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The rapid urbanization witnessed in recent years has led to the deterioration

of urban ecosystems, resulting in various environmental and socioeconomic

challenges. In response to these concerns, the implementation of Green and

Blue Infrastructures (GBI) has gained prominence as a sustainable urban planning

approach. GBI is a planned network system of natural and semi-natural spaces,

along with other environmental elements, managed and designed to provide a

wide range of ecosystem services and improve ecological conditions, thereby

contributing to citizens’ wellbeing and quality of life. This study presents a

comprehensive assessment of the costs, benefits (ecosystem services), and

impacts (ecosystem dis-services) associated with the incorporation of GBI in

urban environments using the technique of emergy accounting. To achieve

this, the research paper introduces a novel integrated valuation framework. This

framework encompasses key components such as constructing/maintenance

costs, ecosystem services, needed costs to human health and biodiversity

damage, as well as ecosystem dis-services. Furthermore, the study conducts

a comparative analysis of the costs, benefits, and impacts associated with

di�erent urban GBIs via ternary phase diagram, shedding light on their varying

contributions to the urban ecosystem. The findings reveal that green roofs

o�er more ecosystem benefits as compared to other GBIs, but this study also

highlights that green roof entail higher initial construction costs and produce a

greater number of dis-services. Conversely, street trees have lower initial costs

and impacts yet generate higher benefits. Furthermore, green walls, despite

having a lower input emergy value and fewer benefits, result in higher impacts

compared to other green-blue ecosystems. These findings provide valuable

insights for urban planners, policymakers, and stakeholders, enabling them to

make informed decisions in developing sustainable cities for the wellbeing of

present and future generations.
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1 Introduction

Cities worldwide are currently confronted with urgent
challenges brought about by climate change, water security
concerns, air pollution, and declining public health and wellbeing
(Hoek et al., 2013; Netherlands Environmental Assessment Agency,
2018; WHO and UN-Habitat, 2016). With global urbanization
ongoing, it is projected that nearly 68% of the global population
will be residing in urban areas by 2050 (United Nations,
2018), underscoring the growing importance of addressing these
challenges. As a result, cities are actively exploring new techniques
to mitigate climate-related impacts and other environmental issues.
One proposed policy approach to tackle these challenges is the
expansion of green and blue spaces within urban areas. Notably,
the United Nations’ Sustainable Development Goal focused on the
New Urban Agenda (United Nations, 2017), and the sustainable
cities (United Nations, 2015) explicitly call for more green spaces
in urban areas. Likewise, the European Union has formulated an
innovative research policy that promotes the integration of green-
blue spaces into urban planning as a means to address social
challenges (European Commission, 2015).

Urban green and blue infrastructure (GBI) is commonly
referred to as urban green and blue space, defined as a strategically
organized network of natural and semi-natural areas along with
other environmental features, to provide various ecosystem services
(ESs) within a city’s boundaries (European Commission, 2013).
Examples of urban GBI include green roofs, street trees, parks, and
urban water bodies. ESs are typically described as the benefits or
contributions that ecosystems offer to people (Díaz et al., 2018;
Haines-Young and Potschin, 2018). In urban settings, key ESs
encompass air quality regulation, local temperature control, and
recreational opportunities (Gómez-Baggethun and Barton, 2013;
Haase et al., 2014; Keeler et al., 2019; Shah et al., 2021; Meng et al.,
2023). Certain types of urban GBI possess the potential to deliver
ESs that address several sustainability challenges. For instance,
parks not only promote health benefits through recreational
opportunities but also help mitigate climate change by reducing
flood events and extreme summer temperatures (Escobedo et al.,
2011; Livesley et al., 2016; Roy et al., 2012). On the other hand,
specific GBI types like rain gardens or constructed wetlands are
explicitly designed to tackle particular challenges, such as climate
change adaptation and water quality improvement (Prudencio and
Null, 2018; Schlea et al., 2014; Shah et al., 2020).

The development and improper management of urban green
spaces can lead to ecosystem dis-services (EDs), which refers to
the adverse impacts of nature on human wellbeing (Blanco et al.,
2019). It is crucial to determine the threshold at which an urban
green area transitions from providing services to causing EDs. For
example, pollen emission via vegetation can heighten the risk of
allergies (Lara et al., 2019). Another significant drawback of green
spaces is the safety concern regarding animal attacks or crimes, as
observed in other locations. Moreover, the presence of ecological
corridors can promote the proliferation of predators and pests
(Tian et al., 2020). Additionally, constructed wetlands or lakes
might lead to increased methane emissions and the transmission
of vector-borne diseases (da Silva Pereira et al., 2022). Trees
located near pedestrian paths can cause infrastructure damage,

such as pavement cracking, and urban green areas often contend
with animal waste (Kruize et al., 2019). In brownfield areas, dust
can pose health risks, and plant litter is viewed as a significant
disadvantage (Weeks et al., 2021), despite its potential benefits
for soil ESs. Lastly, the use of tractors for managing urban green
areas can lead to soil compaction, diminishing soil functions like
flood and erosion control as well as carbon sequestration (Saco
et al., 2021). While numerous drawbacks are associated with urban
green-blue areas that serve as Nature-Based Solutions (NBS), their
presence is crucial for enhancing the livability of urban spaces.
Therefore, when implementing GBI, it is essential to consider the
associated drawbacks and develop strategies to mitigate them.

Determining the ecological and economic values of GBI in city
regions is a challenging task, and various techniques have been
proposed by researchers. While many of these methods utilize
monetary or economic approaches, accurately calculating the ESs
and dis-services of urban GBI remains challenging. For example,
Song et al. (2015) measured the ESs value of urban green spaces
by using survey-based contingent valuation methods. Further, Tian
et al. (2020) evaluated the ESs and dis-services values through
the willingness-to-pay method because an economic or monetary
value is easier to understand for urban managers to monitor the
policy results (Greenhalgh et al., 2017). However, some scholars
have criticized this approach as being limited by a narrow focus
on human preferences (Brown and Ulgiati, 2011; Franzese et al.,
2017). They argue that such methods often prioritize current
social values with a limited time horizon (Mellino et al., 2015),
neglecting the interests of future generations and other species
(Brown and Ulgiati, 2011) and providing an incomplete picture of
environmental benefits (Häyhä and Franzese, 2014).

Regarding the choice of the Emergy accounting approach, it
is a widely recognized method for evaluating the sustainability
of systems (Brown and Ulgiati, 2004). Emergy refers to the total
energy, both direct and indirect, needed to produce a service
or product (Odum, 1996). The fundamental idea of the emergy
method is to measure all flows of resources—such as energy,
labor, material, information, and services—by applying a common
metrological reference, called solar emergy. In the context of
assessing Ecosystem Services Valuation (ESV), the generation of
ESs is viewed as an ecological thermodynamic process (Franzese
et al., 2017). Specifically, from a production standpoint, emergy
can describe and evaluate material flows and energy exchanges,
measure the environmental impact of each flow and stock, and
assess specific biophysical and thermodynamic factors. While
emergy has been widely utilized in ESV assessment (Shah et al.,
2023, 2022; Zhang et al., 2017), it still lacks a comprehensive
assessment method that can be applied across various urban green-
blue ecosystems to reveal their ESs formation mechanisms. Past
studies have assessed several ESs of urban GBI using the emergy
accounting method (Duan et al., 2011; Thompson, 2018). However,
these studies did not account few adverse effects or cover certain
benefits, such as fire damage, infrastructure damage and water
storing capacity. It is crucial to consider negative impacts when
conducting a comprehensive evaluation of the costs and benefits
associated with GBI.

To address these research gaps, this paper aims (1) to develop
a consistent emergy-based assessment method for green-blue
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ecosystems, (2) to evaluate ESs and dis-services across six key
green-blue ecosystems using the newly proposed framework;
and lastly, (3) to compare emergy analysis outcomes (including
inputs, ESs, and EDs performance metrics) through ternary phase
diagrams. This research serves as a crucial tool for policymakers
to steer green development, fostering an ecologically-driven urban
perspective and encouraging the adoption of integrated ecological
civilization reform. This, in turn, promotes ecological civilization
construction and the sustainable growth of cities, all of which hinge
upon the evaluation of ESs.

2 Methods

2.1 Emergy diagrams of the urban green
and blue infrastructure

Emergy diagrams (Figure 1) provide a holistic and quantitative
representation of the energy flows and resource utilization within
a system. When applied to urban GBI such as street trees,
green walls, green roofs, sunken green spaces, bio-retention
ponds, and constructed wetlands, emergy diagrams help assess the
contributions and sustainability of these elements within an urban
environment (Odum, 1996). From left to right in the diagrams,
urban green-blue spaces have some common renewable resources
(R), such as sunlight, that drive the process of photosynthesis
within the GBI system. As a result, net primary productivity (NPP)
occurs, leading to the sequestration of carbon dioxide from the
atmosphere into the plants. This carbon sequestration is vital
for mitigating greenhouse gas emissions and helps in regulating
the overall atmospheric carbon balance. Similarly, some common
non-renewable resources such as tools, machinery, labor, and
services are also used in construction, irrigation, or transportation
for maintenance.

However, certain non-renewable resources are specific to
certain types of infrastructures. For instance, Polyethylene (PE)
liners are employed in constructed wetlands for wastewater
treatment to inhibit contaminated water from seeping into the
groundwater table (Hammer, 1989). Similarly, moving from the
top to the bottom part of the diagram, the major source of water
for street trees, green roofs, and walls is artificial irrigation. The
availability of water is crucial for the growth and survival of these
green spaces, and their roots are supported by organic-rich filler
soil, which provides essential nutrients. Wetlands, on the other
hand, do not require artificial irrigation water because they mostly
use untreated or sewage wastewater. These cumulative benefits
are illustrated on the left and right sides of Figure 2. In practice,
green-blue spaces often overlap and complement each other in
urban planning and design, leading to integrated approaches that
maximize the combined benefits.

2.2 Emergy-based integrated valuation
framework of urban GBI

Urban green-blue spaces have been assessed from four
different perspectives:

1) Constructing/maintenance cost. This input value
comprehensively evaluates and measures the emergy
resources necessary to construct and maintain a thriving
urban GBI. The cost is determined using the conventional
emergy procedure, which involves multiplying all input flows
contributing to the product by their UEV (Unit Emergy
Value) to ascertain the emergy associated with each flow.
Subsequently, a cumulative emergy value is calculated by
summing up all emergy inflows (refer to the case study,
Tables 1, 2).

2) Ecosystem services (ESs). Ecosystem services can be
categorized into intermediate and final services. (1)
Intermediate services refer to ecological functions, such as
net primary productivity (NPP), which form the foundation
for final services by supporting essential processes. (2)
Final ecosystem services represent the aspects of nature
that are directly utilized, consumed, or experienced by
humans, contributing to their wellbeing. These services
are carbon sequestration, water regulation, etc., (Boyd and
Banzhaf, 2007). Emergy analysis involves calculating the
amount of emergy associated with the performance of the
i-th ecosystem service (ESs) provided by GBIs, such as net
primary productivity (NPP) increase, carbon sequestration,
microclimate regulation, water storing and others. This
calculation is based on the following equation:

Em = S(Pi)× UEVi (1)

Here, S(Pi) represents the “magnitude” of the i-th service
provided (e.g., CO2 sequestration), and UEV is the Unit
Emergy Value, corresponding to the amount of emergy
required for 1 unit of the i-th service/process (e.g., for the
sequestration of 1 g of CO2). Both the S(Pi) value specific
to a GBI and the UEV values for the considered i-th
service/process can be obtained from relevant literature in
the field.

3) Needed cost for human health and biodiversity damage.
The GBI can aid in repairing or replacing specific items
that might have been damaged due to societal and economic
processes, thereby obviating the need for technological
interventions. To assess such cases, the Life Cycle Assessment
(LCA) ReCiPe Endpoint 2016 Impact Assessment Method
(Ecoinvent 3.5 software) is utilized (Goedkoop et al., 2009;
Huijbregts et al., 2017). This method yields measures of
human health damage (DALY—Disability Adjusted Life
Years) and biodiversity damage [Potentially Disappeared
Fraction of species (PDF) × area × time, i.e., PDF × m2

× yr] which are then multiplied by the respective UEVs for
human life and biodiversity. Consequently, these measures
are converted into their emergy values, representing an
approximate estimation of the replacement cost. Let’s suppose
that no direct environmental service is available to mitigate
the impact that needs to be regulated (e.g., the absence of
trees, shrubs, and grass in the area to absorb CO2). In such
a scenario, we calculate the total environmental cost (total
emergy Emp) required to prevent the damage or to replace an
item damaged by an uncontrolled impacting flow, P, using a
technological process (e.g., technology for CO2 sequestration
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FIGURE 1

Emergy analysis flow diagram of GBI ecosystem services (R, renewable inputs; G.W, groundwater; L&S, labor & services; red line shows ecosystem

dis-services).
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FIGURE 2

Ecosystem services and dis-services provided by urban green and blue ecosystems (GRs, green roof; GW, green wall; UF, urban forest; ST, street

trees; UFL, urban farming land; BP, bioretention pond; CW, constructed wetland; SG, sunken green spaces; VOCs, volatile organic compounds).

or technology to address damage to human health or
biodiversity caused by CO2 through global warming).

Emhealth = P × DALY × UEVDALY (2)

or

EmPDF = P × PDF × UEVPDF (3)

The environmental cost of addressing an impact using
technology can be measured and compared to the environmental
resources required by a service that aims to prevent the damage
rather than repair it after it occurs.

4) Ecosystem dis-services (EDs). Green-blue spaces can also
lead to certain damages or dis-services when they are not
adequately compatible with the urban environment. This

research delves into the emergy cost required to rectify these
damages, encompassing the emergy needed to address human
health and biodiversity losses. For instance, this includes
repairing roads damaged by tree roots and human health
damage by pollens.

2.3 Emergy-based accounting methods of
urban GBIs

2.3.1 Ecosystem services
2.3.1.1 NPP increase

NPP (net primary productivity) denotes the net carbon
accumulation by plants, representing the equilibrium between
carbon acquired via photosynthesis and carbon emitted through
plant respiration (Chapin and Eviner, 2007). The emergy driving
NPP increase is computed as follows:

EmNPP =
∑

R(i) +
∑

P(i) (4)

where Em NPP represents the emergy (sej/m2/yr) required by
NPP;

∑
R(i) is the summation (over i from “a” to “e”)

of all renewable emergy (sej/m2/yr) inflows to the analyzed
GBI ecosystem. Specifically, the following renewable emergy
inflows have been considered: (a) solar, Emsolar , (b) geothermal,
Emgeoth, (c) wind, Emwind, in addition to (d) chemical emergy
associated with evapotranspirated rain, Emrain and (e) emergy
linked to the geopotential and chemical potential energy of runoff
water, Emrunoff .

Finally,
∑

P(i) is the summation (over i from 1 to n) of all
emergy related to the annual human inputs (e.g., sand, gravel,
pesticides, irrigation etc.), per unit area (m2), to the investigated
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TABLE 1 Environmental and technological inputs to an intensive green roof ecosystem in Beijing.

Items Raw data Unit UEVs (sej

unit−1)

Total emergy values (sej

m−2yr−1)

Green roof ecosystem

Renewable resources

Sunlight 3.54E+09 J 1 3.54E+09

Geothermal energy (deep heat) 1.90E+05 J 4.90E+03 9.31E+08

Wind 9.77E+06 J 7.90E+02 7.72E+09

Rainwater (chemical) 1.94E+06 J 7.01E+03 1.36E+10

Non-renewable resources

Gravel 1.06E+04 g 1.27E+09 1.35E+13

Sand 1.22E+04 1.42E+09 1.73E+13

Topsoil 1.12E+04 g 5.46E+08 6.14E+12

Brick 7.30E+03 g 1.83E+09 1.34E+13

Mortar 3.65E+03 2.51E+09 9.15E+12

Sand-gravel mixed 1.09E+04 g 1.70E+09 1.86E+13

Perlite 3.04E+03 g 4.53E+09 1.38E+13

Vermiculite 6.08E+02 g 2.14E+09 1.30E+12

Water 6.08E+03 2.20E+06 1.34E+10

Filter layer 5.43E-03 g 6.70E+09 3.63E+07

Drainage layer 3.54E+02 g 6.70E+09 2.37E+12

Protection layer 1.89E+02 g 6.70E+09 1.27E+12

Root barrier membrane 2.19E+01 g 6.70E+09 1.47E+11

Insulation layer 3.00E+01 g 8.79E+09 2.64E+11

Waterproofing membrane 7.13E+01 g 6.70E+09 4.78E+11

Roof deck 6.50E+03 g 1.37E+09 8.92E+12

Nitrogen fertilizer (N) 6.32E+01 g 3.47E+09 2.19E+11

Phosphate fertilizer (P2O5) 3.79E+01 g 3.78E+09 1.43E+11

Potassium (K2O) 5.89E+01 g 1.06E+09 6.25E+10

Irrigation water 3.50E+02 Kg 2.20E+09 7.70E+11

Total inputs (U) 1.08E+14

Detailed construction/maintenance calculation process is available in Supplementary material 1.

GBI. Detailed information regarding human inputs is available in
the Supplementary material.

2.3.1.2 Carbon sequestration

Carbon dioxide from the atmosphere undergoes conversion
into carbohydrates and becomes fixed in plants and soil as organic
carbon during photosynthesis. The carbon present in vegetation
moves into the soil, leading to carbon sequestration within the
soil. Hence, the value of carbon sequestration is determined by
the disparity between carbon sequestration during photosynthesis
and carbon sequestration within the soil. The carbon sequestration
equation of GBI is as follows:

EmCS =
∑

i
(CFRi × UEVCSi) (5)

where EmCS is the total emergy supporting the carbon
sequestration process (sej/m2/yr); CFRi means the yearly carbon
fixation rate of GBI component i (g/m2/yr); UEVCSi represents the
specific emergy of carbon uptake by the GBI ecosystems (sej/gC).

2.3.1.3 Water storing

The emergy driving water retention in soil is calculated
as follows

EmWR =
∑

i
(Rwri × 0.001× Rf )× UEVws (6)

where, EmWR represents the emergy required by water retention
in soil (sej/m2/yr); Rwri represents the rainwater retention on i-th
GBI (e.g., green roof) ecosystem (g/m2/day); 0.001 represents the
conversion from g to kg; Rf shows the number of days rainfall in a
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TABLE 2 Environmental and technological inputs to di�erent GBI ecosystem in Beijing.

Inputs Total emergy values (sej m−2yr−1)

Green-blue
infrastructure

Intensive
green roof

Sunken GS
(bluegrass)

Street tree
(cherry plum)

Bioretention
pond

Constructed
wetland

Green
walls

Renewable resources

Sunlight 3.54E+09 3.54E+09 3.54E+09 3.54E+09 3.54E+09 3.54E+09

Geothermal energy 9.31E+08 9.31E+08 9.31E+08 9.31E+08 9.31E+08 9.31E+08

Wind 7.72E+09 7.72E+09 7.72E+09 7.72E+09 7.72E+09 7.72E+09

Rainwater (chemical) 1.36E+10 1.36E+10 1.36E+10 1.36E+10 1.36E+10 1.36E+10

Human inputs

Gravel 1.35E+13 - - 4.04E+13 2.14E+13 -

Sand 1.73E+13 - - - 1.59E+13 -

Topsoil 6.14E+12 2.31E+12 - - 3.98E+11 9.95E+11

Bricks 1.34E+13 - - - - -

Mortar 9.15E+12 - - - - -

Sand-gravel mixed 1.86E+13 - - - - -

Perlite 1.38E+13 - - - - -

Vermiculite 1.30E+12 - - 2.49E+12 - -

Water (installation) 1.34E+10 - - - - -

Bricks and cement - - - 2.36E+10 -

Filter layer 3.63E+07 - - - - -

Drainage layer 2.37E+12 - - - - -

Protection layer 1.27E+12 - - - - -

Root barrier membrane 1.47E+11 - - - - -

Insulation layer 2.64E+11 - - - - -

Waterproofing membrane 4.78E+11 - - - - -

Roof deck 8.92E+12 - - - - -

Nitrogen fertilizer (N) 2.19E+11 - 1.69E+10 - - 1.69E+11

Phosphate fertilizer (P2O5) 1.43E+11 - 1.85E+10 - - 6.15E+10

Potassium (K2O) 6.25E+10 - 5.18E+09 - - 3.45E+10

Pesticides - - 1.47E+12 - - 1.06E+12

Irrigation water energy 7.70E+11 8.76E+11 1.69E+11 1.46E+12 - 2.58E+06

PVC pipes - 1.14E+12 - 2.76E+11 - 1.52E+07

Concrete - 9.74E+12 - - - -

Vegetation - - - 2.61E+12 6.04E+11 2.08E+11

Impervious geotextile - - - 2.98E+12 - -

Mulch - - - 5.12E+11 - -

Engineered soil - - - 4.12E+13 - -

PE liner - - - - 7.01E+10 -

PE pipe - - - - 1.54E+10 -

Vertical rods (aluminum) - - - - - 1.03E+10

Water pipes (LDPE) - - - - - 2.36E+09

Total inputs (U) 1.08E+14 1.41E+13 1.71E+12 9.20E+13 3.84E+13 2.57E+12

Detailed construction/maintenance calculation processes are available in Supplementary material.
(-) means data is not available or not calculated.
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year (day/yr); UEVws means the specific emergy of water retention
in soil (sej/kg).

2.3.1.4 Microclimate regulation

City green-blue ecosystems contribute to regulating the
microclimate by enhancing humidity and precipitation
while reducing temperatures. As the energy absorbed during
evapotranspiration matches the energy utilized for increasing
humidity and lowering temperature within the ecosystem, the
energy needed for evapotranspiration serves as a metric for
measuring the increase in humidity and decrease in temperature.
This ESs value is accounted as:

EmET =
∑

i
(Etri × ρ × 1, 000)× UEVmr (7)

where, EmET is the emergy needed to regulate microclimate
(sej/m2/yr); Etri is evapotranspiration of i-th GBI ecosystem
(mm/yr); ρ represents the water density (kg/m3); 1,000 is the
conversion factor from kg to g; UEVmr shows the specific emergy
of water vapor (sej/g).

2.3.1.5 Groundwater recharge

Green and blue spaces contribute significantly to groundwater
recharge by facilitating natural processes like infiltration, surface
water-groundwater interaction, and stormwater management.
Vegetated areas such as forests, parks, and wetlands absorb
rainwater, allowing it to seep into the ground and replenish
aquifers. The roots of plants and trees in these areas break up
compacted soil, enhancing soil permeability and enabling water to
penetrate deeper. Additionally, bodies of water like rivers, streams,
and lakes not only store water but also allow for direct interaction
with groundwater through seepage. The calculation equation is
as follows:

Emgw =
∑

(Ri × ρ × G× ki)× UEVgw (8)

where Emgw shows the emergy applied to groundwater recharge
(sej/m2/yr); Ri is the amount of rainfall in the i-th GBI ecosystem
(m/yr); ρ is the density of water (kg/m3);G represent the Gibbs free
energy (J/g); ki shows the infiltration coefficient of the case study;
UEVgw is the UEV for groundwater (sej/J).

2.3.1.6 Soil retention

The connection between biodiversity and soil erosion is highly
complex. Erosion is widely acknowledged as a significant soil
threat, with ∼2.8Mg of soil lost per hectare each year globally
(European Commission, 2021). Consequently, urban GBI are
frequently viewed as a universal solution for managing soil erosion.
The roots of plants aid in soil stabilization and cohesion, while
their branches serve to intercept heavy rainfall that might otherwise
harm vulnerable plants and dislodge loose soil. This ESs is
measured through the following equation

Emer = (Ser − Rer)× 10−3 × UEVC (9)

where, Emer represents the emergy of soil retention (sej/m2/yr); Ser
is the potential soil erosion in GBI ecosystem (t/km2); Rer is the
actual erosion (t/km2); 10−3 is the conversion factor from t/km2 to
kg/m2; UEVC means the specific emergy of soil (sej/kg).

2.3.1.7 Water purification

Urban GBI (e.g., CW) have the potential to enhance water
quality by lowering phosphorus, nitrogen, and chemical oxygen
demand (COD). These pollutants can otherwise foster excessive
algal growth, diminishing the quality, recreational appeal, and
functional value of Green and Blue Infrastructure (Irwin et al.,
2018). Although this study primarily concentrates on nitrogen,
phosphorus, and COD for clarity, it’s worth noting that they
can also eliminate additional contaminants during operation,
including total suspended solids. The water quality equation is
outlined below.

EmWP =
∑

i
(Pa × UEVPollutant) (10)

where EmWP shows the emergy applied to water purification
(sej/m2/yr); Pa is the amount of pollutant accumulated (g/m2/yr);
UEVPoll refers to the specific emergy of pollutant (sej/g).

2.3.2 Emergy cost of human health and
biodiversity damage
2.3.2.1 Damages from air pollution

Various methods have been employed in the past to assess the
environmental impact of harmful emissions (Hasan and Rahman,
2017; Stolaroff et al., 2018). However, it would be advantageous
to incorporate the direct emergy accounting approach into a
methodology capable of assessing both the environmental cost
of damage to assets and humans from an emergy perspective
(Liu et al., 2011). Goedkoop and Spriensma (2001) proposed
the Eco-Indicator 99 assessment framework, where human health
damage is quantified using DALYs (Disability-Adjusted Life Years)
and ecosystem quality damage is assessed using PDF (Potentially
Disappeared Fraction). This framework laid the foundation for
subsequent LCA methodologies such as Huijbregts et al. (2017).
Consequently, the Huijbregts et al. (2017) methodology was
employed in this study instead of Eco-Indicator 99, to analyze
air purification benefits, which are expressed as a cumulative
reduction in human health losses. The calculation formulas are
detailed hereafter:

(A1) Decline in human health losses

EmHH =
∑

i
(Pi × 10−3 × DALYi)× UEVhealth (11)

where EmHH means the emergy required to reduce damages to
human health (sej/m2/yr), Pi shows the ability of the GBI to remove
the i-th air pollutant (g/m2/yr); DALYi refers to the health loss of
one individual generated by the i-th air pollutant (person yr/kg),
10−3 is the conversion factor from g to kg; UEVhealth refers to the
unit emergy cost for health (sej/person/yr).

(A2) Decline of ecosystem quality degradation
The ecosystem quality degradation equation is as follows

EmEQ =
∑

i
(Pi × 10−3×PDFi)× UEVPDF (12)

where EmEQ indicates the emergy required to reduce damages
to ecosystem quality degradation (sej/m2/yr); Pi has the same
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meanings as Pi in Equation 8; PDFi represents the PDF of species
caused by air pollutant i-th (m2×yr×kg−1);10−3 is the conversion
factor from g to kg; UEVPDF means the average unit emergy value
of ecosystem biomass (sej/m2/yr).

This air purification service is calculated as:

EmAP = EmHH + EmEQ (13)

2.3.2.2 Damages from global climate change

Climate change primarily results from global warming, acid
rain, and ozone (O3) layer depletion, with global warming widely
acknowledged as the most severe factor impacting people’s health.
According to Goedkoop and Spriensma (2001) and the IPCC
(2013), global GBI systems sequester atmospheric carbon, thereby
mitigating the impacts of global climate change as key regulator of
the climate . This service is accounted for as follows.

EmCRHH =
∑

i
(PCSi × 10−3 × DALYCSHHi)× UEVhealth (14)

where EmCRHH refers to the emergy needed for climate regulation
(sej/m2/yr); PCSi represents i-th greenhouse gas (GHGs) amount
sequestrated by the GBI ecosystem (g/m2/yr); DALYCSHHi means
the disability-adjusted life year caused by i-th greenhouse gas
(person yr/kg); 10−3 is the conversion factor from g to kg;UEVhealth

refers to the unit emergy cost for health (sej/person/yr).

2.3.2.3 Damages from human activity induced noise

Urban noise pollution, exacerbated by construction, traffic, and
various people activities, poses a significant challenge in cities,
impacting health by causing both psychological and physiological
harm. City soil, trees, small plants and belt trees, for instance,
contribute to mitigating noise pollution by absorbing, deflecting,
reflecting, and refracting sound waves (Aylor, 1972; Fang and Ling,
2003; Kragh, 1981). In the case of belt trees, sound waves bounce
off and bend, spreading sound energy throughout leaves, branches,
and even in tree bark (Chaparro and Terradas, 2009). Therefore,
this ESs is quantified as follows

EmNHH =
∑

i
(Nhai × DALYi)× UEVhealth (15)

where EmNHH is the emergy applied to fix the human health noise-
induced decline (sej/m2/yr); Nhai refers to the ability of the i-th

GBI ecosystems to mitigate the sound/noise (dB/m2); DALYi is
the disability created by the sound/noise pollution (person/yr/dB);
UEVhealth refers to the unit emergy cost for health (sej/person).

2.3.3 Ecosystem dis-services
2.3.3.1 Green waste from the GBI

After cutting the grass in the GBI, green waste is generated,
whether done by machine or by hand. The green waste equation
is outlined as follows:

EmGW = Dcost × EMR (16)

where, EmGW refers to the emergy of green waste (sej/m2/yr); Dcost

is the disposal cost of green waste in GBI space ($/m2/yr); EMR

means the unit emergy value of disposal-waste via labor (sej/$).

2.3.3.2 Health and ecosystem loss due to BVOCs

The accounting methodology for BVOCs is the same as the
damage by air pollution. However, the parameter “Pi and DALYs”
in Equation 8 is changed to reflect the capacity of GBI ecosystems
to absorb the i-th VOCs emanation.

2.3.3.3 Greenhouse gases emission

Similar to air and BVOCs equation, the emission effect of
GBI ecosystems such as N2O, CH4, and CO2 can be accounted.
The parameter Pi and DALYs in Equation 8 are changed into the
capacity of GBI ecosystems to absorb the i-th GHG emanation.

2.3.3.4 Pest problem

Urban CW holds considerable promise for providing wildlife
habitats and enhancing water quality. Nonetheless, CW has been
pinpointed potential breeding site for mosquitoes, causing tensions
with residents in the vicinity. Furthermore, CWs have the potential
to draw a substantial bird population, consequently elevating the
chances of viral infections spreading to neighboring communities.
This issue is particularly pronounced in regions experiencing
limited natural mosquito populations, especially in close proximity
to newly built-up regions, where conflicts often reach their peak
(Knight et al., 2003). The emergy for pest control is calculated as

Empest = Oamount × UEVpest (17)

where Empest means the emergy of pest’s problems (sej/m2/yr);
Oamount is the organophosphate amount in GBI ecosystems
(g/m2/yr); UEVpest is the unit emergy value of pesticides (sej/g).

2.3.3.5 Infrastructure damages

Another key EDs related to urban GBI is the physical damage
caused by tree roots to nearby surfaces and underground structures,
commonly called root damage Wong et al. (1988). The roots of
trees planted near sidewalks often seek out moisture and nutrients
in the soil, which may be more abundant under the sidewalk due
to irrigation, rainwater runoff, or soil composition. As roots grow
and expand, they can exert pressure on the concrete or asphalt of
the sidewalk, causing it to crack, lift, or buckle. The infrastructure
damage is calculated as follows

EmIR = ID × UEVIR (18)

where EmIR refers to the emergy needed for repairing infrastructure
damage (sej/m2/yr); ID represents the infrastructure damage in
GBI ecosystems (g/m2/yr); UEVIR shows the unit emergy value of
infrastructure material (sej/g).

2.3.3.6 Fire damage

Green roofs and green walls are typically kept moist to
sustain vegetation and are therefore considered to be fire-resistant.
However, concerns arise regarding fire risk in the absence of
irrigation, particularly during drought conditions (DCLG, 2013).
To quantify the specific fire protection attributes of green roofs
and green walls, their characteristics must be assessed, taking
into account the type of roof. Some countries, such as the
United Kingdom and the USA, have established standard fire tests
to categorize components of green roofs (DCLG, 2013; Standard
AAAN, 2017).
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TABLE 3 Emergy equations of various green and blue infrastructures.

Ecosystem services Emergy equations ST GR SGS BP CW GW

NPP EmNPP =
∑

R(i)+
∑

P(i) ✓ ✓ ✓ ✓ ✓ ✓

Carbon sequestration EmCS = Σi (CFRi×UEVCSi) ✓ ✓ ✓ ✓ ✓ ✓

Microclimate regulation EmET = Σi (Etri×ρ×1000)×UEVmr ✓ ✓ ✓ ✓ ✓ ✓

Water storing EmWR = Σi(Rwri×0.001×Rf )×UEVws × ✓ ✓ ✓ × ×

Reduced soil erosion Emer= (Ser - Rer)×10−3×UEVC ✓ × × × × ×

Water purification EmWP =
∑

i (Pa×UEVpollutant) × × × × ✓ ×

Groundwater recharge Emgw=
∑

(Ri×ρ×G×ki)×UEVgw ✓ × × ✓ ✓ ×

Needed cost for human health and biodiversity damage

Damages from air pollution EmHH = Σi (Pi×10−3× DALYi)× UEVhealth ✓ ✓ ✓ ✓ ✓ ✓

EmEQ = Σi (Pi×10−3× PDFi)× UEVPDF ✓ ✓ ✓ ✓ ✓ ✓

Damages from global climate change EmCRHH = Σi(PCSi×10−3× DALYCSHHi)

×UEVhealth

✓ ✓ ✓ ✓ ✓ ✓

Damages by human activity induced noise EmNHH = Σi (Nhai × DALYi)×UEVhealth ✓ × × × × ✓

Ecosystem dis-services

Green waste EmGW = Dcost × EMR ✓ ✓ ✓ ✓ ✓ ✓

Health and ecosystem loss due to BVOCs EmHHisop = Σi (Pisopi × DALYisopi)× UEVhealth ✓ × × × × ×

Greenhouse gases emission EmHHGHG = Σi (Pi × DALYi)× UEVhealth × × × × ✓ ×

Pest’s control Empest = Oamount × UEVpest × × × ✓ ✓ ×

Infrastructure damage EmIR = ID × UEVIR ✓ × × × ✓ ✓

Risk of fire damages EmGFire = Cemission × UEVc × × × × × ✓

ST, street tree; GR, green roof; SGS, sunken greenspaces; BP, bioretention pond; CW, constructed wetland; GW, green walls.
(
√
) means emergy equations are the same but parameters are different. (×) means emergy equations are different or not available.

Several guidelines suggest fire prevention measures, including
regular maintenance and removal of dry or dead plants (Standard
AAAN, 2017), the use of saturated substrates (Co Sydney, 2019)
with minimal organic content (GRO, 2014; Standard AAAN,
2017), and the selection of fire-resistant plant species (e.g., grasses,
perennials, and sedums; Breuning, 2008). Additionally, in larger
green roofs, areas devoid of vegetation or growing media can be
incorporated to prevent the spread of fire (Standard AAAN, 2017).
The equation of risk of fire damages is as follows

EmGFire = Cemission × UEVc (19)

EmGfire is the emergy of GBI fire (sej/m2/yr); Cemission shows
the carbon emission from the GBI due to fire (gC/m2/yr); UEVc
is the unit emergy value of carbon (sej/g) by the GBI ecosystem.
Further, Table 3 shows the emergy equations of various green and
blue ecosystems.

2.4 Case study and data sources

Beijing is situated between 39.230◦N to 40◦N latitude and
115.200◦E to 117.300◦E longitude, characterized by a continental
monsoon climate with cold and dry winters and mild and moist
summers. The city experiences an annual average precipitation of
682.9mm, with a frost-free period lasting between 150 to 180 days

(Xu et al., 2006). Beijing also experiences extreme temperature
variations throughout the year, with average temperatures ranging
from below freezing in winter to high 20◦C in summer.
Therefore, to address the environmental challenges and enhance
the city’s resilience against climate change, the implementation
of blue-green infrastructure can play a crucial role. This
study is based on secondary data and a complete calculation
process and comprehensive data sources are outlined in the
Supplementary material.

3 Result

3.1 Construction/maintenance cost of GBI

The emergy evaluation results of intensive green roof (intensive
GR) are shown in Table 1. The input values are categorized
into two types: renewable and non-renewable, or human inputs.
Renewable inputs, such as sunlight, deep heat, wind, and rain, in
the intensive GR ecosystem, are valued at 2.58E+10 sej m−2yr−1,
making up roughly 0.02% of the total inputs. Non-renewable inputs
encompass growing media (gravel, sand, topsoil, bricks, mortar,
sand-gravel mixture, perlite, vermiculite) GR layers, fertilizers, and
irrigation water. The emergy value for non-renewable inputs in the
intensive GR ecosystem is 1.08E+14 sej m−2yr−1, accounting for
∼99.98% of the total inputs. This reflects that the management and
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structure of the intensive GR ecosystem are primarily the result of
human engineering with considerable human intervention.

Within the renewable inputs category, natural rainfall has
the highest emergy value 1.36E+10 sej m−2yr−1. On the other
hand, perlite (12.76%), sand (16.06%), and the sand-gravel
mix (17.23%) are the most prominent among renewable and
non-renewable inputs. To cut down on non-renewable inputs,
municipal administrators and other stakeholders may consider
proper management of perlite, sand, and sand-gravel mixtures
to lower input costs or explore alternative materials with lower
emergy values that are equally effective, like rock and organic
materials (Wang et al., 2018). The same approach has been used
for other GBI calculations, with the detailed process outlined in the
Supplementary material.

All of the chosen GBI are situated in Beijing, and for this study,
we assume that the renewable inputs are the same across each GBI.
As indicated in Table 2, the topsoil emergy value of the intensive GR
is higher (6.14E+12 sej m−2yr−1) compared to other GBI, because
green roof ecosystem requires a deeper soil media or substrate
layer to sustain the healthy growth of a more diverse range of
plant species. These alternative ecosystems require less soil depth
for dense plantings, such as grass, creepers, or wildflowers, which
creates a visually striking appearance. The findings also reveal
that Kentucky bluegrass, a typical species used in sunken green
spaces, requires a higher quantity of irrigation water (8.76E+11
sej m−2yr−1) compared to intensive GR and green walls. This
increased water demand is due to Kentucky bluegrass’s inability to
maintain its green appearance for extended periods during severe
drought conditions (Powlen et al., 2021). As for bioretention ponds,
they typically require more gravel due to their specific function
and design requirements. They are designed to filter stormwater
runoff and promote infiltration into the ground, and the gravel
layer acts as a filter bed, trapping sediments, pollutants, and debris
from the runoff before it reaches the soil and water table below.
A thicker layer of gravel enhances filtration efficiency and ensures
proper drainage (Hatt et al., 2007). Gravel also serves as a storage
medium for excess stormwater during heavy rainfall events. A
larger volume of gravel allows the bioretention pond to hold
more water temporarily (Tahvonen, 2018), thus preventing the
overwhelming of downstream systems and reducing the risk of
flooding. According to Table 2, GBI on the basis of the respective
emergy values, are ranked as follows: GR > bioretention pond >

constructed wetland > sunken GS > green wall > street tree.

3.2 Benefits analysis

In this study, the assessment of ESs for green-blue spaces was
carried out using a well-established framework at a local scale,
allowing for a comparison of services provided by various GBIs.
The emergy values for all ESs are presented in Table 4. The highest
emergy value for carbon sequestration is associated with green roofs
(GR) and is similar to that of sunken green spaces (GS), amounting
to 1.91E+12 sej m−2yr−1, and bioretention ponds (1.33E+12 sej
m−2yr−1), while the value for green walls is significantly lower
(6.97E+08 sej m−2yr−1). Peng and Jim (2015) assessed multiple

climate-related ESs based on modeling and localized experiment
studies in the city of Hong Kong. The result of this study
shows an intensive GR sequester average CO2 (25.7 tha−1yr−1 or
2,570 gm−2yr−1), which is higher than street trees value 2,050
gm−2yr−1 (Shah et al., 2022). Therefore, if a city has significant
CO2 issues, city managers and building owners need to make
intensive vegetative roofs inside the city to reduce the amount of
carbon and other greenhouse gases. Besides that, the microclimate
regulation values of GR and sunken GS are lower because of their
lower evapotranspiration value when compared with street trees
(4.55E+11 sej m−2yr−1). Shareef (2022) investigated the impact of
vegetation and landscape design on solar irradiation and urban heat
island (UHI) mitigation at Boulevard Riyadh city, Saudi Arabia.
The study’s findings reveal that street trees are more effective in
reducing air temperature than green roofs. The results from Table 4
also indicate that sunken green spaces and bioretention ponds have
a higher water storage capacity compared to street trees, although
their values are similar to those of green walls. In the comparison
of total ESs with and without NPP, the emergy values for all GBI
are higher when NPP is included, except for street trees, where the
values are lower and nearly the same (1.13E+13 and 1.29E+13 sej
m−2yr−1, respectively). According to Table 4, based on the emergie
values of the respective ESs, the GBIs are ranked as follows: GR
> bioretention pond > sunken GS > street tree > constructed
wetland > green wall.

3.3 Dis-services analysis

Often overlooked in discussions about ESs are the negative
impacts, or disservices, that ecosystems can generate. It is
crucial to address EDs alongside services to ensure continued
local support for management actions, a matter of particular
significance in urban areas due to the numerous stakeholders
involved in managing urban ecosystems (Sandbrook and Burgess,
2015). Table 5 shows that although the emergy associated with
the disposal of green waste or bio-waste is high for all the
examined GBIs, the highest emergy value (4.66E+13 sej m−2

yr−1) belongs to green roofs and is due to the clipping and
landfill disposal expenses. Likewise, certain researchers have drawn
attention to the environmental dis-services originating from
city trees, like pollens, biogenic volatile organic compounds,
and damage to infrastructure (Gómez-Baggethun et al., 2013;
Lyytimäki and Sipilä, 2009; von Döhren and Haase, 2019). As
for infrastructure damage dis-service, green walls have a higher
value than street trees because green walls often involve more
complex structures and systems compared to street trees. They
may require specialized materials, irrigation systems, and support
structures, all of which contribute to higher costs. Further, green
walls are usually installed vertically on building facades, which
can be more challenging to access and maintain than street-level
trees. This vertical orientation may necessitate additional safety
measures, such as scaffolding or specialized climbing equipment,
further increasing costs. Moreover, the destroyed ceiling and
material heavyweight of GR, risk of fire damages, and pollens
emission from city trees are not calculated because of the lack
of data.
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TABLE 4 Emergy values of various green and blue ecosystem services.

Ecosystem
services

Total emergy values (sej m−2yr−1)

Green-blue
infrastructure

Green roof Sunken GS Street trees Bioretention
pond

Constructed
wetland

Green
walls

NPP 1.08E+14 1.41E+13 1.71E+12 9.20E+13 3.84E+13 2.57E+12

Carbon sequestration 2.55E+12 1.91E+12 1.08E+12 1.33E+12 7.13E+11 6.97E+08

Water storing 2.54E+08 1.69E+10 2.89E+09 8.05E+10 2.40E+07 1.33E+10

Microclimate regulation 1.79E+07 1.90E+07 4.55E+11 4.04E+09 4.70E+10 3.64E+10

Groundwater recharge - 1.93E+10 - - 2.27E+09 -

Reduced soil erosion - - 1.13E+13 5.24E+11 - -

Water purification - - - - 1.83E+09 -

Total ecosystem services

(with NPP) = Max (Esi)

1.08E+14 1.41E+13 1.13E+13 9.20E+13 3.84E+13 2.57E+12

Total ecosystem services

(without NPP) = SUM

(Esi)

2.55E+12 1.94E+12 1.29E+13 1.94E+12 7.64E+11 5.05E+10

Needed cost for human health and biodiversity damage

Damages by air pollution 3.16E+10 4.45E+09 1.19E+10 1.57E+11 - 2.57E+10

Damages by global climate
change

4.60E+09 - 1.94E+09 2.45E+09 1.29E+09 1.26E+06

Damages by human activity
induced –noise

- - 9.51E+11 - - 5.77E+12

Total needed cost for

human health and

biodiversity damage

3.62E+10 4.45E+09 9.65E+11 1.60E+11 1.29E+09 5.79E+12

Detailed ecosystem services calculation processes are available in the Supplementary material.
(-) means data is not available or not calculated.

4 Discussion

4.1 Compare cost and benefits of di�erent
green and blue infrastructure

We observed differences in constructing/maintenance emergy
costs among the different types of GBI that were studied. The
emergy values of the total cost of various GBI ecosystems are shown
in Table 6. The results of this study observed that intensive GRs
showmaximum value (1.08E+14 sej m−2yr−1) in comparison with
others because of many factors like equipment, growing substrate
material, and labor costs influence the installation price. A few ways
to decrease the initial installation cost of GRs is to adopt the low-
cost practices that are developed by mature markets. In the past
one study reported that the green roof cost reduces by 33–50%
once the manufacturing industry has established itself (Toronto
and Region Conservation, 2007). Table 6 also shows the installation
value of the green wall (2.57E+12 sej m−2yr−1) which is close to
another green wall study (6.61E+12 sej m−2yr−1). Pulselli et al.
(2014) reported that the green walls can have much differences in
the cost from other GBI, mainly due to the need for a water supply
for sustenance, or as there are various systems on the international
market (Manso et al., 2021). The average installation cost is 848
USD/m2 (750 e/m2) obtained for green walls (Manso et al., 2021),
which is much higher than street tree. Further, the annual mean

value (1.71E+12 sej m−2yr−1) is minimal for a street tree (e.g.,
purple-leaf plum) as compared to other GBI, maybe due to the low
transformities of simple tree plantings, but the GRs construction
value is much higher than other GBI which means the GRs depends
much more on non-renewable resources (Thompson, 2018). These
pieces of information should be combined with other factors, such
as the benefits and potential negative impacts (dis-services), when
strategizing and executing integrated GBI network plans.

When incorporating NPP into the evaluation of ES, it is
crucial to distinguish between benefits to humans and those to the
broader ecosystem. Humans depend on services (such as carbon
sequestration, oxygen production, and water regulation) each of
which is intrinsically linked to NPP. However, NPP also plays
a critical role in maintaining biodiversity by providing essential
resources like food and habitat for various species, thus supporting
the overall health of ecosystems.

Consequently, NPP extends benefits to both humans and the
ecosystem, as its contribution to ecological health and biodiversity
ultimately underpins human wellbeing. In the absence of NPP,
the focus shifts solely to the direct benefits to humans, which are
commonly defined as final ESs. Therefore, recognizing NPP as
part of ESs highlights its dual role in supporting both ecosystem
integrity and human needs.

This link between NPP and ecosystem benefits can be further
illustrated through an analysis of various GBI typologies. The
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TABLE 5 Emergy values of GBI impacts or ecosystem dis-services.

Ecosystem
disservices

Total emergy values (sej m−2 yr−1)

Green-blue
infrastructure

Green roof Sunken GS Street trees Bioretention
pond

Constructed
wetland

Green
walls

Green waste 4.66E+13 7.43E+12 - 1.37E+13 1.91E+13 2.25E+12

Health and ecosystem loss
due to BVOCs

- - 3.61E+05 - - -

Greenhouse gases emission - - - - 2.81E+09 -

Pest’s control - - - - 6.03E+10 -

Infrastructure damage - - 9.13E+12 - - 8.82E+13

Total EDs value (U) 4.66E+13 7.43E+12 9.13E+12 1.37E+13 1.91E+13 9.05E+13

Detailed ecosystem disservices calculation processes are available in the Supplementary material.
(-) means data is not available or not calculated.

TABLE 6 Input value of di�erent green and blue infrastructure.

GBI typologies Input cost Unit References

Street tree 1.71E+12 sej m−2 yr−1 This study

Green roof 1.08E+14 sej m−2 yr−1 This study

Sunken green space 1.41E+13 sej m−2 yr−1 This study

Bioretention pond 9.20E+13 sej m−2 yr−1 This study

Constructed wetland 4.12E+13 sej m−2 yr−1 This study

Green wall 2.57E+12 sej m−2 yr−1 This study

Street tree 1.78E+12 sej m−2 yr−1 Shah et al., 2022

Green wall 6.61E+12 sej m−2 yr−1 Pulselli et al., 2014

Bioretention pond 6.63E+13 sej m−2 yr−1 Thompson, 2018

Waterfowl pond 1.30E+12 sej m−2 yr−1 Zuo et al., 2004

Urban lake 1.40E+14 sej m−2 yr−1 Duan et al., 2011

Constructed wetland 1.88E+14 sej m−2 yr−1 Thompson, 2018

past studies data of several green-blue ecosystems typologies were
collected from the scientific literature and the data was examined
based on the ESs or benefits to make a comparison and the results
as shown in Table 7. The ESs in China (Beijing) intensive GR
typologies represent maximum value (1.08E+14 sej m−2yr−1),
which may be due to the organic substrate of the green roof because
organic substrate gives more benefits than local natural soil. The
local nature soil weight is heavy, with less rainwater retention
capacity, and vegetation does not grow well. Additionally, the
green wall exhibits lower emergy results (8.37E+12 sej m−2yr−1)
in comparison to other GBI types. However, its value surpasses
that of another study (3.42E+12 sej m−2yr−1) because they only
calculate a single or limited number of ESs. For instance, the study
only measured the emergy of energy saving (Pulselli et al., 2014),
whereas GBI ecosystems can offer numerous ESs beyond energy
conservation within urban environments. Further, the sunken
green spaces offer a limited set of ecological benefits, primarily
centered around rainwater capture. In contrast, both green roofs
and tree plantings bring forth a diverse array of ESs associated with
urban greening. However, it’s noteworthy that green roofs deliver

TABLE 7 Benefits value of di�erent green and blue infrastructure.

GBI typologies Benefits Unit References

Street tree 1.23E+13 sej m−2 yr−1 This study

Green roof 1.08E+14 sej m−2 yr−1 This study

Sunken green space 1.41E+13 sej m−2 yr−1 This study

Bioretention pond 9.21E+13 sej m−2 yr−1 This study

Constructed wetland 4.12E+13 sej m−2 yr−1 This study

Green wall 8.37E+12 sej m−2 yr−1 This study

Street tree 2.13E+13 sej m−2 yr−1 Shah et al., 2022

Green wall 3.42E+12 sej m−2 yr−1 Pulselli et al., 2014

Bioretention pond 3.65E+12 sej m−2 yr−1 Thompson, 2018

Waterfowl pond 3.07E+12 sej m−2 yr−1 Zuo et al., 2004

Urban lake 2.18E+14 sej m−2 yr−1 Duan et al., 2011

Constructed wetland 1.09E+13 sej m−2 yr−1 Thompson, 2018

distinct infrastructural advantages that are generally not found in
sunken GS and tree plantings. For instance, green roofs can provide
shelter, a function typically fulfilled by non-green infrastructure
alternatives. Therefore, some of the researcher still not considered
many ESs in their studies because maybe they do not have this kind
of methods or they do not have the data. But our data are better for
further comparison.

Based on the past and current studies it is observed on a broader
view, that variations in values seem like changes in particular
values of ESs in all green-blue ecosystems typologies. This shows
that highly human intensive GBI provides a maximum of ESs
whereas such dependency also generates many dis-services (e.g.,
street trees damage the pavement, and green roofs generate the
green waste). So, a significant policy should require to be adopted
to accomplish more benefits in urban small scale GBI via increasing
their investigation in green-blue ecosystems. Further, need to
change a pattern of non-renewable inputs, for instance, using
organic pesticides and fertilizers instead of man-made, making
the GBI low human-intensive which will lead to the GBI on a
sustainable path.
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FIGURE 3

(A) Ternary diagram of di�erent green-blue infrastructure (with NPP; Input, construction/maintenance cost; EDs, ecosystem disservices; ESs,

ecosystem services). (B) Ternary diagram of di�erent green-blue infrastructure (without NPP; Input, construction/maintenance cost; EDs, ecosystem

disservices; ESs, ecosystem services).

4.2 Ternary diagram

A ternary phase diagram is a graphical representation that
illustrates the relationships between three components in a
system and their corresponding phases or compositions at various
conditions. Ternary phase diagrams have numerous benefits in
various fields, including chemistry, material science, geology,
and environmental science. These benefits extend beyond just
understanding phase transitions and can be applied to the
assessment of ecosystem services, disservices, and their impacts.

Figure 3A, illustrates the emergy values of ESs (including NPP),
EDs, and costs, showing that street tree, bioretention pond, green
roof, CW, and sunken GS represent maximum benefits of 54.12,
46.56, 41.12, 40.37, and 39.00%, respectively, compared to costs and
impacts. In contrast, Figure 3B which excludes NPP, indicates that
bioretention ponds, green roofs, constructed wetlands, and sunken
green spaces incur the highest costs 85.30, 68.66, 65.87, and 60.04%,
respectively compared to their impacts and benefits.

By comparing both ternary Figures 3A, B, it becomes evident
that NPP plays a critical role in the overall assessment of
GBIs. When NPP is excluded, certain infrastructures appear
more costly and less efficient, while its inclusion highlights their
broader ecological contributions, making them more favorable for
sustainable urban development.

The analysis of both Figures 3A, B reveals that the cost of
implementing street trees remains notably lower (∼7.36 and 6.91%)
than their accrued benefits, even when compared with other GBI
construction expenses. Similarly, the cost of constructing green
wall is relatively low, but the impacts are so high (89 and 91%,
respectively), maybe green walls often involve more complex
structures and are exposed to different environmental conditions

than street trees. Factors like wind, sunlight exposure, and water
drainage can impact the structural integrity and longevity of
green walls, potentially leading to higher repair and replacement
costs over time. Additionally, both diagrams underscore the urban
street tree infrastructure’s favorable characteristics, rendering it a
more favorable and sustainable choice for urban development in
contrast to alternative GBI. As such, we advocate for policymakers
and urban administrators to prioritize the incorporation of street
trees within urban zones. This recommendation stems from the
realization that street trees not only generate substantial benefits
but also necessitate comparatively lower investments, making them
a judicious urban development strategy.

5 Conclusions

The GBI Research has been challenging and gives a great
room of chances for scientists for upcoming research. The
study reviews the scientific literature regarding the multiple
benefits and drawbacks of urban small green-blue ecosystems.
The study then aims to develop an urban small green-blue
ESs valuation accounting approach to provide the basis for
green-blue ecosystems preservation and management. Urban
green-blue ecosystems ESs valuation accounting approach, based
on emergy analysis, is suggested to overcome the limitations
of current measurements and to fill the research gap on
the lack of systematic urban ESs valuation methods. This
approach includes the application of a green-blue ecosystems
classification, which classify into ESs, needed cost for human health
and biodiversity damage, construction/maintenance cost, and
ecosystem dis-services.
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In all green-blue infrastructures, carbon sequestration is the
most important service produced in Beijing, China (among
other evaluated services). Moreover, the results also suggest that
GRs provide a superior array of ESs compared to street trees,
bioretention ponds, etc. Nevertheless, the findings also indicate
that GRs have a higher initial construction cost, because of
substantial inputs needed for construction and maintenance, such
as growing media, drainage layers, plants, and consistent irrigation.
These resources are essential for creating a functional green
roof, representing a significant investment. In contrast, natural
ecosystems like wetlands require far fewer inputs, often needing
only seeds for vegetation, as the ecosystem provides water and
soil. This results in much lower upfront costs. Additionally, street
trees exhibit fewer benefits relative to the other three GBIs, while
their associated costs and impacts are notably lower. Similarly,
the ternary diagram illustrates the advantageous attributes of
urban street tree infrastructure, making it a more sustainable and
preferable option for urban development. The method developed
in this study can increase the policy coherence to ensure that
synergies and trade-offs between cost, ESs, and dis-services,
which are taken into account both in the development and
implementation of strategies, policies, and investment at the
urban scale. The development of non-monetary approaches, robust
analytical methods, and reliable data sets is a critical step toward
approaching the urban green-blue systems and should therefore be
focused on.

But still, there are some limitations in the current research
due to incomplete data and urban green-blue infrastructure
management problems. For example, some ESs and dis-
services were not measured because of a lack of data such
as biodiversity, risk of fire damages etc. In the future
studies may face data shortages to ensure the evaluation
of more complete services. Therefore, this technique might
be a first footstep toward fulfilling the requirement for a
biophysical-accounting method to value urban street trees, GRs,
bioretention pond, constructed wetland, green walls, and sunken
GS services.

Further, GBI is viewed as a promising solution for pollution
control, and its best management practices offer various socio-
economic and ecological benefits, but several factors (e.g., high
initial construction costs, lack of awareness about GBI construction
methods, and ongoing maintenance expenses) still hinder its
implementation in underdeveloped countries. Addressing these
challenges should be a priority in the future. Besides, most
of the research has been done in cold regions as compared
to hot regions. So, there is a need to choose suitable plants
for the better performance of green infrastructure in hot
and cold regions. Moreover, new and innovative infrastructure
technology designs should be applied to all locations (e.g.,
street trees, green roofs, and sunken GS) for getting more
synergetic benefits.
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