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Article 

Influence of Blue-Green and Grey Infrastructure Combinations 
on Natural and Human-Derived Capital in Urban  
Drainage Planning 
Sikhululekile Ncube * and Scott Arthur 

Institute for Infrastructure and Environment, School of Energy, GeoScience, Infrastructure and Society, Heriot-
Watt University, Edinburgh EH14 4AS, UK; S.Arthur@hw.ac.uk 
* Correspondence: s.ncube@hw.ac.uk 

Abstract: The natural capital and ecosystem services concepts describe the multiple benefits people 
get from nature. Urbanisation has been identified as one of the key factors influencing the decline 
of natural capital globally. Urbanisation has also been associated with a recent increase in urban 
flooding incidents in most cities globally. While the understanding of blue-green infrastructure in 
urban drainage is well established, little is said about its influence on natural capital. This study 
utilises the Natural Capital Planning Tool, Benefits Evaluation of Sustainable Drainage Systems tool 
and expert stakeholder interviews to assess the influence of blue-green and grey infrastructure as 
adaptation pathways in urban drainage, on natural capital and ecosystem services, and to determine 
how these contribute to other forms of human-derived capital. Key findings show that blue-green 
options can enhance natural capital and ecosystem services such as amenity value while also con-
tributing to social and human capital. Although the assessed blue-green options contribute to reg-
ulating ecosystem services such as floods regulation, their most significant contribution is in cul-
tural ecosystem services, especially amenity value. It is concluded that incorporating blue-green 
infrastructure in urban drainage adaptive approaches can mitigate natural capital losses and con-
tribute to other forms of capital crucial for human well-being. 

Keywords: urban drainage; natural capital; blue-green infrastructure; nature-based solutions; eco-
system services 
 

1. Introduction 
Estimates show that by 2050, people living in urban areas are likely to account for 

66% of the world population [1], as urbanisation is expected to increase worldwide. In-
creased urban development promotes increased surface runoff, reduced infiltration and 
evapotranspiration due to the establishment and construction of large areas of impervious 
surfaces and pavements [2,3]. Increased urban flooding incidents are now one of the com-
mon environmental challenges in many cities across the globe [4–6], and this, exacerbated 
by climate change, is expected to increase in most places. Given the rapidly changing sit-
uation, there is a need to understand future uncertainties related to urban flooding and 
climate change while meeting the needs of the growing urban population [7]. This calls 
for approaches that contribute towards sustainable urban planning and development to 
cater for the urban development needs, while also addressing emerging environmental 
challenges such as urban flooding and combined sewer overflows (CSO). 

Blue-green infrastructure (BGI), also known as nature-based solutions, has gained 
interest in the recent past in urban planning and development [8–11], as it has significant 
potential in the urban drainage domain to manage flood risk, CSOs and mitigate climate 
change impacts. BGI is defined as “an interconnected network of natural and designed land-
scape components that may include ephemeral, intermittent and perennial water bodies, and open, 
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green spaces which provide multiple functions such as water storage, flood control and water pu-
rification and many others” [12]. Examples of BGI include green roofs, road swales, biore-
tention systems, rain gardens, ponds, street trees and urban wetlands, among others. 

BGI improves infiltration and evapotranspiration rates while promoting water har-
vesting/retention to delay or prevent surface runoff [9,13]. At the same time, BGI delivers 
a multitude of other benefits (ecosystem services), such as water quality improvement, air 
quality improvement, carbon sequestration, recreational activities, urban cooling, noise 
pollution reduction, biodiversity increase and amenity value [12,14–17]. Such multiple 
benefits are an important contribution to human well-being among urban dwellers 
[18,19]. As such, BGI is often promoted for its multifunctionality potential compared to 
grey infrastructure [20,21]. The contribution of BGI and associated multiple benefits to-
wards urban sustainability and resilience is widely acknowledged [22–24]. 

Urban development and its processes that involve the conversion of natural as-
sets/ecosystems into urban landscapes are regarded as a threat to natural capital and eco-
system functions [2]. Both global and national trends show that natural capital has been 
on the decline due to human influenced land use changes such as urbanisation and natural 
resource depletion [22,25,26]. It is increasingly recognised that BGI can at least mitigate 
these impacts, as it is considered as a network of natural capital (assets) in urban areas 
delivering a range of ecosystem services [4,20,27]. Natural capital refers to the stock of 
natural features/assets (e.g., freshwater, habitats, land, soil, air, biodiversity and pro-
cesses) which together provide the foundation for the flows of ecosystem services [26,28]. 
Both natural capital and other forms of capital (manufactured, human, social and finan-
cial) are required to produce flows of ecosystem services [25,29]. Although ecosystem ser-
vices knowledge is already in use in urban planning, especially with regards to the mul-
tiple benefits achievable from BGI, there is still need for natural capital assessments at 
relevant scales and contexts to inform planning decisions [18]. 

Natural capital and ecosystem services are becoming integral to the planning for sus-
tainable urban development [11,30]. It is increasingly being acknowledged that natural 
capital and ecosystem services need to be integrated in urban development (e.g., the UK 
National Planning Policy Framework (2019) points to the need for planning systems to 
contribute to and enhance the natural and local environment by “recognising the wider 
benefits of natural capital and ecosystem services”). Similarly, DEFRA (2020) has pub-
lished practical guidance and a suite of other resources to enable a natural capital ap-
proach and support its inclusion as an analytical tool to considering/thinking about nature 
[31] and how local authorities, developers and communities can apply this philosophy in 
urban planning. The Sustainable Development Goals (SDG) further support the natural 
capital thinking, with SDG 11 (Sustainable cities), SDG 3 (Good Health and well-being), 
SDG 6 (Clean Water), SDG 13 (Climate action), SDG 14 (life below water) and SDG 15 (life 
on land) all relating to natural capital as an integral element to achieving these goals. 

In attempts to adapt urban areas to climate change and address urban flooding chal-
lenges, adaptive approaches for the implementation of competing blue-green drainage 
infrastructure options are gaining interest [32]. Blue-green infrastructure options can be 
viewed as adaptation actions to increase urban resilience [33] to external pressures related 
to both human and environmental pressures such as climate change. The adaptation path-
ways approach focuses on exploring and sequencing a set of possible actions based on 
external developments, e.g., climate change over time [34]. In urban drainage such an ad-
aptation approach involves considering different combinations of blue-green infrastruc-
ture options and tipping points that trigger the need for the next set of actions to be im-
plemented as influenced by climate change or future development scenarios [32]. Blue-
green infrastructure options tend to be flexible and adaptable, whilst grey infrastructure 
tends to be more rigid in design and not adaptable in an uncertain future [35]. This implies 
that blue-green infrastructure interventions can serve as possible adaptation options and 
contribute towards enhancing urban resilience to climate change [12,15,27]. Such blue-
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green infrastructure options comprise natural capital assets that provide ecosystem ser-
vices as they are being implemented. This implies that the use of the blue-green infrastruc-
ture adaptation pathways approach interfaces with the work of practitioners developing 
and implementing long-term natural capital plans. Natural capital interacts together with 
the so-called human-derived capital, i.e., built, financial, human and social capital to con-
tribute to human well-being [25]. 

Although the understanding of blue-green infrastructure is well established [36], lit-
tle is said about its influence on natural capital and other forms of human-derived capital 
in urban areas [25]. This is important, as they are key to human well-being [37]. The aim 
of this study is, therefore, to assess the influence of different blue-green and grey infra-
structure combinations as adaptation pathways for urban drainage infrastructure on nat-
ural capital and associated ecosystem services over time and how these contribute to other 
forms of capital, i.e., social, human, financial and manufactured. 

2. Materials and Methods 
2.1. Study Area 

The study area is primarily a residential area in a South London Borough, where in-
creased urban development has led to the existing surface water drainage network reach-
ing its capacity and extreme storm events have caused local flooding incidents [38]. Figure 
1 shows the sub catchment under study. The sub catchment covers an area of approxi-
mately 97 ha. The sub catchment shown in the figure below is divided into five drainage 
areas upstream and downstream of major junctions in the sewer system, as modelled by 
Kapetas and Fenner [32] as part of the “Achieving Urban Flood Resilience in an Uncertain 
Future” research project, of which this study is also a part. Flooding is observed at the 
downstream sections of the sub catchment, upstream of the outfall to a local river (drain-
age area 5). 

 
Figure 1. Study area in the South London Borough (Contains Ordnance Survey data (2020)). 

Natural Capital Assets (Broad Habitats) in the Study Area 
As shown in Figures 1 and 2, the sub catchment under study is mainly a residential 

area occupied by buildings (20% of the total area) and manmade features such as roads 
(24%). A significant area is occupied by private gardens (48%) within the curtilages of 
residential properties. The main natural capital asset is amenity grassland (i.e., parks, 
sports fields and playgrounds), occupying 7% of the total area. Such green open spaces 
contribute towards recreational activities and air quality regulation. 
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Figure 2. Land use map for the study area (Contains Ordnance Survey data (2020)). 

2.2. Blue-Green Infrastructure Options Assessed in this Study 
Three blue-green and grey infrastructure combinations were assessed in this study. 

These were the blue-green infrastructure adaptation pathways to high (representative 
concentration pathway (RCP) 8.5) and central (RCP 4.5) emissions climate change scenar-
ios developed by Kapetas and Fenner [32]. In brief, the adaptation framework for urban 
drainage infrastructure proposed in the parallel study by Kapetas and Fenner [32] seeks 
to address how blue-green and grey infrastructure can be integrated in rapid changing 
urban environments to help practitioners and policy makers compare which options to 
implement, as well as when, where and why and how these options can be combined as 
different adaptation pathways over time to address current flooding incidents and future 
climate, up to 2070. The local authority in the study area is considering the integration of 
blue-green infrastructure options with existing grey infrastructure to reduce the flood risk 
while also delivering a “natural capital uplift”. The local authority is also considering the 
development of SuDS on Streets (as a policy of Transport for London [39]). It is also inter-
ested in improving air quality, as parts of wider local surroundings comprise Air Quality 
Management Areas (AQMA) [40]. 

The work presented in this paper focusses on the natural capital assessment of key 
adaptation pathways developed by [32]. This study selected three blue-green and grey 
infrastructure adaptation pathways for a natural capital assessment. Selected blue-green 
infrastructure options were a deliberate mix of different blue-green and grey infrastruc-
ture combinations, outlined below: 
• Adaptation Pathway 1 (AP1)—Bioretention cells gradually implemented overtime 

(between year 2020 and 2050) (green infrastructure option). 
• Adaptation Pathway 2 (AP2)—A retention pond implemented immediately (year 

2020) in part of the sub catchment, while bioretention cells are implemented gradu-
ally in the rest of the sub catchment up to year 2050 (blue-green infrastructure op-
tion). 

• Adaptation Pathway 3 (AP3)—Pipe system upgrade/expansion implemented imme-
diately (2020) with supplementary bioretention cells implemented gradually in the 
rest of the sub catchment up to year 2050 (green and grey infrastructure option). 
Figure 3 shows the spatial spread of the blue-green and grey infrastructure options 

in the study area. Since bioretention cells are proposed to be gradually implemented over 
time, the different line colours for the bioretention cells indicate the time period over 
which these can be implemented in each drainage area. The hypothetically proposed lo-
cation of the retention pond is on drainage area 1, while a pipe upsize will cut across 
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drainage area 4 through to drainage area 5. As explained by [32], the delineation of the 
drainage areas is based on the major junctions in the sewer system and the criticality of 
the junctions under current and future flood risk in the sub catchment. 

 
Figure 3. Proposed implementation location of the selected blue-green and grey infrastructure 
options in the study area (Contains Ordnance Survey data (2020)). 

2.3. Methods and Tools Used 
2.3.1. Natural Capital Planning Tool 

The Natural Capital Planning Tool (NCPT) is one of the tools used to assess ecosys-
tem services [41]. This tool allows for an indicative assessment of the impact of a proposed 
development plan on natural capital and ecosystem services. The NCPT is spreadsheet-
based and calculates the impact score for 10 selected ecosystem services, indicating the 
direction (positive or negative) and magnitude (impact score) for each assessed ecosystem 
service and an overall development impact score for all ecosystem services over 25 years 
post-development. Indicators are used to assess each ecosystem service using pre-defined 
scores, after which the values are aggregated using weights defined by experts or stake-
holders to generate an ecosystem service impact score. The calculated impact scores are 
based on a range of indicator data such as population density, soil drainage class, size of 
green space sites and spatial land use information for the pre- and post-development state 
of an area. Land use options are based on the Joint Nature Conservation Committee (phase 
1) habitat survey and classification framework. Figure 4 shows the list of ecosystem ser-
vices assessed using the NCPT and an example of a NCPT scoring outcome. 
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Figure 4. Ecosystem services assessed using the Natural Capital Planning Tool (NCPT) and an 
example of calculated impact scores (Source: http://ncptool.com, accessed on 20 August 2018). 

As illustrated in Figure 4 (not part of the analysis), the NCPT calculates the likely 
impact score of the proposed development on each of the 10 ecosystem services and also 
the overall development impact score (in the example this is −7.83). This implies that the 
proposed development has a likely negative impact on ecosystem services. The tool also 
calculates theoretical minimum (e.g., −14.84 in the above example) and maximum (e.g., 
+29.34 in the above example) scores, which show the potential of the site to lose or gain 
natural capital and associated multiple benefits, based on a pre-development land use 
composition. Given the complexities and associated uncertainties in ecosystem service as-
sessments, the NCPT outcomes are only indicative of the possible direction of change and 
magnitude of the impact of a proposed development on natural capital and ecosystem 
services [41]. The calculated impact scores can be weighed and adjusted during the as-
sessment to suit local conditions. One of the key reasons why the assessment is performed 
is to improve the design of the proposed development: based on the tool impact score 
outcome, the proposed development design can be improved or revised to enhance mul-
tiple benefit provisions in sustainable urban development. The NCPT can be applied at 
different stages of the planning or development process to help improve the design along 
this process. 

2.3.2. Benefits Evaluation of Sustainable Drainage Systems (B£ST) and Cost estimations 
The CIRIA Benefits Evaluation of Sustainable Drainage Systems (SuDS) (B£ST) tool 

was used to evaluate relevant multiple benefits arising from the selected blue-green infra-
structure interventions and the contribution of these interventions to different forms of 
human-derived capitals. The tool uses a common approach to value multiple benefits 
(ecosystem services) but structures the outputs in two frameworks: an ecosystem services 
or capitals account [42]. The capital-based approach is a recent addition (2019) to the tool 
which reflects the growing use of the natural and other (social, financial, manufactured 
and human/intellectual) capitals in practice and the need to yield outputs in a “common 
language” which is increasingly being used. 

Costs (i.e., Capital, Operational and Maintenance costs) for the selected blue-green 
and grey infrastructure options were estimated using: (1) the SCOTS and SUDS for Roads 
Whole Life cost tool (2015) and (2) unit costs from the literature, i.e., Liu et al. [43] and 
Swan and Stovin [44]. The SCOTS and SUDS for Roads Whole Life cost tool calculates the 
capital and maintenance costs for a range of SUDS features including bioretention systems 
and retention ponds. The capital costs of bioretention cells were estimated at £35/m2 and 
£55/m3 for a retention pond, and operational and maintenance costs at £1,086/yr and 
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£1,727/yr for bioretention cells and retention pond, respectively. The representative capi-
tal and operational and maintenance costs for pipe upgrades were estimated at £510.73/m, 
adapted from Kapetas and Fenner [32] and Starkl et al. [45]. The present value costs of 
each adaptation pathway were compared with the net present value from the selected 
adaptation pathways, using the standard discount rate of 3.5% set by the treasury [42]. 

2.3.3. Expert Stakeholders Survey/Interviews 
Prioritised ecosystem services in the study areas were elicited from expert stakehold-

ers via a detailed online survey and follow-up telephone interviews. The main aim of the 
survey was to engage expert stakeholders in identifying prioritised ecosystem services in 
the study area as well as to assess their understanding on different blue-green infrastruc-
ture interventions. Four experts from the flood risk and planning, SUDS education and 
water resources protection offices within the local authority and NGOs in the study area 
contributed to this process 

3. Results 
3.1. Impact of Selected Blue-Green and Grey Infrastructure Combinations on Ecosystem Service 
Delivery Overtime 

Based on NCPT calculations, Figure 5 shows the overall development impact of the 
selected blue-green and grey infrastructure combinations on ecosystem service delivery. 
The results show that the combination of a pond and bioretention cells (AP2) has the high-
est development impact score on ecosystem services over time, as the impact score in-
creases from 20 to 35 by the year 2050. This is followed by AP1, which consists of biore-
tention cells only, increasing the development impact score from just below 20 to 33 by 
the year 2050. AP3, which is a hybrid combination of “grey” pipes and bioretention cells, 
has the least development impact on ecosystem services, with a score of 10 in 2020 which 
increases to 18 by the year 2050. Overall, this shows that all combinations have a positive 
development impact on ecosystem services, although each of the options have varying 
impact scores. Refer to Supplementary Material 2 for detailed ecosystem service scores for 
each of the adaptation pathways, including estimated minimum and maximum theoreti-
cal scores for each of the adaptation pathways and associated ecosystem services. 

 
Figure 5. Development impact of selected blue-green and grey infrastructure combinations on 
ecosystem service delivery overtime. 

Figure 6 illustrates the impact of AP2 on specific ecosystem services. The results in-
dicate that aesthetic values, local climate regulation and air quality regulation ecosystem 
services are the most significant benefits from all the three intervention options (Supple-
mentary material 2). Biodiversity, water quality regulation, flood risk regulation and 
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global climate regulation ecosystem services have the lowest development scores from all 
the intervention options. This implies that these ecosystem services (ES) are not signifi-
cantly enhanced by these intervention options. 

 
Figure 6. Development impact of a pond and bioretention cells’ blue-green combination on ecosys-
tem services. 

As illustrated in Figure 6, the development impact score for aesthetic values almost 
doubles overtime with the introduction of AP2. Such a potential increase in ecosystem 
services from the selected blue-green combinations is based on the understanding that 
these intervention options enhance various natural capital assets, such as trees, shrubs, 
water, soil and habitats, which together provide ecosystem services. Depending on the 
chosen design, bioretention cells can increase natural capital assets such as green spaces, 
trees and shrubs, while a pond can increase freshwater/wetland natural assets in an area. 

3.2. Present Costs and Benefits Comparison of the Selected Blue-Green and Grey Infrastructure 
Combinations 

The comparison of the present value costs and present value benefits of the selected 
blue-green and grey infrastructure combinations shows that AP3 (Pipe expansion and bi-
oretention cells) has the highest present value costs (~£1.3 million) and the lowest multiple 
benefits present value (Figure 7). Such high costs are associated with the capital required 
for pipe upgrades. Bioretention cells and ponds have relatively low capital costs, but high 
operational and maintenance costs for activities such as inspection and monitoring, weed 
control, pruning and trimming of trees/shrubs and sediments removal. Of the three op-
tions, AP1 (bioretention cells) has the lowest present value costs. 
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Figure 7. Present value costs and benefits of the selected blue-green and grey infrastructure combi-
nations. 

The highest present value benefits (~£3.5 million) are from AP2, which consists of a 
blue-green combination. As also presented in the section above, this option has a high 
ecosystem service delivery potential compared to the other two options. The least present 
value benefits are from AP3 (hybrid combination), given the higher present value costs 
associated with this option. 

As shown in Figure 8, AP2 has the potential to deliver the highest present value ben-
efits, with a significant contribution to the cultural ecosystem services. The types of eco-
system services in this category include amenity/aesthetic value, recreation, education 
and health (Figure 9). AP2 also significantly contributes to regulating ecosystem services 
such as flood risk regulation and air quality improvement. AP1 contributes to similar eco-
system service types and categories but has lower present value benefits compared to 
AP2, as this is a bioretention cells only option. All the three options have a slight contri-
bution to supporting ecosystem services such as biodiversity. This varies with the type of 
plants/trees used to establish these systems. The present value contribution of these op-
tions to carbon reduction and sequestration is low, given the time taken for the vegetation 
and plants to grow on pond edges and in bioretention cells. Due to their nature, none of 
these options significantly contributes to provisioning ecosystem services. 
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Figure 8. Present value benefits comparison of selected blue-green and grey infrastructure combi-
nations by ecosystem service categories. 

As further illustrated in Figure 9, the most dominant ecosystem service from these 
options is amenity value. Based on the expert stakeholder interviews, flood risk reduction 
was rated as an essential priority ecosystem service, while aesthetic value and air quality 
regulation were rated as very important in the study area (Table 1). This implies that, 
although these assessed options deliver on the flood risk reduction ecosystem service, 
their highest contribution is in other ecosystem services, such as amenity value. 
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Figure 9. Present value benefits comparison of selected blue-green and grey infrastructure combi-
nations by types of ecosystem services. 

As illustrated in Figure 9, AP2 has the potential to deliver more ecosystem services, 
with amenity value being the most dominant present value benefit across the three op-
tions. All the three options have a very small net present value contribution to biodiversity 
and ecology ecosystem services, given the time required for the systems to be established. 

3.3. Capitals Account: Contribution of Blue-Green Infrastructure Options to Human-Derived 
Capitals 

Based on the B£ST capitals account for the blue-green options assessed in this study, 
findings show that these contribute to other forms of capital. The options assessed in this 
study notably contribute to social and human capital in addition to their contribution to 
natural capital (Figure 10). The contribution of these options towards other capitals is 
based on the distribution of ecosystem service types across different forms of capital, i.e., 
social, financial, manufactured and human/intellectual. For example, the assessment 
framework embedded in B£ST splits air quality regulation between natural and social 
capital as it contributes to both forms of capital, while biodiversity and ecology mainly 
contribute to natural capital, and hence 100% are allocated to natural capital. 
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Figure 10. Contribution of selected blue-green infrastructure to other forms of capital. 

3.4. Expert Stakeholder Interviews’ Summary 
Table 1, below, gives an overview of the key messages from the expert stakeholder 

online survey. The expert stakeholders were then requested to comment on the survey 
results shown in Table 1 during subsequent telephone interviews. The interviews pro-
vided explanations to their selected ecosystem service and blue-green options ranking and 
prioritisation as reflected in the discussion section. Refer to Supplementary 1 for detailed 
outcomes from interview discussions with the expert stakeholders. 

Table 1. Expert stakeholder survey summary results overview. 

Survey Summary Results 
Flood risk regulation is an essential priority ecosystem service in the study area 

Aesthetic values and recreation are very important ecosystem services, while water 
quality regulation is of little importance to local residents.  

Among the different blue-green options there is good knowledge on raingardens and 
rainwater harvesting in the study area  

Raingardens and permeable pavements’ blue-green options are definitely possible to im-
plement in the study area 

In terms of ranking-Bioretention cells were ranked as the first choice intervention and 
raingardens as the second choice to be implemented, while Permeable Pavements were 

ranked last.  

As highlighted in Table 1, the responses from expert stakeholders confirmed the 
flood risk challenge in the study area, and hence the prioritisation of flood risk regulation. 
The table also shows that cultural ecosystem services such as aesthetic value were re-
garded as very important to local residents in the study area. As stated by one of the expert 
stakeholders, “This reflects an awareness of what people are worried about such as flooding. Water 
quality is not prioritized as people don’t understand where water comes from and the direct im-
portance of water quality directly to them” (Interview #3). 

In relation to the blue-green options desired in the study area, bioretention cells were 
ranked as the first choice intervention option, while permeable pavements were ranked 
as the least favoured. As explained by one of the experts, “Bioretention cells offer more value 
in terms of multiple ecosystem services provision while Permeable Pavements are primarily focused 
on one benefit/addressing one challenge. The magnitude of benefits and higher water storage po-
tential of Bioretention cells makes them a first choice compared to Permeable Pavements which 
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don’t even have an aesthetic or recreational value. Raingardens are popular as people can under-
stand and have confidence in what such interventions can deliver” (Interview #4). 

4. Discussion 
The main focus of this study is to assess the contribution of different blue-green and 

grey combinations on natural capital and human-derived capital. The blue-green infra-
structure options assessed in this study showed a potential contribution towards a range 
of ecosystem services such as amenity/aesthetic value, air quality improvement, recrea-
tion and educational opportunities. Of these, flood risk reduction was indicated by expert 
stakeholders to be of essential priority to the local residents in the study area, whilst aes-
thetic value, recreation and air quality regulation were rated as very important. Water 
quality regulation was rated as of little importance to local residents, and this was at-
tributed to the local residents’ appreciation and prioritisation of ecosystem services that 
they can visualise, such as aesthetic value from blue-green infrastructure. Conversely, wa-
ter quality regulation was regarded as not so visible, with limited understanding among 
local residents of the direct importance of the water quality ecosystem service to them as 
opposed to, e.g., flooding incidents, which they have witnessed in the recent past. 

As also demonstrated elsewhere (e.g., [14] and [46]), flood risk reduction and amenity 
value/aesthetic are two of the main benefits from blue-green infrastructure. In line with 
the Millennium Ecosystem Assessment’s [47] ecosystem service categorisation, amen-
ity/aesthetic value refers to the beauty of a place derived from seeing, hearing, touching, 
feeling or smelling the landscape/nature. Increased access to green spaces and their aes-
thetic value contributes to both mental and physical human well-being [27,31,37]. In so 
doing, this contributes to added social capital associated with increased social networks 
and social relationships. As shown in this study, the assessed blue-green options contrib-
uted more to social capital owing to the potential increase in green spaces and opportuni-
ties for outdoor recreation activities. The contribution to human capital refers to the pro-
ductive capacity of human beings, and this includes the capabilities held by individuals, 
such as knowledge, education, skills and physical and mental health. Business opportu-
nities derived from outdoor recreation activities can contribute to financial capital. This 
implies that blue-green infrastructure contributes not only to natural capital but also to 
other forms of capital (social, human and financial). Taken together, all these forms of 
capital constitute wealth—the ability to produce goods and services into the future and 
from which human well-being is gained [26]. 

The feasibility of the different intervention options assessed in this study is depend-
ent on physical constraints and their costs and benefits. The responses from the expert 
stakeholders’ interviews showed that bioretention cells were ranked as the first-choice 
blue-green intervention option in the study area, followed by raingardens. However, in 
terms of feasibility, raingardens and permeable pavements were reported to be readily 
implementable in the study area compared to bioretention systems. Reasons for this in-
cluded the ease of introducing raingardens in a retrofit setting like the study area, whilst 
bioretention cells were argued to be easily implementable in new developments. As such, 
raingardens were reported to be the most popular blue-green intervention in the study 
area, given their low cost and small scale of implementation—which made it possible to 
introduce them in different settings, such as private gardens schools in the study area, 
bringing them closer to beneficiaries. 

The findings from this study, as also reported elsewhere (e.g., [3,35,48]), show that 
blue-green options appear to be economically viable, as they are cheaper and cost-effec-
tive, with multiple benefits across space and time compared to grey infrastructure. The 
economic value of BGI schemes is argued to be key for decision makers, e.g., planners and 
local authorities, as such information is required to convince the relevant stakeholders 
and most planning decisions are based on economic value [7]. Bringing to the fore the 
economic value and multifunctionality of blue-green infrastructure could help provide a 
backing for these interventions in urban planning and decision making. Due to the limited 
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understanding of the economic importance of blue-green options and their associated 
multiple benefits, their adoption is still overshadowed by the traditional practice of grey 
infrastructure in most urban areas throughout the world [2]. As argued elsewhere, e.g., 
[48], blue-green and grey infrastructure combinations can be complimentary in urban 
drainage adaptation strategies, as they offer a wide range of multiple benefits, including 
their combined potential in flood risk reduction, which in most cases is the main driver 
for such intervention strategies. 

Despite the economic viability of blue-green infrastructure compared to grey infra-
structure options, there are still issues regarding who should incur the costs and fund BGI 
schemes [14]. Clearly, benefits such as amenity value from BGI are not only enjoyed by 
local residents but also benefit the wider society. This raises questions as to whether de-
velopers should fund schemes or communities should also be asked to co-fund BGI initi-
atives [36]. This also applies to the maintenance of such infrastructure. Whilst private de-
velopers may be able to gain a financial return from investing in BGI via increased prop-
erty prices, social landlords may have to take a broader view and consider how the de-
rived benefits help them meet their wider goals. 

While extensive research has been undertaken on both the hydrological and engi-
neering performance of BGI, little has been said on maintenance and governance systems 
for these [2,46]. The capability of blue-green infrastructure and hence natural capital to 
deliver multiple benefits is dependent on their condition, quality and extent [49,50]. If in 
good status, blue-green infrastructure can significantly contribute towards climate resili-
ence and human well-being [27]. This points to the need for maintenance—e.g., inspection 
and monitoring, sediment removal, etc.—of blue-green infrastructure to ensure its effec-
tiveness overtime. Such issues, related to the costs and governance of BGI, have been iden-
tified as some of the factors that have led to a slow uptake and social acceptance of BGI in 
most urban areas globally [6,15,33,46]. 

The methods and tools used in this study have uncertainties and assumptions that 
need to be considered in interpreting the presented results. In B£ST, the uncertainty re-
lated to the actual quantity of the benefit and the monetisation rate should be taken into 
account. In this tool, the user enters confidence scores (i.e., 25% (least confident) to 100% 
(very confident)) for both the physical data and the allocated financial unit benefits, which 
are used to determine the results [51]. In this study, a 75% confidence score was applied 
for both uncertainty sources, except in some cases, as indicated in the tool where the mon-
etisation rate was set at 100%. The use of confidence intervals in B£ST also implies that the 
actual benefits value could be higher than estimated. The valuation approach used in B£ST 
is based on different market and nonmarket approaches. This contributes to the ongoing 
debate and disagreements over the monetary evaluation of ecosystem services [52,53], as 
such approaches are argued to underestimate the value of ecosystem services, especially 
the intangible ones, and hence the potential underestimation of economic benefits of BGI. 

Similarly, NCPT has its own limitations, related to the habitat/land use classification 
system, that has limited applicability in urban contexts, as it does not include all the hab-
itat types associated with different blue-green infrastructure options. The choice of bound-
aries for the natural capital assessment is also critical to the final result, as benefits such as 
flooding and ecological connectivity propagate further away from the development zone. 
As a developing area, natural capital assessment methodologies are still evolving [54], and 
challenges related to data (e.g., uncertainty in valuation estimates and reliable measures 
of assets extent and condition) still need to be explored further. 

Given the complexities related to non-linear dynamics in ecosystem processes and 
interactions [55] and the limited scientific understanding of these, current ecosystem ser-
vices assessment approaches are based on simplifying assumptions [56], which tools such 
as B£ST and NCPT are based on. For example, such simplifying approaches assume a 
linear relationship between habitat types/changes and ecosystem service delivery. Fur-
thermore, in NCPT, proxy-based scores are used to indicate the potential magnitude of 
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impact and the possible direction of change of selected ecosystem services. Such simpli-
fying approaches are widely applied in ecosystem service assessments due to the lack of 
independent ecosystem services data, which could be used to assign exact figures to eco-
system services [57]. On this basis, such assumptions and generalisations must be consid-
ered when interpreting the findings and conclusions of this study. 

5. Conclusions 
The aim of this study is to assess the influence of different blue-green and grey infra-

structure combinations as adaptation pathways for urban drainage infrastructure on nat-
ural capital and associated ecosystem services over time and consider how these contrib-
ute to other forms of capital (i.e., social, human, financial and manufactured). The results 
presented show that blue-green infrastructure combinations have the potential to enhance 
natural capital and associated ecosystem services. Such options proved to be cost-effec-
tive, with higher present value benefits compared to a hybrid combination of green and 
grey infrastructure option. Findings also showed that blue-green infrastructure options 
do not contribute only to natural capital but also to other forms of capital, such as social 
capital. It is concluded that incorporating blue-green infrastructure options in urban 
drainage adaptive approaches can mitigate natural capital losses and contribute to other 
forms of capital crucial for human well-being. The inclusion of natural capital assessments 
in wider environmental assessments could ensure that natural capital is considered along-
side built, financial, social and human capital in sustainable urban development. 

Although extensive research has been undertaken to demonstrate the potential of 
blue-green infrastructure in urban development, there is still a need to bridge this research 
with the urban planning practice, including local stakeholder engagement to ensure the 
acceptance and uptake of such interventions. Making a clear business case on the costs 
and benefits of such schemes and agreements on who incurs such costs will help move 
this agenda forward in tandem with tackling flood risk and associated environmental 
challenges in urban areas. 
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