations can provide comprehensive insight into LID-BMPs.
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