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Abstract: Green roofs (GRs) have been researched for decades, yet their implementation remains
constrained due to several reasons, including their limited appeal to policymakers and the public.
Biochar, a carbon-rich material, has been recently introduced as an amendment to GR substrate to
enhance the performance of GRs through reduced runoff volume, improved runoff quality, and
increased soil fertility. This paper aims to investigate the impact of biochar amendment on the
hydrological performance of newly established GRs. Six 1 m × 1 m GR test beds were constructed,
comprising of five biochar-amended GR test beds, and one conventional test bed (without any biochar
in its substrate). The water retention capacity and runoff outflow delay of the six test beds were
studied with the application of artificial rainfall using a nozzle-based simulator. Biochar was found
to increase the water retention capacity and effectively delay runoff outflow in the biochar-amended
GRs. After nine artificial rainfall events of 110.7 mm rainfall in total, 39.7 to 58.9 L of runoff was
retained by the biochar-amended GRs as compared to 37.9 L of runoff retained by the conventional
GR. Additionally, the test bed without biochar quickly started releasing runoff after 300 to 750 s,
whereas test beds with fine biochar particles could delay runoff outflow by 700 to 1100 s. The
performance of the non-biochar and biochar-amended test beds varies according to the values of
biochar-related variables such as biochar particle sizes, amendment rates, and application methods.
The observational data illustrated that the GR test bed with medium biochar particles applied to the
bottom layer of the GR substrate was the optimal biochar-GR design. This selection was determined
by the combined performance of high retention rates, long runoff outflow delays, and few other
factors, such as lesser loss of biochar caused by wind and/or water.

Keywords: biochar; green roof; green infrastructure; stormwater; runoff volume; hydrological experiment

1. Introduction

Green roofs (GRs) are commonly known to be one of the most effective green infras-
tructures (GI) strategies to counter the impacts of multiple global concerns like climate
change and rapid urbanization [1,2]. A typical GR system consists of the following layers
from top to bottom: vegetation, substrate, filter layer, and drainage [3]. There are three main
types of GR: extensive GR (EGR), semi-intensive GR (SIGR), and intensive GR (IGR) [4].
EGR has a substrate thickness of less than 15 cm, which is favorable for drought-tolerant
plants. EGR has a huge potential to be implemented thoroughly due to its affordability, easy
installation on existing buildings without structural reinforcement, low investment costs,
and moderate maintenance [5,6]. Oppositely, IGR outperforms EGR in terms of ecosystem
services due to a thicker substrate. However, there are several obstacles preventing the
application of IGR. They are issues relating to extreme load-bearing capacity, high initial
costs, and intensive maintenance [7]. The SIGR having a medium substrate depth takes
advantage of both the EGR and IGR. SIGR is appropriate for the survival of medium-root
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plants and lawns, and does not require comprehensive maintenance [8]. The recognition of
GRs has been increasing in the last two decades due to a considerable number of global
efforts [9]. An imbalanced research focus with regards to GR benefits has been reported in
the literature with the greatest attention towards runoff and temperature reductions [10–12].
GR studies have been mostly conducted in the USA and many European countries, which
result in the insufficient awareness of GR potential in other countries. Given that the per-
formance of GRs significantly varies according to local climate and availability of material,
research needs to be improved in terms of both quantity and quality at a local level [12].
An insufficient number of studies at a local scale limit the widespread implementation of
GRs because of inadequate information available for investors and policymakers.

GRs provide numerous eco-system services comprising runoff retention, runoff quality
improvement, enhanced thermal comfort, noise reduction, air purification, and economical
and environmental benefits [13]. Among them, runoff retention has been studied the most [10].
Rainwater is absorbed by the substrate layer and then is either consumed by the plants or is
lost to the atmosphere through evapotranspiration. Excess water from intense rainfall events
is either stored in the drainage layer of the GR or flows into the roof’s drainage system. This
mechanism helps to reduce the stress on the stormwater infrastructure by attenuating runoff
volume and peak flow. This ability of GRs to retain rainwater (which in turn leads to delayed
runoff outflow) has been examined in numerous studies. For example, Palermo et al. [14]
studied the hydrological responses of a full-scale EGR. They found that 68% (fluctuating from
16.7 to 100%) of rainwater was retained by the GR in a single rainfall event. The average peak-
flow reduction per event was 56% ranging from 13.3 to 95.2%. A similar finding was obtained
for a full-scale EGR in the study by Cipolla et al. [15], which had an average retention rate of
51.9% ranging from 6.4 to 100% on an event-by-event basis. Similar studies can also be found
in [16–22]. In addition, GRs have been significantly researched in test beds. The hydrological
performance of pilot-scale GRs is comparable to that of full-scale GRs. An excellent example is
the study by Stovin et al. [23], wherein the authors studied a 3 m2 EGR test bed. The average
rainfall retention and the peak-flow reduction were 70% and 60%, respectively. The 1 m2 EGR
test bed of Zhang et al. [24] achieved a higher retention rate of 77.2%, which fluctuated from
35.5 to 100%. GR test beds are a convenient choice for researchers to easily collect observational
data and study the impacts of different parameters on the performance of GRs. Some relevant
studies are [6,25–29]. However, a wide range of runoff retention/reduction rates have been
reported and some parameters affecting GRs remain controversial [10]. This inconsistency
could be due to the variation in hydraulic characteristics caused by different GR materials,
study areas, monitoring period, climate conditions, and data analysis methods [14,30]. For
instance, an agreement on the impact of antecedent dry weather period (ADWP) on water
retention in GRs has not yet been reached [22,24–26,31]. Zhang, Szota, Fletcher, Williams and
Farrell [25] highlighted the importance of substrates when compared to evapotranspiration
(ET); whereas the studies by Johannessen, Muthanna and Braskerud [28] and Kaiser et al. [32]
stated that ET had a greater impact when compared to that by other parameters. Furthermore,
some studies reported rainfall events that produced zero runoff, leading to exceptional average
retention rates [14]. Certain studies reported that more than 90% of the rainwater was retained
by the GR, attributed to a significant occurrence of small rainfall depths throughout the study
period [25,33–35]. Conversely, Wong and Jim [19] reported a low retention capacity due to
numerous intense rainfall events, reaching a maximum depth of 344.8 mm.

Several researchers have shown interest in innovative technologies to improve the
ecosystem services provided by GRs. The integration of GRs with other systems was found
to be effective in various studies. For instance, La Roche et al. [36] successfully enhanced
the cooling performance of GRs by combining GRs with a radiant/evaporative cooling
systems. The surface temperature of a hybrid photovoltaic GR (PV GR) was observed to
be 5 ◦C cooler than that of a stand-alone GR in [37]. Furthermore, a 4.3% enhancement
in the electricity production of the PV panels was also observed. Similar findings were
found in other studies [38–40]. Green-blue roofs and green wall-integrated GRs are other
well-documented systems. Biochar, a carbon-rich material, is manufactured by burning
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biomass, such as woody materials, crop residues, or municipal solid wastes, in an oxygen-
deficient environment [41–43]. Biochar has been recently introduced to GRs and other fields
of application (for e.g., agriculture). The benefits of biochar have a strong connection to its
highly-porous structure [44]. Biochar is able to retain more water and nutrients, improve
soil fertility and plant health, and allow for the diversity of microbial community [45].

Despite biochar having a huge potential in enhancing GRs, the hydrological perfor-
mance of biochar-amended GRs has been insufficiently understood due to limited research
and a consequent lack of information. Consequently, the study presented in this paper aims
to investigate the effectiveness of biochar in improving runoff retention and the delaying of
runoff in GRs. Runoff retention refers to the ability of GRs to retain or capture rainfall and
prevent it from immediately flowing as runoff. The higher the retention rate is, the lower the
runoff volume is. Runoff outflow delay refers to the phenomena where rainfall is delayed
from immediately contributing to runoff after a rainfall event. A biochar-amended GR
system with high-runoff retention and long runoff outflow delay can have various benefits,
including reducing stormwater runoff, improving water quality, and providing additional
moisture for vegetation. Additionally, this research also aims to study the influence of
different biochar-related variables (including application methods, amendment rates, and
biochar particle sizes) on the hydrological performance of GRs. To achieve these objectives,
six 1 m2 GR test beds with varying characteristics were established. Data on the volume of
runoff and runoff outflow delay for each test bed were collected during several artificial
rainfall events. A pressurized nozzle-based rainfall simulation system was employed to
generate an artificial rainfall. Acknowledging the distinctions between artificial and natural
rainfall events [46], this study attempted to replicate the characteristics of a natural rainfall
as closely as possible. Further details about the rainfall simulation system are provided
in Section 2.2. It is worth mentioning that the influence of plant characteristics on the
hydrological performance of GRs requires a comprehensive analysis, which is beyond the
scope of the current study. However, the plant conditions were consistent across each
test bed throughout the monitoring period, thereby limiting the influence of plants on
the results.

This paper is structured as follows. Section 2 presents the methods and materials used
in this study, which includes details about the experimental site, information regarding
setting up of the GR test beds, selection of biochar types, design of the rainfall simulation
system, and data collection methods. This is followed by the results presented in Section 3.
A detailed discussion on the results is provided in Section 4, and finally the conclusions
drawn from this study are presented in Section 5.

2. Method and Materials
2.1. Site Description

The experiments undertaken in this study were conducted on the roof of Building M
at the Footscray Park campus of Victoria University (VU), Victoria, Australia. The study
area is influenced by the temperate oceanic climate (Köppen climate classification Cfb)
with warm summers and mild winters. The average amount of precipitation received
annually is roughly 650 mm. A 50 m2 GR divided into 5 different growing spaces (Figure 1)
was initially constructed. It was observed that the existing roof conditions of the building
were not favorable for the acquisition of runoff-related experimental data. Hence, six 1 m2

GR test beds were subsequently constructed (Figure 2). Galvanized steel trays measuring
1 m × 1 m were used, which were elevated to a height of 0.3 m above the roof tiles using a
metal frame.
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Figure 2. The six 1 m × 1 m green roof test beds on top of Building M at Victoria University, Footscray
Park Campus.

The substrate of the six GR test beds was based on the initial 50 m2 GR. The 150 mm
substrate consisted of a mix of light expanded clay aggregate (LECA), hardwood mulch,
and coir chips with a volumetric percentage ratio of 80:15:5, respectively. These test beds
have a filter layer (non-woven geo-textile membrane) and a drainage layer (20-mm Atlantis
Flo-cell and 30-mm Versidrain trays). The materials chosen in this study were not only
to provide a high water retention capacity but also to avoid adding a lot of weight to the
structure below. LECA is a light-weight material with a large water absorption capacity
(18% by weight). Atlantis Flo-cell is a lightweight and effective drainage solution that has
considerable water storage. The mini reservoirs of Versidrain that were placed on top of
the Atlantis Flo-cell can store 11 L of water per square meter.

In addition to the unmodified test bed (GR-0), there are five other test beds that were
amended by the biochar in different ways. An amendment rate of 7.5% v/v 1–3 mm biochar
particles (hereafter referred to as medium biochar) evenly mixed with other substrate
components was applied in GR-7.5M-M. In GR-7.5B-M, 7.5% v/v medium biochar particles
were applied at the bottom layer of the substrate. GR-15M-M used the mixing of biochar at
an amendment rate of 15% v/v medium biochar. Less than 1 mm particle biochar (hereafter
called fine biochar) was applied in GR-7.5M-F and GR-7.5T-F by using mixed and top-
dressing biochar application methods, respectively. The characteristics of all GR test beds
are summarized in Table 1.
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Table 1. Characteristics of the six green roof test beds constructed for this study.

GR Test Bed Biochar Amendment Rate (%) Biochar Application Method Biochar Particle Size

GR-0 0 NA NA
GR-7.5M-M 7.5 Mixed Medium
GR-7.5B-M 7.5 Bottom Layer Medium
GR-15M-M 15 Mixed Medium
GR-7.5M-F 7.5 Mixed Fine
GR-7.5T-F 7.5 Top Dressing with Water Fine

Two common wallaby grasses (Rytidosperma caespitosum), two common everlasting
wildflowers (Chrysocephalum apiculatum), and two Billy Buttons wildflowers (Pycnosorus
globosus) were pre-grown at a nursery and moved to each test bed on 5 May 2023. Addi-
tionally, one Lomandra longifolia Tanika and one Lomandra Lime Tuff were added per
test bed on 1 July 2023, to increase the plant coverage area prior to the experiments. The
quantity and size of each type of plant were consistent across the test beds at the time they
were planted. The experiments were conducted once the plants had successfully adapted
to the new growing environment of the LECA-based substrate after about two months.

2.2. Biochar Selection

Biochar was procured from the supplier, Green Man Char, in Melbourne. The feedstock
used for manufacturing biochar was woody materials, particularly from eucalyptus with
the pyrolysis target temperature of 500–550 ◦C. According to the literature, 7.5% v/v is a
reasonable amendment rate of biochar considering plant survival, water retention, and
affordability. For example, Li et al. [47] recommended a 5–7% biochar dose to avoid
plant mortality and obtain a good water retention capacity. Beck et al. [48] applied a
7% biochar dose to deal with the limited availability of biochar. Wang et al. [49] found
that the amendment rate of 5% biochar was optimal for GR substrates since it positively
impacted plant growth, whereas 15% biochar acted as a root-barrier layer that prevented
root expansion. However, the effects of biochar amendment rates on water retention
have been a subject of controversy in previous studies [50–55]. Therefore, one test bed
with a 15% biochar dose was investigated in this research to discover the advantages and
disadvantages of increasing the amount of biochar.

Regarding particle sizes of biochar, small particles were found to overperform the
large particles in terms of water retention due to higher porosity and specific surface
area [56]. Nevertheless, very fine biochar reduced the infiltration rate and caused substrate
waterlogging, which led to flooding on the surface of the GR. Fast drainage is an important
hydraulic characteristic of GRs, especially during the wet seasons [57,58]. In addition,
small particles are less resistant to water and wind erosion when compared with large
particles [59]. Hence, granulated biochar with a medium particle size (2–2.8 mm) was
recommended by Liao et al. [60]. Moreover, small biochar particles were also recommended
to be amended to medium to coarse textured substrates [56,58,61]. As a result, this research
excluded large biochar particles and focused on studying fine to medium sized ones. Fine
(up to 1 mm) and medium (1–3 mm) biochar particles (Figure 3) procured from Green Man
Char were used in this study.

With regard to the application methods of biochar, mixing, top layer, and middle
layer are three popular treatments in numerous studies [51,54,56,62–67]. While mixing and
middle-layer methods imply high labor costs, the top-layer biochar application method
is exposed to strong winds and other severe weather conditions causing biochar loss
over time, especially fine biochar particles [65]. Furthermore, the effectiveness of biochar
is affected by the application method. For instance, bottom-layer biochar had a better
performance than the top-layer biochar in terms of both runoff quantity and quality in the
study of Kuoppamäki, Hagner, Lehvävirta and Setälä [67]. Therefore, for this research, it
was decided to compare the mixing and bottom-layer methods. Additionally, one test bed
applied fine biochar particles through top-dressing with water. The biochar manufacturer
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suggested using this treatment to enhance the functions of well-established GRs or to
restore failed GRs. This could be attributed to the fact that small biochar particles can work
their way into the GR substrates faster than larger particles do. Together with the vegetation,
the top-dressing biochar test bed was left for two months before the experiments were
conducted. The irrigation helped fine biochar particles to penetrate the substrate gradually.
A proper comparison, thus, could be made between top-dressing and mixing methods.
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2.3. Rainfall Simulation

To precisely control the experimental inputs, a rainfall simulation system was con-
structed. It was a pressurized system including a spray nozzle attached to a PVC pipe that
was connected to a water tap. Dunkerley [46] had undertaken a comprehensive review
of the validation of rainfall simulation for the runoff-related research. He explicitly high-
lighted the significant differences between artificial and natural rainfall. Artificial rainfall
is continuous with constant and extreme intensity, whereas intensities of natural rainfall
highly fluctuate with interruptions. The conventional (unpressurized) rainfall simulator
depends on gravity to create water droplets, which requires a fall height of nearly 9.1 m to
reach the terminal velocity of natural raindrops [68]. In contrast, the pressurized simulator
uses pressure from the water mains to form droplets, which does not rely on gravity, and
provides a wide range of droplet sizes [69]. Therefore, properly simulating rainfall with
an unpressurized simulator is challenging as compared to a pressurized simulator [70].
Considering all factors, this study opted for a nozzle-based rainfall simulation system to
assess the hydrological behaviors of the GR test beds.

The selected spray nozzle was the MPL 0.21M-B manufactured by Spray Nozzle
Engineering, Melbourne. This nozzle has a full-cone spray pattern and provides large
droplets, a spray angle of 77◦, and a flow rate of 0.82 L/minute at a 3-bar pressure. When
it is installed 600 mm above the target surface, it can have a spray coverage of roughly
1000 mm, which was appropriate for the 1 m2 test beds utilized in this study. Figure 4
provides an illustration of the nozzle-based rainfall simulator above a GR test bed.
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2.4. Data Collection and Analysis

A drainage hole was placed at the bottom corner of every test bed. A plastic container
positioned under the drainage hole records the runoff volume drained from the test beds.
The runoff collection is continued until there is no runoff production for at least five minutes.
Small rainfall events, especially those less than 5 mm in depth and hardly producing
any runoff, have been observed in plenty of studies [14,24,25,33,34]. Therefore, this study
focused on investigating medium, high, and extreme rainfall events. A total of nine artificial
rainfall events per test bed were simulated. For a catchment area of 1 m2, the rainfall depth
in millimeters (mm) is equal to the water volume in liters (L). The nozzle was attached to a
PVC pipe that was connected to the water mains through a 5 m hose. Since the pressure of
the tap water was identified as roughly 4.5 bar, a pressure reducer was employed to bring it
down to 3 bar. Medium to extreme rainfall events were simulated by altering the simulation
duration. Considering the intermittent characteristic of natural rainfall, gaps of 2 min were
introduced after every 5 min of simulation. A similar method was applied in the study of
Holko et al. [71]. Together with the simulation gaps, the selection of MPL 0.21M-B with
a low flow rate was an attempt to generate more realistic rainfall intensities. Numerous
papers were identified for unrealistically reproducing rainfall intensities exceeding those of
extreme events [46,72].

To ensure an accurate comparison between the test beds, each experimental event
was conducted on the same day. A soil moisture meter was also used to understand the
impacts of soil moisture on rainfall retention before every event (hereafter called initial soil
moisture). Soil moisture was measured at several locations of a test bed and at the same
depth. The antecedent dry weather period (ADWP), which is another important parameter
determining the water retention capacity, was also recorded. The first experiment was
carried out on 31 July 2023, when the vegetation was three months old. Table 2 presents
information about the characteristics of the nine simulated rainfall events. Medium, high,
and extreme rainfall events were represented by simulation durations of 10, 15, and 20 min,
respectively, with 2 min gaps every five minutes. With the exception of Medium A and
Medium B events that were conducted on the same day to examine the response of GRs to
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two consecutive rainfall events, all other events were conducted on different days within
the one month study period.

Table 2. Characteristics of the nine artificial rainfall events.

Event Date (Time)
Simulation

Runtime
(min)

Estimated Rainfall
Depth
(mm)

Antecedent Dry
Weather Period

(Days)

Previous Rainfall
Depth
(mm)

Medium A 31 July 2023 (9 a.m.) 10 8.2 0 3
Medium B 31 July 2023 (2 p.m.) 10 8.2 0 8.2
Medium C 10 August 2023 (8 a.m.) 10 8.2 0 Light rain until 7AM *

High A 3 August 2023 (8 a.m.) 15 12.3 2 8.2
High B 4 August 2023 (10 a.m.) 15 12.3 0 12.3
High C 14 August 2023 (11 a.m.) 15 12.3 0 3.4

Extreme A 7 August 2023 (10 a.m.) 20 16.4 2 12.3
Extreme B 11 August 2023 (9 a.m.) 20 16.4 0 8.2
Extreme C 21 August 2023 (9 a.m.) 20 16.4 2 5.4

Note: * No recorded rainfall data.

The amount of water retained by the GR test beds was calculated by subtracting
the volume of runoff from the volume of rainfall. The runoff outflow delay, which was
recorded in seconds, was the amount of time from the beginning of a simulation until
a test bed started producing runoff. This parameter helps to understand the capability
of GR in delaying runoff and reducing stress on the drainage system. The observational
data were analyzed using line and bar graphs as well as box plots. By employing these
statistical methods, the hydrological performance of all GR test beds was thoroughly
assessed and compared. Moreover, the relationship between rainfall depth and retention
rate was also described. The conclusions regarding the impacts of biochar on GRs and
the optimal biochar-GR design were derived from high runoff retention rates and long
runoff outflow delays. Furthermore, other factors such as low infiltration rates leading to
substrate waterlogging and biochar loss were also considered.

3. Results

Table 3 presents data on various hydrological parameters, such as initial soil moisture,
rainfall volume, runoff retention, and runoff outflow delay, for the six GR test beds during
medium, high, and extreme rainfall events.

Table 3. Hydrological performance of the six green roof test beds under nine artificial rainfall events.

Event Test Bed Initial Soil
Moisture (1 to 10)

Estimated
Rainfall

Volume (L)
Runoff

Volume (L)
Runoff

Retention (%)
Runoff Outflow

Delay (s)

Medium A
31 July 2023 (9 a.m.)

GR-0 3 ± 1 8.2 4.8 41.46% 470
GR-7.5M-M 5 ± 1 8.2 3.85 53.05% 620
GR-7.5B-M 5 ± 1 8.2 3.3 59.76% 930
GR-15M-M 8 ± 1 8.2 3.4 58.54% 570
GR-7.5M-F 10 ± 2 8.2 2.7 67.07% 1200
GR-7.5T-F 10 ± 2 8.2 4.5 45.12% 740

Medium B
31 July 2023 (2 p.m.)

GR-0 5 ± 2 8.2 6.7 18.29% 340
GR-7.5M-M 7 ± 2 8.2 6.4 21.95% 420
GR-7.5B-M 7 ± 2 8.2 3.9 52.44% 720
GR-15M-M 10 ± 2 8.2 5.9 28.05% 350
GR-7.5M-F 15 ± 3 8.2 6.2 24.39% 570
GR-7.5T-F 12 ± 3 8.2 5.2 36.59% 590

Medium C
10 August 2023 (8 a.m.)

GR-0 5 ± 1 8.2 5.2 36.59% 405
GR-7.5M-M 5 ± 1 8.2 4.4 46.34% 570
GR-7.5B-M 5 ± 1 8.2 4 51.22% 720
GR-15M-M 7 ± 2 8.2 4.8 41.46% 390
GR-7.5M-F 10 ± 1 8.2 2.6 68.29% 1260
GR-7.5T-F 8 ± 2 8.2 2.8 65.85% 1020
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Table 3. Cont.

Event Test Bed Initial Soil
Moisture (1 to 10)

Estimated
Rainfall

Volume (L)
Runoff

Volume (L)
Runoff

Retention (%)
Runoff Outflow

Delay (s)

High A
3 August 2023 (8 a.m.)

GR-0 2 ± 1 12.3 7.5 39.02% 630
GR-7.5M-M 3 ± 1 12.3 7.35 40.24% 750
GR-7.5B-M 5 ± 1 12.3 5.5 55.28% 1050
GR-15M-M 5 ± 2 12.3 5.75 53.25% 850
GR-7.5M-F 8 ± 2 12.3 4.8 60.98% 1335
GR-7.5T-F 8 ± 2 12.3 4.4 64.23% 1200

High B
4 August 2023 (10 a.m.)

GR-0 2 ± 1 12.3 6 51.22% 660
GR-7.5M-M 5 ± 1 12.3 7.8 36.59% 690
GR-7.5B-M 5 ± 1 12.3 6.2 49.59% 940
GR-15M-M 7 ± 2 12.3 5.5 55.28% 750
GR-7.5M-F 9 ± 2 12.3 6.5 47.15% 1200
GR-7.5T-F 8 ± 2 12.3 6.2 49.59% 1110

High C
14 August 2023 (11 a.m.)

GR-0 4 ± 1 12.3 8.1 34.15% 525
GR-7.5M-M 8 ± 1 12.3 7.9 35.77% 660
GR-7.5B-M 4 ± 1 12.3 6.2 49.59% 900
GR-15M-M 8 ± 1 12.3 7.5 39.02% 645
GR-7.5M-F 7 ± 1 12.3 4.5 63.41% 1185
GR-7.5T-F 5 ± 1 12.3 4 67.48% 1125

Extreme A
7 August 2023 (10 a.m.)

GR-0 1 ± 1 16.4 11.7 28.66% 570
GR-7.5M-M 1 ± 1 16.4 11.2 31.71% 690
GR-7.5B-M 4 ± 2 16.4 10 39.02% 900
GR-15M-M 5 ± 2 16.4 11.5 29.88% 540
GR-7.5M-F 8 ± 2 16.4 8.8 46.34% 1320
GR-7.5T-F 7 ± 2 16.4 8.6 47.56% 1140

Extreme B
11 August 2023 (9 a.m.)

GR-0 3 ± 1 16.4 12.1 26.22% 555
GR-7.5M-M 4 ± 1 16.4 11.6 29.27% 510
GR-7.5B-M 4 ± 1 16.4 10.5 35.98% 885
GR-15M-M 8 ± 2 16.4 11.9 27.44% 420
GR-7.5M-F 8 ± 2 16.4 9 45.12% 1230
GR-7.5T-F 7 ± 2 16.4 8.2 50.00% 1060

Extreme C
21 August 2023 (9 a.m.)

GR-0 5 ± 1 16.4 10.7 34.76% 750
GR-7.5M-M 4 ± 1 16.4 10.5 35.98% 810
GR-7.5B-M 5 ± 1 16.4 9.7 40.85% 990
GR-15M-M 6 ± 2 16.4 9.9 39.63% 840
GR-7.5M-F 7 ± 2 16.4 8.3 49.39% 1320
GR-7.5T-F 5 ± 1 16.4 7.9 51.83% 1410

3.1. Runoff Retention

The hydrological responses of the six GR test beds in terms of runoff retention during
the monitoring period are shown in Figure 5. The box plots provide a summary of the over-
all performance of each GR test bed in terms of retention rates, considering the maximum,
minimum, mean, and median values after nine simulated events. As expected, the applica-
tion of biochar enhanced the water retention rates of GRs. While a moderate improvement
was observed in GR-7.5M-M and GR-15M-M, runoff volume was significantly alleviated by
GR-7.5B-M, GR-7.5M-F, and GR-7.5T-F. The maximum retention rate of 68.29% was reached
by GR-7.5M-F in the Medium C event. In contrast, GR-0 had the poorest retention rate
of only 18.29% in the Medium B event. With the same application method of mixing and
medium biochar particles, the higher amendment rate of biochar in GR-15M-M slightly
improved the water retention as compared to GR-7.5M-M in most events. However, 7.5%
v/v biochar at the bottom layer of the GR7.5B-M substrate outperformed 15% v/v biochar
mixed in the GR-15M-M substrate. For the entire study period, the highest retention capac-
ity was achieved by fine biochar particles of GR-7.5M-F and GR-7.5T-F with the average of
52–53%. In general, the differences in rainfall retention between the six GR test beds were
identical under different rainfall depths. The only exception was found in the High B event
when GR-0 and GR-15M-M had the best retention performance.
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Figure 5. Runoff retention performance of the six green roof test beds for the nine artificial rain-
fall events.

Figure 6 further elucidates the overall retention performance of the six test beds. The
graph illustrates the cumulative rainfall volume and the comparison of runoff volume
from different GR test beds under the nine artificial rainfall events. From 31 July 2023
to 21 August 2023, a total of 110.7 L of artificial rainfall was generated per test bed. The
lowest and highest cumulative runoff reductions of 34.24% and 53.21% were recorded in
GR-0 and GR-7.5T-F, respectively. The retention rates in this study are lower than those
previously reported by other researchers. For instance, Todorov, Driscoll and Todorova [33]
obtained an average retention of 95.9 ± 3.6% ranging from 75% to 99.6%. Furthermore,
average retention rates of 68% (16.7% to 100%), 78% (17% to 100%), 66% (3.6% to 100%),
and 70% (0% to 100%) were reported in [14,17,18,23], respectively. This could be attributed
to the unrealistic rainfall intensity generated by a pressurized simulator and the omis-
sion of low rainfall-depth events in the present study. For example, GRs in the study of
Jahanfar et al. [73] achieved a retention rate of at least 90% from events with less than
10 mm in depth. Additionally, the average amount of retained rainwater in [6,24,25,34]
was significantly high, primarily due to the inclusion of numerous small intensity events
producing zero runoff.
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3.2. Runoff Outflow Delay

Across the nine different events, the performance of the six GR test beds in delaying
runoff outflow remained consistent. Figure 7 shows the amount of time in seconds before
a test bed starts producing runoff in a rainfall event. The graph illustrates which GR test
bed exhibited a tendency for longer runoff outflow delays during different medium, high,
and extreme rainfall events. In most events, runoff was delayed the most by fine biochar
particles of GR-7.5M-F and GR-7.5T-F with an average of 1200 s. They only observed a
substantial drop to about 600 s during the Medium B event. The exceptional delays of fine
biochar particles of GR-7.5M-F and GR-7.5T-F could raise concerns about the infiltration
reduction. GR-0 quickly started releasing runoff after 300 to 750 s, which was the shortest
outflow delay. The 7.5% v/v amendment rate of medium biochar particles in GR-7.5M-M
slightly improved the runoff outflow delay. The increase in the amount of medium biochar
particles to 15% v/v in GR-15M-M did not result in a noticeable difference. However,
GR-7.5M-M tended to have a slightly longer delay than GR-15M-M. In contrast, moving
7.5% v/v medium biochar particles to the bottom of the GR-7.5B-M substrate resulted in
a remarkable enhancement. GR-7.5B-M was able to delay runoff by 700 to 1100 s and it
performed consistently in all events.
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4. Discussion
4.1. Biochar Variables: Application Method, Amendment Rate, and Particle Size

In accordance with the previous findings [50–52], the higher amount of biochar led
to a higher water retention capacity of GRs. Though D’Ambrosio, Mobilia, Khamidullin,
Longobardi and Elizaryev [51] used a modeling software to investigate the 15 cm depth
biochar-amended GRs, comparable results were observed regarding the enhanced retention
capacity associated with a higher quantity of biochar. A higher retention capacity by increas-
ing biochar application rate was also observed in the study of Valagussa, Gatt, Tosca and
Martinetti [52], wherein they tested 15 cm depth GR substrates with two different biochar
types. In the present study, GR-15M-M (15% biochar v/v) retained 4.63% (on average) more
rainwater than GR-7.5M-M (7.5% biochar v/v). Regarding the runoff outflow delay, the
performance of GR-15M-M was lower than that of GR-7.5M-M. However, the difference
was negligible. It could be concluded in this study that the hydrological performance
marginally improved by increasing the quantity of biochar from 7.5% to 15%. Hence, it is
strongly recommended to consider the addition of 5–7.5% v/v biochar in future projects,
addressing the constraints posed by the limited availability and high manufacturing cost of
biochar [47,48,58,74]. On the other hand, a contradictory finding was also reported in the
study by Goldschmidt [53]. The increase in the biochar application rate from 2.5% to 10%
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did not result in an increase in the retention capacity of 60 cm × 29 cm biochar-GR plots.
Therefore, a preliminary assessment of a biochar-GR system is necessary before considering
its widespread application.

The significance of the biochar application method was emphasized in this research.
Taking both the retention rate and the outflow delay into account, the performance of the
bottom biochar GR test bed (GR-7.5B-M) was consistently outstanding. As compared to
GR-7.5M-M, and even GR-15M-M, GR-7.5B-M retained 11.42% and 6.79% (on average)
more rainwater and had 257 s and 298 s (on average) longer outflow delays, respectively.
With a similar biochar particle size (medium), the bottom-layer biochar prevailed over the
mixed biochar in this study. The bottom-layer biochar also outperformed the top-layer
biochar in the study of Kuoppamäki, Hagner, Lehvävirta and Setälä [67]. In their study, GR
test plots with a dimension of 0.4 m × 0.5 m and two different types of plants (Sedum and
meadow) had higher water retention rates when biochar was applied at the bottom layer
of the GR substrate. However, further research is required to gain an in-depth knowledge
about the bottom-layer-biochar method, by investigating different biochar particle sizes and
amendment rates. Additionally, the performance of fine biochar particles was relatively
similar when they were either thoroughly mixed in the GR-7.5M-F substrate or mixed
with water and then applied on the substrate surface of GR-7.5T-F. Under the impact of
rainfall/irrigation, fine biochar particles on the substrate surface tended to quicky move
downward into the substrate mix within only two months after the application. These two
GRs also performed exceptionally better than other GRs in this research. Top-layer biochar
was also suggested to be applied in [65], due to lower labor costs associated with the mixing
methods. They also recommended replacing unprocessed biochar with processed biochar
applied on the GR substrate surface to mitigate biochar loss. Future research attempts are
encouraged, since only a limited number of studies on methods of applying biochar were
found in the literature.

Regarding biochar particle sizes, two of the studied test beds featuring fine biochar
particles outperformed others in terms of both water retention and runoff outflow delay.
This result was in line with previous findings. For example, Werdin, Conn, Fletcher, Rayner,
Williams and Farrell [58] used soil columns to study two types of biochar with three biochar
particle sizes (less than 2 mm, 2–10 mm, and mix) and four amendment rates (10, 20, 30, and
40% v/v) and concluded that fine particles (<2 mm) had the highest water retention. Liao,
Drake and Thomas [60] investigated different sizes of processed and unprocessed biochar
by mixing them (4.5% w/w) into 8 cm depth substrates of 71 cm2 GR test plots. They
found that the smaller, unprocessed biochar particles led to higher water retention rates.
Nevertheless, the trend was not consistent in the case of the processed biochar. The notable
improvement in retention performance observed with fine biochar particles compared
to large particles may be attributed to increases in porosity and specific surface area [56].
However, concerns arising from fine biochar particles are substrate waterlogging during
high-intensity events and consequent potential for biochar loss. Fine particles diminish
the filtration rate and the air-filled porosity (AFP), leading to waterlogging [58]. The slow
water releasing of fine biochar particles caused the greatest decline in the retention rate of
GR-7.5M-F from 67.07% in the Medium A event to 24.39% in the Medium B event. The fast
drainage of an EGR plays a major role in avoiding waterlogging, adversely influencing
plant health [57,75]. Wang, Garg, Zhang, Xiao and Mei [57] recommended the use of
coconut-shell fiber in conjunction with biochar to reduce the air-entry value for effective
stormwater management. As compared to fine particles, larger particles are more resistant
to biochar loss caused by wind and water [59]. Medium to large biochar particles or heavy
biochar (processed biochar) were suggested to be used to limit the biochar loss [60,65,76].

Based on the observational data in this research, medium biochar particles applied
at the bottom of the GR-7.5B-M substrate are highly recommended as an optimal biochar-
amended GR system. GR-7.5B-M was able to have a higher retention and a longer outflow
delay than 7.5% and 15% v/v medium biochar particles thoroughly mixed into the sub-
strates of GR-7.5M-M and GR-15M-M. While the hydrological performance of GR-7.5B-M
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was not the most optimal, it still exhibited remarkable retention of rainfall, acceptable delay
in runoff outflow, and facilitated fast drainage to prevent waterlogging. Although the
drainage speed of GR-7.5M-F was slow, GR-7.5B-M proved to be more advantageous in
quickly replenishing the water storage for upcoming events during the wet seasons. Using
medium particle sizes of biochar at the bottom of the GR substrates also helped to minimize
the biochar loss to the environment. On the other hand, in projects restoring/improving
the functions of failed/well-established GRs when other application methods are inap-
propriate, the application of fine biochar particles through the top-dressing method is an
efficient solution. Noteworthy results regarding the comparison between processed and
unprocessed biochar have been documented, providing motivation for future research en-
deavors. Further simultaneous investigations into the different forms of processed biochar,
amendment rates, particle sizes, and application methods are necessary to identify the
optimal biochar-amended GR design. Moreover, several biochar benefits should all be
considered in a study to find the best strategy to address stormwater management as well
as other global concerns.

4.2. The Influences of Rainfall Depth, Climate Conditions, and Other Factors

A strong relationship between rainfall depth and the retention capacity of GRs was
detected in this study. The impact of rainfall depth was more pronounced when comparing
medium/high events with extreme events. The bar charts presented in Figure 8 illustrate
the different retention performance of GRs under medium, high, and extreme rainfall
events. Although the differences between medium and high events were negligible, the
retention rates of the GR test beds in extreme events were significantly lower. When a GR
substrate reaches a saturation point during a heavy event, it cannot absorb more water,
and then all remaining rainwater becomes runoff. This finding is in agreement with other
published results. For example, the retention rate of only 11.9% in the study of Wong and
Jim [19] was due to heavy rainfall events with more than 300 mm in depth. The notably
low cumulative rainfall retention values in [14,23,30], that were lower than the average
reported by others, were indicated by significant cumulative rainfall depths of 1256.3 mm
(1 year), 1892.2 mm (27 months), and 481 mm (5 months), respectively.
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The influence of the initial soil moisture of the GR substrates on the water retention
of GRs has been thoroughly documented [17,29,31]. ADWP has also been considered as
a crucial parameter affecting the retention capacity. For instance, the Medium B event
was simulated only 5 h after the 8.2 mm Medium A event; hence, the difference in the
initial soil moisture of all test beds between these two events was easily recognizable. A
substantial reduction in rainfall retention was recorded in all test beds in the Medium
B event. Moreover, all test beds in the Extreme C event, having an ADWP of 2 days,
performed better than they did in the Extreme B, with zero ADWP in relation to rainfall
retention. However, a consistent trend was not observed in other events. With a lower
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initial soil moisture or longer ADWP, the GRs did not achieve a higher retention or a
longer delay in all experiments. Therefore, other parameters such as the available water
storage of the drainage layers are likely to play a major role. However, firm conclusions
regarding these influential parameters could not be drawn due to insufficient data. A
longer monitoring period and a more precise data collection of the initial soil moisture
content and ADWP are required to completely understand their impacts.

Most studies examined the effectiveness of biochar by testing small GR test beds, GR
modules, and soil columns. Though the establishment of a large experimental site requires
intensive effort and investment, future projects are recommended to identify the benefits of
biochar-amendment in large-scale GRs.

5. Conclusions

Green roofs (GRs) are widely recognized as one of the optimistic green infrastructures
that aim to address various global concerns, including urban flash flooding, water quality
degradation, urban heat island effects, energy crises, and air pollution. Though GRs have
been studied for decades, more efforts are still required to improve their ecosystem services.
One of the innovative strategies is the addition of biochar, a carbon-rich material, to GR
substrates to simultaneously enhance several GR benefits. This paper aimed to investigate
the impacts of biochar on the hydrological performance of six newly established GR test
beds, which included five biochar-amended test beds and one conventional test bed. The
study focused on the water retention capacity and the runoff outflow delay of the six GR
test beds by using a nozzle-based rainfall simulator. The GR test beds were amended by
biochar with different characteristics including particle sizes, application methods, and
amendment rates.

The findings and recommendations from this study are summarized below:

(a) Green Roofs (GRs) amended with biochar outperformed conventional GRs in terms
of rainfall retention and runoff outflow delays.

(b) This study recommends biochar amendment rate of up to 7.5% v/v, as an increased
biochar amount to 15% v/v did not lead to a noticeable improvement. The 7.5%
v/v dose is reasonable considering the hydrological performance, biochar costs, and
currently limited availability of biochar.

(c) This study suggests the application of biochar in the bottom layer of the substrate as
the optimal method due to high water retention, long outflow delay, fast drainage,
and less biochar loss.

(d) Applying biochar with water on the surface of GR substrates is the most appropriate
method in cases of failed/well-established GRs, where other methods are impractical.

(e) Medium biochar particles are recommended to be used in future GR systems. It
was observed that fine particles cause substrate waterlogging and biochar loss to the
environment, whereas large particles reduce the rainfall retention rate and runoff
outflow delay.

(f) More research is required to properly understand the impacts of initial soil mois-
ture content, antecedent dry weather period (ADWP), and other parameters on the
hydrological performance of GRs.

(g) Further investigations are recommended to simultaneously study different biochar
variables such as particle sizes and application methods to find out the optimal
biochar-amended GR design.
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