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A B S T R A C T   

Urban infrastructure is under substantial stress due to climate change and urbanisation. More frequent flooding 
events and heat waves in cities threaten citizens’ health and wellbeing. Current infrastructure is mostly based on 
grey solutions, focusing on only one function. Nature-based solutions (NBS), which are supported by nature and 
mimic natural processes, are multifunctional and can provide several benefits at the same time. However, this 
multifunctionality is deficiently considered during planning of urban infrastructure transitions. This work pre-
sents a method to help urban NBS planning processes considering multiple climate adaptation objectives. It is a 3- 
steps GIS-based multi-criteria method, in which the first step is a “priority areas identification”, the second step is 
a “site-specific NBS allocation”, and the third step is a “multifunctional performance evaluation”. The method 
was applied to a case study to demonstrate its operation and validate the outcome with stakeholders. This work 
helps to improve the planning of multifunctional NBS in cities considering local needs, spatial opportunities, and 
site-specific limitations. Furthermore, it allows to assess the trade-offs among multiple NBS benefits when more 
than one objective is pursued.   

1. Introduction 

Climate change and rapid urbanisation have put substantial stress on 
the current urban infrastructure. More frequent flooding events and heat 
waves in cities threaten citizens’ health and wellbeing and compromise 
urban infrastructure (IPCC, 2022). Current infrastructure systems are 
mostly based on grey solutions, focusing on only one function per 
infrastructure (Dhakal & Chevalier, 2017; Kremer et al., 2016). Nature- 
based solutions (NBS) are actions inspired or supported by nature, and 
actions that mimic natural processes (European Union, 2015). NBS are 
multifunctional, can provide several benefits at the same time and can 
help solve many of the aforementioned urban challenges simultaneously 
(Raymond et al., 2017). Even though this multifunctionality is especially 
important for cities considering the multiple challenges and lack of 
space in dense urban areas (Ahern, 2011), it is deficiently considered 
during planning of urban infrastructure transitions (Hansen et al., 
2019). This can be a problem in the long term, when NBS selected to 
address a single problem result in unexpected trade-offs regarding other 
unforeseeable problems (Salmond et al., 2016). 

Nature-based adaptation actions are key to manage climate change 
related risks, and there are some main aspect to consider. First, planning 
NBS to achieve multiple benefits requires complex, multi-disciplinary, 

and multi-stakeholder processes (Hansen et al., 2019; Hansen & Pau-
leit, 2014). Second, there are still important challenges in understanding 
co-benefits and their interactions (IPCC, 2014), as well as in assessing 
their spatial distribution, and site-specific synergies and trade-offs at the 
city scale (Haase et al., 2014; Kremer et al., 2016). Finally, urban sys-
tems have a high spatial heterogeneity that makes spatial analysis 
challenging and require high resolution spatial data (Cadenasso et al., 
2007). 

Even though many planning tools and methods concerning NBS 
implementation have been proposed (Voskamp et al., 2021), there is still 
a need for models to support collaborative spatial planning processes 
that deepen the understanding of the multiple benefits provided by NBS 
and help to integrate them (Ronchi et al., 2020). Recently, several 
studies have considered the multifunctionality of NBS and spatial 
analysis in planning processes (Kuller et al., 2019; Meerow & Newell, 
2017; Sarabi et al., 2022; van de Ven et al., 2016). However, these 
studies either lack NBS suitability assessment (e.g. Meerow & Newell, 
2017), or do not prioritize among different NBSs considering their im-
pacts (e.g. Kuller et al., 2019), or do not assess NBS impacts on the 
different benefits (e.g. Sarabi et al., 2022). 

More research to estimate the impacts of selected NBS for a specific 
location, as well as to include more co-benefits and analyse their 
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synergies and trade-offs is needed (Choi et al., 2021; Sarabi et al., 2022), 
as this would help to improve the incorporation of multifunctionality of 
NBS in urban planning. This research fills the gap by presenting a 
method to plan urban NBS considering multiple climate adaptation 
objectives and their interactions, as well as the limitations on imple-
mentation induced by urban space characteristics. For this a 3-step 
method was combined with a GIS-based multi-criteria analysis. The 
first step focuses on “priority areas identification”, these are the areas of 
the city with more pressing problems and their identification helps to 
plan effective investments in the long term. The second step is a “site- 
specific NBS allocation”, which focuses on a suitability analysis that 
determines feasible NBS locations in priority areas. The third step is a 
“multifunctional performance evaluation”, to evaluate the performance 
of the allocated NBS on the targeted problems. The relevance of 
considering these steps has been highlighted in previous works, for 
instance, Albert et al. (2021) present a conceptual framework to plan 
NBS with several steps including ‘understand challenges’, ‘create vi-
sions’, and ‘assess potential impacts’. 

Overall, this research outcome helps to improve the planning of 
multifunctional NBS in cities considering local needs, spatial opportu-
nities, and site-specific limitations. Furthermore, it allows to assess the 
trade-offs among multiple NBS benefits when more than one objective is 
pursued. The method was applied to a case study to demonstrate its 
operation and validate the outcome with stakeholders. 

2. Methodology 

The developed methodology is a GIS-based multi-criteria analysis 
(MCA) process that identifies priority areas for applying NBS at the city 
scale level, and evaluates possible allocations for NBS at the 

neighbourhood level. The method is applied in 3 steps and allows to 
consider several objectives. This work focuses on climate adaptation, 
with stormwater management and heat stress mitigation as objectives. 

2.1. Methodological framework 

The 3 steps followed in this method are described in Fig. 1: 1) a map 
of priority areas (neighbourhoods) in need of NBS (Section 2.3); 2) a 
map which indicates the allocation of the most suitable NBS in the 
considered priority area (Section 2.4); and 3) map(s) showing the impact 
of the chosen NBS on different benefits (Section 2.5). 

The methodology takes into account the NBS principles stated by 
Albert et al. (2019), to identify well-established societal challenges to be 
addressed by NBS actions (by assessing the main challenges in a city), to 
recognise ecosystem processes used by NBS (by identifying the functions 
of NBS which allow to mitigate the challenges), and to determine the 
practical viability of NBS (by assessing the suitability and benefits of 
each NBS). 

2.2. Case study area 

The case study area is located in the South of the city of Amsterdam, 
in Amsterdam-Zuid (Fig. 2) which is one of the eight main subdivisions 
of the municipality of Amsterdam. The area has about 138,000 in-
habitants, with 8500 houses per square kilometre, which makes it one of 
the most densely populated areas of Amsterdam. It is the subdivision 
with highest income in Amsterdam (Gemeente Amsterdam, 2013). The 
city has an oceanic climate with an average annual precipitation of 838 
mm (Royal Netherlands Meteorological Institute, 2010). 

There are several reasons why the area is convenient for the 

Fig. 1. Methodological framework.  
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application of this method. First, Amsterdam has a rich availability of 
GIS (Geographical Information System) data publicly accessible 
(Gemeente Amsterdam, n.d.). Second, Amsterdam-Zuid is a dense ur-
banized area divided in many sub-neighbourhoods, which are used as 
boundaries to determine the priority area, decreasing the computing 
time and possibility of errors. Finally, Amsterdam-Zuid has multiple 
areas which are under risk of pluvial flooding during heavy rainfall 
which makes it a relevant area for the planning of climate adaptation 
measures. 

2.3. Priority area identification: where to focus? 

This is a low resolution – big scale analysis because it is done at the 
city level (or part of a city) and has a resolution by neighbourhood, this 
means that values to identify priority areas are calculated per neigh-
bourhood. Two criteria were considered to identify priority areas for 
climate adaptation, namely stormwater related problems and heat 
stress. The input data used to identify areas under risk of stormwater 
related problems were: areas prone to flooding and imperviousness 
(runoff coefficient) of the urban surface. Using runoff coefficient as in-
dicator, the areas that might have more influence on causing pluvial 
flooding were identified (see Appendix A for values of runoff coefficient 
used). Meanwhile, the indicator used to identify areas with high heat 
stress was Physiologically Equivalent Temperature (PET). 

To identify priority areas, three different input data were processed. 
First, a land use map and a satellite image were combined to create a 
land cover map. Additionally, several parameters were added to the land 
cover data, such as land ownership, surface slope, groundwater level and 
soil type. Details about the data and tools used, and the steps followed in 
this process are presented in Appendixes B and C.1. 

Afterwards, the stormwater priority map was created combining a 
map with areas prone to flooding and a map with the different runoff 
coefficients per land cover. The data about areas that experiment 
flooding was obtained from maps showing water depth in streets after a 
rainfall of 60 mm/h (see Gemeente Amsterdam, n.d.). The runoff co-
efficients were assigned based on the land cover data created in the 
previous step. 

The heat stress priority map was created using a map showing PET 
values in an extremely hot summer afternoon (see Climate Adaptation 
Services, n.d.; Koopmans et al., 2020). PET values in that map were 

originally obtained using the calculation method of the Dutch devel-
opment standard stress test heat from the RIVM (de Nijs et al., 2019). As 
an advantage of using this indicator, qualitative interpretation of tem-
peratures can be made: moderate, high, and extreme heat stress are 
associated with perceived temperatures above 29, 35 and 41 ◦C 
respectively (Climate Adaptation Services, n.d.). 

Once the individual priority maps were developed, they were com-
bined to determine the need for NBS in different areas considering more 
than one problem simultaneously. To allow this combination, the values 
obtained for each priority map had to be normalised. This was done 
using a min-max normalisation method in which the values were set to a 
range from 0 to 100. For every indicator, the minimum value is con-
verted to 0, the maximum value is converted to 100, and every other 
value is converted to a number between 0 and 100. 

Once the individual priority maps were normalised, the maps were 
aggregated to define the combined priority areas. The maps were 
aggregated to a map with the boundaries of the sub-neighbourhoods, 
which is a distribution frequently used by municipalities for planning. 
For the aggregation of the final map, weights could been used to 
determine the importance of the different challenges when planning. 

2.4. Site-specific NBS allocation: what NBS to implement where? 

After identifying the priority area, the second phase consists of 
determining the set of NBS that best fit the area’s characteristics and its 
requirements. In this case, the analysis has high resolution and is done at 
small scale, the scale is now a single neighbourhood and the NBS suit-
ability analysis is done considering small areas of around 100m2 in 
average. Appendixes B and C.2 show the data and tools used for the 
analysis and the steps followed to achieve this result. 

The first step was to choose applicable NBS to address the problems 
targeted, and to build reference tables with constraints for NBS alloca-
tion and impact values for the objectives considered (see Appendix D). 
The data required to build these tables was obtained from literature 
review of previous works on the topic. The review of these works helped 
to identify which NBS help to mitigate pluvial flooding and heat stress in 
urban spaces. In addition, previous works were used to understand 
physical constraints for applying NBS and to quantify the efficacy of 
different NBS on providing the benefits considered in this work. 
Therefore, literature is used to identify applicable NBS, to define where 

Fig. 2. Case study area in Amsterdam-Zuid.  
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(e.g. in which landcover types) these NBS are applicable, and to estimate 
their effectiveness to solve the problems targeted (e.g. heat stress). 

Constraints analysis determines the opportunities for NBS allocation. 
The first main physical constrain considered is the type of surface. Each 
NBS is suitable to be allocated on specific surface types. For instance, a 
green roof only admits a roof as allocation surface. Merging information 
on this regard with the landcover map, NBS allocation possibilities for 
each urban surface were identified. Also, local characteristics such as 
soil type, groundwater depth and surface slope were considered. For 
instance, the mentioned green roof could not be allocated on a very steep 
roof. The analysis of constraints results in an opportunities map. 
Through this map and its associated attributes table, a list of the (one or 
more) NBS that could be allocated in each roof, pavement or sidewalk 
spot, is presented. 

The performance values included in the second NBS reference table 
give an idea of the impact that could be achieved by applying different 
NBS. These values determine the suitability of the NBS in each location 
to achieve a specific objective, or objectives. This means, from the list of 
applicable NBS for a specific location obtained with the opportunities 
map, this suitability analysis selects the measure that maximises the 
impact for the objective or objectives targeted. 

To perform this analysis when several objectives are targeted, the 
performance values obtained from the NBS reference table are normal-
ised. The normalised values for different benefits can be summed up, 
providing a global impact value for each NBS. At this point, weights can 
be assigned to the value obtained for each benefit, to represent the 
importance given to the challenges to solve. Finally, different NBS can 
be compared to choose the preferred one for each location. The result of 
this step is a map that allocates the most suitable NBS for each specific 
location. 

2.5. Multifunctional performance evaluation: which is the impact of 
selected NBS? 

After the most suitable NBS are defined, it is possible to get an esti-
mation of the general impact that the selected measures would have on 
the objectives that are being targeted. This analysis was done using the 
performance value obtained from the NBS reference table. The impact of 
each implemented measure is estimated by subtracting that perfor-
mance value to the original runoff coefficient or PET value in each 
location. The results are a map with new values of runoff coefficients and 
PET, and an average value indicating the general impact for the whole 
area. This final step allows decision makers to understand how much 
each problem could be improved by properly planning and imple-
menting NBS at a district level, and compare how the performance 
changes when different objectives are targeted. 

This method allows the selection of weights to represent preferences 
among different objectives. In the case presented here, for priority areas 
analysis, both objectives (stormwater management and heat stress 
mitigation) were established with the same weight. For suitability 
analysis three cases were studied. First, stormwater management was 
given a weight of 1 and heat stress was given a weight of 0. In this case 
stormwater management benefits were maximised while heat stress 
related benefits were obtained as co-benefits. Second, stormwater 
management was given a weight of 0 and heat stress had a weight of 1. 
Therefore only heat stress benefits were maximised. Finally, both ob-
jectives were given the same weight, this means that benefits related to 
both objectives simultaneously were maximised. 

2.6. Validation and usability of the method 

The method was evaluated in two steps, one focused on evaluating 
the method itself, including the concepts and criteria considered, and 
the second focused on assessing the applicability and usefulness of this 
method for decision making. For the first step, the method was discussed 
with experts with in-depth knowledge on the topic. For the second step, 

the results obtained for the case study area were discussed with local 
practitioners, who are potential users of the method. First, a workshop 
with scientific actors was organized to discuss the method and how it 
could be improved. In this case, the method was presented and specific 
questions were introduced to a group of experts on green infrastructure 
and NBS. The objective was to assess the method itself (criteria 
considered, indicators, etc.) and collect feedback that could be used to 
improve it. The first question was if what other indicators would be 
relevant to add to the method to better identify priority areas. The 
second question was which extra indictors would be useful to add when 
allocating NBS in the urban space. The next question was for which 
applications they believed that this method could be useful. The last 
question was which barriers would impede the application of this 
method and what is necessary to achieve realistic results. 

Second, the validation with practitioners had a focus on method 
applicability and the validity of particular results for the area studied. A 
focus meeting with municipal practitioners that work in the case study 
area was performed, the practitioners work in urban infrastructure 
planning and design for the area, covering the fields of water, greenery, 
transport, etc. The objectives were to discuss about the usefulness of the 
method and to obtain feedback about the results obtained from applying 
it in the study area. The focus group was designed as an interactive 
exchange, divided into two parts: a presentation of the method and its 
application results for the area, and a discussion to evaluate its appli-
cability and outcomes for the study area. The presentation aimed to 
spark the participants’ curiosity and awareness, while the discussion 
was the main session, guided by questions on various topics. One of the 
questions was if the method would be helpful for them to plan for 
multiple objectives, for instance by helping communication and inter-
action among different disciplines. Another one was if the analysis of 
trade-offs among benefits when targeting multiple objectives would be 
helpful when making decisions, and if those trade-offs were acceptable. 
Finally, practitioners were asked to mention how the method could help 
them in their work. 

3. Results 

The method developed is applicable in different contexts and can be 
tailor made to the particularities of each case. The user can decide to 
focus on one or multiple objectives, or functions. Besides, the weights of 
the different objectives considered and the indicators used for the 
analysis can be changed to develop a specific case analysis. 

Next, the specific results for each of the three steps followed in this 
method are presented. 

3.1. Priority area identification and priority areas map 

The results obtained from the step 1 of the method were the priority 
maps concerning stormwater management, heat stress and the combi-
nation of both objectives. In the case of stormwater management, the 
criteria consist of two indicators, areas prone to flood and the runoff 
coefficient. The flooding potential is a value between 0 and 100 which is 
unitless and was created using the min-max normalisation method (see 
Section 2.3). From the priority map obtained, the flood potential is 
highest in the neighbourhood Nieuwe Pijp (Fig. 3a), an area prone to 
pluvial flooding and with the highest average runoff coefficient among 
the neighbourhoods studied. 

The heat stress data was aggregated in the different neighbourhoods 
resulting in a heat stress priority area map that indicates the average PET 
per area. The final heat stress map shows that the whole area has high 
heat stress, but the Schinkelbuurt neighbourhood scores highest 
(Fig. 3b). Paved surfaces increase heat stress, while urban trees provide 
considerable heat stress reduction. Therefore, big paved surfaces and the 
lack of trees observed in this area could explain the high average heat 
stress (Ketterer & Matzarakis, 2014a). 

In order to define a single sub-area for further applying the steps 2 
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and 3 of the method, the priority maps for stormwater management and 
heat stress are merged. Working with a single sub-area allows to 
compare results when different objectives are targeted. After normal-
ising and merging the two priority maps, the area with the highest 
priority when looking at both objectives combined is the neighbourhood 
Nieuwe Pijp (Fig. 3c). 

3.2. Site-specific NBS allocation and NBS allocation map 

For the NBS allocation analysis the focus is on the priority area 
defined in the previous step. The first step is to identify NBS that help to 
reduce pluvial flooding and heat stress in urban spaces, a set of thirteen 

NBS that provide benefits related to at least one of the objectives tar-
geted was chosen (see Table 1). The objective was not to compile an 
exhaustive list of all the potential NBS for addressing these problems, 
but to identify the most common NBS used in urban spaces for this 
purpose, with the aim of applying the methodology presented in this 
work. 

The second step is to study the suitability of selected NBS based on 
the reference tables. All the measures selected in this case provide runoff 
reduction, whereas only ten also provide heat stress reduction. In Ap-
pendix D, the reference tables showing allocation requirements, con-
straints and expected impacts for each of these measures are presented. 

An opportunity map is developed based on the NBS reference tables, 
this is a map listing all the possible NBS for each single surface unit. The 
suitability map is obtained by considering the capacity of these NBS to 
achieve the aimed objectives, and choosing the most effective NBS for 
each surface unit. Three different maps were obtained, one for each of 
the three objectives studied: stormwater management, heat stress miti-
gation, and both objectives combined. Results are presented in Fig. 4 and 
Table 1. 

Fig. 4a shows the allocation of the most suitable NBS based on the 
single criteria stormwater management. For this objective, nine out of 
the thirteen measures were chosen. In about 18 % of the area, no NBS 
could be allocated, which includes waterbodies and roads. The most 
applied NBS were infiltration trenches, permeable pavements, rain 
barrels, green roofs, and rain gardens. Urban trees, water squares, bio-
retention areas and infiltration basins were not chosen in this case. 
These measures were not selected, either because there was not enough 
space for centralised measures, or because other measures providing 
more peak flow reduction could be fitted in the same location. In the 
gardens of the northwest part of the neighbourhood, grass was favoured 
over rain gardens, which differs from the rest of the neighbourhood. In 
this area the groundwater levels are too high, consequently rain gardens 
cannot be allocated there. 

Fig. 4b illustrates the allocation results when the only objective is 
heat stress. For this case, only five NBS were selected and more than one 
third of the area was unsuitable for NBS allocation. Permeable pave-
ments, urban trees and green roofs were the most chosen measures. 
However, in the northwest part of the area, permeable pavements were 
no longer favoured and grass was fitted instead. This was again based on 
the constraint regarding high groundwater levels. 

In the case that combines the objectives of stormwater management 
and heat stress reduction (Fig. 4c), ten out of the thirteen NBS were 
chosen, leaving out water squares, retention ponds and infiltration ba-
sins. These three NBS are centralised structures that need high space 
availability to be implemented, which is not available in this highly 
urbanized neighbourhood. 

Fig. 3. Priority areas maps for (a) stormwater management (b) heat stress (c) 
combined stormwater management and heat stress. 

Table 1 
Results of NBS allocation (in % of area covered) in each of the three cases 
studied: applying the method for stormwater reduction, heat stress reduction 
and the reduction of both problems simultaneously.  

NBS % of total area 

Stormwater Heat stress Stormwater + Heat stress 

Bioretention area  0.0  0.0  0.1 
Constructed wetland  2.0  2.0  3.0 
Grass  3.8  3.3  3.3 
Green roofs  12.1  12.1  12.1 
Infiltration basin  0.0  0.0  0.0 
Infiltration trench  13.7  0.0  0.4 
Permeable pavement  15.5  28.9  28.9 
Rain barrel  18.5  0.0  18.5 
Rain garden  15.0  0.0  15.0 
Retention pond  0.9  0.0  0.0 
Swale  0.2  0.0  0.1 
Urban tree  0.0  16.7  0.5 
Water square  0.0  0.0  0.0 
Not suitable area  18.1  37.0  18.1  
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Table 1 shows some synergies and trade-offs among the measures 
and objectives delivered. Constructed wetlands, grass and green roofs 
were chosen similarly when both objectives were considered respec-
tively. This implies that these measures were the best possible options in 
several places for both objectives. Therefore, even when only one 
objective is considered, co-benefits or lateral benefits for the other 
objective are obtained through these measures. In contrast, trade-offs 
among infiltration trenches and rain gardens with urban trees are 
observed. While the first two measures mostly provide benefits for 

stormwater management, urban trees provide benefits only for heat 
stress mitigation. These measures compete for space. For instance, both 
infiltration trenches and urban trees could be applied in sidewalks. 
Therefore, there is a trade-off among benefits when one measure or the 
other is chosen, depending on the targeted objectives. 

3.3. Multi-functional performance evaluation and impact maps 

Obtained from the last step in this method, impact maps describe the 
state of the different challenges targeted once the measures have been 
applied, in this case the maps show new values of PET and runoff co-
efficient after the implementation of the selected NBS. Fig. 5 shows the 
current situation for runoff (Fig. 5a) and the results of runoff reduction 
for the three cases analysed, the stormwater management case, the heat 
stress case and the combination case (Fig. 5b, c and d respectively). 
Looking at the average values for runoff coefficient in each case, there 
was a substantial impact when measures targeting only stormwater 
management were applied (37 % reduction). This impact was consid-
erably reduced when the objective shifted towards heat stress mitigation 
(18 % reduction). In this case, benefits related to stormwater manage-
ment were obtained as co-benefits. Finally, when both objectives were 
targeted, the impact on runoff reduction improved again and was almost 
as good as when the only objective was stormwater management (36 % 
reduction). Linking this results with results presented in Table 1, it is 
observed that preferred measures for stormwater management, such as 
rain barrels and rain gardens, are not selected when the objective is only 
to reduce heat stress. However, these solutions are again chosen in the 
case of the combined objectives, resulting in the high performance on 
runoff reduction. 

Results of impacts on heat stress mitigation are presented in Fig. 6. In 
this case, when the objective was only to reduce heat stress (Fig. 6c), the 
impact on PET reduction was considerable (17 %). However, when the 
objective was only stormwater management and benefits related to heat 
stress mitigation were obtained as co-benefits, the impact on PET 
reduction was diminished (12 %). Finally, when both objectives were 
targeted, the impact on PET reduction was not as good as when only heat 
stress was targeted, and was close to the result obtained when this 
benefits was just a co-benefit (13 %). Linking this result with results 
presented in Table 1, it is observed that trees are not selected in the case 
targeting combined objectives. The reason is that trees are assumed to 
have no much impact on stormwater management; however, this is the 
solution with the highest impact on heat stress reduction, which explains 
the low performance on heat stress mitigation in the case of combined 
objectives. 

3.4. Trade-offs analysis 

Regarding the analysis of impacts when targeting different objec-
tives, it is observed that the impact on stormwater management is me-
dium (18 % runoff reduction) when it is obtained just as a co-benefit 
from measures oriented to reduce heat stress (Fig. 7). However, when 
both objectives are targeted, the impact is much higher (36 % runoff 
reduction) and very close to the maximum (37 % runoff reduction), 
achieved when stormwater management is the only objective. It is clear 
that targeting both objectives does not have much negative effect on the 
achievement of runoff mitigation. These results are different in the case 
of heat stress mitigation, the impact decreases from about 17 % to 13 % 
heat reduction if the aim is changed from heat stress as only objective to 
the prosecution of both objectives. This means that when targeting both 
objectives, there is a considerable decrease in heat stress reduction. 
Finally, heat stress mitigation as a co-benefit, when the only objective is 
stormwater mitigation, is quite low (12 %). Even though this results are 
case-specific, they show the relevance of addressing possible trade-offs 
when targeting at several objectives, since this would lead to compro-
mising the effectiveness of some of the aimed benefits. 

Fig. 4. NBS allocation maps for the following objectives (a) stormwater man-
agement (b) heat stress (c) combined stormwater management and heat stress. 
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3.5. Validation 

The first workshop was attended by about 15 people from Europe 
and mainly from The Netherlands and the focus was on validation of the 
method itself. All attendants had a scientific background. Regarding 
what indicators would be useful to add to better identify priority areas, 
the main answers were oriented to include human vulnerability and 
population density. The method so far includes only hazards, using in-
dicators to represent the severity of the problems considered. Adding 
data about population density, age and socio-economic level in the area 
would help to better understand the risk of a flooding event or heat 
wave. This would help to improve the identification of priority areas 
(step 1). 

Concerning what indictors to add for allocating NBS (step 2), the 
main answers were costs and land ownership. Cost is important to add 
since it is a primary aspect considered by decision makers. However, this 
should be accompanied by a monetarization of benefits, to provide 
comprehensive information for comparing among solutions. Regarding 
land ownership, this data is currently included and used to allocate 
measures, but is not presented as part of results. A differentiation among 
measures applied in public and private spaces may help policy makers to 
visualize the necessity of regulations or incentives to encourage the 
application of NBS in private spaces (Snel et al., 2020). 

When asked which applications this method could be useful for, most 

of the answers focused on redevelopment or retrofitting designs and at 
the neighbourhood level. The method was also seen as helpful for 
participative designs and designs of new development, specially the 
benefits maps (step 3) could be of help to communicate the impact of 
NBS implementation. The main identified barrier for applying this 
method was data availability and its quality. The lack of consideration of 
extra constraints caused by underground infrastructure was also 
mentioned. Regarding how to achieve realistic results, several elements 
were mentioned, such as citizens’ feedback, competition for space by 
different urban land uses, transparency of the decision making and 
design process and again costs considerations. The questions and results 
are presented in Fig. 8. 

The method’s applicability and results were validated with practi-
tioners from Amsterdam’s municipality. The validation was conducted 
with about 10 practitioners in a focus group meeting, which consisted of 
a general group discussion guided by key questions. Regarding the 
usefulness of the NBS allocation function for infrastructure planning, it 
was seen as helpful to identify priority areas where to act and main NBS 
to be further explored, but for actual design or final decision making on 
which measures to apply, the neighbourhood scale was seen as too big. 
An element considered important to integrate into the analysis was the 
identification of opportunities for implementing measures, for instance 
assets management plans for different types of urban infrastructure, 
such as roads and pipes retrofitting. Adding this would allow the 

Fig. 5. Impact maps on runoff reduction for the cases (a) current situation, and after implementation with (b) only stormwater management as objective, (c) only 
heat stress mitigation as objective, (d) both stormwater management and heat stress mitigation as objectives. 
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alignment of long-term strategies for NBS implementation with short- 
term activities regarding infrastructure renewal, consequently 
reducing implementation costs of NBS. 

When asked if this method would result useful to plan multifunc-
tional infrastructure, targeting multiple objectives, the reaction was in 
general positive, seeing a multi-objective approach as interesting and 
the method as helpful to achieve integral solutions. Nevertheless, the 

importance of defining and highlighting clear main objectives was 
emphasized. When trade-offs among benefits were presented and the 
value of this type of analysis inquired, the idea of multiple objectives 
was seen as much less attractive, stressing how this approach could be 
not possible or not convenient in many cases. 

Finally, regarding how this method or results of its application could 
be used in their work, the main application identified was for commu-
nication and demonstration of priority areas for action, suitable NBS, 
etc. It was also seen as helpful for facilitating group decision-making, 
helping interaction between different actors. In particular, it is consid-
ered valuable to support the communication and enhance collaboration 
between experts in different disciplines or municipal departments. 
Moreover, it would help the collaboration with the private sector by 
helping to visualize the relevance of applying measures in private areas. 
More details about this outputs are presented in Annex E. 

During both validation processes and during exchanges with prac-
titioners from other cities in The Netherlands, the importance of adding 
other urban challenges to the method was expressed. Examples of 
relevant challenges mentioned are water scarcity, biodiversity loss, 
health, and energy savings. 

4. Discussion 

The main strength and applicability of this method is its capacity of 
providing NBS recommendations for specific urban characteristics. 
Moreover, it allows to compare the impacts of recommended NBS when 
choosing single and multiple objectives or benefits. It is an important 

Fig. 6. Impact maps on heat stress mitigation for the cases (a) current situation, and after implementation with (b) only stormwater management as objective, (c) 
only heat stress mitigation as objective, (d) both stormwater management and heat stress mitigation as objectives. 

Fig. 7. Analysis of benefits and co-benefits when different objectives 
are targeted. 
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advantage since the consideration of multiple benefits and their syn-
ergies and trade-offs has been scarcely addressed in previous works 
(Choi et al., 2021). This permits to develop a long-term plan regarding 
what solutions to implement but also helps to identify trade-offs among 
benefits when different objectives are established. As a result, the 
method improves communication among different disciplines and 
decision-makers. The results obtained should not be seen as a definitive 
implementation plan, but rather as approximations to help urban 
planners to make decisions and to enhance collaboration processes. 

The analysis on what NBS are most frequently selected when tar-
geting each objective (i.e. Table 1) shows that there are measures 
providing benefits for both objectives, even when only one of them is 
aimed. These are the measures capable of adding extra value to NBS 
through the delivery of co-benefits, and are crucial to plan multi- 
functional solutions to make a better use of the urban space. However, 
there are other measures that compete for space and provide mostly one 
benefit. For instance, urban trees have the highest impact on heat stress, 
but minor impact on runoff reduction, and they compete directly for 
space with measures that have high impact for stormwater reduction. 
These aspects have to be considered when planning NBS in urban spaces, 
where an efficient use of space is crucial. Even though it was not used in 
the example here presented, this spatial MCA method allows the inclu-
sion of weights for different benefits. This enables the inclusion of 
tailored weighs to perform context-specific analysis that would help to 
find tailored solutions reflecting the interests of stakeholders (Good-
speed et al., 2022). 

From the analysis of priority areas, a positive correlation of priorities 
for stormwater management and heat stress is observed, this is a similar 
result than that obtained by Meerow (2019). The author highlights the 

relevance of this, arguing that even if a main focus for urban NBS con-
tinues to be stormwater management, this may also help to mitigate heat 
stress. Moreover, our results show that the potential reduction of heat 
stress could be further improved if it is included as a primary objective 
when planning NBS for stormwater management; a similar conclusion 
was reached by He et al. (2019). 

In the case here studied, it was more difficult to place measures for 
heat stress mitigation than for stormwater management. The NBS 
considered with highest impact on heat stress mitigation are mainly 
centralised measures which can hardly be implemented in a densely 
urbanized area. Besides, while all the measures considered have impact 
on stormwater management, several of them have null or low impact on 
heat stress reduction. Since both the spatial compatibility of NBS 
implementation (which depends on the NBS strategies and the city 
characteristics) and its capacity to cope with the targeted problems are 
relevant in this type of analysis (Simperler et al., 2020), the analysis 
performed in this work could be improved by having a more balanced 
list of measures and by applying the analysis in a more heterogeneous 
area regarding urban density. 

The importance of both planning NBS for multiple objectives and 
recognizing trade-offs among them has been previously stated (Choi 
et al., 2021). The analysis of trade-offs in this work highlights this. On 
one hand, good opportunities to tackle runoff reduction would be missed 
if only heat stress reduction is aimed. On the other hand, there is a 
compromise on heat stress mitigation effectiveness when runoff reduc-
tion is included as an extra objective. Therefore, even though targeting 
more than one objective when planning NBS may be more convenient in 
most of the cases, it is important to recognise and manage possible trade- 
offs among different benefits. 

Fig. 8. Validation results from scientific perspective, (a) what are other parameters to improve the selection of priority areas?, (b) what are other parameters to 
improve NBS allocation analysis?, (c) what are possible barriers for applying this method?, (d) for what type of project/planning is this method useful? 
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Concerning the method’s validation, the interaction with researchers 
provided useful inputs on how to improve the exposure and vulnera-
bility analysis by including population data. The relevance of including 
this type of data is also observed in previous works (Kremer et al., 2016). 
Another valuable suggestion was the inclusion of costs analysis, which 
usefulness is observed in the work of Sarabi et al. (2022), in which 
stakeholders were able to compare among possible NBS to implement 
considering costs besides benefits. Finally, availability and quality of 
data were seen as possible important limitations to apply this method; 
this has been previously analysed and discussed by Kuller et al. (2019). 
To overcome this constraint, a clear communication of uncertainties and 
limitations related to the data used and the selection of weights is rec-
ommended (Walker et al., 2003). 

In the case of the interaction with municipal stakeholders, the vali-
dation focused on the usefulness of the method and several interesting 
elements were identified. First, it is concluded that the short term 
planning approach is mainly opportunistic, confirming the findings from 
Kuller et al. (2018). This means that the actual implementation of 
measures in the short term follows an assets management plan, looking 
for opportunities to build urban NBS during renovation tasks and 
consequently reducing costs. The methodology presented in this work 
could help to identify areas where these opportunities could be more 
effective (priority areas), helping to realise a more effective long-term 
actions plan at the city level. This is an important contribution since 
previous works show that often NBS are not implemented in high pri-
ority areas (Li et al., 2020; Meerow & Newell, 2017). The combination of 
long-term strategic plans, which this method helps to develop, with 
short-term assets management plans may help to enhance the effec-
tiveness of specific actions. 

From interactions with municipal stakeholders, an interest on adding 
more benefits beyond stormwater management and heat stress mitiga-
tion was identified. Examples of the extra benefits mentioned are 
biodiversity enhancement, air and water quality improvement, genera-
tion of recreation spaces, droughts mitigation and energy transition. 
However, the interest for measures targeting co-objectives decreased 
when the results of trade-offs between benefits were presented. This 
shows that there may be barriers to the design of multifunctional NBS 
since specific actors would not accept the detriment of their main aimed 
benefit to enhance another locally relevant benefit. 

Therefore, the validation process with experts and practitioners 
highlighted some main limitations of this method. The maps obtained 
from the application of this method could help communication among 
stakeholders, improving the understanding of problems, possible solu-
tions, and helping collaborative processes. However, the method is 
based on physical indicators, without considering co-creation and public 
participation. These collaborative approaches are increasingly encour-
aged to improve the acceptance of NBS, as often the most appropriate 
NBS in technical terms are not the most appropriate from a public point 
of view (Frantzeskaki, 2019). Public consultation and interdisciplinarity 
should be included along the complete planning process, to better 

understand local challenges, to help the acceptance of multifunctional 
NBS and to consider people preferences regarding the type of NBS to be 
implemented in each context (Derkzen et al., 2017). 

5. Conclusions 

In this paper, a spatial multi-criteria analysis methodology to 
improve urban NBS planning processes is presented, considering their 
impacts as well as synergies and trade-offs among the different benefits 
they provide. This method consists of three steps: (i) identification of 
priority areas where problems are more severe and NBS are more 
demanded, (ii) selection and allocation of NBS considering physical 
aspects, technical requirements and the benefits targeted and (iii) 
quantitative evaluation of impacts on the different benefits addressed. In 
particular, this method allows to target one or more benefits, helping to 
visualize the impacts of NBS in different cases and to identify synergies 
and trade-offs when targeting multiple benefits. Therefore, the method 
allows a more transparent communication on the transition of urban 
spaces among diverse decision makers. 

Even though there is a consensus on the advantages of focusing on 
more than one benefit when planning NBS, decision makers should 
understand the impacts that it may have on the improvement of each 
individual problem. Moreover, these impacts should be considered by 
stakeholders when defining the benefits targeted and assigning weights 
in decision-making processes to plan urban NBS. Finally, since the 
implementation of urban NBS frequently follows an opportunistic 
approach, this method can help to make long-term plans to improve the 
effectiveness and reduce the regret when implementing NBS. 
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Appendix A. Runoff coefficients summary  

Table A.1 
Runoff coefficient values for different case study surfaces based on data from literature (Dickinson, 2017; Li 
et al., 2014; Ramachandra et al., 2014).  

Type of surface from data Description from literature Runoff coefficient 

Building Roofs  0.75 
Close pavement Asphaltic/concrete  0.70 
Semi-hardened surface Gravel surfaces  0.55 

(continued on next page) 
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Table A.1 (continued ) 

Type of surface from data Description from literature Runoff coefficient 

Transition Sidewalks  0.75 
Open paved surface Bricks and gravel road  0.35 
Non-hardened surface Unpaved soil road  0.25 
Sand Unimproved areas  0.10 
Greenery, swamp, reed, shrubbery Garden or green land  0.10 
Parks Parks  0.10 
Other grasslands Lawn  0.05 
Waterway, waterbody Water  0.00 
Private property Neighbourhood  0.50 
Mixed forest, deciduous forest Deciduous forest  0.10  

Appendix B. Tools and data sources used  

Table B.1 
List of tools and data used.  

Material Category Purpose Source 

QGIS Tool To perform spatial action and obtain new data QGIS 
Excel Tool To make calculations, e.g. suitability score for each NBS Microsoft office 
DTM Data Used as input to calculate the building slope PDOK.nl 
DSM Data Used as input for the spatial constraints PDOK.nl 
Runoff coefficients of land use Data Used to calculate the runoff potential Literature review 
BGT (landcover and land use) Data Used to create different land use types PDOK.nl 
Heat stress Data Used as input for priority areas definition Klimaateffectatlas.nl 
NBS constrains Data Used as input for suitability analysis Literature review 
NBS spatial characteristics Data Used as input for suitability analysis Literature review 
NBS benefits Data Used as input for suitability and impacts analysis Literature review 
Risk of flooding Data Used as input for priority areas definition Amsterdam.maps.nl 
High resolution satellite image Data Used to validate the land use of the BGT data and correct it using the image classification PDOK 
Neighbourhoods Data Used to divide the map in sub-areas PDOK;CBS 
Groundwater level Data Used as constraint indicator Amsterdam.maps.nl and Waternet 
Soil Data Used as constraint indicator (de Gans, 2011)   

Table B.2 
Software specification of QGIS used.  

QGIS version 3.20.2-Odense 
Qt version 5.15.2 
Python version 3.9.5 
GDAL/OGR version 3.3.1 
PROJ version 8.1.0 
EPSG Registry database version v10.027 (2021-06-17) 
GEOS version 3.9.1-CAPI-1.14.2 
SQLite version 3.35.2 
PDAL version 2.3.0 
PostgreSQL client version 13.0 
SpatiaLite version 5.0.1 
QWT version 6.1.3 
QScintilla2 version 2.11.5 
OS version Windows 10 Version 2009 
Active Python plugins DigitizingTools 

inspireNL 
mmqgis 
NNJoin 
pdokservicesplugin 
pdok_locatieserver_locator_filter 
QuickOSM 
db_manager 
MetaSearch 
processing  
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Appendix C 

C.1. Steps followed to identify priority areas and to allocate NBS

Fig. C.1. Process to find priority areas.  

The land use map was updated and rectified using a high resolution satellite image and image classification tools (QGIS, Orfeo toolbox). 

C.2. Steps followed to allocate NBS

Fig. C.2. Overview of steps to define opportunity and suitability for NBS allocation.  
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Appendix D. NBS reference tables  

Table D.1 
Overview of allocation possibilities for the chosen NBS (y: allocation is possible, n: allocation is not possible).  

Land use/ 
landcover 

NBS 

Rain 
gardenc,f 

Swaleg, 

h,j 
Infiltration 
trenchd,g 

Wetlandb, 

g,j,k 
Infiltration 
basind,f,g 

Green 
roofd,j 

Grassf Rain 
barreld,f 

Water 
squareg,j 

Bioretention 
aread,i,j,k 

Retention 
pondf,g,j 

Treea, 

k 
Permeable 
pavementd,e, 

g,j 

Roadside y y y y y n y n n y y y n 
Building n n n n n y n y n n n n n 
Private 

property 
y n n n n n y n n n n y n 

Bike path n n n n n n n n n n n n y 
Closed 

pavement 
y y y y y n y n y y y y y 

Greenery y y n y y n y n n y y y n 
Entrance n n n n n n n n n n n n y 
Unpaved y y n y y n y n y y y y n 
Open 

pavement 
y y n y y n y n y y y y n 

Public 
transport 
line 

n n n n n n n n n n n n y 

Parking n n n n n n n n n n n n y 
Local road n n n n n n n n n n n n y 
Regional 

road 
n n n n n n n n n n n n y 

Railroad 
track 

n n n n n n n n n n n n n 

Road 
transition 
area 

n n n n n n n n n n n n y 

Traffic 
island 

n n n n n n n n n n n n n 

Pedestrian 
area 

n n y n n n n n n n n n n 

Sidewalk n n y n n n n n n n n n n 
Stairs n n n n n n n n n n n n n 
Waterway n n n n n n n n n n n n n 
Water area n n n n n n n n n n n n n 
Sandy 

surface 
y y y y y n y n n y y y n  

a Bartens et al. (2009). 
b CH2M HILL (2014). 
c Couling et al. (2016). 
d Alves et al. (2018). 
e Hou et al. (2019). 
f Minnesota Pollution Control Agency (2021). 
g Muthukrishnan et al. (2004). 
h Rujner et al. (2018). 
i Un (2016). 
j Urban Drainage and Flood Control District (2010). 
k World Bank (2021).  

Table D.2 
Overview of allocation constraints for the chosen NBS (y: allocation is possible, n: allocation is not possible).  

NBS Site characteristics 

Ownership Soil type Groundwater depth Surface slope Available space 

Private Public A B/C D 0–1 m >1 m 0–3 % 3–5 % >5 % Low High 

Retention pondf,g,j n y y y y n y y y y n y 
Bioretention aread,i,j,k n y y y y n y y y n y y 
Rain gardenc,f y y y y y n y y y n y y 
Swaleg,h,j n y y y y n y y y y y y 
Permeable pavementd,e,g,j y y y y n n y y n n y y 
Infiltration trenchesd,g n y y y n n y y y y y y 
Wetland areab,g,j,k n y y y y y y y y n n y 
Infiltration basin/surfacesd,f,g n y y y n n y y y n n y 
Green roofd,j y n y y y y y y y y y y 
Grassf n y y y y y y y y y y y 
Urban tree (box)a,k n y y y y n y y y y y n 
Rain barrel or cisternd,f y y y y y y y y y y y Y 
Water square (detention basin)g,j n y y y y n y y y y n y  
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a Bartens et al. (2009). 
b CH2M HILL (2014). 
c Couling et al. (2016). 
d Alves et al. (2018). 
e Hou et al. (2019). 
f Minnesota Pollution Control Agency (2021). 
g Muthukrishnan et al. (2004). 
h Rujner et al. (2018). 
i Un (2016). 
j Urban Drainage and Flood Control District (2010). 
k World Bank (2021).  

Table D.3 
Overview of performance values for each of the chosen NBS on the objectives considered.  

NBS Peak flow reduction in % (1 year RP, 25 mm) Heat stress (PET reduction ◦C/m2) 

Retention pondk,t  73.0  1.9 
Bioretention areae,h,n  54.0  11.0 
Rain gardenc,g,n  74.0  2.7 
Swaled  62.0  6.0 
Permeable pavementn,r  42.0  1.9 
Infiltration trenchesa  50.0  0.0 
Wetland areab,u  54.0  11.0 
Infiltration basin/surfaceso  37.0  6.0 
Green roofj,n,s  57.0  5.1 
Grassl,tm  17.0  6.0 
Urban tree (box)l,p,t  8.0  17.5 
Rain barrel or cisterni,q  6.3  0.0 
Water square (detention basin)f  28.0  0.0  
a Barber et al. (2003). 
b Line et al. (2007). 
c Feldman et al. (2019). 
d Ghadim and Hin (2017). 
e Hatt et al. (2009). 
f Shishegar et al. (2019). 
g Autixier et al. (2014). 
h Batalini de Macedo et al. (2019). 
i Deitch and Feirer (2019). 
j Fassman-Beck et al. (2013). 
k Jacobs et al. (2020). 
l Ketterer and Matzarakis (2014b). 
m Liang et al. (2021). 
n Majidi et al. (2019). 
o Natarajan and Davis (2015). 
p Van Stan et al. (2020). 
q Nunes Carvalho et al. (2020). 
r Santamouris et al. (2012). 
s Sharma et al. (2018). 
t Yang et al. (2018). 
u Bera et al. (2021). 

The validity of some of the performance values could be questioned. This is because for some of the values no source could be found and therefore 
assumptions had to be made. The assumptions made for these parameters are well grounded and make sense, so the reliability of those parameters is 
not questioned by the researchers. However, some of the assumptions that are made, specifically some of the heat stress PET values, might be less 
representative for real life cases. This is because in literature the effect for heat stress reduction of certain measures has been researched and other have 
not been researched at all (e.g. swales, infiltration trenches, infiltration basins). In the case of the measures for which no research has been done, PET 
reduction values were based on similar measures of which a value could be found in literature. The measures that have been researched show large 
ranges of PET reduction (e.g. urban trees), but also in these cases the values are arguable because multiple factors influence the impact. 

Another problem concerning the validity of the performance values has to do with the sizing of the measures. The peak flow reduction parameter is 
influenced by several factors, one of which is the size of the measure. The larger the size of a measure, the more likely the reduction parameter is also 
high. This means that if a measure gets assigned to a small feature in the case study area, the actual reduction of peak flow might be less than the value 
considered in the results. 

Appendix E. Results from focus group with practitioners 

Below the key questions and answers/conclusions provided during the discussion at the focus group with practitioners are presented. 
Question 1: Would the NBS allocation function be helpful during infrastructure planning processes?  

• It is seen as helpful for prioritizing action areas and NBS to be further analysed.  
• It could have a positive contribution to identify where to implement or restore green infrastructure.  
• The neighbourhood scale of analysis is too big, a street scale would be more useful. 
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• It would be good to combine this analysis with the actual opportunity to preform interventions (e.g. assets management plans), not every 
neighbourhood has the same opportunities.  

• The method is applicable but does not add much value, the analysis could be done without it.  
• It could be very helpful because it allows to visualize which measures could work where. 

Question 2: Would the method be helpful to plan for multifunctional infrastructure?  

• Yes, when rebuilding/upgrading we are always looking for what could be a better design for the space, the perspective of multiple objectives 
provides an interesting starting point for what could be done.  

• Yes, it could make a good contribution but it is important to define clear objectives, it is important that design of the public space remains 
unambiguous.  

• Many of the solutions presented are in private land, where the municipality itself has very little or no action capacity, but these results could be 
used to motivate residents. 

• The combination of objectives is always good, however a close eye should be kept to the main objectives according to what causes the most in-
conveniences/stress in the area.  

• It is helpful because it clearly shows at the parcel level which measure is possible and preferable according to the function that wants to be 
maximised; while at the area level it allows to make combinations of measures to achieve integrated solutions. 

Question 3: When targeting multiple objectives, is the analysis of trade-offs among benefits helpful to make decision?  

• The focus will be on the main problems to be solved, aiming to maximize those specific benefits.  
• It is helpful if it is possible to give weights to the objectives, to highlight the main ones.  
• It is useful if the aimed values are also known, which may depend on national or regional policies.  
• It would be helpful depending on the urgency or scale of the main problem to be solved, sometimes it is better or easier to focus on solving only one 

problem. 
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Albert, C., Schröter, B., Haase, D., Brillinger, M., Henze, J., Herrmann, S., Gottwald, S., 
Guerrero, P., Nicolas, C., & Matzdorf, B. (2019). Addressing societal challenges 
through nature-based solutions: How can landscape planning and governance 
research contribute? Landscape and Urban Planning. https://doi.org/10.1016/j. 
landurbplan.2018.10.003 

Alves, A., Gersonius, B., Sanchez, A., Vojinovic, Z., & Kapelan, Z. (2018). Multi-criteria 
approach for selection of green and grey infrastructure to reduce flood risk and 
increase CO-benefits. Water Resources Management, 32(7), 2505–2522. https://doi. 
org/10.1007/s11269-018-1943-3 

Autixier, L., Mailhot, A., Bolduc, S., Madoux-Humery, A. S., Galarneau, M., Prévost, M., & 
Dorner, S. (2014). Evaluating rain gardens as a method to reduce the impact of sewer 
overflows in sources of drinking water. Science of the Total Environment, 499, 
238–247. https://doi.org/10.1016/j.scitotenv.2014.08.030 

Bartens, J., Day, S. D., Harris, J. R., Wynn, T. M., & Dove, J. E. (2009). Transpiration and 
root development of urban trees in structural soil stormwater reservoirs. 
Environmental Management, 44(4), 646–657. https://doi.org/10.1007/s00267-009- 
9366-9 

Barber, M. E., King, S. G., Yonge, D. R., & Hathhorn, W. E. (2003). Ecology ditch: A best 
management practice for storm water runoff mitigation. J. Hydrol. Eng., 8(3), 
111–122. https://doi.org/10.1061/(ASCE)1084-0699(2003)8:3(111) 

Batalini de Macedo, M., Ambrogi Ferreira do Lago, C., Mendiondo, E. M., & 
Giacomoni, M. H. (2019). Bioretention performance under different rainfall regimes 
in subtropical conditions: A case study in São Carlos, Brazil. Journal of Environmental 
Management, 248. https://doi.org/10.1016/j.jenvman.2019.109266 

Bera, B., Shit, P. K., Saha, S., & Bhattacharjee, S. (2021). Exploratory analysis of cooling 
effect of urban wetlands on Kolkata metropolitan city region, eastern India. Current 
Research in Environmental Sustainability, 3. https://doi.org/10.1016/j. 
crsust.2021.100066 

Cadenasso, M. L., Pickett, S. T. A., & Schwarz, K. (2007). Spatial heterogeneity in urban 
ecosystems: Reconceptualizing land cover and a framework for classification. 
Frontiers in Ecology and the Environment, 5(2), 80–88. https://doi.org/10.1890/1540- 
9295(2007)5[80:SHIUER]2.0.CO;2 

CH2M HILL CANADA LIMITED. (2014). Wetland design guidelines city of Saskatoon. 
Choi, C., Berry, P., & Smith, A. (2021). The climate benefits, co-benefits, and trade-offs of 

green infrastructure: A systematic literature review. In , Vol. 291. Journal of 
Environmental Management. Academic Press. https://doi.org/10.1016/j. 
jenvman.2021.112583.  

Climate Adaptation Services. (n.d.). Klimaateffectatlas. Retrieved January 26, 2022, 
from https://www.klimaateffectatlas.nl/nl/. 

Couling, K., Christensen, P., Norton, B., Wehrmann, P., Moohan, S., Moore, J., & 
Simpson, H. (2016). Rain garden design, construction and maintenance manual. 

de Gans, W. (2011). De bodem onder Amsterdam: Een geologische stadswandeling. TNO. 
https://repository.tno.nl//islandora/object/uuid:f63bef32-f957- 4162-a88d-ba0 
fc7b29ebb. 

de Nijs, T., Bosch, P., Brand, E., Heusinkveld, B., van der Hoeven, F., Jacobs, C., Klok, L., 
Kluck, J., Koekoek, A., Koopmans, S., van Nieuwaal, K., Ronda, R., & Steeneveld, G. 
(2019). Ontwikkeling Standaard Stresstest Hitte. https://doi.org/10.21945/RIVM- 
2019-0008 

Deitch, M. J., & Feirer, S. T. (2019). Cumulative impacts of residential rainwater 
harvesting on stormwater discharge through a peri-urban drainage network. Journal 
of Environmental Management, 243, 127–136. https://doi.org/10.1016/j. 
jenvman.2019.05.018 

Derkzen, M. L., Van Teeffelen, A. J., & Verburg, P. H (2017). Green infrastructure for 
urban climate adaptation: How do residents’ views on climate impacts and green 
infrastructure shape adaptation preferences? Landscape and Urban Planning, 157, 
106–130. https://doi-org.ezproxy.library.wur.nl/10.1016/j.landurbplan.2016.05.0 
27. 

Dhakal, K. P., & Chevalier, L. R. (2017). Managing urban stormwater for urban 
sustainability: Barriers and policy solutions for green infrastructure application. 
Journal of Environmental Management, 203, 171–181. https://doi.org/10.1016/j. 
jenvman.2017.07.065 

Dickinson, R. (2017). EPASWMM5 for hydrology, hydraulics and water quality. Runoff 
Coefficient in InfoSewer and InfoSWMM.  

European Union. (2015). Towards an EU research and innovation policy agenda for nature- 
based solutions & re-naturing cities: Final report of the Horizon 2020 expert group on 
‘Nature-based solutions and re-naturing cities’ (full version). Publications Office of the 
European Union. 

Fassman-Beck, E., Voyde, E., Simcock, R., & Hong, Y. S. (2013). 4 living roofs in 3 
locations: Does configuration affect runoff mitigation? Journal of Hydrology, 490, 
11–20. https://doi.org/10.1016/j.jhydrol.2013.03.004 

Feldman, A., Foti, R., & Montalto, F. (2019). Green infrastructure implementation in 
urban parks for stormwater management. Journal of Sustainable Water in the Built 
Environment, 5(3). https://doi.org/10.1061/jswbay.0000880 

Frantzeskaki, N. (2019). Seven lessons for planning nature-based solutions in cities. 
Environmental Science and Policy, 93(December 2018), 101–111. https://doi.org/ 
10.1016/j.envsci.2018.12.033 

Gemeente Amsterdam. (2013). Stadsdelen in cijfers 2013. www.os.amsterdam.nl. 
Gemeente Amsterdam. (n.d.). Interactieve kaarten. Retrieved January 15, 2022, from htt 

ps://maps.amsterdam.nl/. 
Ghadim, H. B., & Hin, L. S. (2017). Simulation of rainfall-runoff response in ecological 

swale with on-Line subsurface detention using Infoworks SD. Water Environment 
Research, 89(9), 862–870. https://doi.org/10.2175/106143017x14902968254764 

Goodspeed, R., Liu, R., Gounaridis, D., Lizundia, C., & Newell, J. (2022). A regional 
spatial planning model for multifunctional green infrastructure. Environment and 
Planning B: Urban Analytics and City Science, 49(3), 815–833. https://doi.org/ 
10.1177/23998083211033610 

A. Alves et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.landurbplan.2011.02.021
https://doi.org/10.1016/j.landurbplan.2011.02.021
https://doi.org/10.1007/s13280-020-01365-1
https://doi.org/10.1016/j.landurbplan.2018.10.003
https://doi.org/10.1016/j.landurbplan.2018.10.003
https://doi.org/10.1007/s11269-018-1943-3
https://doi.org/10.1007/s11269-018-1943-3
https://doi.org/10.1016/j.scitotenv.2014.08.030
https://doi.org/10.1007/s00267-009-9366-9
https://doi.org/10.1007/s00267-009-9366-9
https://doi.org/10.1061/(ASCE)1084-0699(2003)8:3(111)
https://doi.org/10.1016/j.jenvman.2019.109266
https://doi.org/10.1016/j.crsust.2021.100066
https://doi.org/10.1016/j.crsust.2021.100066
https://doi.org/10.1890/1540-9295(2007)5[80:SHIUER]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[80:SHIUER]2.0.CO;2
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0050
https://doi.org/10.1016/j.jenvman.2021.112583
https://doi.org/10.1016/j.jenvman.2021.112583
https://www.klimaateffectatlas.nl/nl/
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0060
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0060
https://repository.tno.nl//islandora/object/uuid:f63bef32-f957-4162-a88d-ba0fc7b29ebb
https://repository.tno.nl//islandora/object/uuid:f63bef32-f957-4162-a88d-ba0fc7b29ebb
https://doi.org/10.21945/RIVM-2019-0008
https://doi.org/10.21945/RIVM-2019-0008
https://doi.org/10.1016/j.jenvman.2019.05.018
https://doi.org/10.1016/j.jenvman.2019.05.018
https://doi-org.ezproxy.library.wur.nl/10.1016/j.landurbplan.2016.05.027
https://doi-org.ezproxy.library.wur.nl/10.1016/j.landurbplan.2016.05.027
https://doi.org/10.1016/j.jenvman.2017.07.065
https://doi.org/10.1016/j.jenvman.2017.07.065
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0080
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0080
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0085
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0085
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0085
http://refhub.elsevier.com/S0264-2751(23)00563-2/rf0085
https://doi.org/10.1016/j.jhydrol.2013.03.004
https://doi.org/10.1061/jswbay.0000880
https://doi.org/10.1016/j.envsci.2018.12.033
https://doi.org/10.1016/j.envsci.2018.12.033
http://www.os.amsterdam.nl
https://maps.amsterdam.nl/
https://maps.amsterdam.nl/
https://doi.org/10.2175/106143017x14902968254764
https://doi.org/10.1177/23998083211033610
https://doi.org/10.1177/23998083211033610


Cities 146 (2024) 104751

16

Haase, D., Frantzeskaki, N., & Elmqvist, T. (2014). Ecosystem services in urban 
landscapes: Practical applications and governance implications. Ambio, 43(4), 
407–412. https://doi.org/10.1007/s13280-014-0503-1 

Hansen, R., Olafsson, A. S., van der Jagt, A. P. N., Rall, E., & Pauleit, S. (2019). Planning 
multifunctional green infrastructure for compact cities: What is the state of practice? 
Ecological Indicators, 96, 99–110. https://doi.org/10.1016/j.ecolind.2017.09.042 

Hansen, R., & Pauleit, S. (2014). From multifunctionality to multiple ecosystem services? 
A conceptual framework for multifunctionality in green infrastructure planning for 
Urban Areas. Ambio, 43(4), 516–529. https://doi.org/10.1007/s13280-014-0510-2 

Hatt, B. E., Fletcher, T. D., & Deletic, A. (2009). Hydrologic and pollutant removal 
performance of stormwater biofiltration systems at the field scale. Journal of 
Hydrology, 365(3–4), 310–321. https://doi.org/10.1016/j.jhydrol.2008.12.001 

He, B. J., Zhu, J., Zhao, D. X., Gou, Z. H., Da Qi, J., & Wang, J. (2019). Co-benefits 
approach: Opportunities for implementing sponge city and urban heat island 
mitigation. Land Use Policy, 86, 147–157. https://doi.org/10.1016/j. 
landusepol.2019.05.003 

Hou, J., Zhang, Y., Tong, Y., Guo, K., Qi, W., & Hinkelmann, R. (2019). Experimental 
study for effects of terrain features and rainfall intensity on infiltration rate of 
modelled permeable pavement. Journal of Environmental Management, 243, 177–186. 
https://doi.org/10.1016/j.jenvman.2019.04.096 

IPCC. (2014). Summary for policymakers. In Climate change 2014: Impacts, adaptation, 
and vulnerability. Part A: Global and sectoral aspects. Alistair Woodward: Josef Settele.  

IPCC. (2022). Climate change 2022: Impacts, adaptation and vulnerability. In 
Contribution of working group II to the sixth assessment report of the intergovernmental 
panel on climate change. Summary for policymakers. Morgan Wairiu. https://doi.org/ 
10.1017/9781009325844.001.  

Jacobs, C., Klok, L., Bruse, M., Cortesão, J., Lenzholzer, S., & Kluck, J. (2020). Are urban 
water bodies really cooling? Urban Climate, 32. https://doi.org/10.1016/j. 
uclim.2020.100607 

Ketterer, C., & Matzarakis, A. (2014a). Human-biometeorological assessment of heat 
stress reduction by replanning measures in Stuttgart, Germany. Landscape and Urban 
Planning, 122, 78–88. https://doi.org/10.1016/j.landurbplan.2013.11.003 

Ketterer, C., & Matzarakis, A. (2014b). Human-biometeorological assessment of heat 
stress reduction by replanning measures in Stuttgart, Germany. Landscape and Urban 
Planning, 122, 78–88. https://doi.org/10.1016/j.landurbplan.2013.11.003 

Koopmans, S., Heusinkveld, B. G., & Steeneveld, G. J. (2020). A standardized Physical 
Equivalent Temperature urban heat map at 1-m spatial resolution to facilitate 
climate stress tests in the Netherlands. Building and Environment, 181. https://doi. 
org/10.1016/j.buildenv.2020.106984 

Kremer, P., Hamstead, Z. A., & McPhearson, T. (2016). The value of urban ecosystem 
services in New York City: A spatially explicit multicriteria analysis of landscape 
scale valuation scenarios. Environmental Science and Policy, 62, 57–68. https://doi. 
org/10.1016/j.envsci.2016.04.012 

Kuller, M., Bach, P. M., Ramirez-Lovering, D., & Deletic, A. (2018). What drives the 
location choice for water sensitive infrastructure in Melbourne, Australia? Landscape 
and Urban Planning, 175, 92–101. https://doi.org/10.1016/j. 
landurbplan.2018.03.018 

Kuller, M., Bach, P. M., Roberts, S., Browne, D., & Deletic, A. (2019). A planning-support 
tool for spatial suitability assessment of green urban stormwater infrastructure. 
Science of the Total Environment, 686, 856–868. https://doi.org/10.1016/j. 
scitotenv.2019.06.051 

Li, L., Uyttenhove, P., & Van Eetvelde, V. (2020). Planning green infrastructure to 
mitigate urban surface water flooding risk – A methodology to identify priority areas 
applied in the city of Ghent. Landscape and Urban Planning, 194. https://doi.org/ 
10.1016/j.landurbplan.2019.103703 

Li, Z., Wu, L., Zhu, W., Hou, M., Yang, Y., & Zheng, J. (2014). A new method for urban 
storm flood inundation simulation with fine CD-TIN surface. Water (Switzerland), 6 
(5), 1151–1171. https://doi.org/10.3390/w6051151 

Liang, R., Thyer, M. A., Maier, H. R., Dandy, G. C., & Di Matteo, M. (2021). Optimising 
the design and real-time operation of systems of distributed stormwater storages to 
reduce urban flooding at the catchment scale. Journal of Hydrology, 602. https://doi. 
org/10.1016/j.jhydrol.2021.126787 

Line, D. E., Jennings, G. D., Shaffer, M. B., Calabria, J., Hunt, W. F., & Line, D. E. (2007). 
Evaluating the effectiveness of two stormwater wetlands in North Carolina. In , Vol. 
51 (2). Transactions of the ASABE. 

Majidi, A. N., Vojinovic, Z., Alves, A., Weesakul, S., Sanchez, A., Boogaard, F., & Kluck, J. 
(2019). Planning nature-based solutions for urban flood reduction and thermal 
comfort enhancement. Sustainability (Switzerland), 11(22). https://doi.org/10.3390/ 
su11226361 

Meerow, S. (2019). A green infrastructure spatial planning model for evaluating 
ecosystem service tradeoffs and synergies across three coastal megacities. 
Environmental Research Letters, 14(12). https://doi.org/10.1088/1748-9326/ab502c 

Meerow, S., & Newell, J. P. (2017). Spatial planning for multifunctional green 
infrastructure: Growing resilience in Detroit. Landscape and Urban Planning, 159, 
62–75. https://doi.org/10.1016/j.landurbplan.2016.10.005 

Minnesota Pollution Control Agency. (2021). Minnesota stormwater manual. https://stor 
mwater.pca.state.mn.us/index.php?title=Main_Page. 

Muthukrishnan, S., Field, R., & Sullivan, D. (2004). Structural BMP design practices. In 
The Use of Best Management Practices (BMPs) in Urban Watersheds. https://www.bing. 
com/ck/a?!&&p=f125bc1c4fbd65c1JmltdHM9MTcwMzExNjgwMCZpZ3Vp 
ZD0yNjQwZTRiYy0xMjg0LTY1MjgtMmQ2Zi1mNmMzMTY4NDYzZDYmaW5za 
WQ9NTE5Nw&ptn=3&ver=2&hsh=3&fclid=2640e4bc-1284-6528-2d6f-f6c31 

68463d6&psq=Muthukrishnan%2c+S.%2c+Field%2c+R.%2c+%26+Sullivan%2c 
+D.+(2004).+Structural+BMP+Design+Practices.+The+Use+of+Best+Managem 
ent+Practices+(BMPs)+in+Urban+Watersheds.&u=a1aHR0cHM6Ly9jZnB1Yi5l 
cGEuZ292L3NpL3NpX3B1YmxpY19maWxlX2Rvd25sb2FkLmNmbT9wX2Rvd25sb2 
FkX2lkPTUzOTcwNw&ntb=1. 

Natarajan, P., & Davis, A. P. (2015). Hydrologic performance of a transitioned infiltration 
basin managing highway runoff. Journal of Sustainable Water in the Built Environment, 
1(3). https://doi.org/10.1061/jswbay.0000797 

Nunes Carvalho, T. M., de Souza Filho, F. D. A., & Medeiros de Sabóia, M. A. (2020). 
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