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Abstract: Green infrastructure (GI) is a contemporary area of research worldwide, with the implementation
of the findings alleviating issues globally. As a supplement and alternative to gray infrastructure, GI has
multiple integrated benefits. Multi-objective GI optimization seeks to provide maximum integrated
benefits. The purpose of this review is to highlight the integrated multifunctional effectiveness of GI and
to summarize its multi-objective optimization methodology. Here, the multifunctional effectiveness of GI
in hydrology, energy, climate, environment, ecology, and humanities as well as their interrelationships are
summarized. Then, the main components of GI multi-objective optimization including the spatial scale
application, optimization objectives, decision variables, optimization methods and optimization procedure
as well as their relationships and mathematical representation are examined. However, certain challenges
still exist. There is no consensus on how to measure and optimize the integrated multi-functional
effectiveness of GI. Future research directions such as enhancing integrated multi-objective assessment
and optimization, improving life cycle analysis and life cycle cost, integrating benefits of GI based on
future uncertainties and developing integrated green–gray infrastructure are discussed. This is vital for
improving its integrated multifunctional effectiveness and the final decision-making of stakeholders.

Keywords: green infrastructure; multifunctional effectiveness; direct benefit; co-benefit;
multi-objective optimization; life cycle analysis

1. Introduction

Sustainable urban development is faced with many challenges owing to climate change and
urbanization [1]. Climate change is mainly characterized by average temperature rise and extreme
precipitation trends [2,3], whereas urbanization is marked by intensive land development and related
human activities [4]. The urban water cycle, for instance, has been significantly and directly affected by
climate change and urbanization, leading to many urban water issues such as floods, water pollution,
and ecological damage [5].

The basic natural hydrological cycle involves rainfall, evaporation, infiltration, runoff yield,
and surface confluence [6]. Urban development leads to the creation of landfills in depressions,
expansion of impermeable underlying surfaces, and changes to natural drainage paths [4]. Together with
the increase in extreme precipitation events, these phenomena produce the “rain island effect” [7].
The natural water cycle, especially the runoff yield and surface confluence, has undergone profound
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changes under such development, with the total runoff and peak flow having significantly increased.
The single objective of traditional gray infrastructure is to drain rainwater from the urban built
environment, which is an inelastic approach that is incapable of coping with intensifying climate
change and increasing urbanization [8]. Moreover, urban rainwater runoff transports large amounts of
pollutants directly into water bodies [9]. In cities with combined sewer systems, untreated sewage
is discharged into nearby water bodies during rainfall; this is known as combined sewer overflow
(CSO) [10]. In addition, the continuous expansion of urbanization weakens the overall connectivity of
ecological patches and corridors in an area [11].

Green infrastructure (GI) is a natural solution. The definition of GI is manifold, and different
fields have different emphasis. The UN defines GI as a strategically planned network of natural and
semi-natural areas to deliver a wide range of ecosystem services [12]. The US EPA defines GI as
a method of water management that focuses on creating ecosystems to treat polluted stormwater
runoff prior to it entering waterways [13]. Although no global definition has been agreed upon,
the concept has a number of key features. The green infrastructure (GI) discussed in this review is
a decentralized stormwater management practice network substituting or supplementing the gray
infrastructure. GI focuses on stormwater management at the source, mimicking the natural hydrological
cycle and flattening the stormwater runoff curve, thus optimizing the hydrological activities in urban
areas [14]. Therefore, it provides many environmental, ecological, economic, and social benefits or
services. Moreover, because of the low cost and ease of transformation and upgrading, its popularity is
accelerating recently [15]. Globally, many countries have adopted measures to actively promote GI
application. For example, implementing the Sponge City Strategy paved the way for GI development in
China [16]. Other concepts and practices such as low impact development (LID) and best management
practice (BMP) [17], are collectively referred as GI in this review for simplicity.

GI’s versatility and the tools for assessing and optimizing the multiple benefits have received
considerable attention. Hansen and Pauleit [18] summarized GI multifunctionality, proposing an
evaluation framework related to ecosystem services. Additionally, Jayasooriya and Ng [19] proposed
tools for modeling stormwater management and the economics of GI practices. Further, Kuller et al. [20]
reviewed tools for planning GI practices and presented a novel planning suitability framework.
In addition, Eckart et al. [21] reviewed methods for optimizing, modelling, and monitoring the
performance of the GI alternatives. Subsequently, Li et al. [14] examined the operating mechanisms
and effectiveness of GI widely used for stormwater management. Additionally, Zhang and Chui [22]
reviewed strategies and tools for optimizing the spatial allocation of GI based on decision variables.

The goal of the GI optimization approach is to develop a decision-support tool for optimally
selecting and placing GI practices to achieve an optimal overall benefit. The geographic information
system (GIS), hydrological models, and optimization algorithms are frequently utilized for coupling
and integration to comprehensively analyze the overall benefits of GI [23]. However, the choice of
decision objectives varies greatly among different projects, and a unified standard on the integration
or comparison of the multiple benefits under any sector are still lacking, which brings uncertainty
in the expansion of GI practice. In addition, several benefits of GI are not taken into account in
the evaluation process, which will also influence the rationality of decision-making. Nevertheless,
any cost-benefit analysis comparing gray infrastructure and GI remains incomplete if the multiple
possible benefits of GI are not considered [24]. Therefore, the measurement and optimization of the
integrated benefits of GI are important areas that require further research. To further prompt the
research and application of GI and provide stronger technical support to stakeholders and decision
makers, the current research results of these evaluations need to be summarized and future research
directions need to be discussed. This review commences with the multiple benefits of GI and the
optimization methods based on the optimization objective of maximizing the overall benefit. The aims
of this study are (1) to refine the benefits of GI and provide quantitative methods for assessing different
benefits, and highlight the importance of the integrated benefits in decision-making; (2) to evaluate the
multi-objective methodology for GI optimization including the optimization procedure, optimization
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objectives, decision variables, and optimization methods; and (3) to identify potential research areas
within the GI multi-objective-based optimization methods.

2. Methodology

The main steps of this study are shown in Figure 1. In this review, approximately 100 review papers
and research articles were consulted and their content exploited. We identified relevant literature by
searching the Web of Science database using combinations of keywords like benefit, cost-benefit analysis,
function, effectiveness, assessment, green infrastructure, optimization, low impact development,
best management practice, optimum, and multi-criteria. Then, through screening and classification,
all the literature contents were classified into two subjects, namely integrated multi-functional
effectiveness of GI and multi-objective optimization methodology of GI. The relationship between the
two subjects is that the former is the theoretical basis of the latter and the latter is the practical approach
of the former. The progress and findings of the two subjects were reviewed respectively. Based on the
literature review, the current shortcomings and challenges were identified. Finally, future research
directions were proposed. This review is valuable for decision-makers and stakeholders to assess the
comprehensive benefits of GI and to better understanding these benefits, which are important for
promoting its implementation.
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Figure 1. Main steps of this study.

3. Multi-Functional Effectiveness of GI

3.1. Functions and Benefits

GI effectiveness is reflected by its function and benefit. The functions of GI include infiltration,
retention, storage and utilization of rainwater, purification, insulation of the vegetation and soil layer,
regulating evapotranspiration and heat absorption, carbon sequestration by vegetation and the provision
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and improvement of habitat and green space (Figure 2). Through its functions, GI provides direct benefits
and co-benefits. These benefits are often classified based on the ecosystem services framework comprising
four major categories including provisioning, regulating, supporting, and cultural services [25,26].
To augment the interdisciplinary perspective, a new classification partitioning the benefits into hydrology,
energy, climate, environment, ecology, and humanities was adopted. The functions and benefits of GI as
well as their interdependence are displayed in Figure 2.
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generated by the output or service provided, whereas the co-benefits involve the contribution to other
fields caused by the direct benefit.) [7,10,26–43].

3.2. Assessment of the Effectiveness

GI is sustainable and its multifunctional benefits often have a cumulative effect. Life cycle analysis
(LCA) has been widely used in assessing the benefits of GI [44]. LCA is a systematic and relative tool
for helping decision makers compare all environmental impacts throughout a life cycle when choosing
between alternative courses of action [45]. Compared with the single-objective grey infrastructure,
the benefits of GI increase over time [46]. The multi-functional effectiveness of GI discussed below all
applies to the LCA framework.

The benefits of GI in hydrology, which represents the original intention of GI practice is fundamental.
Field studies, the storm water management model (SWMM) model, and the rational method are
employed for calculating or simulating hydrological performance [14]. Urban hydrological processes
are optimized through the infiltration, retention, storage, and reuse of rainwater, thereby reducing
runoff into urban drainage systems and water bodies. The evaluation indicators comprise the total
runoff reduction, peak flow reduction, and peak lag time [47]. Changes in the runoff process after
implementing GI are displayed in Figure 3.

Two-dimensional (2D) or one-dimensional (1D) and 2D coupled models are commonly utilized to
assess the benefit of flooding mitigation by GI. The 2D hydrological model accurately predicts flooded
areas, and is vital for identifying the best locations for GI applications. The evaluation indices comprise
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the inundation time, depth and scope [48]. A crucial element in the usability of flood inundation
models is whether or not the model can display flood protection measures [49].Water 2020, 12, x FOR PEER REVIEW  5 of 19 
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Figure 3. Comparison of the runoff process before and after GI implementation.

GI has considerable potential for energy saving and reducing the carbon footprint of traditional
drainage systems. The carbon emission reduction pathway is illustrated in Figure 4. Function-based
carbon emission reduction benefits of GI include hydrological, temperature, and water supply regulation
as well as vegetation sequestration. For hydrological regulation, GI effectively reduces the total
rainwater runoff, peak flow, and the use of rainwater pumping stations [50]. In a combined sewer
system,the amount of runoff entering wastewater pumping stations and wastewater treatment plants
is also effectively reduced [50]. An urban-scale study indicated that the rate of annual greenhouse
gas emissions in the hydrological cycle decreased by 45.9% as an average in GI-based urban drainage
system [32]. For temperature regulation, a green roof reduces the surface temperature of a building through
the thermal insulation provided by the vegetation and soil layers while also improving evapotranspiration
and heat absorption, thus reducing the need for an air conditioning system [31,51]. Moreover, rainwater
recycling facilities reduce the demand for water in the water supply system by recycling rainwater for
irrigation and road flushing, thereby minimizing the corresponding carbon emissions of the water supply
system [52]. Vegetation in GI also exhibits carbon sequestration potential [33]. In addition, GI is commonly
cheaper and consumes less energy than traditional gray infrastructure over the entire life cycle of material
production, transportation, facility construction, and operation and maintenance [46].
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Climate change causes extreme precipitation events [3], and the future climate prediction model
of Hirabayashi et al. [2] suggests that the global flood risk will be proportional to the extent of climate
warming. Therefore, GI can improve the resilience of cities to the impacts of climate change by mitigating
the urban ‘rain island effect’ [7].

GI measures have demonstrated promise for mitigating air pollution in urban areas across the
world [38]. A widely used technique for assessing the pollution reduction capability of GI is the dry
deposition modeling. Jayasooriya et al. [38] employed the concept of dry deposition modeling to
quantitatively analyze the benefit of GI to local air quality.

Urban rainwater runoff transports diverse components such as pathogens, nutrients, sediments,
and heavy metals to water bodies [9]. GI implementation reduces such runoff, helping to reduce the
risk of water pollution and CSO [10]. Total amounts or removal efficiencies of pollutants such as the
total suspended solid (TSS), biochemical oxygen demand (BOD), chemical oxygen demand (COD),
total phosphorus (TP), and total nitrogen (TN) are usually considered as evaluation indices for pollutant
removal [53–55].

There is consensus that GI can aid in maintaining and restoring ecosystems, generate ecosystem
services like habitat provision and wildlife dispersal, and improve biological diversity [56,57].
Connop et al. [26] used the invertebrates to represent the contribution of GI to biodiversity,
while Radinja et al. [58] employed the GI size to demonstrate the environmental benefits of
providing habitats.

GI can also improve local recreation by enhancing the aesthetic and cultural value of places,
which are valuable for human health and happiness [42]. GI is also environmentally educational [43].
However, these benefits are frequently characterized as subjective, thereby making quantification
difficult [59]. Questionnaires are usually the first choice of subjective measures [60]. To quantify
them, some studies have tried to translate these subjective benefits into indices in landscape ecology
or economics. Casado-Arzuaga et al. [61] established a GIS-based social–ecological approach to
estimate the value of recreation and aesthetic services. Tomalty et al. [62] offered a guidance in
attributing economic value to property values, marketing benefits, food production and food security,
sound attenuation, stormwater retention, air quality, and greenhouse gas sequestration of green roofs.

3.3. Literature Analysis

Among the 42 studies on GI optimization exploited, hydrology-related indices such as the runoff

quantity and quality dominate the functional indices, with subordinate influences for other indices
including energy, ecology, climate, environment, and humanities, as displayed in Figure 5. The results
demonstrate that most studies on GI optimization are hydrology-related, with a focus on flood control
and mitigation benefits as well as the environmental benefits of runoff quality management. These results
indicate that an integrated multifunctional approach involving energy, ecology, climate, and humanities
for GI remains a major concern.
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4. Multi-Objective Optimization Methodology

4.1. Spatial Scale

The application scale of GI optimization includes the city region, watershed, catchment, block,
and site. An inclusion relationship exists between the spatial scales, as shown in Figure 6. Clearly,
applying GI intensely over a small scale is easier, characterized by an obvious hydrological impact.
However, the effects of GI on the stream baseflow are diffuse at such small scales [63]. Certainly,
a big-picture perspective may not be needed when focusing on a closed catchment system. The overall
implementation of a water management strategy on the watershed and catchment scale involves
cumulative effects [64,65]. Cibin and Chaubey [66] developed a multi-level spatial optimization
(MLSOPT) approach for solving complex watershed scale optimization. MLSOPT works at two
levels: a watershed is divided into small catchments and each catchment is optimized individually.
Then the optimum catchment solutions are used for watershed scale optimization [66]. This method
of classification can realize the parallel computation of different catchments, greatly improving
computational efficiency, and can also determine the optimization objectives of each catchment
according to the location and function of each catchment in the watershed.
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4.2. Optimization Objectives

The optimization goal is to produce the maximum integrated multifunctional effectiveness.
Therefore, multi-objective optimization is now a popular method involving tradeoff solutions at
different special scales [67]. Evaluation criteria are used to build objective functions to support
decision-making. Objective functions are usually developed based on the multifunctional effectiveness
and the cost, and these are typically expressed by Equations (1) as:

Max E f f ectiven essk = fk(x1, x2, x3, · · · , xn) (1)

where x1, x2, x3, . . . , xn are the decision variables and k is the effectiveness number.

4.3. Decision Variables

The decision variables are exploited for selecting and placing the BMPs and LID practices,
and these involve the type, size, and location [22]. In the optimization process, GI database is built by
assigning values to type, size, and location. The optimization algorithm is then utilized for iterating
the decision variables, thereby producing the optimal scheme. Internal relationships exist among the
type, size, and location, and these potentially influence the overall effectiveness of GI. The specific
contents of the three main decision variables for GI optimization are displayed in Figure 7.
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The facility types include green roofs, rainwater gardens, bioretention sites, permeable pavements,
and rainwater wetlands/pond. Liu et al. [14] and Li et al. [68] summarized the performance strengths
of individual GI measures. Indicators representing the sizes of different facility types also involve
varied forms. Facility area, percentage of the facility area in the catchment area, and facility capacity
are commonly employed to represent the size [69,70]. Figure 8 shows the locations of GI and the
types of combined patterns using the watershed scale as an example. According to the water flow
paths in the study area, GI facilities fall into three types including the source, process, and end [71].
The source facility is often small and decentralized, and it is mainly used to reduce stormwater runoff

at the catchment area source. Meanwhile, the process facility transmits stormwater runoff overflow
from the source facility, while the end facility is located downstream of the watershed, serving for high
stormwater runoff retention and downstream pressure reduction [72]. The modes of GI combination can
generally be classified into centralized, decentralized, and hierarchical modes [22,73]. Decentralized or
hierarchical modes are advocated, and are closer to natural hydrological processes [22]. Conversely,
for recreation and biodiversity, larger green patches or corridors are better because distributed GI is
more vulnerable to urbanization.
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4.4. Optimization Method

In the decision-making process, commonly, more than two stakeholders with different effectiveness
preferences are involved, and this may be characterized by conflicts. However, bargaining methods
and the game theory are usable for finding a stable solution for multi-criteria decision-making [74].
This solution combines the individual effectiveness preferences into a collective and interpreted choice
for integrating stakeholder perspectives in the assessments [27]. When no consensus exists regarding
the rank of criteria in most stakeholder domains, the equal weight for all criteria is proposed as a
solution [58,67,75,76]. Expert scoring [77] and analytic hierarchy process [78] are also used to weigh
different functional effectiveness.

Contrary to the scenario analysis, the optimization algorithm is capable of evaluating high numbers
of potential solutions automatically, thereby enabling the exploration of tradeoffs between multiple
objectives. Many optimization algorithms exist, including the genetic algorithm (GA), simulated
annealing (SA), ant colony optimization (ACO), greedy, breadth first search (BFS), generalized pattern
search (GPS), linear programming (LP), and artificial neural network (ANN), Technique for order
of preference by similarity to ideal solution (TOPSIS) and shuffled frog leaping algorithm (SFLA).
Among the optimization algorithms mentioned above, LP is a mathematical method and the others
are artificial intelligence methods. Mathematical methods offer the advantages of less computation
and fast convergence. The disadvantage of using mathematical methods is that they can only identify
the local optimal solution, and the optimization results strongly depend on the initial value selected.
While artificial intelligence methods can obtain the global optimal solution and the optimization results
are not affected by the initial conditions, they require considerable computation, and convergence is
slow. Evolutionary algorithms (EAs) are linked to biological evolution mechanisms (e.g., reproduction,
mutation, crossover, and selection) and are among the most efficient metaheuristics for solving water
management practice issues [79]. Selection of optimization algorithms is vital in spatial optimization
to ensure convergence of objective functions. NSGA-II is widely applied in GI optimization studies
because it involves an elitist approach, provides a neat spread of solutions, and supports the finding of
the entire Pareto front [80]. A multi-algorithm genetically adaptive multi-objective (AMALGAM) [67]
and optimization software toolkit for research involving computational heuristics (OSTRICH) [81] are
multi-algorithm methods that combine the strengths of multiple optimization algorithms, many of
which are parallelized. Some models have achieved the built-in of optimization algorithms, hydrological
simulations, and cost-benefit analysis, such as SUSTAIN [82].

4.5. Optimization Procedure

An optimization model is explicitly aimed at identifying the blend of design variables that
produce the best result for a stated objective or objectives, subject to meeting all constraints on
the system [19]. The constraints usually involve the cost, available land, planning, and other legal
restrictions. Figure 9 illustrates how the optimization approach is realized to achieve the optimal
hydrological benefits by taking the SWMM model coupled with NSGA-II as an example [30]:

1. Determination of the scale at which the optimization program will operate.
2. Identifying objectives of the optimization program, selecting decision variables, and constraints

of the optimization scheme.
3. Choose original decision variables of GI.
4. Using the SWMM models to assess the hydrological effectiveness of GI scheme.
5. Run NSGA-II. The SWMM model and the optimization algorithm are intercycled to realize

automatic searching of the optimal design parameters.
6. Optimization complete and generate the Pareto front that corresponds to a set of optimal solutions,

so-called nondominated solutions.
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4.6. Literature Analysis

Based on the multi-objective optimization methods for GI analyzed, the spatial scale, multi-objectives,
decision variables, and optimization methods in 42 studies were exploited, as shown in Figure 10 and
presented in Table 1. According to Figure 10, studies at the watershed and catchment scales account
for the majority, with two and three dominating the number of objectives. Overall, 54.8% of the studies
considered three decision variables including the type, size, and location. The optimization algorithms
selected are generally diverse, although the NSGA II predominates.
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Table 1. Summary of data for optimization studies used for evaluating the GI practices.

Source

Scale Objectives Decision
Variables

Optimization
Methods

#City Region
•Watershed
}Catchment
�Block
�Site

�Cost �Runoff Volume
NRunoff Quality 4Peak Flow
HRainwater Harvesting
5Flood Inundation
•CSO }Amenity

�Energy 3Habitat Creation

• Type
} Size

# Location

Baek et al. [83] � � � N 4 • } # Scenarios

Montaseri et al. [84] � � � N • } # GA

Yang and Best [80] • � N • } # NSGA-II

Chen et al. [37] • � N • } # NSGA-II

Ghodsi et al. [27] • � � N • } # NSGA-II

Jayasooriya et al. [85] � � N } Scenarios

Liu et al. [67] � � N • } AMALGAM

Liu et al. [86] • � � N • } # AMALGAM

Mao et al. [82] } � � N 4 • } # SUSTAIN

Marchi et al. [28] � � H • } NSGA-II

Sebti et al. [87] • � � 4 • } # LP

Sun et al. [69] • � 4 • } # SUSTAIN

Aminjavaheri and Nazif [76] } � � 5 • } NSGA-II

Cano and Barkdoll [75] } � � • } # Scenarios

Di Matteo et al. [88] } � � N H • } # NSGA-II

Fan et al. [89] • � � • } # SUSTAIN

Giacomoni and Joseph [90] } � � N 5 • } # NSGA-II

Liu et al. [91] • � � N • } # AMALGAM

Li et al. [92] # � � N H } NSGA-II

Wang et al. [93] } � N 5 # GPS

Xu et al. [94] � � � N 4 • } NSGA-II

Dai et al. [95] • � N • } # GA

Azari and Tabesh [77] } � 5 • } # NSGA-II

Eckart et al. [96] } � N 4 • } GA

Huang et al. [30] � � 4 5 • } SA

Jayasooriya et al. [97] � � � N 4 H } • } TOPSIS

Li et al. [98] # � H � • } NSGA-II

Macro et al. [81] } � • • } # OSTRICH

Xu et al. [99] • � � N 4 H } Greedy

Yang and Chui [100] } � 4 5 � • } RPE

Alamdari and Sample [101] • � � N • } NSGA-II

Di Matteo et al. [53] } � N H } • } # ACO

Helmi et al. [102] } � � 4 • } # BFS

Liu et al. [103] } � N • } SFLA

Luan et al. [104] } � � N 4 • } TOPSIS

Radinja et al. [58] } � • } 3 • } Scenarios

Torres et al. [105] � � � H • } # LP

Wang et al. [106] } � � N • } # LP

Xu et al. [70] # � N } Greedy

Ghodsi et al. [107] • � � } GA

Geng et al. [108] • � N • } # NSGA-II

Latifi et al. [74] • � � N • } # ANN
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5. Future Research Directions

5.1. Enhancing Integrated Multi-Objective-Based Assessment and Optimization

In this review, a multi-functional conceptual framework for GI involving hydrology, energy, climate,
environment, ecology, and humanities is proposed. Multidisciplinary approaches and interdisciplinary
collaboration are critical but challenging, especially for compact cities [109]. GI installation often
requires space, and this involves a trade-off between land use, in order to achieve the optimal integrated
benefits in the larger perspective of urban planning. In addition, Wolch et al. [110] reported that
paradoxes are evident in urban green strategies; for example, the creation of green space can make a
neighborhood healthier and more aesthetically valuable, but it can also increase housing costs and
property values. Therefore, how to integrate the comprehensive benefits of green infrastructure in
different fields needs more discussion.

5.2. Improving Life Cycle Analysis (LCA) and Life Cycle Cost (LCC)

Cost-benefit analysis is employed as the main method for investment decision-making, to minimize
the investment while maximizing the benefit. Compared with the gray infrastructure’s singular goal, GI,
as a municipal or private investment, usually exhibits better cost-benefit outcomes over the entire life
cycle, providing numerous benefits in addition to rainwater management [23]. Life cycle cost (LCC) is
based on LCA but considers cost rather than environmental impacts. LCC is therefore defined as the
process of determining the sum of all expenses associated with the complete life cycle of a product
system, including material acquisition, installation, operation, maintenance, and disposal costs [44].

Of the 42 studies reviewed, 21 involved an LCA for GI benefits, with lifespans ranging from 10 to
50 years. Of the 41 studies involving the economic costs of GI, only 6 considered LCC. Zuo et al. [111]
noted that combining the LCA and LCC is essential for decision-making when assessing the sustainable
benefits of individual projects.

5.3. Integrating Benefits of GI Based on Future Uncertainties

Stormwater management will face major challenges in future because of climate change and
urbanization. Therefore, recognizing the risks and adaptively planning through the GI practice is
important [112]. The optimal integrated benefits scheme under current conditions may not be optimal
in the future. However, most optimization frameworks do not address the future uncertainty and GI
practice robustness related to possible future conditions. Importantly, the static planning strategies
must be changed to dynamic adaptation strategies with time, based on future uncertainties [113].
Such future conditions are quantifiable by developing scenarios associated with the temporal and
spatial changes in climate and the socio-economic environment [114]. Xu et al. [70] used the annual
rainfall variation attributed to climate change to generate future climate data. Liu et al. [91] utilized the
land use type changes to represent the future extent of urbanization. Given the uncertainty of future
climate and environmental change, how to achieve optimal integrated benefits under future conditions
requires continuous attention.

5.4. Developing Integrated Green–Gray Infrastructure

A consensus is emerging that reliability, resilience, and sustainability must be considered in the
planning or upgrading of urban stormwater infrastructure [115,116]. This implies that there is a need to
support the development of strategies for the reliable provision of services while explicitly addressing
the need for greater resilience to emerging threats, and providing sustainable solutions. The design
criteria of GI are mainly applicable to small and medium rainfall events. The flood risk mitigation
capacity of GI is limited under excessive rainfall conditions [53]. Although GI can provide comprehensive
benefits, these structures cannot fully replace gray infrastructure, especially in developing countries with
inadequate infrastructure [117]. Considering these limitations, integrated green–gray infrastructure is
considered to be a tradeoff solution to ensure robustness in extreme events and to provide common
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benefits to the environment and society [118]. Butler et al. [116] and Casal-Campos et al. [119], based on a
reliable, resilient, and sustainable framework, compared green, gray, and combined green–gray drainage
strategies. They reported that the combined green–gray strategy offered better comprehensive benefits
and provided an enhanced robustness potential. This demonstrates that simply optimizing GI remains
insufficient for achieving optimal comprehensive benefits. In the future, gray and green facilities
should be combined to perform comprehensive optimization of urban rainwater infrastructure.

6. Conclusions

In recent years, the comprehensive benefits of GI have received increasing attention. This review
analyzed studies related to the integrated multi-functional effectiveness of GI and multi-objective
optimization methodology of GI. The following conclusions can be drawn:

(1) A multi-functional conceptual framework for GI involving hydrology, energy, climate,
environment, ecology, and humanities is proposed. This framework expresses the functions of GI,
as well as the direct benefits and co-benefits through GI functions. Although we already have a
better understanding of the multi-functional effectiveness of GI, there is no consensus on how to
measure the integrated multi-functional effectiveness of GI.

(2) A number of research papers on the multi-objective optimization of GI have been summarized.
The primary objective is to maximize the integrated benefits for decision-making on GI.
The optimization method is usually coupled with an effectiveness evaluation model and an
optimization algorithm under a specific spatial scale and optimization goal. The pareto front is
employed to find the optimal variables for GI decision-making including type, size, and location.

This review provides a resource for decision-makers in selecting appropriate methods for
evaluating the effectiveness of GI and will help stakeholders better understand the benefits of GI,
which are vital for promoting its implementation.

Future research should focus on the following: (1) improving the integrated multifunctionality of
GI by strengthening multidisciplinary research and interdisciplinary cooperation; (2) enhancing the
integration of life cycle analysis and life cycle cost; (3) paying attention to integrated benefits of GI based
on future uncertainties; and (4) strengthening optimization research and the utilization of integrated
green–gray infrastructure.
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