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Abstract: Bioretention is an important low impact technology that has prominent stormwater de-
tention and purification capacity. Current study focused on analyzing the impact of environmental
factors and system structure on bioretention evaporation efficiency. In operational phase, the moisture
content in bioretention packing changes constantly, directly affecting the stagnation efficiency of the
bioretention. Therefore, it is very important to study the evaporation efficiency of the bioretention
for objective evaluation of hydrologic effects. In this study, an artificial climate chamber was used to
investigate the effect of environmental factors and bioretention structure on the evaporation efficiency
of bioretention. The evaporation capacity of bioretention was analyzed under different temperature
and relative humidity conditions in a laboratory-scale artificial climate chamber. The result showed
that evaporation rate at the initial stage was close to the maximum evaporation capacity under
an environmentally controlled rapid decrease. Results revealed that after 15 h, the evaporation
rate decreased more than 60%, and the evaporation rate decreased rapidly at the higher temper-
ature, whereas the evaporation rate in the third stage was low and stable. It was about 1 mm/d
(0.82~1.1 mm/d) and formed a dry soil layer. The results revealed that cumulative evaporation of
the bioretention with a submerged zone was notably higher than that without the submerged zone,
and the cumulative evaporation after 50 h was 16.48% higher. In the second stage of evaporation, the
decreasing amplitude of the evaporation capacity of bioretention with the submerged zone was also
relatively slow. Moisture content in upper layers in bioretention packing was recharged from the
bottom submerged zone by capillary action and water vapor diffusion. These research findings can
be used to evaluate the hydrologic effect of bioretention and can also be used to guide its design.

Keywords: bioretention; cumulative evaporation; evaporation; evaporation rate; environmental
factor; sponge city

1. Introduction

Bioretention is an effective low impact development (LID) technology for stormwater
management of first-flush rainwater treatment in small scale catchments, which is a poten-
tial method for processing water quality and managing water quantity [1,2]. Bioretention
is a soil–vegetation system, also known as rain garden, controlling water quantity by fil-
tration and evaporation, and removing pollutants through filtration, adsorption, microbe
exchange, and other functions in the soil [3–6]. The LID technology is widely used for
urban stormwater management and flood protection [7,8].

Substrate packing structure is one of the most important parts of any bioretention
system [9,10]. The evaporation from the packing layer shows strong connection between
bioretention operation and ambient conditions [11–14]. The moisture content and changes

Sustainability 2022, 14, 1286. https://doi.org/10.3390/su14031286 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14031286
https://doi.org/10.3390/su14031286
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-4795-5571
https://orcid.org/0000-0002-6597-9737
https://doi.org/10.3390/su14031286
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14031286?type=check_update&version=2


Sustainability 2022, 14, 1286 2 of 13

in its distribution in the soil is due to evaporation processes, which in turn lead to changes in
soil engineering properties. Therefore, many engineering and environmental problems are
directly or indirectly related to the evaporation. In arid and semiarid regions, evaporation
is one of the key driving forces in soil salinization and desertification, which not only
bringing serious harm to agricultural production and the ecological environment, but also
weakening the engineering properties of the soils [15–17]. Research on bioretention in
the past focused primarily on water quality purification and hydrological flow effect and
not much attention has been given to evapotranspiration, which is an important aspect
in bioretention performance. The moisture content in the packing layers directly affects
the detention and storage efficiency of bioretention [18]. Previous studies noted that the
evapotranspiration process is affected by external climatic factors such as temperature,
relative humidity, and wind speed, together with internal factors such as surface water
content, permeability coefficient, and packing structure [14,19–21].

Soil water evaporation involves many disciplines, such as geology, geotechnical,
water conservancy, roads, environment, atmosphere, etc. Especially in recent years, under
the influence of global climate change, extreme arid climate occurs frequently, related
disasters are becoming increasingly prominent, and economic losses are becoming much
larger. Therefore, a large number of soil moisture evaporation studies on soil and water
conservation in arid and semiarid areas have been carried out worldwide [22,23]. In the
process of operation, the moisture content in the bioretention packing layer is constantly
changing, and the water content of the packing layer directly affects the stagnation-stage
evaporation rate [24,25]. Therefore, it is very important to study the water evaporation
mechanism in bioretention for the objective evaluation of its hydrologic effect. Current work
focused on the study of the common packing profile in Kunshan city, a model sponge city
in China. An artificial climate chamber was used to investigate the effect of environmental
factors and bioretention structure on the evaporation efficiency of bioretention. A water
evaporation resistance model in bioretention was established in this current study. The
evaporation model of bioretention was used to consider the hydrological effect of the
bioretention calculated after the effect of water evaporation, which was more consistent
with the actual measured runoff reduction. Current research findings can be used to
evaluate the hydrological effect of the bioretention and to prepare guidelines for the
design and implementation in local environments. Therefore, based on abovementioned
information, key objectives of the current work follow: (i) design and establish a water
evaporation test system for bioretention; (ii) prepare an experimental system consisting
of an artificial climate chamber, a bioretention cell unit, a weighing unit, a water supply
unit, and a signal acquisition unit; (iii) simulate evaporation rate from the bioretention
under different temperature and humidity conditions, with or without a submergence
zone; and (iv) measure, collect, process, and analyze the evaporation data through real-time
monitoring.

2. Materials and Methods
2.1. Experimental Equipment

The system consists of the following parts: artificial climate chamber, bioretention
unit, weighing unit, water supply unit, and signal sampling unit, as shown in Figure 1. The
weighing unit is made up of a loading cell and weight base. The water supply unit consists
of a plastic water tank and a pump. The signal sampling unit consists of a data acquisition
device and computer.
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Figure 1. The experimental bioretention unit (laboratory and schematic diagram).

2.1.1. Artificial Climate Chamber

The trial was undertaken in a PQX-500 artificial climate chamber. It was controlled by
the computer, which has system functions, e.g., light, constant temperature, and automatic
wetness control. It can be used for seed germination, plant cultivation, cultivation of
microorganisms and insects, and small animal husbandry.

Device specifications were as follows:

• Temperature: 0–50 ◦C;
• Temperature fluctuation: ±0.3 ∼ ±1.0 ◦C
• Relative humidity: 30–98%
• Relative humidity fluctuation: ±5 ∼ ±7%

2.1.2. Bioretention Simulation Test

The bioretention model can simulate the operating conditions with or without a
submerged zone, as shown in Figure 1. While the upper valve remained open at running
time and if the inferolateral valve was closed, the bioretention had a 450 mm submerged
zone. If the inferolateral valve was open, there was no submerged zone.

The bioretention experimental unit was made of white high-density polyethylene
(HDPE) pipes. The bioretention unit was constructed as follows: total height 1100 mm,
diameter 200 mm, intermediate layer 100 mm, and height of the submerged zone 450 mm.
The permeability coefficient of packing could be measured by three piezometer tubes with
different heights, located at the sidewall of the bioretention unit. The internal surface of the
equipment was sanded with a fine grit wheel, which increased the roughness of the inner
wall to prevent rain runoff from flowing along the inner wall.

2.2. Sustrate Packing Structure

The packing structure of the bioretention unit has a filter layer, intermediate layer, and
submerged zone, which was designed according to the local catchment, climatic conditions,
and soil characteristics of the experimental area in Kunshan city, China. The permeability
coefficient of the filter layer was 140 mm/h. The compounding ratio of different materials
forming the filter layer follows: coarse sand—48%, medium size sand—20%, fine sand—
30%, and soil—2%. The intermediate layer was packed with coarse sand, and its height
was 100 mm. The submerged zone was 450 mm high and made of gravel. All the materials
are shown in Figure 2.
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Figure 2. Different packing materials used in the bioretention unit: (a) coarse sand; (b) medium size
sand; (c) fine sand; (d) soil; (e) intermediate layer packing; and (f) gravel.

2.3. Methods

The bioretention simulated runoff in the trial experiment was computed by the
storm strength formula for Kunshan. Designed storm strength (i) could be calculated
by Equation (1), which was given in a report published by the Kunshan city government:

i =
9.5336(1 + 0 .5917 l g TM)

(t + 5.9828)0.6383 (1)

where; TM—storm recurrence period (yr), t—rainfall duration (min), and i—designed
storm strength.

According to five years of recent data from the Kunshan government, the following
parameters were used: bioretention area was 10% of total catchment area, synthetic runoff
coefficient was 0.8, storm recurrence period (TM) was 2 yr, and rainfall duration (t) was
60 min. According to the Kunshan city storm strength analysis formula, the total runoff
was calculated to be 0.012 m3. The three main parts of the trial experiments are discussed
in following sections.

2.3.1. Evaluation of Bioretention Evaporation Capacity

The evaporation capacity in bioretention was the possible maximum evaporation in
certain weather conditions when water is supplied without limitation. Petri dishes with
pure water were first placed in the artificial climate box with set temperature and relative
humidity, and then their weight was measured after a period of time. The evaporation
capacity was calculated based on the evaporation, evaporation time, and the surface area
of the Petri dish, as given in Equation (2):

E =
4000(M − m)

ρπd2t
(2)
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where E—evaporation capacity, mm/d; M—initial mass of Petri dish with water, g; m—
subsequent mass of the Petri dish after evaporation, g; ρ—water density, approximately
1 g/cm3; D—diameter of the Petri dish, mm; and t—period of evaporation, d.

To improve the accuracy of the determination, Petri dishes should be set in the artificial
climate box for more than 10 h and then weighed several times to obtain an average. The
temperature was set at 20, 25, 30, 35, and 40 ◦C, and the relative humidity was set at 30%,
40%, 50%, 60%, and 70%, as shown in Table 1.

Table 1. Parameters used to determine the water surface evaporation rate.

No. Temperature (◦C) Relative Humidity (%)

1 20 30
2 20 40
3 20 50
4 20 60
5 20 70
6 25 30
7 25 50
8 25 70
9 30 30
10 30 40
11 30 50
12 30 60
13 30 70
14 35 30
15 35 50
16 35 70
17 40 30
18 40 40
19 40 50
20 40 60
21 40 70

2.3.2. Determination of Evaporation Efficiency in Bioretention

Evaporation efficiency of bioretention can be affected by external weather factors
such as temperature, relative humidity, and wind speed, and internal factors such as
permeability coefficient, with or without a submerged zone and packing structure [20,23].
This trial attempted to change the external and internal factors of bioretention to compare
the evaporation efficiency, which includes temperature, relative humidity, and with or
without a submerged zone. Temperature was set at 20, 30, and 40 ◦C, and relative humidity
was set at 30%, 50%, and 70%, as shown in Table 2.

Table 2. Parameter settings used for the evaporation trial.

No. Submerged Zone Temperature (◦C) Relative Humidity (%)

1

With a 450 mm-high
submerged zone

20 30
2 20 50
3 20 70
4 30 30
5 30 50
6 30 70
7 40 30
8 40 50
9 40 70

10
Without submerged

zone

20 30
11 30 30
12 40 30
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Each set of evaporation test stayed in the artificial climate box for 50 h. After each
test, the bottom valve was opened to empty the water in the submerged zone. The biore-
tention unit was left unused for some time, after which simulated runoff was added for
further analysis.

2.3.3. Determination of the Surface Water Content in Bioretention

In the process of evaporation in bioretention, it would gradually form a layer of dry soil
in the surface of the packing layer that prevents evaporation, where the water content would
apparently change [26,27]. Therefore, surface water content was an important parameter
of evaporation capacity in the bioretention unit. In the process of evaporation, the water
content from the 0~1 cm surface sand samples was measured during the bioretention. The
samples were collected every 2 h in the first 6 h of evaporation, and then collected every
4~6 h. The water content can be calculated by comparing the weights of samples before
and after heating in an oven at 105 ◦C for more than 24 h. The final water content was the
average of two samples taken at each time point.

3. Results and Discussion
3.1. Effect of Temperature on Bioretention Evaporation
3.1.1. Effect of Temperature on Evaporation Accumulation

At the same relative humidity, the cumulative evaporation under different tempera-
tures was analyzed and compared, as presented in Figure 3.
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Figure 3. Cumulative evaporation at different temperatures (30% relative humidity, with submerged zone).

Results reveal that at 30% relative humidity, cumulative evaporation rates from biore-
tention with a submerged zone were 205, 229, and 268 g at ambient temperatures of 20, 30,
and 40 ◦C, respectively, after evaporating for 50 h. Compared to the cumulative evaporation
in 20 ◦C, cumulative evaporation increased 11.71% and 30.73%, respectively, for 30 and
40 ◦C. The gap in cumulative evaporation among different temperatures was apparent
in the first 15 h evaporation period, and cumulative evaporation of bioretention was 134,
156, and 207 g in 20, 30, and 40 ◦C. Compared to the cumulative evaporation at 20 ◦C,
the cumulative evaporation increased 16.42% and 54.48%, respectively, for 30, 20, 30, and
40 ◦C. It can be noted from the findings that temperature had substantial influence on the
accumulation of evaporation during the initial stage of evaporation [28], but the difference
of cumulative evaporation was relatively constant for different temperatures.

Findings presented in Figure 4 reveal the cumulative trend in evaporation from biore-
tention without a submerged zone for 30% relative humidity. The cumulative evaporation
from bioretention without a submerged zone was 169, 200, and 216 g for ambient tempera-
tures of 20, 30, and 40 ◦C, respectively, after 50 h evaporation. Compared to the cumulative
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evaporation at 20 ◦C, cumulative evaporation increased 18.34% and 27.8%, respectively, at
30 and 40 ◦C. The cumulative evaporation of bioretention was 106, 148, and 164 g for 20, 30,
and 40 ◦C, respectively, after 15 h evaporation. Compared to the cumulative evaporation at
20 ◦C, cumulative evaporation increased 28.38% and 54.73%, respectively, for 30 and 40 ◦C.
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merged zone).

Therefore, the cumulative evaporation from bioretention increased significantly with
the temperature increment for the same relative humidity. Most of the increase in cu-
mulative evaporation occurred in the first and second stages, which means cumulative
evaporation was mainly influenced by temperature, one of the external environmental
factors. However, in the third stage, the difference in cumulative evaporation among
different temperatures was steady, which reflects the fact that temperature had a minor
impact on the cumulative evaporation. Because evaporation was weak in the third stage,
which was mainly determined by vapor supply from the lower layer to the upper layer, the
water content was therefore low in the surface packing of the bioretention unit [16].

3.1.2. Effect of Temperature on Evaporation Rate

According to the cumulative evaporation data collected by the sensor, the evaporation
rate at different time scale was calculated to compare the relationship between temperature
and evaporation rate at the same relative humidity, as presented in Figure S1. Results
show the relationship between evaporation rate and temperature in bioretention could be
concluded as follows: (a) the evaporation capacity at 20, 30, and 40 ◦C were 10.52, 15.21, and
19.91 mm/d, respectively, as the red line shown. The evaporation rates at 20, 30, and 40 ◦C
after 2 h were 9.75, 14.52, and 19 mm/d, respectively; (b) the evaporation capacity in 20, 30,
and 40 ◦C were 7.84, 11.19, and 14.54 mm/d, respectively. The evaporation rate at 20, 30, and
40 ◦C after 1.5 h were 5.92, 8.41, and 10.1 mm/d respectively; (c) the evaporation capacity at
20, 30, and 40 ◦C were 10.52, 15.21, and 19.91 mm/d, respectively. The evaporation rate at
20, 30, and 40 ◦C after 1.5 h were 7.54, 14.1, and 17.62 mm/d, respectively. The evaporation
rate was close to the evaporation capacity, as the water content was almost at saturation in
the early evaporation [16,27]. At this stage, the evaporation rate was determined mainly by
external weather conditions, which have less to do with packing structure and permeability
coefficient of bioretention.

As the evaporation proceeded, the evaporation rate decreased rapidly while the
surface water content decreased constantly. Results were as follows: (a) the evaporation
rate at 20, 30, and 40 ◦C after 15 h were 3.3, 3.4, and 2.5 mm/d, respectively, decreased
66.15%, 76.58%, and 86.84% compared to the initial evaporation rate; (b) the evaporation
rate at 20, 30, and 40 ◦C after 15 h were 3.7, 2.8, and 2.68 mm/d, respectively, decreased
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37.5%, 66.71%, and 73.47% compared to the initial evaporation rate; (c) the evaporation rate
at 20, 30, and 40 ◦C after 15 h were 2.3, 1.9, and 2.4 mm/d, respectively, decreased 76.41%,
86.91%, and 87.37% compared to the initial evaporation rate. The reduction of evaporation
rate at higher temperature was larger than lower temperature, which means the higher the
temperature, the faster the descending speed of the evaporation rate, as the water cannot
be supplied in time from the lower layer to the upper layer.

At later stage of evaporation, the curves of evaporation rate stay steady that were
low values. The evaporation could be reduced due to the formation of a dry layer on
the bioretention surface, in which the water content was very low [26,27]. Results reveal
that the evaporation rates at 20, 30, and 40 ◦C in 50 hour’s duration were 1.06, 0.99, and
1.1 mm/d, respectively, whereas the evaporation rate at 20, 30, and 40 ◦C after 50 h were
0.83, 0.92, and 0.82 mm/d, respectively, equaling 14.02%, 10.94%, and 8.12% of the initial
evaporation rate. In this stage, the evaporation rate was mainly determined by water
content of packing, packing structure, and permeability coefficient of bioretention, which
had minimal influence by external weather conditions.

Variation in the evaporation rate at different temperatures and trend in the same
relative humidity are presented in Figure S1. In the early evaporation stage, the evaporation
rate was higher and close to the evaporation capacity. This trend occurred due to the
saturation in the water content of packing in the early evaporation. This trend reflects that
there was no limitation in water supply for evaporation. At this stage, the evaporation
rate was mainly determined by external weather conditions, such as temperature, relative
humidity, and wind speed. As the evaporation proceeded, the evaporation rate fell quickly.
After 15 h, the evaporation rate decreased by more than 60% of the initial evaporation rate.
In addition, the higher the temperature, the faster the descending speed of evaporation
rate. This results from high temperature accelerating the descending speed of surface
water content. In later evaporation, the variation of evaporation rate stayed low and
steady. After 50 h, the evaporation rate of bioretention remained at approximately 1 mm/d
(0.82~1.1 mm/d) at different relative humidity. In this stage, the evaporation becomes
difficult as a dry layer formed in the surface of the bioretention unit. The evaporation rate
was mainly determined by water content of packing, packing structure, and permeability
coefficient of bioretention, which has less to do with external weather conditions.

3.2. Effect of Relative Humidity on the Evaporation

The relative humidity can affect the diffusion and exchange of water vapor in the
packing surface because of the difference in relative humidity between the inside and
outside of the packing. When the relative humidity was low, the evaporation rate was high
as the fast speed of diffusion and exchange of vapor; when the relative humidity was high,
the evaporation rate was low as the slow speed of diffusion and exchange of vapor [28,29].
While the relative humidity rises to a certain extent, the surface evaporation nearly stops.

3.2.1. Analysis of Relative Humidity Effect on the Accumulation of Evaporation

At the same temperature, this section compares cumulative evaporation under differ-
ent relative humidity. Results revealed that when the temperature was 20 ◦C, cumulative
evaporation of bioretention with a submerged zone were 205, 159, and 146 g at relative
humidity 30%, 50%, and 70%, respectively, after evaporating for 50 h. Compared to
the cumulative evaporation at relative humidity 30%, cumulative evaporation decreased
22.44% and 28.78%, respectively, at relative humidity 50% and 70%. The gap of cumulative
evaporation among different temperatures was obvious in the first 15 h. The cumulative
evaporation of bioretention was 136, 90, and 54 g at relative humidity 30%, 50%, and
70%, respectively, after evaporating for 15 h. Compared to the cumulative evaporation at
relative humidity 30%, cumulative evaporation decreased 33.82% and 60.29%, respectively,
at relative humidity 50% and 70%. It can be seen that relative humidity has substantial
influence on the accumulation of evaporation at the initial stage of evaporation, but the
difference of cumulative evaporation was relatively constant for different relative humidity.
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When the temperature was 30 ◦C, cumulative evaporation of bioretention with a
submerged zone was 228 and 137 g for relative humidity 30% and 50%, respectively, after
evaporating for 50 h. Compared to the cumulative evaporation for relative humidity
30%, cumulative evaporation decreased 39.91% for relative humidity 50%. The gap of
cumulative evaporation among different temperatures was obvious in the first 15 h. The
cumulative evaporation of bioretention was 155 and 80 g for relative humidity 30% and
50%, respectively, after evaporating for 15 h. Compared to the cumulative evaporation for
relative humidity 30%, cumulative evaporation decreased 48.39% for relative humidity
50%. It can be seen that relative humidity has substantial influence on the accumulation of
evaporation at the initial stage of evaporation, but the difference of cumulative evaporation
was relatively constant for different relative humidity. In case where the temperature was
40 ◦C, cumulative evaporation of bioretention with a submerged zone was 271 and 249 g
for relative humidity 30% and 50%, respectively, after evaporating for 50 h. Compared to
the cumulative evaporation for relative humidity 30%, cumulative evaporation decreased
8.12% for relative humidity 50%. The gap of cumulative evaporation among different
temperatures was obvious in the first 15 h. The cumulative evaporation of bioretention
was 207 and 167 g for relative humidity 30% and 50%, respectively, after evaporating for
15 h. Compared to the cumulative evaporation for relative humidity 30%, cumulative
evaporation decreased 19.32% for relative humidity 50%. It can be seen that relative
humidity has substantial influence on the accumulation of evaporation at the initial stage
of evaporation, but the difference of cumulative evaporation was relatively constant for
different relative humidity.

The cumulative evaporation of bioretention decreases significantly with the relative
humidity increment at the same temperature. Because the gap of vapor between the
bioretention packing and air decrease, it leads to the decline of evaporation rate, while the
relative humidity increases [28,29]. Most of the increase in cumulative evaporation occurs
in the early evaporation, which means cumulative evaporation was mainly influenced by
relative humidity. However, in the later evaporation, the cumulative evaporation becomes
steady, which means relative humidity had minor impact on it. Earlier study also pointed
out that the occurrence and maintenance of soil evaporation must meet three conditions:
(1) continuous heat supply to meet the consumption of evaporation latent heat; (2) vapor
pressure in the atmosphere must be lower than the vapor pressure on the soil surface, and
there is a relative humidity difference; and (3) continuous water supply to the evaporating
surface in the soil [30].

3.2.2. Effect of Relative Humidity on Evaporation Rate

According to the cumulative evaporation data collected by the sensor, the evaporation
rate of different timings was calculated to compare the relationship between relative
humidity and evaporation rate at 20 ◦C, as presented in Figure S2. When the temperature
was 20 ◦C, the evaporation capacity for relative humidity 30%, 50%, and 70% were 10.52,
7.84, and 5.16 mm/d, respectively, as shown by the red line. The evaporation rate for
relative humidity 30%, 50%, and 70% after 1.5 h was 7.13, 5.64, and 4.31 mm/d, respectively.
In the early evaporation, the evaporation rate was close to the potential evaporation rate.

As the evaporation proceeded, the evaporation rate was falling fast while the surface
water content decreased constantly. The evaporation rate for relative humidity 30%, 50%,
and 70% after 15 h was 4.41, 4.12, and 2.65 mm/d, respectively, and decreasing 38.15%,
26.95%, and 38.52%, respectively, compared to the initial evaporation rate. Evaporation
rate decreased quickly in a short time. In later evaporation, the evaporation rate remained
steady with low values. The evaporation rate for relative humidity 30%, 50%, and 70% after
50 h were 1.13, 0.86, and 0.82 mm/d, respectively, equaling 15.85%, 15.25%, and 19.03% of
the initial evaporation rate. In this stage, the evaporation rate was mainly determined by
the water content of packing, packing structure, and permeability coefficient of bioretention,
which had less to do with external weather conditions.
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3.3. Effect of Submerged Condition on the Evaporation
3.3.1. Analysis of Submerged Zone Effect on the Accumulation of Evaporation

Findings for comparison of the cumulative evaporation trend in bioretention with or
without a submerged zone at similar temperature and relative humidity (20 ◦C and 30%)
are presented in Figure S3a. The cumulative evaporation in bioretention with a submerged
zone was higher than without a submerged zone. After 50 h, the cumulative evaporation
rate in bioretention with a submerged zone was 251 g, which was 15.67% more than the
cumulative evaporation in bioretention without a submerged zone, which was 217 g. In
addition, the cumulative evaporation in bioretention with a submerged zone became higher
than without a submerged zone between the 10th to 20th hours, as revealed by the red line
shown in the graph. At the 10th hour, the cumulative evaporation in bioretention with
and without a submerged zone was 107 and 75 g, which was 32 g in difference. At the
20th hour, the cumulative evaporation in bioretention with and without a submerged zone
was 161 and 116 g, which shows a difference of 45 g. In the later evaporation stage, the
difference between cumulative evaporation under the two conditions was relatively stable.

In the case of similar temperature and relative humidity (30 ◦C and 30%), results
comparing cumulative evaporation in bioretention with and without a submerged zone are
presented in Figure S3b. The cumulative evaporation in bioretention with a submerged
zone was higher than without the submerged condition. After 50 h, the cumulative
evaporation in bioretention with a submerged zone was 237 g, which was 18.5% more than
the cumulative evaporation in bioretention without a submerged zone, which was 200 g.
In addition, the cumulative evaporation in bioretention with a submerged zone became
larger than without a submerged zone between the 10th and 20th hours, as presented by
the red line in the figure. At the 10th hour, the cumulative evaporation in bioretention
with and without a submerged zone was 137 and 133 g, which was 4 g in difference; at
the 20th hour, the cumulative evaporation in bioretention with and without a submerged
zone was 181 and 159 g, which shows a difference of 22 g. In the later evaporation stage,
the difference between cumulative evaporation under abovementioned two conditions was
relatively stable.

In the case of similar temperature and relative humidity (40 ◦C and 30%), comparison
results of cumulative evaporation in bioretention with or without a submerged zone are
presented in Figure S3c. The cumulative evaporation in bioretention with a submerged
zone was higher than without a submerged zone. After 50 h, cumulative evaporation in
bioretention with a submerged zone was 249 g, which was 15.28% more than bioretention
without a submerged zone (216 g). In addition, the cumulative evaporation in bioretention
with a submerged zone became higher than without a submerged zone between the 5th
and 15th hour, as presented by the red line in the figure. At the 5th hour, the cumulative
evaporation in bioretention with and without a submerged zone was 115 and 106 g, which
was 9 g in difference; at the 15th hour, the cumulative evaporation in bioretention with and
without a submerged zone were 187 and 160 g, a difference of 27 g. In the later evaporation
stage, the difference between cumulative evaporation trends under two different conditions
was relatively stable.

The cumulative evaporation in bioretention with a submerged zone was higher than
without a submerged zone in the similar temperature and relative humidity conditions. In
the early evaporation stage, it had minor impact on the cumulative evaporation in the case
of presence of a submerged zone in the bioretention unit. As the evaporation advanced,
the cumulative evaporation in bioretention with a submerged zone became larger than
without a submerged zone. This trend occurred due the sharp decline in surface water
content. The surface water content and the water supply ability of packing were the main
contributory factors that determined the cumulative evaporation, while the influence of
temperature and relative humidity was the secondary factor [16]. The water from the
submerged zone in bioretention can be supplied to the upper layer through diffusion and
capillary, reflecting that the water supply ability of bioretention with a submerged zone
was better than bioretention without a submerged zone [30–32].
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3.3.2. Effect of Submerged Zone on Evaporation Rate

Results presented in Figure S4a reveal that under the 20 ◦C and 30% temperature and
relative humidity condition, the evaporation capacity in bioretention was 10.52 mm/d.
The evaporation rates in bioretention with and without a submerged zone after 1 h were
10.2 and 9.1 mm/d. In the early evaporation stage, the evaporation rate was close to its po-
tential. As the evaporation proceeded, the evaporation rate revealed a sharp decline while
the surface water content showed constant decrease. The downward trend in evaporation
rate with a submerged zone was slower than without a submerged zone. The evaporation
rates in bioretention with and without a submerged zone after 10 h were 6.5 and 4.5 mm/d,
decreasing 36.27% and 50.52% compared to the initial evaporation rate. Evaporation rate
decreases quickly in a short interval. In the later evaporation stage, the evaporation rates
stay steady and were close between bioretention with and without a submerged zone.
The evaporation rates in bioretention with and without a submerged zone after 50 h were
1.08 and 1.06 mm/d, which were 10.59% and 11.65% of the initial evaporation rate. In this
stage, presence or absence of a submerged zone in bioretention had negligible impact.

The evaporation capacity in bioretention was 15.21 mm/d when the temperature and
relative humidity were 30 ◦C and 30%, as presented Figure S4b. The evaporation rate
in bioretention with and without a submerged zone after 1 h was 15.28 and 15 mm/d,
respectively. In the early evaporation stage, the evaporation rate was close to potential
evaporation. As the evaporation proceeded, the evaporation rate showed a sharp decrease
while there was a constant decrease in the surface water content. The downward trend
in evaporation rate with a submerged zone was slower than without a submerged zone.
The evaporation rates in bioretention with and without a submerged zone after 15 h were
3.44 and 1.53 mm/d, decreasing 77.49% and 89.8%, respectively, compared to the initial
evaporation rates. It reveals a sharp decrease in evaporation rates in a shorter duration,
which is consistent with the trend revealed in other studies [29,32–34].

Results showed that in the later evaporation stage, the evaporation rate revealed a
steady trend, which is a very similar trend between bioretention with and without a sub-
merged zone. Evaporation rate in bioretention with and without a submerged zone after 50
h was 0.91 and 0.87 mm/d, which was 5.96% and 5.8% of the initial evaporation rate. In this
stage, it was not important whether there was a submerged zone in bioretention. Findings
show that when the temperature and relative humidity were 40 ◦C and 30%, respectively,
the evaporation capacity was 19.91 mm/d, as presented in Figure S4c. The evaporation rate
in bioretention with and without a submerged zone after 1 h was 19.82 and 20.06 mm/d,
respectively. In the early evaporation stage, the evaporation rate was close to the poten-
tial evaporation rate. As the evaporation process started in bioretention, the evaporation
rate showed a sharp decline while the surface water content decreased constantly. The
downward trend in evaporation rate with a submerged zone was slower than without a
submerged zone. The evaporation rates in bioretention with and without a submerged
zone after 10 h were 5.61 and 3.5 mm/d, decreasing 71.73% and 82.55% compared to the
initial evaporation rates and reflects a sharp decrease in a short time.

The evaporation rates reflected a steady trend in later evaporation, which was close
between bioretention with and without a submerged zone [32–34]. The evaporation rate
in bioretention with and without a submerged zone after 50 h was 1.11 and 1.02 mm/d,
which were 5.6% and 5.1% of the initial evaporation rate. In this stage, it was not important
whether there was a submerged zone in the bioretention. The evaporation rate was close
to the potential evaporation rate in the early evaporation, whether in presence or absence
of a submerged zone in bioretention. As the evaporation proceeded, the evaporation rate
fell fast, but the downward trend of the evaporation rate with a submerged zone was
slower than without a submerged zone [35]. The water supply in bioretention with a
submerged zone was better than bioretention without a submerged zone, as the water
from the submerged zone in bioretention can supply the upper layer through diffusion and
capillary process.
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4. Conclusions

Results revealed that the bioretention evaporation rate was in accordance with the soil
evaporation, which can be divided into three stages, namely, the constant rate stage, the
falling rate stage, and the residual stage. In the first two stages, the environmental factors
were the main factors affecting water evaporation of the bioretention. The evaporation
rate at the initial stage of evaporation was close to the maximum evaporation capacity
under the environment, and then the evaporation rate decreased rapidly. After 15 h, the
evaporation rate decreased more than 60%, and the higher the temperature, the faster the
evaporation rate decreased. The evaporation rate of the third stage was low and stable.
The evaporation rate was about 1 mm/d (0.82~1.1 mm/d), and the surface layer formed a
dry soil layer. The cumulative evaporation of the bioretention with the submerged zone
was higher than that without a submerged zone, and the cumulative evaporation after
50 h was 16.48% higher. In the second stage of evaporation, the decreasing amplitude of
the evaporation capacity of the bioretention with a submerged zone was also relatively
slow, whereas, the water in the bottom of the submerged zone recharged the upper layer
by capillary action and water vapor diffusion.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su14031286/s1, Figure S1: The relationship between temperature and evaporation rate,
Figure S2: The relationship between relative humidity and evaporation rate (20 ◦C, with submerged
zone), Figure S3: The influence of submerged zone on accumulation of evaporation, Figure S4:
The influence of submerged zone on evaporation rate.

Author Contributions: Conceptualization, D.F. and T.Z.; methodology, J.Q. and S.M.; formal analysis,
J.Q.; investigation, J.Q. and T.Z.; resources, S.M. and R.P.S.; data curation, J.Q. and T.Z.; writing—
original draft preparation, J.Q. and T.Z.; writing—review and editing, J.Q. and R.P.S.; visualization,
J.Q. and R.P.S.; supervision, D.F. and R.P.S.; project administration, J.Q. and D.F.; funding acquisition,
S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant num-
ber 41807514; Natural Science Foundation of Jiangsu Province, grant number BK20170682; and
Priority Academic Program Development of the Jiangsu Higher Education Institution, Jiangsu
Province, China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ali, W.; Takaijudin, H.; Yusof, K.W.; Osman, M.; Abdurrasheed, A.S.I. The common approaches of nitrogen removal in bioretention

system. Sustainability 2021, 13, 2575. [CrossRef]
2. Osman, M.; Yusof, K.W.; Takaijudin, H.; Goh, H.W.; Malek, M.A.; Azizan, N.A.; Ghani, A.A.; Abdurrasheed, A.S. A review of

nitrogen removal for urban stormwater runoff in bioretention system. Sustainability 2019, 11, 5415. [CrossRef]
3. Gülbaz, S.; Kazezyılmaz-Alhan, C.M. Hydrological model of LID with rainfall-watershed-bioretention system. Water Resour. Manag.

2017, 31, 1931–1946. [CrossRef]
4. Gulbaz, S.; Kazezyılmaz-Alhan, C.M.; Temür, R. Development of an empirical formula for estimation of bioretention outflow rate.

Water SA 2019, 45, 209–215. [CrossRef]
5. Goor, J.; Cantelon, J.; Smart, C.C.; Robinson, C.E. Seasonal performance of field bioretention systems in retaining phosphorus in a

cold climate: Influence of prolonged road salt application. Sci. Total Environ. 2021, 778, 146069. [CrossRef]
6. Qian, J.; Miao, S.; Tapper, N.; Xie, J.; Ingleton, G. Investigation on airport landscape cooling associated with irrigation: A case

study of Adelaide airport, Australia. Sustainability 2020, 12, 8123. [CrossRef]
7. Maliva, R.G. Low impact development and rainwater harvesting. In Anthropogenic Aquifer Recharge; Springer: Cham, Switzerland,

2020; pp. 765–825. [CrossRef]
8. Qin, Y. Urban flooding mitigation techniques: A systematic review and future studies. Water 2020, 12, 3579. [CrossRef]
9. Spraakman, S.; Rodgers, T.; Monri-Fung, H.; Nowicki, A.; Diamond, M.; Passeport, E.; Thuna, M.; Drake, J. A need for

standardized reporting: A scoping review of bioretention research 2000–2019. Water 2020, 12, 3122. [CrossRef]

https://www.mdpi.com/article/10.3390/su14031286/s1
https://www.mdpi.com/article/10.3390/su14031286/s1
http://doi.org/10.3390/su13052575
http://doi.org/10.3390/su11195415
http://doi.org/10.1007/s11269-017-1622-9
http://doi.org/10.4314/wsa.v45i2.07
http://doi.org/10.1016/j.scitotenv.2021.146069
http://doi.org/10.3390/su12198123
http://doi.org/10.1007/978-3-030-11084-0_23
http://doi.org/10.3390/w12123579
http://doi.org/10.3390/w12113122


Sustainability 2022, 14, 1286 13 of 13

10. Yang, F.; Fu, D.; Liu, S.; Zevenbergen, C.; Singh, R.P. Hydrologic and pollutant removal performance of media layers in
bioretention. Water 2020, 12, 921. [CrossRef]

11. Shrestha, P.; Salzl, M.T.; Jimenez, I.J.; Pradhan, N.; Hay, M.; Wallace, H.R.; Abrahamson, J.N.; Small, G.E. Efficacy of spent lime as
a soil amendment for nutrient retention in bioretention green stormwater infrastructure. Water 2019, 11, 1575. [CrossRef]

12. Shahrokh Hamedani, A.; Bazilio, A.; Soleimanifar, H.; Shipley, H.; Giacomoni, M. Improving the treatment performance of low
impact development practices—Comparison of sand and bioretention soil mixtures using column experiments. Water 2021,
13, 1210. [CrossRef]

13. Sang, M.; Huang, M.; Zhang, W.; Che, W.; Sun, H. A pilot bioretention system with commercial activated carbon and river
sediment-derived biochar for enhanced nutrient removal from stormwater. Water Sci. Technol. 2019, 80, 707–716. [CrossRef]
[PubMed]

14. Jiang, C.; Li, J.; Li, H.; Li, Y. Experiment and simulation of layered bioretention system for hydrological performance. J. Water
Reuse Desalin. 2019, 9, 319–329. [CrossRef]

15. Yuan, C.; Feng, S.; Wang, J.; Huo, Z.; Ji, Q. Effects of irrigation water salinity on soil salt content distribution, soil physical
properties and water use efficiency of maize for seed production in arid Northwest China. Int. J. Agric. Biolog. Eng. 2018, 11,
137–145. [CrossRef]

16. Liu, Q.; Zhao, R.; Miao, J.; Wang, J.; Jia, D. Effect of diatomite on soil evaporation characteristics. Environ. Earth Sci. 2021, 80, 219.
[CrossRef]

17. Hou, L.; Zhou, X.; Wang, S. Numerical analysis of heat and mass transfer in kiwifruit slices during combined radio frequency and
vacuum drying. Int. J. Heat Mass Transf. 2020, 154, 119704. [CrossRef]

18. Sandhu, J.S.; Takhar, P.S. Verification of hybrid mixture theory based two-scale unsaturated transport processes using controlled
frying experiments. Food Bioprod. Process. 2018, 110, 26–39. [CrossRef]
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