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Abstract

:

Urban green infrastructure (UGI) can be used as a sustainable stormwater management approach. UGI can bring numerous ecological benefits to cities, including increased urban resilience, increased availability of water resources, and optimization of habitats. This paper used empirical research methods to describe an Internet of things (IoT)-based UGI monitoring and control system for stormwater management (MCSSWM). Using a Xuzhou-based practical project in China as a case study, we introduce the construction process, method, and monitoring results of the system. The results showed that the MCSSWM could be beneficial for UGI ecological performance evaluation and management.
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1. Introduction


With the process of urbanization, the proportion of impermeable underwater surfaces is continuously increasing in cities, resulting in a series of urban stormwater problems, such as increasing surface runoff, waste of water resources, and water pollution [1]. In order to solve these problems, a series of stormwater management strategies and technologies have been implemented by some countries and organizations [2,3]. Among these strategies, green infrastructure (GI) is an innovative urban stormwater management approach widely used throughout the world with sustainable characteristics. Compared with urban gray infrastructure, urban GI (UGI) uses natural or simulated natural technology to promote a sustainable urban water cycle [4]. Moreover, the fundamental concept of UGI is closely related to the GI definition. The concept of GI dates back to the emergence of urban parks in the United States in 1850. According to the existing literature, UGI is defined as interconnected networks of natural and seminatural elements in the urban areas that provide multiple functions and ecosystem services, including positive ecological, economic, and social benefits for humans and other species [5,6].



A large number of studies have shown that the implementation of UGI can bring sustainable rainwater management benefits. However, the lack of effective evaluation methods for stormwater management performance makes it difficult to realize the efficient and full use of urban rainwater resources. Research by Roy et al. (2008) showed that ‘one of the greatest barriers to the adoption of stormwater management techniques is a lack of data regarding their performance in various situations’ [7].



Accurately collecting and evaluating ecological performance data obtained through the UGI represent the basis of quantitative research, which makes urban rainwater resource use more efficient. The development of the Internet of things (IoT) has provided a new technical tool for data acquisition [8,9]. In 1999, The MIT Auto-ID Laboratory pioneered the concept of IoT [10]. The IoT refers to the information network formed by combining various sensing devices with the internet. The purpose of IoT is to realize the connection and interaction between people and objects through the information network. Real-time monitoring of system performance and dynamic feedback are the two main applications in UGI performance research based on IoT technology [11].



This study introduces a monitoring and control system of stormwater management for performance evaluation and real-time management of UGIs. The objectives were as follows: (1) to introduce a monitoring and control system for stormwater management (MCSSWM) for UGIs using IoT technology to obtain real-time performance data and achieve a more accurate evaluation of UGIs, (2) to describe, in detail, the process, method, and content of MCSSWM system construction through a site-scale UGI case to provide a reference for the construction of related systems, and (3) to analyze stormwater management data obtained by the IoT in the last year of the UGI and verify the ecological benefits obtained by the project.




2. Methods and Materials


2.1. The MCSSWM for UGIs


The framework of MCSSWM includes three basic layers: hydrological data sensing, data management, and data application (Figure 1a). Arranging various hydrological sensors, we accessed the sensing of the basic hydrological data on the design site, such as rainfall, runoff, discharge, soil moisture of different soil layers, and the water level of the UGI. The data management layer mainly consisted of data transmission, storage, and management, including wireless transmitting nodes and cloud service platforms. The data application of MCSSWM mainly included four aspects: analysis of the runoff reduction effect, analysis of green water saving, analysis of site soil habitat improvement, and UGI real-time control [12,13,14]. A roadmap of MCSSWM for UGI application is shown in Figure 1b.




2.2. Study Area


Xuzhou is located in the southeast region of the North China Plain. Although located in the warm temperate climate zone, it has a serious shortage of water resources, which is also unevenly distributed in time and space. Xuzhou is one of the 40 cities in China most afflicted by a shortage of water resources [15]. Rainfall is mainly concentrated between June and September, with an average annual precipitation of 825 mm, which is less than the annual average evaporation of 874 mm. Therefore, seasonal shortages of water resources are frequent.



Our study site is located in the northwest area of Xuzhou city, with a total design area of 12,545 m2 (Figure 2a). The site’s overall terrain is high in the north and east and low in the south and west (Figure 2b). The top layer of the underlying surface is mainly backfilled with surrounding construction waste and impervious granite, resulting in poor soil water-storage capacity (Figure 3).



Table 1 shows the basic information about the current state of the study area.




2.3. Construction of the MCSSWM


2.3.1. Layout of the UGI


The design of a UGI integrates the landscape architecture, stormwater management, and ecosystem into a functional unit. According to the original site terrain, a UGI uses the height difference classification to store water. To use rainwater as efficiently as possible and to reduce evaporation, the UGI system slowly releases the collected stormwater through drip irrigation pipes. These pipes are used for fine irrigation of plant roots to enable independent irrigation. The layouts of the UGI and water storage facility structure on the site are shown in Figure 4.




2.3.2. Soil Moisture Sensors


To compare the performance of the UGI design, a total of seven groups of soil moisture sensors (Smooth SMS-TS001, Nanjing, China.) were arranged at soil depths of 0.3, 0.7, 1.1, and 1.5 m (considering the different rooting depths of vegetation) at various sites (Figure 5a). The rooting depths of 0.3 and 0.7 m were mainly chosen for ground cover and small shrubs, respectively, and arboreal rooting in the eastern China region mainly relates to the 1.1 and 1.5 m depths chosen. In the seven groups of sensors, five were arranged in the area of installed UGI facilities, and two were used for contrast in the area without such facilities. Other than the number of contrast group sensors, the settings were the same as those of the experimental group [16]. Moreover, the soil moisture sensors were connected to the electromagnetic valve of the storage water container. This connection enabled an automatic or manual determination of valve opening and closing states, as well as time, depending on soil moisture (Figure 5b) [17].




2.3.3. Water-Level Sensors


Considering that the site’s water storage facility has a certain slope, water-level sensors were installed at the top and bottom of the water storage facility to accurately measure the water storage of stormwater. When the water level in the water storage area was lower than the horizontal plane at the bottom of the high-water-level meter, the low-water-level meter worked normally, but the high-water-level meter did not work. However, when the water level in the water storage area was higher than the maximum allowable water level, the measured value of the water-level meter at the lowest level reached the maximum and did not change, causing the high-water-level meter to work. The height of the water storage container was about 0.8 m, and the water-level sensor had a testing range of 0–2 m, which met the requirement for this study.




2.3.4. Site Rainfall Sensor and Accessories


The rain gauge sensor measured rainfall at the site and provided a reference for evaluating the effect of the UGI. The data collector was placed next to the rainfall and water-level sensors, and the soil moisture, rainfall, and water storage facility was connected using a wireless network. The data collector was placed in a waterproof chassis with a wind rod 2 m tall. The chassis was fixed, and solar panels, approximately 0.6–1.2 m long, were installed in order to use solar energy to power the system.




2.3.5. Real-Time Water Control System


The real-time control of water usage was mainly accomplished using data from the stormwater control-valve sensor. The equipment was installed at the outlet of the water storage facility. The control-valve sensor adopted an automatic or manual mode to open or close as a function of the logical judgment from the cloud platform [18,19,20]. In automatic mode, the basis for opening or closing the irrigation system was the soil’s available water content (AWC) [21] data obtained by the sensor arranged at different soil depths. When the soil moisture in the sensor at a depth of 1.1 m was less than 20%, the sensor sent data through the network to the electric valve, and the electric valve automatically opened to irrigate the site’s vegetation. In contrast, the valve was automatically closed when the soil moisture reached 30%. The majority of the site irrigation targets had a root depth distribution range concentrated at around 1.1 m. According to the site’s soil properties, the soil’s available water content ranged from 20% to 30%, which is in line with moisture requirements for vegetation growth. This figure was used as the control-logic parameter to open or close the irrigation facilities [22]. In manual mode, the irrigation system can be remotely controlled through a mobile phone app or computer connected to the internet. In addition, the power supply can be provided by the field solar panels.






3. Results and Discussion


The stormwater performance monitoring data of the site were collected using the MCSSWM from 11 November 2016 to 11 September 2017. The site’s stormwater management performance was analyzed and visually presented through the MCSSWM. The performance data indicated that the UGI effectively collected 988.5 m³ of stormwater at a harvesting rate of 75%. The maximum harvesting of single-day rainfall occurred on 15 July 2017, with an amount of 152.4 m³ (Figure 6). The average soil moisture in the experimental groups at 0.3, 0.7, and 1.1 m was 10–25% higher than that of the area without the UGI. The biggest difference appeared at the depth of 1.1 m (Figure 7). This result suggests that the harvesting of site stormwater in water shortage areas was efficient. The UGI met the site irrigation requirements and optimized the site soil water environment.



Using the MCSSWM, the accurate hydrological time-series data of the study area from October 2016 to August 2017 were obtained. Specifically, the types of data included the amount of water collected by UGI and the soil moisture at different depths of the site with and without UGI. With the help of the hydrological time-series data, the amount of stormwater collected with UGI was clearly identified, the improvement of soil habitat with UGI was measured compared to that without UGI, and the achievement of the UGI’s operation was evaluated. The relevant rainwater datasets can support meaningful conclusions regarding the claimed benefits of UGI.



The main purpose of the MCSSWM is to offer a valid tool for the performance evaluation of UGI. More importantly, by combining rainwater harvesting with the irrigation function of green space plants, urban water resources can be more sustainably and efficiently used. In many Chinese cities, the amount of water used for the irrigation of urban green space vegetation is huge due to the high proportion of urban green spaces and the richness of green space plant types. Especially for cities lacking water resources, the water used in urban green space is an important factor affecting the sustainable development of cities. The efficiency of harvesting and usage of rainwater is of great significance to alleviate the shortage of local water resources in arid and semiarid areas. Furthermore, many cities in eastern China are located in monsoon climate areas with relatively extensive rainfall in summer and less rainfall in autumn and winter. Therefore, the irrigation needs of the plant system can usually be met by high precipitation in summer, but water shortages may occur due to low precipitation in autumn and winter. Through the collection of rainwater and real-time control, the rainwater collected in summer can be used in the autumn and winter seasons to meet the cross-season demand of plant irrigation water.



Moreover, the effectiveness of MCSSWM was compared with similar rainwater management systems, namely, traditional green stormwater infrastructure (TGSI), rainwater harvesting agriculture (RHA) [23], stormwater control measures (SCMs) [24], and water quality monitoring system (WQM) [25]. It is found that MCSSWM significantly differed from other rainwater management systems in terms of application scopes, functions, and objectives of the system (Table 2).



However, the MCSSWM still has some limitations. Specifically, the current system design of MCSSWM is mainly applicable to site-scale GI stormwater management, but has limitations in large-scale application scenarios such as blocks and cities. Furthermore, during the operation of the MCSSWM in Xuzhou, some sensors were damaged during the construction process due to inappropriately buried sensors of the power supply line, resulting in data loss. Therefore, it is necessary to further optimize and upgrade the system in terms of hardware setup. In future system development and upgrades for MCSSWM, multiple categories of monitoring and management indicators can be integrated into the platform, such as air quality, soil conditions, and the role of UGIs in improving and optimizing the urban heat island effect.




4. Conclusions


This paper described a MCSSWM for the performance evaluation and real-time management of UGIs. Compared with traditional UGIs, the advantages offered by the MCSSWM for UGIs are obvious: (1) by obtaining accurate hydrological data, the performance evaluation of UGI stormwater management can be carried out accurately; (2) real-time control of UGI rainwater harvesting is possible; (3) accurate irrigation of site plants is possible by collecting rainwater to realize the flexible distribution of irrigation time and water quantity, especially in real-time control, to meet the cross-season demand of plant irrigation water.



With the intelligent and digital development of urban management, sensing systems are playing an ever-expanding role in the lives of urban residents. Big data, data mining, and other data management approaches, as well as application and analysis technology, will have a greater function in the future of cities. UGI is an important part of urban infrastructure, and the IoT can provide technical support for the acquisition of UGI data. Data-centered monitoring and real-time control systems represent the technical foundation to support the intelligent construction of UGIs, and they will become one of the future development directions for intelligent UGIs.
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Figure 1. The framework of MCSSWM for UGI (a) and a roadmap of its application (b). 
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Figure 2. Digital elevation model of the study area: 2D view (a) and 3D view (b). 
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Figure 3. Soil profile of the study area. 
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Figure 4. Layout of stormwater management facilities on site (a), and a schematic diagram of the water storage facility structure for harvesting and irrigation (b). 
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Figure 5. Pictures of sensor system setup (a), and terminal interface of water real-time intelligent control system (b). 
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Figure 6. UGI daily rainwater harvesting statistics on site from November 2016 to October 2017. 
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Figure 7. Comparison of soil moisture at depths of 0.3 m (a), 0.7 m (b), 1.1 m (c), and 1.5 m (d) between the UGI experimental group (blue) and the no UGI contrast group (orange) from October 2016 to August 2017. 
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Table 1. Basic characteristics of the study area.






Table 1. Basic characteristics of the study area.





	Feature
	Characteristic





	Climate
	The area belongs to a warm monsoon climate zone with moderate rainfall.



	Rainfall
	The annual evaporation is greater than annual precipitation, and rainfall is mainly concentrated from June to September.



	Terrain
	The terrain is characterized as high in the north and low in the south.



	Soil
	The soil is mainly composed of backfilled soil and impervious granite, which has weak water storage capacity.



	Surrounding situation
	An abandoned mining farm is located on the north side of the site, with urban roads to the south and west, and a landfill to the east.



	Vegetative cover
	The vegetation coverage of the site is low.
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Table 2. Comparison of similar systems with MCSSWM.
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	Systems
	References
	Functions
	Objectives
	Application Scopes





	TGSI

(Traditional green stormwater infrastructure)
	Benedict and McMahon (2006)
	Conserve natural ecosystem values and functions.
	Provide a wide array of benefits to people and wildlife.
	For urbanized and natural areas.



	RHA

(Rainwater harvesting agriculture)
	Fengrui Li et al. (2000)
	Rainwater harvesting, water-saving irrigation.
	Water management

in semiarid areas.
	For agriculture areas.



	SCMs

(Stormwater control measures)
	Laura Toran (2016)
	Increase infiltration, reduce discharge to streams.
	Urban stormwater control.
	For urbanized Areas.



	WQM

(Water quality monitoring system)
	LACDPW

(1998)
	Access to water quality sampling data.
	Determine the total pollutant emissions

and land-use-specific discharges.
	For natural regions

by sampling stations.



	MCSSWM

(Monitoring and control system for stormwater management)
	-
	Monitor water volume and real-time control.
	Performance evaluation, intelligent control.
	For urban green infrastructure.
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
© @





media/file4.png
Elevation (m)






nav.xhtml


  water-13-01438


  
    		
      water-13-01438
    


  




  





media/file2.png
Sensing Transmission Management and Application

[ Soil Moisture Sensor}'

[ Water Level Sensor }-

‘ PC I_ + Data Query * Runoff
| Outlet Sensor }- « Data Analysis o Water
MCSSWM Data Upload |~ Cloud b Sl >
| Precipitation Sensor | et e 5| Visualization |4 SOl
] CEIACICCN Servers 243 Habitats
f 5G/4G/GSM ¢ Real-time
or - Cartat + Control
g || Coneel | |2 €2
Management UGI T:'f“‘i&' | Je—

I Control Sensor }-

(a) (b)





media/file5.jpg





media/file3.jpg
5]

om0

i





media/file1.jpg
0 Sensing _Transmission  Management and Application
e J

g

MCSSWM o
for e
et

(a) (b)





media/file7.jpg





media/file10.png
Back

Open Close
A{Jtomata Remortel
Open Close
m
Water Level

‘ To irrigation pipe
To irrigation pipe Irrigation Control Valves

(b)





media/file12.png
_—

2016-11-01 2017-01-01 2017-03-01 2017-05-01 2017-07-01 2017-09-01
Date(Year-Month-Day)






media/file9.jpg





media/file0.png





media/file14.png
» UGI Experimental Group W No UGI Contrast Group

28 58 &8

R

0.3m Jepth Soil Moisture Content (%)
— N m o o -

3
"]

2016-10-01 2016-12-01 ' 2017-02-01 2017-04-01 201/-06-01 £01/-08-01
Date | Year-Month-Day )

(a)

» UGI Experimental Group » No UGI Contrast Group

o
-8

s & 8

g
<

5

1.1m Depth Soil Moisture Contert (%)
N~
[=] i

D n

2016-10-C1 2016-12-01 2017-02-01 2017-04-01 2017-05-01 2017-C8-01
Date { Year-Month-Day |

(c)

» UGI Experimental Group

= No UGI Contrast Group

1.5m Deptk Soil Moisture Content (% )

2016 10 01

2016-10-01

2016 12 €1

= UGI Experimental Group

2016-22-01

2017 02 01 2017 04 01
Date | Year-Month-Day )

(b)

2017-02-01 2017-04-01
Date ( Year-Montn-Oay |

(d)

2017 05 01

» No UGI Centrast Group

2017-05-01

2017 08 O

2017-c8-01





media/file8.png
Infiltration

EEEYT

vr—

r_._...;-u'- and Soil Cover

To Urban Utility Pj
° n Utility Pipe Water Collection Pipeline

Water Level Sensor
Outlet Control Sensor
Rain Water Collection T:
To Drip Irrigation Area — (Construction by waste bullding :ollds)

(b)

Legend

@ Water Catchment Slope @ | Water Level Sensor

# Drainage Ditch on Slope = | Outlet Control Sensor

€ Water Collection Pipeline [ e | Soil Moisture Sensor(Experimental group )
@ Rain Water Collection Tank [ & | Soil Moisture Sensor(Comparison group )

© Overflow Pipe " m | Rain-gauge Sensor
@ Outlet

@ Drip Irrigation Area





media/file11.jpg
Ao wvaer Ty Ey e ey
Datotiour-lorth-Dmd





media/file6.png
Legend

Elevation(m) Backfill
, Granite
52 i
! 51.58
$ ml A x5 ; 2
f &l . 507 51 '
2’}: . 4R 1005
5,9 4585 :
46! g 5
asl 4559 46.19‘ 15,95 e
| . ; 11.90[
A i Haorizontal interval (m) 882 10,29 11.00 653 65,99 123
@ B B‘
Elevation(m)
su! - 49.95 49.80 5
'm: 4960 2915 =4 4845 =
48 = 4945 ARss| 4890
4/: 4712 49.00 e 4
4%
| 45.50 46,50
:;, Mg 44.60 s ~e P
: : 45,00
1! 4345 1405 A1) >
1! 4285
41 :
Honzont&l interval {(m) g4, 1870 18,00 1200 12.00 554 1892 17.06 16.00 7.56 678 A’






