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Abstract 

Conventional centralized drainage systems exacerbate urban flooding, pollution, and wa-
ter stress. Low-impact development (LID) is a decentralized alternative; however, its mul-
tifunctional benefits, which go beyond the control of stormwater, are often undervalued 
in planning. This study fills this gap by developing an integrated benefit valuation frame-
work to systematically quantify and estimate the economic value of the co-benefits of five 
widely implemented LID facilities (vegetated swale, green roof, in-filtration ditch, infil-
tration trench, and permeable pavement) in Seoul, South Korea. The framework combines 
annual benefits in four key sectors: water management (runoff reduction), energy savings 
(building cooling/heating demands), air quality (pollutant deposition and avoided emis-
sions) and climate change (carbon sequestration and mitigation). Applying a transparent, 
localized spreadsheet model, the results indicate significant multifunctional value for LID 
systems. While water management provides the primary benefit, there is substantial 
added value in energy, air quality, and climate co-benefits. In the case of green roofs, such 
ancillary benefits can exceed hydrological values. The analysis further reveals a consistent 
scale-benefit relationship and a clear trade-off between the magnitude of benefits and the 
cost of implementation. This provides evidence of the need for context-sensitive, portfo-
lio-based LID planning. The proposed framework is a practical decision support tool for 
urban planners and policymakers to consider LID not only as a stormwater solution but 
also as multifunctional green infrastructure that simultaneously promotes urban water 
security, energy efficiency, environmental quality, and climate resilience. 
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1. Introduction 
The process of global urbanization fundamentally transforms the terrestrial water 

cycle and creates a crucial sustainability dilemma: traditional engineering-based solutions 
designed to manage stormwater are themselves the major contributors to systemic hydro-
logical and environmental risk. Conventional urban drainage, based on the centralized 
“gray” networks of pipes and culverts, is based on the fast, efficient removal of surface 
runoff. This approach severs the natural hydrological cycle by eliminating the key pro-
cesses of infiltration and evapotranspiration, triggering a series of negative outcomes. 
These are amplified peak flows and downstream flooding [1,2], degradation of receiving 
water quality due to polluted urban runoff [3–5], and the long-term depletion of ground-
water recharge. Furthermore, this inflexible and conveyance-focused paradigm makes cit-
ies increasingly vulnerable to the heightened rainfall extremes associated with climate 
change [5–7], representing a key pressure on the urban drainage system identified in hy-
drological state-of-the-art reviews [8]. As the increase in impervious surfaces keeps chang-
ing watershed function, the ecological and hydraulic constraints of this traditional model 
necessitate a basic paradigm shift in urban water management strategy [9,10]. Beyond its 
traditional roles, water is increasingly recognized as a critical resource in emerging clean 
energy systems, including hydrogen production [11], further underscoring the im-
portance of sustainable urban water management. 

In direct response to these challenges, the paradigm of low-impact development 
(LID) has grown to become an essential element of sustainable urban water management. 
LID, along with other related frameworks such as sponge cities and green infrastructure, 
promotes decentralized, source-control approaches designed to mimic natural hydrolog-
ical functions [12,13]. This is done through the integration of distributed facilities, which 
include, but are not limited to, permeable pavements, bioretention cells, green roofs, and 
infiltration trenches, into the built environment. The basic goal is to restore important el-
ements of pre-development water balance, by promoting infiltration, evapotranspiration, 
detention and filtering at, or close to, the point of rainfall impact [14,15]. Advanced mod-
eling is providing additional support for the design of these systems for future climate 
resilience [16]. This is a vital conceptual and practical transition away from a centralized 
“drain-away” approach, toward a distributed “manage-on-site” approach, with the goal 
of working toward the re-creation of resilient urban water cycles. 

The hydrological performance of low-impact development facilities has been well 
documented through extensive empirical research and sophisticated computational mod-
eling [17–19]. Numerous field studies and simulation analyses confirm that specific LID 
types—such as bioretention cells, permeable pavements and infiltration trenches—relia-
bly fulfill core stormwater management goals. These include substantial decreases in the 
overall runoff volume; reduction in the peak flow rates to control the flooding; and the 
efficient removal of pollutants such as sediments, nutrients, and heavy metals [20–22]. 
This success in terms of proven performance backed by validation in different climatic 
and urban conditions has provided the required technical basis for adoption on a large 
scale [3,23,24]. As a result, LID design standards and performance metrics are now inte-
gral components of contemporary stormwater regulations and engineering guidelines, es-
tablishing their role as necessary infrastructure for regulatory compliance and sustainable 
urban planning. Optimization studies show their importance in the development of cost-
effective urban runoff and combined sewer overflow management strategies [25–28]. 

Beyond basic water management, LID is increasingly accepted as multifunctional 
green infrastructure with the potential to provide a range of significant and additional co 
benefits important for urban sustainability. Vegetated systems help in urban ecology, pro-
vide habitats, and help in sequestering atmospheric carbon. Their modulation of micro-
climates, that is, by shading and evaporative cooling, can lower ambient temperatures, 
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which has direct consequences on building energy demands for space cooling and there-
fore indirect consequences on associated emissions from power generation [29–31]. Fur-
thermore, the surfaces of LID facilities can directly intercept and absorb pollutants from 
the air such as particulate matter (PM10), nitrogen dioxide (NO2), and sulfur dioxide (SO2), 
which contributes to better local air quality and public health outcomes [32,33]. In addi-
tion, biological processes in LID media, including bioretention soils, are important com-
plex nutrient cycling processes that are critical for long-term water quality function 
[34,35]. This multifunctionality of LID makes it a strategic tool to address interconnected 
urban challenges of energy, climate, and public health [36,37]. 

Despite the widespread recognition of these co-benefits, there is a large gap between 
the level of recognition and a lack of methodological and practical approaches. Current 
research on LID systems tends to be conducted within disciplinary silos, preventing com-
prehensive assessment. Hydrological modeling studies often have a narrow focus on run-
off control metrics without a quantitative relationship with wider environmental or eco-
nomic consequences [6,38]. Conversely, research in urban ecology or building energy ef-
ficiency often examines features like green roofs in isolation from their hydrological con-
text and performance. A critical limitation is the lack of consideration of economic feasi-
bility analyses, which typically focus on simplistic trade-offs between costs and hydrology 
or only account for upfront capital costs and are therefore systematically biased against 
the much larger monetary value that can be obtained from energy savings, air quality 
improvements and climate mitigation [39–43]. As a result, this fragmented analytical land-
scape fails to capture the integrated value of LID, leaving no holistic, comparable, and 
monetized evidence for planners and policymakers. While multiple criteria decision 
frameworks such as analytic hierarchy process (AHP) offer a structured way of comparing 
LID alternatives, they generally assign qualitative or non-monetary weights to disparate 
categories of benefits [24]. Thus, there is a continuing need for a comprehensive method-
ology to quantify the entire range of LID benefits on a common monetary basis so that it 
is directly integrated into cost-benefit analyses and infrastructure investment appraisals. 

To address these gaps, this study develops and applies an integrated benefit valua-
tion framework for a comparative analysis of five representative LID facilities—vegetated 
swale, green roof, infiltration ditch, infiltration trench, and permeable pavement—in the 
dense urban context of Seoul, South Korea. While foundational studies have effectively 
quantified the hydrological potential for rainwater harvesting and stormwater manage-
ment in the Korean context using daily water balance models [44–46], a comprehensive 
framework to assign economic value to the full spectrum of co-benefits from decentralized 
LID facilities remains lacking. The study is guided by the following research questions: 
RQ1: How do different types of LID facilities compare in terms of their hydrological, en-
ergy, air quality, and climate-related performance? RQ2: What is the monetized value of 
multifunctional co-benefits provided by each LID type under the Seoul urban context? 
RQ3: How does the integrated benefit valuation framework demonstrate the multifunc-
tional value of LID facilities across water, energy, air quality, and climate sectors? To an-
swer these questions, the framework quantifies and monetizes co-benefits across four in-
terrelated sectors: (1) water management, including runoff volume reduction and avoided 
costs of centralized stormwater infrastructure; (2) energy savings, through reduced build-
ing cooling and heating requirements; (3) air quality improvement, through direct pollu-
tant removal and indirect emission reductions from lower energy consumption; and (4) 
climate change response, through direct carbon sequestration and indirect carbon emis-
sion avoidance. Using a transparent, spreadsheet-based model incorporating localized 
Korean valuation data (e.g., regional emission factors and social cost of carbon), this re-
search provides a systematic and reproducible methodology [47,48]. The results offer a 
comprehensive, monetized comparison of the multifunctional performance and economic 
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profiles of various LID types. Ultimately, this work provides urban planners and policy-
makers with an evidence-based framework to support investment decisions that maxim-
ize synergistic returns across urban water security, energy efficiency, environmental qual-
ity, and climate resilience. 

This study demonstrates that LID facilities function as multifunctional green infra-
structure, providing measurable economic benefits beyond stormwater management. By 
quantifying and monetizing co-benefits across water, energy, air quality, and climate sec-
tors, the findings support a paradigm shift in urban infrastructure planning—from single-
purpose drainage solutions to integrated investments that enhance urban resilience, en-
ergy efficiency, and environmental quality simultaneously. The remainder of this paper 
is structured as follows. Section 2 describes the selected LID facilities and the integrated 
evaluation methodology used to quantify and monetize multifunctional benefits across 
four sectors. Section 3 presents the comparative results of the assessed LID systems, with 
subsections dedicated to water management, energy savings, air quality improvement, 
climate change response, cost analysis, and comprehensive benefit valuation. Finally, Sec-
tion 4 summarizes the main conclusions, discusses policy implications, and identifies lim-
itations and directions for future research. 

2. Materials and Methods 
2.1. Description of LID Facilities 

Low-impact development (LID) facilities have been widely applied in South Korea 
to manage urban rainfall-runoff to promote rainwater reuse and enhance water quality by 
decentralized stormwater control. These systems help to complement conventional drain-
age infrastructure, by promoting on-site storage, infiltration and controlled release of 
stormwater at the source. 

In this study, five types of LID facilities located in Seoul were chosen as the repre-
sentative facilities for analysis (vegetated swale, green roof, infiltration ditch, infiltration 
trench, and permeable pavement). These facilities encompass commonly applied LID 
practices in urban environments with a high density of development, and examples of 
these systems are diverse, including surface-based, subsurface and infiltration-oriented 
systems. The selected facilities vary in physical configuration, contributing drainage area, 
and functional design, enabling comparison across a range of typical urban applications. 

Table 1 provides the technical and economic features of the selected LID facilities 
such as facility area, contributing catchment area, inflow rainfall volume, storage capacity, 
infiltration capacity, storage infiltration rate, and storage ratio. Construction and mainte-
nance unit prices are also provided to describe the economic characteristics of each facil-
ity. Together, these parameters characterize the physical scale, hydrological function, and 
implementation attributes of the studied LID systems. 

Table 1. Summary of the studied LID facilities technical and economical parameters. 

Facility 
Name 

Facility 
Area (m2) 

Catchment 
Area (m2) 

Inflow 
Rainfall 
Volume 

(m3) 

Facility 
Storage  

Capacity 
(m3) 

Infiltration 
Measure 

(m3) 

Storage 
Infiltration 

Rate 

Storage 
Ratio 

Construction 
Unit Price * 

Maintenance 
Unit Price * 

Vegetated 
swale 

150 3000 85.0 85.0 1.8 0.8 1.0 18,000 1378 

Green roof 397 300 12.0 12.0 0.0 0.8 1.0 63,852 9213 
Infiltration 

ditch 210 1785 71.4 28.4 2.6 0.4 0.9 12,600 663 

Infiltration 350 2975 119.0 69.8 4.3 0.6 0.9 21,000 3605 
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trench 
Permeable 
pavement 3390 5000 200.0 200.0 41.7 0.8 0.8 169,500 21,831 

* Unit price (KRW/m2). Note: All parameter values represent site-specific characteristics of LID fa-
cilities installed in Seoul, South Korea, derived from design specifications and field measurements 
at the study locations. All benefits in subsequent tables are reported as annual values; capital costs 
(construction unit price in Table 1) are one-time installation investments. 

2.2. Evaluation Methodology 

This study presents the development of a spreadsheet-based evaluation framework 
for the systematic quantification of multifunctional benefits provided by five representa-
tive low-impact development (LID) facilities: vegetated swales, green roofs, infiltration 
ditches, infiltration trenches, and permeable pavements. The framework is intended to 
facilitate transparent, reproducible, and integrated assessment of LID performance across 
several urban sectors. 

The evaluation focuses on four important areas of benefits where LID practices serve 
at the same time: water management, energy savings, air quality improvement and cli-
mate change response. While stormwater management and regulation form a founda-
tional function of LID, the evaluation clearly acknowledges that the systems provide ad-
ditional co-benefits that go beyond the control of runoff as they are a multifunctional ur-
ban infrastructure. 

For each LID facility, the benefits are first quantified in physical and technical terms 
such as reduction in annual runoff, reduction in building energy demand, removal of pol-
lutants, and sequestration of or reduction in carbon. These technical indicators are then 
converted into monetized benefit indicators using standardized conversion factors, so that 
cross-sectoral comparison and aggregation are possible while retaining a clear relation-
ship to the underlying physical processes. This two-step approach ensures transparency 
regarding methodology and also prevents performance assessment from being conflated 
with economic interpretation. 

The structure based on spreadsheet offers the possibility to ensure consistency in ap-
plying assumptions, to better compare scenarios between types of LID, and to incorporate 
additional indicators flexibly if needed. Detailed equations and values of parameters used 
in the benefit calculations are shown in the section that follows. Figure 1 shows the overall 
methodological workflow that was followed in this study with emphasis on the sequential 
evaluation of the sector-specific benefits and their integration into a holistic assessment 
framework. All parameter values used in the quantification and monetization steps were 
selected from Seoul-specific data sources to ensure geographic representativeness, as de-
tailed in Tables A1–A4. 
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Figure 1. Schematic overview of the integrated benefit valuation framework showing the five LID 
facilities, four benefit sectors, physical quantification metrics, and monetization parameters. 

2.2.1. Justification of the Benefit Valuation Framework 

The benefit valuation framework that was used in this study combines hydrological, 
energy, air quality and climate-related performance metrics to systematically assess the 
multifunctional contributions of LID facilities [9]. All the benefit components were first 
quantified in physical units according to known engineering principles and environmen-
tal assessments methodologies and were then converted into monetary values using unit 
prices and valuation coefficients from official statistical sources and the peer-reviewed 
literature. This sequential quantification approach in line with established frameworks 
and approaches used in ecosystem service valuation [49] guarantees methodological 
transparency and dimensional consistency, as well as the reproducibility of results. 

The framework explicitly takes both direct and indirect benefit pathways into ac-
count, such as rainfall-runoff reduction, avoided demand for centralized water treatment 
infrastructure, reduction in building energy consumption, associated air pollutant emis-
sion reductions, carbon sequestration and mitigation effects. The use of uniform unit-
based valuation methods for all types of facilities allows them to be used to robustly com-
pare facilities while reducing the risk of benefit overlap or double counting. Benefit cate-
gories for which standardized and widely accepted monetary valuation methods are not 
available, such as social well-being, visual amenity and recreational value, were purposely 
excluded to retain a conservative estimation of total benefits. 

Overall, the adopted valuation framework offers a structured and defensible meth-
odological basis for the assessment of multifunctional performance of LID facilities in the 
context of an integrated water–energy–environment nexus. This approach makes sustain-
able urban infrastructure planning decisions evidence-based by relating physical system 
performance and economic valuation in a consistent and transparent way. 

To ensure methodological clarity and avoid potential double counting, benefit cate-
gories were structured according to distinct physical pathways, as illustrated in Figure 2. 
Direct hydrological benefits were derived from runoff reduction and associated treatment 
cost savings. Direct environmental benefits included pollutant deposition and carbon se-
questration provided by LID vegetation. Indirect benefits were derived from reductions 
in building energy demand, which were first valued as economic savings and then used 
to estimate associated reductions in air pollutant emissions and carbon emissions using 
independent emission factors. These energy-related environmental benefits were 
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calculated separately from direct deposition and sequestration processes and were not 
aggregated as duplicate values. Qualitative benefits such as social well-being, aesthetics, 
and recreational value were excluded to maintain conservative and transparent estimates. 
While these parameters represent the best available localized inputs, inherent uncertainty 
remains. The results should therefore be interpreted as order-of-magnitude estimates for 
comparative planning rather than precise empirical measurements. 

 

Figure 2. Conceptual framework illustrating distinct benefit pathways and system boundaries used 
to avoid double counting. 

2.2.2. Evaluation of Water Management Benefits 

The rainfall-runoff reduction due to LID facilities is determined using the following 
equation: RR  (m ) = A (m ) × I   (mm) × 0.001 (1)

where RR    is rainfall-runoff reduction (m3) per year, A  is the contributing catchment 
area (m2) and I   is the cumulative annual rainfall depth for rainfall events less or equal 
to 5 mm per day, and 0.001 is the unit conversion factor from millimeters to meters. This 
simplified formulation assumes full capture of events ≤ 5 mm/day based on Seoul’s rain-
fall characteristics. However, actual performance may be constrained by facility-specific 
storage capacity and infiltration rate (Table 1). Results should therefore be interpreted as 
comparative planning-level estimates rather than precise hydrological predictions, partic-
ularly for storage-limited facilities such as green roofs. Based on the analysis of rainfall 
events in the Seoul metropolitan area, the value of  I   is considered to be 200 mm (Table 
A1), which is the cumulative depth of frequent and small storms well managed by LID 
facilities, as used in hydrological assessments for the area [1]. 

The benefit of water management related to decreased demand for centralized water 
treatment services is expressed as: CT  (KRW) = RR  (m ) × ST (KRW/m ) (2)

where CT   is the annual benefit of reduction in water treatment services (KRW), RR   is 
the rainfall-runoff reduction (m3), and ST   is the unit value of sewage treatment services 
(KRW/m3). The value of ST   is 727.3 KRW/m3 (Table A1), which was based on the aver-
age operational cost for wastewater treatment in Seoul, which was reported in local cost-
effectiveness analyses of LID facilities [50]. 
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The avoided need for conventional water treatment infrastructure that can be at-
tributed to LID-caused runoff reduction is estimated as: CT  (KRW) = A (m ) × ET (KRW/m ) (3)

where CT    is the equivalent of the treatment infrastructure demand that is avoided 
(KRW), A  is the catchment area (m2), and ET   is the conventional water treatment re-
quirement per unit area (KRW/m2). The value of ET  is 29,170 KRW/m2 (Table A1). 

Similarly, the decrease in operational service demand related to stormwater treat-
ment is calculated as: COM  (KRW) = RR  (m ) × OMT  (KRW/m ) (4)

where COM  is the annual operation and maintenance service reduction benefit (KRW), RR   is the rainfall-runoff reduction (m3), and OMT  is the unit value of operation and 
maintenance services (KRW/m3). The value of OMT  is 812 KRW/m3 (Table A1). 

2.2.3. Evaluation of Energy Savings Benefits 

The savings in cooling energy demand that is achieved annually from the implemen-
tation of LID is calculated as: CE  (kWh) = A  (m ) ×   CE (kWh/m ) (5)

where CE   is the annual cooling energy reduction (kWh), A  is the LID facility area (m2), 
and CE  is the cooling energy reduction per unit area (kWh/m2). The value of CE  is 4.87 
kWh/m2 (Table A2), which is a coefficient of cooling energy savings obtained from empir-
ical research on the microclimatic effects of green infrastructure [29]. 

The energy-saving benefit is estimated as: CE  (KRW) = CE  (kWh) ×   CE (KRW/kWh)   (6)

where CE  is the annual cooling energy saving benefit (KRW), and CE  is the unit elec-
tricity price (KRW/kWh), which is valued at 109.80 KRW/kWh (Table A2). 

The annual decrease in the heating energy demand is calculated as: HE  (MJ) = A  (m ) ×   HE (MJ/m ) (7)

where HE  is the annual heating energy reduction (MJ), and HE  is the heating energy 
reduction per unit area (MJ/m2) and is equal to 60.80 MJ/m2 (Table A2). 

The corresponding benefit in terms of heating energy saving is expressed as: HE  (KRW) = HE  (MJ) ×   HE (KRW/MJ)  (8)

where HE  is the annual heating energy saving benefit (KRW), and HE  is the unit heat-
ing energy price (KRW/MJ), which is valued at 15.88 KRW/MJ (Table A2). 

2.2.4. Evaluation of Air Quality Improvement Benefits 

The direct annual air pollutant removal related to LID vegetation and surface pro-
cesses is calculated as: AP  (kg) = A  (m ) ×   AP (kg/m ) (9)

where AP    is the direct annual air pollutant reduction (kg), A   is the LID facility area 
(m2), and APu is the pollutant removal rate per unit area (kg/m2). Values of AP  for NO2, 
O3, SO2, and PM10 are 0.001897, 0.003681, 0.00155, and 0.000603 kg/m2, respectively (Table 
A3), using pollutant deposition models and empirical study of urban vegetation [51]. 

The indirect air pollutant reduction resulting from cooling energy savings is calcu-
lated as: 
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CP  (kg) = A  (m ) ×   CE (kWh/m ) × CP  (kg/kWh) (10)

where CP  is the annual pollutant reduction due to cooling energy savings (kg), and CP   
represents the emission reduction factor (kg/kWh). Values of CP  are 0.000064492 (NO2) 
and 0.0000896345 (SO2) (Table A3). 

Likewise, the pollutant reduction due to the heat energy savings is expressed as: HP  (kg) = A  (m ) ×   HE (MJ/m ) × HP  (kg/MJ) (11)

where HP   is the reduction in pollutant emissions per year because of the heating energy 
saving (kg), and HP  is the emission reduction factor (kg/MJ). Corresponding values are 
shown in Table A3. 

The sum of all the air quality improvement benefits is estimated as: TP  (KRW) = AP  (kg) + CP  (kg) + HP  (kg)    ×   TP (KRW/kg)   (12)

where TP  is the annual air quality improvement benefit (KRW), and TP  is the pollu-
tant-specific unit value (KRW/kg), where values are presented in Table A3. 

2.2.5. Evaluation of Climate Change Response Benefits 

The direct annual amount of carbon sequestration provided by LID vegetation is cal-
culated as: AC  (kg CO ) = A  (m ) × AC (kg C/m ) × EC ( kg CO /kg C) (13)

where AC  is the annual carbon sequestration (kg CO2), AC  is the sequestration rate per 
unit area (kg C/m2), and EC  is the carbon to CO2 conversion factor (3.67) (Table A4). 

The carbon sequestration benefit corresponding to this is expressed as: AC  (KRW) = AC  (kg CO ) × SC (KRW/kg CO ) (14)

where AC  is the annual direct carbon sequestration benefit (KRW), AC  is the annual 
carbon sequestration (kg CO2), and SC  is the social value of carbon (KRW/kg CO2) that 
was valued at 50.88 KRW/kg CO2 (Table A4), determined according to the standardized 
methodology for social cost of carbon estimation [52], with modifications performed ac-
cording to national economic parameters for Korea. 

The indirect carbon emission reduction in cooling and heating energy saving is cal-
culated as: AC  (kg CO ) =  CE  (kWh) × AC (kg CO /kWh)+       HE  (MJ) × AH (kg CO /MJ)  

(15)

where AC  is the annual indirect carbon emission reduction in (kg CO2), CE  is the an-
nual cooling energy reduction (kWh), AC  is the carbon emission reduction factor for elec-
tricity use (kg CO2/kWh), HE  is the annual heating energy reduction (MJ), and AH  is the 
carbon emission reduction factor for heating energy (kg CO2/MJ) (Table A4). 

The indirect climate change mitigation benefit is given by: AC  (KRW) =  AC  (kg CO )  ×  SC (KRW/kg CO ) (16)

where AC   is the annual indirect carbon reduction benefit (KRW), AC  is the indirect 
carbon emission reduction (kg CO2), and SC  is the social value of carbon (KRW/kg CO2). 
The value of SC   is 50.88 KRW/kg CO2, as adopted from Table A4. 

Finally, the total annual climate change response benefit is calculated as: TAC  (KRW) =  AC  (KRW) + AC  (KRW) (17)
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where TAC  is the total annual climate change response benefit (KRW), AC  is the an-
nual direct carbon sequestration benefit (KRW), and AC  is the annual indirect carbon 
reduction benefit (KRW). 

3. Results and Discussion 
3.1. Water Management Benefits 

The water management performance of the studied low-impact development (LID) 
facilities varies depending on their design characteristics and effective catchment area (Ta-
ble 2). At the facility level, systems with larger catchment areas have larger reductions in 
the amount of rainwater runoff, suggesting that catchment area is a key driver of hydro-
logical performance. Facilities such as permeable pavement and infiltration-based systems 
are particularly effective as they directly handle surface runoff and encourage subsurface 
infiltration, processes that have been found to be a significant factor in the removal of 
suspended solids and nutrients as well [53]. In contrast, green roofs have low runoff re-
duction because of their low footprint, despite being capable of holding rainfall where it 
falls. These results indicate that variation in performance is implementation area con-
trolled by scale and hydrological function as opposed to the simple LID type. As a result, 
LID facility evaluation needs to be done carefully, considering site-specific conditions and 
management goals to be achieved, and not assume that efficacy of LID technologies is 
uniform. 

Table 2. Summary of the studied LID facilities water management benefits. 

Facility Name 
Catchment 
Area (m2)  

Rainwater 
Runoff 

Reduction 
(m3) 

Annual Water 
Treatment 

Reduction Cost 
(KRW) 

Cost of Treatment 
Facility Using 

Existing Method 
(KRW) 

Annual O&M 
Reduction Cost 

(KRW) 

Vegetated swale 3000 600 436,380 87,510,000 487,200 
Green roof 300 60 43,638 8,751,000 48,720 

Infiltration ditch 1785 357 259,646 52,068,450 289,884 
Infiltration trench 2975 595 432,743 86,780,750 483,140 

Permeable 
pavement 

5000 1000 727,300 145,850,000 812,000 

Economic benefits, expressed in terms of reduced water treatment demand and lower 
operation and maintenance (O&M) requirements, are correlated with hydrological per-
formance (Figure 3). However, this advantage is accompanied by trade-offs in relation to 
complexity of the system and intensity of construction. High-performing facilities, such 
as permeable pavement and infiltration trenches, do require more significant installation 
efforts, which could restrict their use in some urban settings, especially retrofit situations. 
Conversely, vegetated swales and green roofs provide more modest but regular benefits 
and provide greater flexibility for their integration into existing urban environments. 
These observations suggest that no one LID facility has optimal performance in all criteria. 
Instead, the most appropriate strategy to achieve sustainable urban stormwater manage-
ment is best accomplished through a complementary combination of LID facilities that 
balance hydrological effectiveness, economic efficiency, spatial limitations, and broader 
environmental benefits. This facility-level analysis is an evidence base that can be used 
pragmatically to support informed planning and design decisions to increase urban water 
sustainability. These findings directly address RQ1 by demonstrating how hydrological 
performance varies across LID facility types based on scale and design characteristics. 
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Figure 3. Water management benefits of studied LID facilities. 

3.2. Energy Savings Benefits 

The assessed low-impact development (LID) facilities exhibit an energy savings effect 
by cooling and heating energy demand reduction and other energy savings by reducing 
water treatment system needs (Table 3). At the facility level, total energy savings increase 
with facility area, suggesting that facility area is a key determinant of total energy perfor-
mance. Permeable pavement has the greatest cumulative energy savings because of its 
much greater facility area, while smaller facilities like vegetated swales and infiltration 
ditches have lesser absolute energy savings. This pattern suggests that total energy bene-
fits are largely scale driven and not based on differences in facility type alone. Neverthe-
less, all LID facilities studied appear to contribute positively to urban energy efficiency, 
reinforcing their multifunctional role in sustainable stormwater management systems. 

Table 3. Summary of the studied LID facilities energy savings benefits. 

Facility 
Name 

Facility  
Area (m2) 

Annual 
Cooling 
Energy 

Reduction 
(kWh) 

Annual 
Cooling 
Energy 
Savings 
(KRW) 

Annual 
Heating 
Energy 

Reduction 
(MJ) 

Annual Heating 
Energy Savings 

(KRW) 

Energy Savings 
Due to Annual 

Water Treat-
ment (kWh) 

Vegetated swale 150 731 78,894 9120 141,816 188.4 
Green roof 397 1931 208,596 24,113 374,961 19 

Infiltration ditch 210 1023 110,452 12,768 198,542 112 
Infiltration trench 350 1705 184,086 21,280 330,904 187 

Permeable 
pavement 3390 16,509 1,783,004 206,112 3,205,042 314 

Figure 4 reveals that the amount of cooling and heating energy savings per unit area 
are similar for the various LID facilities, indicating similar potential for saving energy at 
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the local scale. Cooling energy reductions are related to reduction in heat accumulation 
on impervious surfaces and to the moderation of local ambient temperatures, while heat-
ing energy savings relate to improved thermal stability and reduced energy demand as-
sociated with temperature extremes. The similarity in the performance, which is meas-
ured in terms of unit area, suggests that energy efficiency gains are relatively uniform 
across facility types. In addition, energy savings due to less water treatment demand high-
light the broader contribution of LID facilities to the integrated management of water and 
energy systems in cities. 

From a sustainability perspective, these findings indicate that the LID facilities in-
crease the energy efficiency of cities by locally regulating microclimates, as well as by de-
creasing the energy demand from the conventional infrastructure systems. However, fa-
cilities that provide higher cumulative benefits tend to require larger implementation ar-
eas, which may be limited by land availability and practical feasibility in urban areas. 
Smaller facilities, while not achieving as large overall savings, provide more flexibility 
and can be more easily integrated into the existing built environments. Therefore, energy-
focused planning of LID systems should be based on a balanced deployment strategy that 
combines facilities of different sizes and functions. Such an approach allows cumulative 
energy savings to be maximized for the sake of implementation feasibility, in support of 
the wider goals of sustainable urban development. These results contribute to RQ1 and 
RQ2 by quantifying energy savings across facilities and demonstrating their monetized 
value in the Seoul urban context. 
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Figure 4. Energy saving benefits of studied LID facilities. 

3.3. Air Quality Improvement Benefits 

The evaluated low-impact development (LID) facilities demonstrate measurable air 
quality improvement benefits in the reduction in key air pollutants, including nitrogen 
dioxide, ozone, sulfur dioxide, and particulate matter (Table 4). These benefits occur 
through two main mechanisms, including direct removal of pollutants related to vege-
tated and permeable surfaces and indirect emission reductions through reduced cooling 
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and heating energy demand. At the facility level, total pollutant reductions increase with 
facility area, suggesting scale is a dominant factor in determining total air quality benefits. 
Permeable pavement provides the greatest accumulative pollutant reductions because of 
the much larger implemented size, and smaller facilities include vegetated swales and 
infiltration ditches that contribute more modest reductions. 

Table 4. Summary of the studied LID facilities’ air quality improvement benefits. 

Facility 
Name 

Annual Reduction by Pollutant 
(kg) 

Annual Cooling Energy 
Emissions Reduction by 

Pollutant (kg) 

Annual Heating Energy 
Emissions Reduction by 

Pollutant (kg) 

Annual Pollutant 
Reduction Value 

(KRW) 
NO2 O3 SO2 PM-10 NO2 SO2 NO2 SO2 

Vegetated 
swale 0.28 0.55 0.23 0.09 0.64 1.74 2.83 1.04 45,980 

Green roof 0.75 1.46 0.61 0.24 1.70 4.61 7.48 2.76 121,572 
Infiltration 

ditch 0.40 0.77 0.33 0.13 0.90 2.44 3.96 1.46 64,372 

Infiltration 
trench 0.66 1.29 0.54 0.21 1.50 4.07 6.60 2.43 107,287 

Permeable 
pavement 6.43 12.48 5.25 2.04 14.51 39.38 63.90 23.58 1,039,157 

Figure 5 shows that the air quality benefits of energy efficiency from reductions in air 
pollutant emissions associated with cooling and heating energy savings represent a sig-
nificant component of total air quality benefits. Emission reductions that are related to 
reductions in electricity and natural gas use are relatively consistent across facility types, 
suggesting that the emissions reduction potential is similar on a per-area basis across all 
facility types. Pollutant reductions linked to energy saving bring complementary reduc-
tions in pollutant removal, illustrating the integrated nature of LID performance across 
environmental domains. These findings indicate that the air quality benefits from LID fa-
cilities extend beyond the local capture of pollutants and include emissions reductions 
from the entire system because of urban energy use. 

From the point of view of sustainability, these results suggest that LID facilities con-
tribute to improved urban air quality through direct and indirect pathways. However, 
facilities that create the most cumulative air quality benefits often need larger land areas, 
which may reduce their feasibility in space-constrained urban areas. Smaller facilities, 
while providing less total reduction, provide greater flexibility and can be more easily 
integrated into existing urban fabric. Therefore, air quality-oriented planning should not 
be based on one LID solution but on a complementary selection of facility types and sizes. 
Such an approach opens the possibility of achieving improvements in air quality along 
with the water and energy benefits in order to support the multifunctional role of LID as 
a green infrastructure for sustainable urban development. This subsection addresses RQ1 
and RQ2 by comparing air quality performance across facility types and providing mon-
etized estimates of both direct and indirect pollutant reduction benefits. 
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Figure 5. Air quality improvement benefits of studied LID facilities. 

3.4. Climate Change Response Benefits 

The evaluated low-impact development (LID) facilities exhibit climate change re-
sponse benefits by virtue of both direct sequestration of carbon and indirect reductions in 
greenhouse gas emissions due to lower electricity and gas use (Table 5). At the facility 
level, there is a significant positive relationship between facility area and total climate 
benefits, which suggests that implementation scale is an important factor in the overall 
carbon reduction performance. The total annual climate benefits of each facility are shown 
in Figure 6. Permeable pavement has the greatest overall cumulative climate benefits, 
which is mainly attributed to the large surface area and its contribution to indirect emis-
sion reductions. In contrast, smaller-scale facilities like vegetated swales and infiltration 
ditches offer more limited but significant climate benefits. These results suggest that the 
total climate mitigation potential is dominated by the scale, with contributions of all types 
of LID to the overall climate mitigation potential through complementary mechanisms. 

Table 5. Summary of the studied LID facilities climate change response benefits. 

Facility 
Name 

Carbon 
Sequestration 

(kg CO2) 

Annual Carbon 
Sequestration 
Benefit Value 

(KRW) 

Electricity and 
Gas Indirect 
Total Carbon 

Reduction 
(kg CO2) 

Electricity 
and Gas In-
direct Total 
Carbon Re-

duction Ben-
efit Cost 
(KRW) 

Total Annual 
Climate Benefits 

(kg CO2) 

Total Annual 
Climate 

Benefit Cost 
(KRW) 

Vegetated swale 91 4617 1012 51,518 1103 56,135 
Green roof 240 12,208 2388 121,507 2628 133,717 

Infiltration ditch 127 6464 1326 67,471 1453 73,936 
Infiltration trench 212 10,774 2210 112,452 2422 123,227 

Porous  
pavement 2051 104,357 20,504 1,043,300 22,555 1,147,658 
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Direct carbon sequestration makes up a part of climate benefits that are found mostly 
in vegetated systems, which reflect the function of biomass and soil processes in capturing 
carbon from the atmosphere. However, indirect emission reductions that are associated 
with reduced energy demand emerge as a dominant component of total climate benefits 
in all facility types. This finding highlights the role of the energy-related pathways in cli-
mate change mitigation and is consistent with the multifunctional role of the LID facilities 
in emission reduction and resource demand reduction. The combined effect of sequestra-
tion and avoided emissions suggests that the climate benefits are not limited to local eco-
logical effects but are the result of wider system-level interactions between urban water, 
energy and climate processes. 

From a sustainability point of view, these results indicate that LID installations can 
be considered as an effective climate responsive infrastructure, which can contribute to 
emission reduction targets, both directly and indirectly. Smaller facilities, even though 
they are creating fewer total reductions, provide more adaptability and can be more read-
ily integrated into existing urban settings. Therefore, climate-oriented LID planning 
should focus on a balanced deployment strategy, with a combination of different scales 
and functions of facilities. Such an approach can increase the overall climate resilience and 
make it flexible and feasible for long-term urban sustainability and climate mitigation ob-
jectives. These findings respond to RQ1 and RQ2 by quantifying climate benefits through 
both direct sequestration and energy-driven emission reductions, with clear monetization. 
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Figure 6. Climate change response benefits of studied LID facilities. 

3.5. Construction and Maintenance Unit Costs 

Figure 7 compares construction and maintenance unit costs of the different low-im-
pact development (LID) facilities and shows that there is substantial variation by facility 
type. Construction costs vary significantly, and this is due to variations in the level of 
structural complexity, material needs, and installation processes. Permeable pavement 
has the highest construction cost per unit area, which is partly related to the intensive 
material consumption and special construction technology. Green roofs are also found to 
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have relatively high construction costs that are related to layered systems, waterproofing 
requirements and structural considerations. In comparison, vegetated swales and infiltra-
tion ditches have much lower construction costs as they are simple in design and use nat-
ural or semi-natural components. These differences suggest that the initial investment re-
quirements may have a strong effect on the feasibility of LID implementation, especially 
in the case of large-scale (or budget-constrained) projects. 

Maintenance unit costs exhibit patterns that are similar to those of construction costs 
with important differences. Facilities that are more complex in construction tend to re-
quire more ongoing maintenance efforts to maintain performance (e.g., for permeable 
pavement and green roofs). These systems require some inspection, cleaning, and mainte-
nance on a regular basis to ensure that the infiltration capacity and functioning integrity 
is achieved. On the other hand, vegetated swales and infiltration ditches have compara-
tively low maintenance costs due to the ease of the structure and the passive operation. 
Infiltration trenches are considered to be an intermediate position, requiring moderate 
maintenance to ensure they do not become clogged and ensure long-term effectiveness. 
These results highlight the importance of considering maintenance issues as important as 
construction costs when assessing the long-term economic sustainability of LID facilities. 

From a sustainability and planning standpoint, the differences in costs in Figure 7 
underscore the need to consider LID facilities using life-cycle cost considerations and not 
simply the initial cost. High-cost facilities are potentially high-benefit in terms of environ-
mental and climate issues but may be difficult to implement at large scale, especially in 
retrofit situations. Lower-cost facilities, although offering less specific benefits, allow more 
extensive deployment and incremental implementation across urban areas. Therefore, 
cost-effective LID planning should focus on diversification of the portfolio of facilities that 
optimizes building and maintenance costs and performance findings. Such an approach 
supports financially feasible implementation with maximum long-term sustainability and 
resilience of urban stormwater management systems. This cost analysis provides essential 
context for RQ3, illustrating the trade-offs between implementation costs and the multi-
functional benefits evaluated in preceding sections. For comprehensive economic assess-
ment, future applications of this framework should incorporate facility-specific lifespan 
assumptions and discount rates to calculate lifecycle metrics such as net present value. 
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Figure 7. Construction and maintenance unit cost of studied LID facilities. 

3.6. Comprehensive Benefit Value Evaluation 

Figure 8 summarizes an in-depth assessment of the benefits provided by the LID fa-
cilities considered by combining their contribution across several sectors, namely, water 
management, water use, energy, air quality and climate change. This whole system rep-
resentation illustrates the multiple functions of LID systems that provide a wide range of 
environmental and resource-related benefits in addition to their stormwater management 
function in the urban landscape. 

As a component of the overall benefit profile, water management benefits represent 
a significant component of the benefits profile for all of the facilities, in line with the fun-
damental role of LID in runoff regulation and hydrological control. However, the results 
also demonstrate that water use efficiency, energy savings, air quality improvement and 
climate change response have a meaningful contribution to total benefits. This distribution 
suggests that LID facilities are interconnected elements in urban systems that produce co-
benefits that go beyond the hydrological performance of such facilities. 

Vegetated swales and infiltration-based facilities have good benefit contributions in 
the water management and water use sectors, as well as significant benefits in the energy, 
air quality, and climate change sectors. These patterns suggest that decentralized and dis-
tributed LID measures can support multiple objectives for sustainability when strategi-
cally implemented in urban environments. 

Green roofs exhibit a different structure of benefits, with comparatively smaller con-
tributions of the water management and water use sectors and larger benefits related to 
energy performance, air quality improvement and climate change response. This differ-
entiation highlights the importance of facility type in determining the distribution of ben-
efits and points to the complementary role of building-scale LID measures within inte-
grated urban sustainability strategies. 

Permeable pavement has the highest total value of benefits among the facilities eval-
uated due to its ability to provide large contributions across all sectors that were evalu-
ated. Water management and water use benefits constitute a large component of its 
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overall performance, while energy, air quality and climate-related benefits increase its 
multifunctional nature. The results suggest that facilities that have been implemented 
over larger spatial extents can magnify cumulative benefits in more than one sector with-
out having a single predominant pathway. 

Overall, the detailed benefit analysis supports the idea that LID facilities deliver syn-
ergistic and complementary benefits to urban water, energy, and environmental systems 
in line with the growing body of research in favor of the integrated valuation of nature-
based solutions [54]. While managing stormwater is a fundamental function, by having 
more than one pathway for benefits, the overall value of LID implementation is increased 
dramatically. These findings provide support for diversified portfolios of LID facilities of 
varying facility types and scales to allow cities to maximize the multifunctional benefits 
and to further their broader sustainability aims. This integrated evaluation directly an-
swers RQ3 by demonstrating how the framework captures multifunctional value across 
all sectors, supporting portfolio-based planning decisions. 

  
(a) Vegetated Swale. (b) Green Roof. 

  
(c) Infiltration Ditch. (d) Infiltration Trench. 
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(e) Permeable Pavement. 

Figure 8. Comprehensive benefits of studied LID facilities. 

3.7. Benefits Evaluation Across Different Sectors 

Figure 9 presents the distribution of the annual benefits provided by the LID facilities 
investigated across several sectors: water treatment, water use efficiency, stormwater run-
off management, energy savings, air quality improvement, and climate change mitigation. 
The figure illustrates the multifunctional character of LID systems by showing that single 
facilities contribute to environmental, resource and climate-related goals at the same time. 

The biggest proportion of benefits of all facilities evaluated are linked to reductions 
in the water treatment infrastructure needs, highlighting the potential of LID systems to 
reduce the stress on centralized infrastructure, while creating indirect co-benefits in other 
sectors. Runoff reduction and infiltration benefits have a meaningful and significant im-
pact on total sectoral performance, as well as reflecting the hydrological functions of LID 
in managing urban stormwater volumes and encouraging local groundwater recharge. 

Energy-related benefits, as well, such as cooling electricity and heating gas reduc-
tions, account for a significant percentage of total benefits. These savings show that LID 
facilities help not only to moderate microclimatic conditions but also to reduce energy 
demand in urban systems, with other environmental and economic benefits. Correspond-
ingly, NO2, O3, SO2, and PM10 emissions reductions, both directly because of the air qual-
ity improvement and indirectly because of reduced energy consumption, provide a fur-
ther contribution to the multifunctionality of these facilities. Carbon sequestration and 
CO2 reductions through savings represent additional climate change response benefits, 
underscoring the potential role of LID systems in greenhouse gas mitigation. 
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Figure 9. Diverse benefits across different sectors. 

Overall, the sectoral evaluation indicates synergistic benefits offered by LID systems, 
with inter-linked benefits across water, energy, air quality and climate sectors. This inte-
grated perspective supports strategic implementation of LID portfolios, which maximize 
multifunctional returns, while simultaneously providing flexibility and resilience in ur-
ban sustainability planning. 

Table 6 summarizes the yearly benefits of LID facilities in key sectors such as water 
management, water use, energy, air quality and climate change, relating each sector to its 
influence characteristics, Triple Bottom Line (TBL) classification and Envision™ frame-
work category. 

The data indicate that LID facilities are responsible for generating measurable bene-
fits with respect to economic, environmental, and resource allocation values reflecting the 
multifunctional contribution of LID facilities in the sustainable development of urban ar-
eas. In the water management sector, there are benefits in the form of a reduced water 
treatment demand and lower operation and maintenance requirements, demonstrating 
both economic and resource efficiency benefits. Water use benefits such as runoff reduc-
tion and infiltration also tend to increase resource allocation, as well as resilience of the 
environment at the city or river basin scale. 

Energy-related benefits, including cooling electricity and heating energy reductions, 
appear to add economic and climate-related value through the capacity of LID facilities to 
help improve the energy efficiency of cities while reducing greenhouse gas emissions. Air 
quality improvements, in terms of reduction in NO2, O3, SO2, and PM10, contribute to en-
vironmental and quality of life benefits: indirect climate co-benefits related to reduced 
energy demand. Climate change benefits, in terms of carbon sequestration and reduction 
in CO2 emissions from energy savings, go directly into environmental and climate mitiga-
tion goals. 

A key insight gleaned from Table 6 is the idea that the LID facilities offer the simul-
taneous provision of multifunctional benefits across sectors with quantifiable economic 
and environmental value. While social benefits are known in the TBL and Envision™ 
frameworks, they are not explicitly quantified here, because of the absence of agreed-upon 
ways of monetizing social outcomes. This limitation highlights the importance for future 
research to account for social metrics, which would allow them to fully assess the perfor-
mance of LID. 

Overall, Table 6 supports the view that LID facilities are not only stormwater man-
agement solutions but multifunctional components of urban infrastructure that have the 
potential to provide synergistic benefits across the water, energy, air quality and climate 
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sectors (which is in line with sustainable urban development goals). The sectoral distribu-
tion analysis consolidates the responses to RQ1 and RQ2 by demonstrating how quanti-
fied physical benefits translate into measurable economic value across multiple domains. 
Moreover, the integrated sectoral perspective advances RQ3, supporting strategic deci-
sion-making based on multifunctional performance rather than single-sector outcomes. 

Table 6. Summary of benefits value across different sectors. 

Sector Benefits 
Annual  
Benefits 
(KRW) 

Annual  
Sectoral 
Benefits 
(KRW) 

Influence  
Characteristics 

TBL  
Classification 

Envision™ Classification 

Water 
manage-

ment 

Water 
treatment 

669,116 

6,277,823 City/river 
Economic 

value 6,277,823 
Resource 
allocation 3,138,911 

Natural 
environ-

ment 
3,138,911 

Reduced 
need for 

water 
treatment 
 facilities 

4,861,667 

Reduce 
O&M 

require-
ments 

for water 
treatment 
facilities 

747,040 

Water 
use 

Runoff  
reduction 
benefits 

1,037,188 

1,612,437 City/river Economic 
value 1,612,437 Resource 

allocation 1,612,437 - - 
Infiltra-

tion 
benefits 

575,249 

Energy 

Cooling  
electricity 
reduction 
benefits 

478,624 

1,338,974 City  
Economic 

value 1,338,974 
Resource 
allocation 669,487 Climate 669,487 

Heating 
energy 

reduction 
benefits 

860,350 

Air 
quality 

NO2 
reduction 

12,711 

278,948 City Environment 
value 

278,948 Quality of 
life 

139,474 Climate 139,474 

O3 
reduction 24,664 

SO2 
reduction 6406 

PM-10 
reduction 3436 

NO2 
reduction 

due to 
electricity 

154,971 
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and gas 
savings 

SO2 
reduction 

due to 
electricity 
and gas 
savings 

76,760 

Climate 
change 

Carbon 
seques-
tration 

benefits 

28,013 

314,351 All space 
Environment 

value 314,351 Climate 314,351 - - CO2 
reduction 
through 

electricity 
and gas 
savings 

286,337 

3.8. Model Limitations and Uncertainty 

The findings of this study should be interpreted within the assumptions and limita-
tions of the screening-level framework described in Section 2. Key inputs such as the 5 
mm rainfall threshold, energy-saving coefficients, and valuation factors were derived 
from Seoul-specific data sources. However, these values are subject to interannual varia-
bility, future changes in energy tariffs, and evolving social cost of carbon estimates. Sen-
sitivity to these parameters was not formally quantified, and results should be viewed as 
indicative rather than predictive. The framework presents annualized benefits alongside 
one-time capital costs. Full lifecycle analysis incorporating facility lifespan and discount 
rates was beyond the scope of this study and is recommended for future research. 

Furthermore, the simplified hydrological formulation (Equation 1) assumes full cap-
ture of rainfall events ≤5 mm/day based on Seoul’s rainfall characteristics, without explic-
itly accounting for facility-specific storage capacities, infiltration rates, or overflow dy-
namics. As shown in Table 1, facilities with limited storage (e.g., green roofs) may be over-
estimated under this assumption. The analysis also does not consider spatial configura-
tion effects, such as the interaction between multiple LID facilities within a catchment or 
potential performance degradation over time due to clogging or vegetation changes. 
These simplifications were necessary to maintain a transparent and comparable screening 
framework but should be addressed in more detailed assessments using continuous sim-
ulation models or field-validated performance data. Despite these limitations, the frame-
work provides a consistent basis for quantifying the multifunctional potential of different 
LID types and identifying relative magnitudes of co-benefits across sectors. 

4. Conclusions 
This study developed and applied an integrated framework of benefit valuation to 

compare five representative low-impact development (LID) facilities in Seoul, South Ko-
rea, which are vegetated swale, green roof, infiltration ditch, infiltration trench and per-
meable pavement. The framework provided a systematic quantification and monetary 
valuation of co-benefits across four sectors—water, energy, air quality and climate—
providing a holistic evidence base for sustainable infrastructure planning, and moves be-
yond single-domain assessments. 
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From this analysis, several observations can be made. First, the performance of LID 
appears to be highly scale dependent. Among all the options, permeable pavement has 
the greatest area and catchment and shows the greatest total benefits in terms of runoff 
reduction, avoided infrastructure costs and energy savings. On the other hand, the 
smaller-scale facilities such as vegetated swales and green roofs provide less in the way 
of absolute benefit and more flexibility in implementation, suggesting their potential suit-
ability for retrofits and space-constrained sites. This suggests that no single type of LID is 
optimal in all situations; selection must be in accordance with particular site conditions 
and objectives. 

Second, LID systems can offer substantial multifunctional values. While stormwater 
management is their primary role, energy savings, air quality improvement, and climate 
mitigation appear to substantially increase their overall benefit. For green roofs, these co-
benefits can even be their largest contribution to the overall value, highlighting their po-
tential as multifunctional building solutions beyond stormwater control. 

Third, a trade-off between benefits and costs is observed. High performing facilities 
like permeable pavement and infiltration trenches have higher construction and mainte-
nance investment. This suggests that decision-making may benefit from a life-cycle cost 
perspective. The results support the consideration of a diversified portfolio approach, 
where the strategic combination of high- and low-cost facilities could help maximize city-
wide benefits and improve financial feasibility and resilience in different urban settings. 

A major contribution of this research is a transparent spreadsheet-based methodol-
ogy to bridge the gap between physical performance and economic valuation, a common 
failing in earlier research. Limitations of this work include the conservative omission of 
social co-benefits, such as aesthetics and recreation, because of the challenges to moneti-
zation. Future research should combine these social dimensions and add dynamic varia-
bles to the equation such as climate change, changing energy grids and cost fluctuations 
to further improve the robustness of LID valuation. Extending the analysis to include 
lifecycle metrics such as payback period and net present value would further enhance the 
economic rigor and practical applicability of the framework. 

Although this study is contextualized for Seoul, the integrated valuation framework 
is designed for transferability to other urban settings. The methodology—quantifying 
multifunctional benefits across water, energy, air quality, and climate sectors—can be rep-
licated in any city by substituting local parameters such as rainfall characteristics, energy 
tariffs, emission factors, and economic valuation coefficients. The five LID facility types 
evaluated are commonly implemented globally, and the conceptual separation of benefit 
pathways to avoid double counting is universally applicable. However, absolute benefit 
magnitudes will vary depending on local climate, energy systems, and economic condi-
tions. From a practical standpoint, the framework offers three key applications for urban 
decision-makers. First, it provides a replicable methodology to quantify and monetize LID 
co-benefits, enabling cities to justify green infrastructure investments beyond regulatory 
compliance. Second, the results illustrate the multifunctional value of different LID types, 
indicating how each facility contributes uniquely to water management, energy savings, 
air quality improvement, and climate mitigation. This supports context-sensitive planning 
by matching facility strengths to local priorities. Third, the framework facilitates portfolio-
based strategies by illustrating how combinations of facilities could collectively address 
multiple urban sustainability goals. These practical insights bridge the gap between aca-
demic valuation and real-world infrastructure decision-making. Future applications 
should therefore prioritize context-specific parameterization to ensure accurate and lo-
cally relevant results. 

Within the scope and limitations of this study, LID facilities emerge as multifunc-
tional assets that are crucial in urban sustainability. The framework provided serves as an 
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evidence-based tool for planners, engineers and policymakers in Seoul and other dense 
cities to prioritize investments, optimize combinations of green and gray infrastructure 
and justify policies that promote decentralized stormwater management. Widespread 
adoption of such integrated valuation approaches may help realize the potential of LID 
strategies in supporting resilient, livable and sustainable cities. 
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Appendix A 
The following supporting information is included. 

Table A1. Water saving benefit calculation parameters. 

Name of Parameter Value of Parameter  Reference Source 

Annual precipitation (mm) 1380 Korea Meteorological 
Administration, Seoul rainfall 

Sewage treatment cost unit 
price (KRW/m3) 727.3 [50] 

O & M cost (KRW/m3) 812 [55] 
Storm water management 

cost (KRW/m2) 
29,170 [55] 

Outflow groundwater usage 
fee (KRW/m3) 

400 Seoul Metropolitan Government 
(2019) 

Table A2. Energy saving benefit calculation parameters. 

Name of Parameter Value of Parameter Reference Source 
Annual cooling energy savings 

(kWh/m2) 4.87 
Ministry of Trade, Industry 

and Energy 
Annual heating energy savings 

(MJ/m2) 
60.80 Ministry of Trade, Industry 

and Energy 
Electrical energy unit price 

(KRW/kWh) 
109.80 2021 Energy Statistics Yearbook 

Gas energy unit price 
(KRW/MJ) 15.88 Seoul city gas unit price 
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Unit power consumption 
(kWh/m3) 

0.314 Water cycle effect analysis report 

Table A3. Air quality improvement benefit calculation parameters. 

Details of Parameter 
Name of 

Parameter 
Value of 

Parameter 
Refer-

ence/Source 
Average amount of pollutants 
reduced per unit area of green 

roof (kg/m2) 
NO2 0.001897 [29,30] 

 O3 0.003681 [29,30]  
 SO2 0.00155 [29,30]  

Air pollutant value (KRW/kg) 

PM-10 0.000603 [29,30]  
NO2 7363 [32,48] 
O3 7363 [32,48] 

SO2 4542 [32,48] 
PM-10 6261 [32,48] 

Annual pollutant 
emission rate from 

electricity generation 
(kg/kWh) 

NO2 0.000064492 [47] 

SO2 0.0000896345 (U.S. EPA., 2005) 

Heating natural gas 
annual pollutant 

emission rate (kg/MJ) 
NO2 0.0003100340136 (U.S. EPA., 2005) 

 SO2 0.0001143814807 (U.S. EPA., 2005) 

Table A4. Climate change benefit calculation parameters. 

Name of Parameter Value of Parameter Reference Source 
Annual carbon sequestration 

per unit area (kg C/m2) 
0.165 [55] 

Carbon sequestration equiva-
lent carbon dioxide conversion 

factor (kg CO2/kg C) 
3.67 [55] 

Price per kg carbon 
(KRW/kg CO2) 

50.88 [52] 

Electric average CO2 emission 
coefficient (kg CO2/kWh) 

0.4403 Ministry of Environment (2021) 

Natural gas CO2 emission 
factor (kg CO2/MJ) 0.05603 Ministry of Environment (2021) 

Green roof plant CO2 
absorption (kg CO2/m2) 1.8 Rural Development Institute (2021) 
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