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• A pipe cluster-based flood impact matrix 
method is proposed. 

• Locations for flood mitigation in
terventions (blue-green-grey) are 
identified 

• Identified flood locations depend on 
pipe cluster and connected sub- 
catchment characteristics 

• Flood interventions choice (blue-green 
or hybrid) depends on the magnitude of 
flooding 

• Grey interventions may shift floods 
downstream that can be compensated 
by BGI implementation  
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A B S T R A C T   

Urban floods will continue to be an alarming issue worldwide due to climate change and urban expansion. The 
costly and less environmentally friendly grey infrastructure is not always the most adequate solution to resolve 
urban pluvial flooding issues. The combination of grey and blue-green infrastructures, also called hybrid 
infrastructure, has been considered a promising solution for urban stormwater management. Existing approaches 
for identifying suitable hybrid solutions frequently rely on global multi-objective optimization algorithms. We 
developed a pre-screening method that decomposes a drainage network into clusters of pipes connected to sub- 
catchments, based on pipe hydraulic characteristic that allows for the impact of infrastructure combinations 
(blue-green and grey) to be mapped. Four impact matrices are proposed to map the total, local, upstream, and 
downstream flood reduction of all possible blue-green, grey, and hybrid solutions. Using an urban catchment in 
Guangzhou (China) as a case study, results showed that such an exercise could identify prime candidate locations 
for blue-green and grey infrastructure while filtering out ineffective locations for flood reduction. Furthermore, 
the impact matrices enabled the identification of flood zones where blue-green infrastructure could handle flood 
mitigation without the need of local grey infrastructure upgrades. As such, they are not only useful for quick 
screening of suitable interventions for each flooded zone, but can also potentially serve as a priori knowledge 
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before diving into the data and computationally expensive process of finding the most effective flood mitigation 
solutions.   

1. Introduction 

Floods are among the most prevalent natural hazards in urban areas, 
due to the replacement of natural vegetation by anthropogenic imper
vious materials such as concrete and asphalt (Bonneau et al., 2017; Li 
et al., 2020; Paprotny et al., 2018). These materials reduce stormwater 
infiltration and alter the natural hydrologic cycle, thereby increasing 
surface runoff. Concurrently, it is expected that 6.7 billion people will 
live in cities by 2050 (United Nations Department of Economic and 
Social Affairs, Population Division, 2018) and urban areas are projected 
to experience more extreme precipitation events due to climate change. 
Urban pluvial flood reduction is, therefore, critical to ensure the safety 
and well-being of urban residents. 

Traditionally, grey infrastructures involving structural measures 
such as drainage pipes, channels, and storage tanks are the primary 
means of traditional urban drainage management. They are designed to 
collect surface runoff in a connected drainage system and to drain it 
away from cities as fast as possible. However, their fixed capacity is 
gradually showing deficiencies in meeting the additional stresses 
induced by increasing impervious surfaces associated with rising 
occurrence of extreme rainfall events due to climate change (Wouters 
et al., 2016; Marlow et al., 2013). Furthermore, the cost of renovating 
grey infrastructure is large. In response to these changing circumstances, 
policymakers are turning to blue-green infrastructures (BGI) (Brears, 
2018; Joshi et al., 2021; Bach et al., 2020), also frequently known as 
Nature-Based Solutions (NBSs) or Low Impact Development (LID) 
practices (Fletcher et al., 2015). The common goal behind these strate
gies is the use of nature-inspired solutions such as green roofs, porous 
pavements, and bio-retention cells to mimic the natural water cycle and 
attenuate peak discharges by reducing surface runoff water (Chang 
et al., 2018). BGI systems can also provide additional environmental 
benefits, such as receiving water bodies pollution mitigation (Fowdar 
et al., 2021), air quality improvement (Jayasooriya et al., 2017), local 
microclimate regulation (Gobatti et al., 2023), biodiversity enhance
ment (Molné et al., 2023), and overall improvements to urban amenity 
(Hoyer et al., 2011). 

BGI are usually not sufficient for flood control during heavy rainfall 
events (Vineyard et al., 2015). Nevertheless, Jamali et al. (2020) have 
previously demonstrated that these systems can still deliver significant 
flood mitigation benefits for smaller, frequent storms that nevertheless 
cause significant surface ponding and cumulative damage to local 
infrastructure. Compared to traditional stormwater management ap
proaches that rely solely on BGI or grey infrastructure, some attention 
has been paid to their combination or so-called ‘hybrid’ solutions 
(Beloqui, 2020; Browder et al., 2019; Lund et al., 2019; Li et al., 2019; 
Kapetas and Fenner, 2020). Xu et al. (2019) selected the best hybrid 
solution from predefined hybrid schemes using the Analytic Hierarchy 
Process. Chen et al. (2021) compared different flood mitigation strate
gies (blue-green, grey, or hybrid) using hydraulic models, while Dong 
et al. (2017) assessed the resilience to climate change. The results of 
their study consistently showed that hybrid infrastructure systems are 
generally more effective in managing stormwater and adaptable to 
external uncertainties compared to systems relying solely on either blue- 
green or grey infrastructure. Consequently, many researchers have 
developed simulation-optimization frameworks that integrate the hy
draulic models with optimization algorithms in order to maximize the 
benefits of hybrid solutions while minimizing their costs (Alves et al., 
2016; Martínez et al., 2021; Gao et al., 2022). The simulation- 
optimization frameworks allow for exploring a wide range of solu
tions, leading to potentially better outcomes compared to scenario- 
based methods. However, they are computationally demanding and 

can generate different solutions presenting similar results. 
A few researchers have attempted to enhance the efficiency of 

optimization computations and solutions quality by reducing search 
space (i.e., the number of decision variables that are being solved). 
Wang and Shan (2004) successfully obtained multiple noteworthy sub
spaces by utilizing multiple sampling techniques to map an optimized 
performance space to a design space. Results showed that optimization 
with a reduced search space can expedite the process while still 
capturing the optimal solutions. Ngamalieu-Nengoue et al. (2019) and 
Bayas-Jiménez et al. (2021) pre-simulated all possible locations in a 
catchment of storage tanks to identify promising options for optimiza
tion, which resulted in improved performance with less computational 
burden compared to global optimization methods. In the field of layout 
optimization for hybrid solutions, the question arises: how can we gain 
prior knowledge about areas where implementing hybrid infrastructures 
would likely result in significant benefits for stormwater management? 
Despite research efforts, there is still a lack of a suitable approach that 
can address this question. 

The unit flood response (UFR), achieved by iteratively run model 
omitting rainfall in individual sub-catchment, was widely used to 
identify source areas significantly contributing to flood risk (Singh et al., 
2021). Vercruysse et al. (2019) and Dawson et al. (2020) linked UFR 
method with existing urban infrastructure systems to prioritise BGI 
intervention locations for flood management. Furthermore, Zeng et al. 
(2019) developed three siting strategies for BGI, distributing BGI at the 
upstream, midstream, and downstream locations of their study area. The 
purpose was to investigate the impact of BGI location on flood mitiga
tion, and the results highlighted the critical role of BGI placement in 
enhancing the effectiveness of flood control. To determine the precise 
location where BGI can achieve high flood reduction, Zischg et al. 
(2018) implemented BGI in each sub-catchment individually. Wu et al. 
(2023) pointed out that this method did not account for the interaction 
between BGIs across various sub-catchments. They utilized the extended 
Fourier Amplitude Sensitivity Test for global sensitivity analysis to 
identify priority locations. Notably, this alternative method introduces 
additional complexity and a much higher computational burden. 
Although these methods effectively identify priority locations for BGI 
implementation, they do not encompass the potential location identifi
cation of grey infrastructure or hybrid solutions. Singh et al. (2023) 
tested different rainfall removal rates for a more realistic representation 
of the real system drainage capacity, but they did not prioritise the grey 
infrastructure that contributes more in flood control. Comparative 
analysis conducted by Cheng et al. (2022) revealed that optimal inter
vention (BGI, grey, or hybrid) vary across different flood-prone regions, 
depending on the underlying causes of flooding. Their approach 
involved enlarging the diameters of all pipes in the study area but does 
not allow for the precise identification of the optimal location for 
implementing grey solutions for flood control. Conducting a sensitivity 
analysis of grey infrastructure, as such, is not as straightforward as BGI 
sensitivity analysis in each sub-catchment, as it is not possible to treat 
each pipe as an individual unit since changing the diameter of one has 
implications for the diameters of its neighbouring pipes located 
downstream. 

To the best of our knowledge, there is still a lack of understanding on 
how to prioritise grey and blue-green flood mitigation interventions 
based on hydraulic characteristics of the drainage system and its 
contributing catchments. This understanding can provide valuable in
sights into determining the most suitable flood mitigation intervention 
for each specific area of the system. This study proposes an exploratory 
approach that constructs so-called impact matrices to identify which 
type of flood mitigation solutions (blue-green, grey, or hybrid) should 

S. Li et al.                                                                                                                                                                                                                                        



Science of the Total Environment 912 (2024) 168623

3

best be considered spatially across a catchment. This study addresses 
two specific objectives: i) how do we best decompose a centralized 
drainage network into clusters for targeted grey infrastructure upgrades 
(our primary criterion is based on surcharge conditions), and ii) how do 
we map the extent to which BGI, grey and hybrid solutions can reduce 
flooding overall, locally, upstream and downstream. Our proposed 
methodology can serve as a blueprint for planners in assessing potential 
flood reduction or as a priori input to current approaches in multi- 
objective global optimization algorithms (e.g., narrowing down search 
space for genetic algorithms). 

2. Methodology 

Our proposed workflow is illustrated in Fig. 1. A drainage network 
with its connected sub-catchments is first partitioned using the Louvain 
algorithm (Blondel et al., 2008). After an initial pre-simulation of 
baseline scenario without any solutions (here, we use EPA SWMM 
(Rossman et al., 2010) to obtain key performance indicators), the 
drainage network is converted to an undirected graph in which edge 
weights are represented as surcharge hours of each node (Section 2.1). 
Then, based on graph decomposition results, a One-Factor-At-a-Time 
method (Czitrom, 1999) is used to construct a matrix of sub- 
catchments vs. pipe clusters to analyze the interaction between grey 
and blue-green infrastructures and identify vulnerable areas (Section 
2.2). The total computation time depends on the multiplication of the 

time taken for each individual simulation and the number of scenarios, 
which is the product of (the number of sub-catchments +1) and (the 
number of pipe clusters +1). The one refers to the scenario without any 
BGI or grey infrastructure. This method provides a transferable and 
comparable approach for an urban catchment with drainage network to 
identify optimal locations for BGI and grey infrastructure for flood 
management. 

In this study, we represented changes to grey infrastructure as the 
increase in pipe diameter to that of its immediately adjacent down
stream pipe cluster. BGI options are numerous in SWMM, but in this 
study we represent a BGI implementation in a sub-catchment by setting 
the sub-catchment impervious area to zero. This would simulate con
ditions of natural catchment hydrology. Apart from these modifications, 
other factors such as slope and drainage connection remained 
unchanged. 

2.1. Identifying pipe clusters 

The layout of urban drainage system is often represented as a graph G 
consisting of a set of vertices V (manholes) that are interconnected 
through a set of links or edges E (conduits) (Hesarkazzazi et al., 2022). In 
this study, our goal is to partition the system to identify pipe clusters 
with similar hydraulic characteristics and performance associated be
tween them. To achieve this, we abstracted the network into a relational 
graph where conduits are represented as vertices rather than edges, 
which are defined by the performance occurring between them. Thus, 
we assigned surcharge hours of the nodes as edge weights to then allow 
the algorithm to group the pipes. The greater the value of surcharge 
hours, the higher the probability of flooding. Quality of the partitioning 
is measured by modularity Q (Newman, 2004), defined as Eq. (1). 

Q =
1

2m
∑

i,j

[

Aij −
kikj

2m

]

δ
(
ci, cj

)
(1)  

m =
1
2
∑

Aij (2)  

where Aij denotes the weight of connection between nodes i and j, m 
denotes the sum of the weights of all the edges in the network, δ

(
ci, cj

)
is 

1 if vertices i and j are in the same partition and 0 otherwise, ki =
∑

jAij 

and kj =
∑

iAij represent the sum of the weights of the links attached to i 
and j, respectively. 

The Louvain algorithm proposed by Blondel et al. (2008) has been 
widely used in many application domains for community detection. It 
can find high modularity partitions efficiently by greedily maximizing 
the modularity gain ΔQ when moving an isolated node i into community 
c, defined by Eq. (3). Two steps are applied for modularity partition, as 
follows. 

Step 1: Generate pipe clusters. 
For each vertex i, repeat the following steps until no further increase 

in ΔQ for each vertex i is detected.  

a. Assign vertex i to its neighbouring clusters and calculate ΔQ, 
respectively;  

b. Join the cluster that yields the largest ΔQ. 

ΔQ =

[∑c
in + 2ki,in

2m
−

(∑c
tot + ki

2m

)2
]

−

[∑c
in

2m
−

(∑c
tot

2m

)2

−

(
ki

2m

)2
]

(3)  

where Σc
indenotes the sum of the weights of the edges inside cluster c, Σc

tot 
denotes the sum of the weights of the links incident to vertices in cluster 
c, ki is the sum of the weights of the links incident to vertex i, and ki,in is 
the sum of the weights of the links from node i to nodes in cluster c. 

Step 2: Reconstruct a new network 

Fig. 1. Workflow to generate a flood mitigation impact matrix for blue-green, 
grey and hybrid solutions. 
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a. Compress the clusters detected during the Step 1 to a 
new set of vertices  

b. Calculate the self-loop weights of new vertices by 
summing edge weights within the same clusters  

c. Calculate edge weights between new vertices by summing 
the edge weights between vertices in the corresponding 

two clusters  

d. Re-apply Step 1 until there is no further improvement. 

2.2. Construct impact matrix 

To identify the effective upgrade options for grey infrastructures in 
each pipe cluster, priority areas for blue-green infrastructures in each 
sub-catchment, and suitable locations for a hybrid approach, an impact 
matrix is constructed based on flood mitigation performance under 
various grey-green combination scenarios. These scenarios are gener
ated by One-Factor-At-a-Time method (Saltelli et al., 2008) in which 
only one variation changes between continuously simulations (see 
Fig. 1). The process can be represented in a matrix form as follows. 

S =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

s0

s1

s2

⋮

sm

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

[c0 c1 c2 ⋯ cn]

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

s0c0 s0c1 ⋯ s0cn

s1c0 s1c1 ⋯ s1cn

s2c0 s2c1 ⋯ s2cn

⋮ ⋱ ⋮

smc0 smc1 ⋯ smcn

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4)  

where si(i ∈ {1,2,…,m} ) represents a scenario in which the impervious 
fraction of sub-catchment i is set to 0 (to represent BGI implementation), 
cj(j ∈ {1,2,…, n} ) refers to a scenario in which the diameters of pipes in 
sub-network j will be enlarged to be the same as the diameter of 
bordered pipe belonging to another downstream sub-network, and the 
subscript 0 means that no BGI or grey infrastructure (pipes enlargement) 
is applied. The element sic0(i ∕= 0) in the first column of matrix S rep
resents the BGI scenarios without grey infrastructures (BGI-only sce
narios). Similarly, the element s0cj(j ∕= 0) in the first row of matrix S 
represents the grey scenario without BGI (grey-only scenarios), and 
sicj(i ∕= 0 and j ∕= 0) refers to the hybrid scenarios. They were simulated 
with EPA SWMM model (Rossman et al., 2010) one at a time for the 
whole catchment where node surcharge information for each node was 
extracted from model outputs. 

For each hybrid scenario sicj, the inundation nodes in the study area 
are classified into three categories (upstream, local, downstream) based 
on their locations relative to the pipe cluster j. For example, if there are 
six flooded nodes 

{
f1, f2, f3, f4, f5, f6

}
in the study area, f1 and f2 belong to 

local as they are inside a pipe cluster j, f3 and f4 belong to upstream as 
they are located upstream of the cluster j, and f5 and f6 belong to 
downstream as they are located downstream of the cluster j. For BGI-only 
scenario sic0, local flooding nodes refer to those nodes that are located in 
the pipe cluster that sub-catchment i directly drains into, and upstream 
and downstream flooding nodes can be found based on this. As such, the 
BGI-only scenarios linked to the same pipe cluster are always grouped 
together to simplify the matrix and the subsequent data analysis. Eq. (5) 
is applied to calculate increase in flood volume Δvt,sicj of each category 
and Δvtotal,sicj of the entire drainage system. The value of Δvt,sicj for each 
scenario in matrix S form a hybrid matrix ΔVt, expressed as Eq. (6). 

Δvt,sicj = vt,sicj − vt,s0c0 (5)  

ΔVt =

⎡

⎢
⎢
⎢
⎢
⎣

Δvt,s0c0 Δvt,s0c1 ⋯ Δvt,s0cn

Δvt,s1c0 Δvt,s1c1 ⋯ Δvt,s1cn

Δvt,s2c0 Δvt,s2c1 ⋯ Δvt,s2cn

⋮ ⋱ ⋮
Δvt,smc0 Δvt,smc1 ⋯ Δvt,smcn

⎤

⎥
⎥
⎥
⎥
⎦
, t

∈ {upstream, local, downstream} (6)  

where vt,sicj refers to the sum of flood volume of nodes in category t for 
combined scenario sicj, vt,s0c0 represents total flood volume of category t 
for the baseline scenario sic0(i ∕= 0) without BGI and grey in
frastructures. From this methodology, we can establish four matrices 
relating to total, local, upstream and downstream conditions. 

3. Application 

3.1. Study area 

The case study was based on a catchment located in Changban dis
trict, Guangzhou city, Guangdong Province, China, covering a total 
drainage area of 15.7 ha (Fig. 2a). The area has a subtropical monsoon 
climate, and the annual average rainfall is approximately 1800 mm, 
mainly from April to September (approx. 80 % of annual rainfall). The 
north of the catchment is mountainous, and the urban area situated in 
the south presents a relatively flat slope. The main conduits in Fig. 2a, 
primarily consisting of culverts and channels, transport water from the 
north to the south, while branch pipes drain runoff from sub-catchments 
into the main conduits. During intense rainfall events, excessive runoff 
flows southward from the mountains, always causing floods in the 
downstream urban areas due to the low capacity of the drainage 
network. BGI can be placed in southern urban areas to retain detain 
rainfall and relieve drainage network pressure. To prioritise the location 
of BGI with high flood control, each sub-catchment was turned into 
natural land with 100 % pervious areas at each simulation. However, 
doubt remains about its capacity to withstand floods. Besides, it can be 
seen in Fig. 2b that flooding nodes are distributed in various locations. 
This presents an opportunity to categorize flood zones and investigate 
the optimal options between BGI and grey infrastructure for various 
flooded zones, utilizing the proposed flood impact matrix method. 

3.2. Model setup 

Data required for modelling included land-use type as well as a 
digital elevation model (DEM) with a resolution of 5 m and a drainage 
network layer (last updated 2010), all of which were provided by the 
local Land and Resources Bureau and Water Supplies Bureau. The 
drainage network was first cross-checked in EPA SWMM and corrected 
for some errors in the pipe invert levels. This produced a hydraulically 
correct network. The study area was divided into 86 sub-catchments that 
drain into 175 junctions connected by 175 conduits (see Fig. 2a). An 
input to the model is a measured event with a total rainfall of approxi
mately 284 mm, which caused significant flooding (i.e., node sur
charges). This event is equivalent to a 10-year return period rainfall 
event with a duration of approximately 42 h. Furthermore, two types of 
parameters, namely, measured and empirical parameters, in the EPA 
SWMM were set. Measured parameters included area, width, slope, and 
impervious percentage of each sub-catchment determined by the 
topography and land cover type. As for the empirical parameters, the 
Manning value of the surface, storage depth, and Horton-based infil
tration indicators were initially established by referring to the adjacent 
catchment areas and the EPA SWMM manual. Soil in Guangzhou is 
notably moist during the rainy season (June to October) so the depth of 
depression storage on impervious/pervious area and maximum/mini
mum infiltration rate are relatively small. Parameter values were set as 
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follows: i) Impervious areas: Manning's value set to 0.011, depression 
storage depth at 0.5 mm. ii) Pervious sections: Manning's value at 0.24, 
depression storage depth at 1 mm. iii) Infiltration: Maximum rate set at 
10 mm/h, minimum rate at 1.25 mm/h, with a decay constant of 4. iv) 
Channel: Manning's value ranged from 0.01 to 0.012. Despite the lack of 
available calibration data, our model setup was aligned as closely to 
known information about the case study. Since the impact matrix is 
constructed based on difference in flood volume under various scenarios 
compared with a baseline scenario, we assessed the model results based 
on our understanding of the catchment's behaviour and based on pre
vious studies within the catchment (Li et al., 2022), thereby judging the 
model's quality as adequate for its purpose. 

Fig. 2b illustrates the partition results of pipe network using the 
Louvain algorithm. Grey infrastructure solutions, i.e., enlarging pipe 
diameter, were implemented exclusively on branch pipes, therefore 
clustering was performed only considering the branch pipes in the 
network. The branch pipes were decomposed into 21 pipe clusters, 
among which Clusters 2, 6, 11, and 14 contained flooding nodes. 

4. Results 

Calculated impact matrices of total, local, upstream, and downstream 
flood reduction are shown in Fig. 3. The x-axis depicts each pipe cluster 
where pipe upgrades were performed, while the y-axis depicts sub- 
catchments where BGI was implemented. Additionally, sub- 
catchments on the y-axis were grouped by its directly connected pipe 
clusters to provide a more organized and insightful analysis of the re
sults. Each value in the matrix refers to the flood volume reduction 
under a hybrid scenario (including a full BGI and a full grey infra
structure along the ‘No’ column and row, respectively). Each other po
sition in the matrix represents a combination of specific BGI 
implementation along the y-axis and specific pipe enlargement along the 
x-axis (Section 2.2). As can be seen, not all BGI and grey infrastructures 
are beneficial in flood mitigation and most solutions that work are 
located in or connected to a flooded area (clusters 2, 6, 11, and 14). 
Their primary function is to reduce local floods, with only minor to no 
flood impacts on upstream and downstream areas. 

4.1. Local flood reduction 

Fig. 3b shows that increasing the pipes diameter in pipe clusters with 
flooding issues (2, 6, 11, and 14) and implementing BGI in the area that 
contribute to these pipe clusters significantly reduced local flooding. 
Table 1 shows the local impact of these various scenarios. Considering 
that multiple sub-catchments belong to a single pipe cluster, there are 
several BGI-only scenarios associated with that cluster and thus the 
minimum, maximum, and mean flood reductions for these scenarios 
were calculated. 

Results showed that grey-only scenarios can completely address local 
flooding problems at an efficiency equivalent to the hybrid scenario. 
This demonstrates the dominant role of grey infrastructure in mitigating 
flooding. In contrast, BGI-only scenarios could only provide partial flood 
reduction due to the limited implementation space as well as resulting 
retention and detention capacity of BGI. Significant variations between 
the minimum and maximum flood reduction within the same cluster 
under different BGI-only scenarios suggest that BGI location has a sig
nificant impact on flood reduction, but, admittedly requires a location- 
specific understanding to fully leverage its impact. For the most severely 
flooded cluster 14, mean and maximum local flood reduction of BGI- 
only scenarios were only 0.255 × 103 m3 and 0.857 × 103 m3, repre
senting 8.9 % and 29.8 % of the flood volume under the baseline sce
nario, respectively. Mildly flooded cluster 2 showed a maximum flood 
reduction rate of 46.8 %, but for slightly flooded clusters 6 and 11, the 
maximum flood reduction rates were 92.5 % and 100 %, respectively. 
These results imply that BGI-only scenarios are more likely to solve local 
flood issues in mildly and slightly flooded areas, whereas grey infra
structure appears more effective in severely flooded areas. 

4.2. Upstream and downstream flood reduction 

Fig. 3c illustrates the impact of various flood mitigation solutions on 
mitigating flooding in their upstream area. It was observed that solu
tions related to pipe cluster 11, including BGI-only, grey-only, and 
hybrid solutions at cluster 11, had a minor effect on reducing flooding in 
the upstream flooded area (cluster 2). Enlarged pipes in cluster 11 
enabled a larger discharge from the upstream part of the network. BGI 
implemented in pipe cluster 11 also contributed to releasing additional 
capacity for water from its upstream area by retaining and detaining 

Fig. 2. (a) location of study area and the delineation of sub-catchments; (b) the distribution of pipe clusters (2, 6, 11, and 14 are the flooding clusters).  
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Fig. 3. Impact matrices of (a) total, (b) local, (c) upstream, and (d) downstream flood reduction. The x-axis represents pipe clusters where pipe upgrades were 
performed, while the y-axis represents the sub-catchments where BGI was implemented. Each value in the matrix refers to the flood volume reduction under baseline 
(left-bottom), grey-only (first column), BGI-only (first row), or hybrid scenario. 
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water on-site. This indicates that the flooding in cluster 2 was also 
caused by the insufficient capacity of its downstream pipes in cluster 11. 
Hybrid solutions, which involve both pipe upgrades in cluster 11 and 
BGI implementation in cluster 2, yielded superior flood mitigation 
performance. This was not unexpected, considering that cluster 2 is the 
upstream flooded area of cluster 11 and BGI linked with cluster 2 played 
an important role in its local flood mitigation. 

In Fig. 3d the results show that scenarios involving pipe upgrades in 
pipe cluster 13 caused a slight increase in downstream floods in cluster 
6. The reason is that after increasing pipes diameter in cluster 13, more 
water is drained downstream, thereby increasing and shifting the 
flooding problem elsewhere. BGI in cluster 13, however, could greatly 
alleviate these downstream floods by 66.7 %. This indicates that too 
much runoff from upstream clusters could increase the risk of down
stream floods and that in such situations, adopting BGI can be the 
preferable choice to control floods. These examples emphasize the use
fulness of our pre-screening approach and further emphasizes the need 
for proper planning and analysis when implementing hybrid solutions to 
ensure overall benefits. 

4.3. Total flood reduction 

Table 2 presents the total flood reductions under various hybrid 
scenarios. Considering that multiple sub-catchments belong to a single 
pipe cluster, there are several BGI-only scenarios associated with that 
cluster. The BGI solution with the best performance and its corre
sponding hybrid solution were selected for analysis. Comparing the re
sults presented in Tables 1 and 2, it can be seen that total flood reduction 
achieved by the grey-only scenario (0.573 × 103 m3) and the hybrid 
scenario (0.578 × 103 m3) in cluster 2 was slightly smaller than local 
flood reduction (0.585 × 103 m3). This can be explained by the increase 
of flooding in its downstream cluster 11, an interaction discussed in the 
previous section. It can be seen in Fig. 2 that flooded nodes in cluster 11 
are not downstream of cluster 2, but rather linked to its downstream 
pipe. This suggests that water flow converted from floods by grey 
infrastructure may indirectly lead to an increase in floods associated 
with its downstream pipes. In such cases, BGI can alleviate this negative 
effect. In contrast, as grey-only and hybrid solutions in cluster 11 could 
reduce its upstream floods (Section 4.2), their performance in total flood 
reduction (0.054 × 103 m3) are better than the local flood reduction 
results (0.043 × 103 m3). For clusters 2 and 11, there is no difference 
between local and total flood reduction, possibly due to the capacity of 

their downstream pipes being sufficient to handle additional discharge. 
In conclusion, grey infrastructure and BGI play complementary roles 

in flood reduction and seem to be best considered in conjunction. Grey- 
only solutions can effectively address local flooding issues but may 
result in shifting floods to other areas. In such situations, BGI imple
mentation in potentially affected or flood-prone areas can offset adverse 
effects of grey infrastructure to achieve more favourable flood mitiga
tion outcomes. 

4.4. Influences on outlet hydrograph 

As mentioned in the previous sections, flooding volume will be 
converted into outflow through the implementation of grey infrastruc
ture, which can increase floods downstream. It is therefore important to 
analyze the differences in outlet hydrographs under the various sce
narios. Since both BGI and grey infrastructure performed well in 
reducing flood in pipe cluster 2, this cluster was selected as a repre
sentative example for comparison of the outlet hydrographs (Fig. 4) and 
the corresponding BGI option in sub-catchment 47 of cluster 2, which 
had the best performance. The representative hybrid solution shown is 
the combination between BGI in sub-catchment 47 and grey infra
structure in pipe cluster 2. 

As can be seen in Fig. 4a, the shape of the outflow hydrographs of 
various scenarios is similar, with the largest differences occurring 
around the peaks. Fig. 4b shows the differences between the outflows for 
the BGI-only, grey-only, hybrid scenarios and the baseline scenario; it 
shows that grey-only scenario greatly increased outflow, especially 
during the peak, whereas the BGI-only scenario in contrast performed 
best in terms of reducing outflow, but not always below that of the 
baseline scenario (an increase was always followed by a decrease). 
Moreover, performance of BGI deteriorated as rainfall continued, with a 
sharp contrast between the first flow peak (zoom in Fig. 4c) and the last 
flow peak (zoom in Fig. 4d). In both cases, peak flow rates were similar 
(~2 m3/s). When the first peak arrived, BGI reduced outflows more, 
followed by the hybrid solution. However, during the last peak, BGI only 
reduced outflow for around two minutes, while the hybrid solution 
increased outflow as seen in the grey-only case. This can be explained by 
the fact that soil became saturated with an increase in rainfall duration 
and can no longer store more water, leading to a decline in outflow 
reduction performance of BGI-only scenario. 

5. Discussion 

5.1. Study implications and novelty 

The impact matrices approach highlights the effectiveness of BGI in 
addressing local floods without any side effects (increasing downstream 
floods) in slightly flooded areas. However, BGI alone cannot achieve 
complete flood reduction in severely flooded areas. These findings align 
with previous research conducted by Cheng et al. (2022), indicating that 
the effectiveness of BGI in flood reduction is dependent on the severity of 
flooding in the specific pipe cluster it is linked to, especially during 
intense rainfall events. As such, constructing a cluster-based impact 
matrix, such as the ones we propose in this study, can help map out the 
performance of various interventions for each flooded area. 

In addition to the sensitivity analysis of BGI location conducted 
earlier by Zischg et al. (2018) and Wu et al. (2023), the impact matrices 
introduced in this study also considered the impact of grey and hybrid 
solutions location on flood control. The Louvain algorithm was strate
gically applied to decompose drainage networks based on hydraulic 
characteristics, enabling the treatment of each pipe cluster as an indi
vidual unit for pipe upgrades. This clustering approach allows for an 
effective classification of the flooded nodes into different pipe clusters, 
enabling a spatial analysis of the impact of each intervention on flood 
reduction, i.e., its upstream, local, downstream, and total flood reduc
tion. The impact matrices provide clear insights into the complementary 

Table 1 
Comparison of flood reduction under various scenarios.  

Pipe 
cluster 
ID 

Flood volume 
under 
baseline 
scenario  
(103 m3) 

Local flood reduction (103 m3) 

Grey-only 
scenarios 

BGI-only scenarios Hybrid 
scenarios 

Min Max Mean  

2  0.585  0.573  0.142  0.274  0.211  0.585  
6  0.04  0.04  0.001  0.037  0.016  0.04  
11  0.043  0.043  0.001  0.043  0.018  0.043  
14  2.876  2.876  0.02  0.857  0.255  2.876  

Table 2 
Comparison of total flood reduction under various scenarios based on BGI and 
grey infrastructure implementation in different pipe clusters (2, 6, 11 and 14) 
[103 m3].  

BGI 
Grey 

2 6 11 14 No BGI 

2  0.578  0.61  0.628  1.43  0.573 
6  0.314  0.04  0.094  0.897  0.04 
11  0.329  0.095  0.058  0.915  0.058 
14  3.15  2.913  2.93  2.876  2.876 
No Grey  0.274  0.037  0.054  0.857  0  
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nature of grey and BGI and their interactions across different pipe 
clusters. For instance, in cluster 14, enlarging pipes' diameter can greatly 
reduce local flooding without increasing flooding in other clusters; 
meanwhile, only BGI directly linked to cluster 14 will have an impact in 
reducing flooding. This indicates that it is efficient to separately run the 
layout optimization for cluster 14, since the scheme that minimizes local 
floods is also the one that contributes most to reducing total floods. 
However, grey infrastructure within one cluster may redirect floods 
downstream as it can drain more runoff outward. Conversely, floods 
downstream can be alleviated by BGI located in the upstream cluster, 
which assists in detaining and retaining rainfall, consequently reducing 
outflow volume from the upstream clusters. In such cases, it is advisable 
to optimize all factors that concurrently contribute to alleviate flooding, 
as presented in this study. This development represents a significant 
improvement compared to what was presented in Zeng et al. (2019), 
where the study area was artificially divided into upstream, midstream, 
and downstream sections for spatial analysis. 

Previous studies (Alves et al., 2020; Leng et al., 2020; Martínez et al., 
2021) have developed simulation-optimization frameworks to find 
optimal hybrid solutions through extensive simulations of various 
combinations across the study area. However, not all combinations of 
blue-green and grey infrastructure are effective, as shown in Fig. 3. 
Without pre-screening or guidance, applying optimization algorithms 
can waste time on invalid schemes (Wang and Shan, 2004). The pro
posed impact matrices in this study can serve as an effective tool for 
locating valid blue-green and grey infrastructure solutions that posi
tively contributes to flood reduction. Through such a preliminary 
identification before optimization, optimization schemes can focus on 
searching for the most efficient solution in less time. 

5.2. Limitations and future developments 

Despite the advantages discussed above, this study presents some 
limitations. Since the main purpose of this study is to provide a new 
approach to support the selection between blue-green and grey infra
structure, only one rainfall event was used to evaluate the value of the 
impact matrices. Numerous studies have demonstrated that the shape, 
intensity, and duration of rainfall events impact the performance of BGI 

(Lewellyn et al., 2016; Mei et al., 2018; Mobilia and Longobardi, 2020). 
In order to check the impact of the rainfall event on the impact matrix, a 
simple study was conducted by inverting the original rainfall event 
(Fig. S1 and Fig. S2 in the supplementary material). The original rainfall 
event selected in this study is bimodal, and the intensity of the last peak 
is stronger than the first peak. Inverting the rainfall event resulted in a 
total flood volume of 3410m3, less than the original 3655m3. It should 
be noted that maximum flooding always occurs at the strongest peak, i. 
e., the last peak for original rainfall event and the first peak for inverted 
rainfall event. Local floods in each flooding area (see Table S1) also 
changed: floods in clusters 6, 11, and 14 decrease while floods in cluster 
2 increase. The most significant result we gain from the impact matrices 
under inverted rainfall events is similar to that under original rainfall 
events: the preference for blue-green, grey, and hybrid solutions for each 
pipe cluster. A more detailed analysis provided in Table S1 shows that 
under the inverted rainfall event, BGI-only scenarios can further reduce 
flooding in clusters 2 and 14 and address flood issues in clusters 6 and 
11. Moreover, a different measured rainfall event lasting around 25.5 h 
and with a total volume of 112 mm (see Fig. S3) was used to create the 
flood impact matrix. The results in Table S2 and Fig. S4 consistently 
indicated persistent occurrences of flooding within identical clusters, 
despite alterations in the flood volume. The minor differences in impact 
matrices emphasize the small influence of different rainfall events on 
BGI performance. Future work should focus on refining the approach to 
incorporate diverse rainfall scenarios for a comprehensive understand
ing of the performance of BGI, grey, and hybrid solutions for the 
catchment. 

Besides, the construction of the impact matrices in this study 
currently only considers flood reduction. In the prioritization of BGI 
intervention locations, Vercruysse et al. (2019) and Dawson et al. (2020) 
also incorporated land use and exposure data. This additional informa
tion can assist flood management practitioners in devising more effec
tive flood alleviation strategies. In the future, it is worthwhile to explore 
the possibility of linking exposure data with the existing flood matrices. 
In addition, while results can be used to optimize hybrid solutions in 
terms of urban flood control, it will also be interesting to consider water 
quality and cost during the optimization process (Zhang and Chui, 
2019). Grey solutions have clearly contributed to higher flood reduction 

Fig. 4. The comparison of outflow hydrographs of pipe cluster 2 under baseline, BGI-only, grey-only, and hybrid solutions. (Note that in panel a, the hydrograph of 
the baseline scenario is almost overlapped by the hydrograph of BGI-only scenario.) 
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but show often higher costs and no or limited additional benefits. 
Compared with grey infrastructure, BGI can provide multiple environ
mental benefits like pollution control and at a lower cost. If such impact 
matrices can be constructed based on the reduction of pollution, results 
may not only be different in highlighting areas that contribute the 
greatest improvement in water quality, but also provide potentially 
crucial a priori information for speeding up multi-objective optimization 
algorithms. Our ultimate goal is to achieve layout optimization of hybrid 
solutions with multi-objective, i.e., minimizing the budget while maxi
mizing flood and water pollution mitigation. As such, assessing how 
such impact matrices can support the speed-up of optimization algo
rithms, particularly in the case of multiple objectives, is very much a 
subject of future work. 

6. Conclusions 

In this study, we applied the Louvain algorithm to decompose a 
drainage network into various pipe clusters, and used EPA SWMM model 
to simulate the hydrological response of BGI-only, grey-only, and hybrid 
solutions. Four impact matrices, which represented total, local, up
stream, and downstream flood reduction for all possible combinations of 
interventions, were constructed to examine the spatial effects and suit
able locations of BGI, grey, and hybrid infrastructure on flood mitiga
tion. Each value in these impact matrices represented flood reduction for 
the entire study area, and the flood reduction for the flooded nodes 
located inside, upstream, and downstream of the pipe cluster under a 
hybrid solution, respectively. Key findings from this study include:  

• The proposed flood impact matrices are useful to identify the best 
candidate locations for blue-green and grey infrastructure for flood 
reduction.  

• BGI cannot address flood issues on its own in areas with highly 
inadequate drainage capacity. Creating impact matrices can help 
identifying these areas and support the development of flood miti
gation solutions.  

• Grey infrastructure may occasionally shift flooding problems 
downstream, with BGI being able to provide a marginal benefit when 
implemented in complementary locations.  

• BGI can store more water at the beginning of a rainfall event, so it 
performs less effectively in flood control for events with a stronger or 
late peak. 

Our approach provides an effective tool for identifying best flood 
reduction solutions that can be used to improve layout optimization of 
hybrid solutions to mitigate pluvial flooding and support the under
standing of possible options in planning such solutions. Sensitivity to the 
choice of rainfall event(s), how the proposed approach could also 
perform on other stormwater management objectives such as water 
quality control and cost, and its potential utility as a priori knowledge 
for spatial optimization, are subject of future research. 
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