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Featured Application: Biochar, a carbon-rich material derived from organic matter through pyroly-
sis, enhances substrate quality by increasing water retention and nutrient availability, leading
to healthier plant growth and increased biodiversity. It also plays a significant role in carbon
sequestration, capturing and storing carbon that would otherwise be released into the atmosphere,
thus contributing to climate change mitigation efforts.

Abstract: Green roofs (GRs) are a well-established green infrastructure (GI) strategy that have been
extensively studied for decades to address a growing array of social and environmental challenges.
Research efforts have been continuously made to contribute to the awareness of benefits of GRs
and towards their widespread application. The substrate, which is one of the crucial layers of
a GR system, plays a major role in the serviceability of GRs. Thus, several studies have been
undertaken to alter the substrate characteristics by applying innovative substrate additives. Biochar,
a carbon-rich material with a highly porous structure and large specific surface area, has been
found advantageous in several areas such as agriculture, water filtration, environmental remediation,
construction, and so on. However, the application of biochar in GRs has been insufficiently studied,
partially because biochar amendment in GRs is a relatively recent innovation. Furthermore, a
comprehensive review of the performance of biochar-amended GR substrates is lacking. This review
paper aims to summarize the past performance of GRs enhanced with biochar by considering
the various benefits that biochar offers. The results indicate that most of the reviewed studies
observed increased retention of runoff and nutrients when utilizing biochar. Additionally, the
capabilities of biochar in improving thermal insulation, plant performance, and microbial diversity,
as well as its effectiveness in sequestrating carbon and controlling soil erosion, were mostly agreed
upon. Notwithstanding, a definitive conclusion cannot yet be confidently made due to the limited
research information from biochar-GR systems and the uneven research focus observed in the
studies reviewed. The influence of biochar-related variables (including amendment rates, application
methods, processed forms, and particle size) on the effectiveness of biochar was also discussed.
Opportunities for future research were suggested to fill the research gaps and address challenges
restricting the application of biochar in GRs. Detailed information from past research findings could
serve as a foundation for further investigations into the large-scale implementation of biochar in GRs.

Keywords: biochar; green roof; review paper; soil additive; WSUD; green infrastructure

1. Introduction

Green roofs (GRs) are a well-established green infrastructure (GI) strategy to effec-
tively tackle numerous social and environmental challenges caused by rapid urbanization
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and climate change. GRs have garnered significant attention from researchers and have
been studied for decades. The ecosystem services offered by GRs include runoff retention;
enhancement of runoff water quality; urban heat island effect reduction; lowered building
energy costs; improved air quality; and various other economic, social, and environmental
benefits [1,2]. Despite its huge potential, GR remains restricted in its widespread appli-
cation due to several reasons. While a considerable number of GR studies have been
undertaken by using various approaches, there are still inconsistent findings and research
gaps that necessitate further investigation [3]. For instance, Vijayaraghavan and Raja [4] and
Gong, et al. [5] observed positive results in GR runoff quality, while contrasting findings
were found in the studies of Beecham and Razzaghmanesh [6] and Ferrans, et al. [7]. Be-
sides runoff quality, the performance of GRs in temperature and runoff reduction has also
been reported inconsistently. The reduction in runoff volume by GRs was less significant
in regions with high annual precipitation, with only an 11.9% reduction observed in a
humid subtropical climate [8] and 11% under 3110 mm of rainfall per year in the city of
Bergen, Norway [9]. In addition, the benefits of GRs related to temperature and energy
savings are also highly dependent on climatic conditions. Exceptional performance of
GRs was observed in a hot climate in the city of Shanghai, China [10-12]. In contrast,
GRs did not reduce energy consumption for cooling in several Mexican cities, where they
actually led to increased energy use for heating [13]. Additionally, challenges in installing
GRs such as high investment costs and added structural loads on existing buildings that
were not initially designed for GR systems pose significant barriers [14,15]. Therefore,
further research is essential to fully understand the benefits of GRs and thus facilitate their
widespread adoption.

There are an increasing number of studies that have employed modeling software
to further understand the effectiveness and benefits of GRs [16—-19]. Furthermore, new
technologies such as hybrid GR systems and innovative substrate materials have also been
applied to enhance the multiple benefits of GR. For instance, GRs have been integrated
with photovoltaic (PV) systems, resulting in enhanced thermal benefits for buildings and
increased electricity production due to the cooling effect of GRs on PV panels [20-22]. The
effectiveness of GRs in temperature reduction was also improved by integrating them with
a radiant cooling system [23-25]. Additionally, an improved GR system called “Blue-green
roof”, which features a large water storage layer, has significantly reduced runoff [26-28].
Furthermore, new GR materials have also been utilized to enhance the effectiveness of GR
systems. For instance, Carpenter, et al. [29] obtained an impressive average runoff retention
rate of 96.8%, surpassing commonly reported values, due to the use of an effective drainage
layer. Another innovative material, “biochar” has emerged as a promising solution to
enhance GR benefits by modifying the characteristics of GR substrates. The term “biochar”
refers to a carbon-rich material that is manufactured by burning biomass in an oxygen-
deficient environment [30]. Biochar has garnered significant attention from researchers due
to its positive effects on soil structure, along with its physiochemical properties such as
high porosity and large surface area, which enable biochar to enhance soil water-holding
capacity, nutrient retention, soil fertility, plant performance, and carbon sequestration,
among other benefits [31].

Figure 1 illustrates an increasing trend in the number of studies on both biochar
and biochar-based GRs from 2011 to 2023, based on data from the Scopus database. No-
tably, there has been a significant surge in research interest in biochar in recent years,
especially from 2018 onwards. Moreover, Figure 1 also highlights that there has been
relatively limited research on biochar in GRs compared to its application in other research
areas. A Scopus-based search using different keywords further highlights the limitation
of biochar-GR studies, as shown in Figure 2. Among 6200 search results for GRs, only
75 studies were found relevant to biochar. While biochar has been extensively studied with
approximately 35,000 studies, research attempts specifically focused on biochar-amended
GRs have been relatively limited. Although there is growing information on how biochar
affects GR functions, there is a lack of comprehensive reviews on the performance of
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biochar-amended GRs. The Scopus database identified only five review papers. Four of
them focus on green infrastructure and geotechnical engineering structures rather than
specifically on GRs [30,32-34]. The study by Lee and Kwon [35] is the only review that
focusses exclusively on examining the application of biochar in GRs. Although this re-
view aimed to provide an overview of the impacts of biochar on GRs, it lacks an in-depth
investigation and discussion on specific categories of benefits that biochar amendment
brings to GRs. It also does not thoroughly address various barriers and limitations of
biochar amendment in GRs. Therefore, this review aims to comprehensively quantify and
qualify the performance of previous studies and application of biochar amendment in GR
systems across various benefit categories. It also seeks to identify research opportunities by
highlighting gaps in the current understanding of the benefits provided by GR-biochar
systems. Additionally, the review thoroughly examines barriers to biochar amendment in
GRs, including environmental concerns, economic challenges, and policy-related hurdles.
By doing so, the review can accurately highlight limitations and offer recommendations
for future research. Furthermore, it provides directions for future studies by identifying
optimal biochar-based variables, such as biochar application methods, amendment rates,
and particle sizes. Despite the limited research available, the significant potential of biochar
highlighted by preliminary studies could attract the interest of researchers and garner
attention from authorities and the community, thereby promoting the recognition and
adoption of biochar in GRs. Moreover, detailed information from past research findings
could work as a foundation for further investigation of biochar in GRs. The selection of
papers for this review was based on the following criteria: (1) the presence of numerical
or quantifiable results that were reported, (2) inclusion of primary GR performance pa-
rameters such as runoff retention rate, temperature reduction, and concentrations of total
phosphorus (TP) and TN, and (3) publications within the period from 2010 to the present.
The reviewed papers were sourced from the Scopus, ResearchGate, and Google Scholar
databases. Figure 3 presents a flow chart illustrating the reviewing methodology adopted
in this research.
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Figure 1. The number of studies on biochar-amended green roofs and biochar recorded in the Scopus
database by year of publication from 2011 to 2023.
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Figure 3. A flow chart depicting the reviewing methodology used in this research.
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2. Biochar—Preparation and Unique Physiochemical Characteristics

Biomass is converted into biochar through the carbonization processes consisting of
pyrolysis, gasification, and hydrothermal carbonization [31]. Among them, the so-called
“pyrolysis”, a thermochemical process, is a common method to prepare biochar with
temperatures ranging from 300 to 900 °C in an oxygen-deficient environment [36]. The
pyrolysis process transforms biomass into a stable form of carbon that is unlikely to escape
into the atmosphere [37]. Biochar is largely composed of fixed carbon (85%, organic C
of biochar), but it may also contain oxygen, hydrogen, and ash (inorganic component of
biochar), depending on the amount of ash present in the original biomass [38]. Pyrolysis
is generally divided into three primary categories, namely fast pyrolysis, intermediate
pyrolysis, and slow pyrolysis [39]. Compared to other methods, slow pyrolysis has been
observed to generate the highest biochar yield [36,39]. Biochar is primarily produced from
various organic wastes, including wood chips, wood pellets, tree bark, crop residues, and
municipal solid waste [31,40].

The benefits that biochar offers are closely linked to its unique physiochemical charac-
teristics including high porosity, large specific surface area, functional groups, and cation
exchange capacity [31]. Among them, the surface area and porosity play an important
role in improving water-holding capacity and adsorption capacity [41]. The hydration
process during pyrolysis, which involves water loss and removal of volatile compounds
from biomass, creates the porous structure of biochar [42]. The surface area of biochar has
a strong relationship with its porosity, with micropores having the most significant im-
pact. Feedstocks and pyrolysis conditions determine the physiochemical characteristics of
biochar. For example, increasing the pyrolysis temperature produces biochar with a higher
micropore volume, larger surface area, and greater carbon content for better adsorption
of heavy metals and organic pollutants [36,43]. However, the biochar yield also decreases
when increasing temperatures [39,44]. Furthermore, a number of harmful pollutants named
“polycyclic aromatic hydrocarbons” (PAHs) are generated during the pyrolysis process.
The leaching of these pollutants from biochar—GR systems into the discharge raises con-
cerns regarding human health and the environment [45]. Biochar manufactured at high
pyrolysis temperatures of 600-800 °C often has higher PAHSs than the acceptable limit.
Hence, pyrolysis at 500 °C is preferable with less negative impacts [46,47]. Regarding
feedstock, Wang and Wang [31] recommended using feedstocks with low volatile contents
to improve the biochar yield. Leng, et al. [48] carried out a comprehensive analysis of
biochar feedstock and the pyrolysis temperature to achieve a high biochar porosity and
large surface area. They concluded that wood and woody feedstock and an intermediate
pyrolysis temperature (400-700 °C) provide optimal conditions for the development of a
porous biochar structure [39]. In addition to the primary factors of feedstock and pyrolysis
temperature, a thorough understanding of other variables such as reactor type, heating rate,
residence time, and biochar modification treatments is necessary to achieve the desired
biochar characteristics.

The ability of biochar to retain water is strongly linked to its highly porous struc-
ture [49]. The internal porosity of biochar functions as millions of tiny sponges, holding
a substantial amount of water. Additionally, the high porosity and aeration resulting
from biochar’s large surface area (ranging from 800 to 5000 mm?/g) indirectly enhance
microbial diversity and survivability in soil [50]. Biochar can effectively reduce the leaching
of organic molecules and nutrients because the functional groups on its surface enhance
its cation and anion exchange capacities [51]. The primary surface functional groups of
biochar include aromatic and heterocyclic carbon, which play an important role in deter-
mining the properties of biochar [52]. Consequently, biochar with a large surface area and
high cation exchange capability enhances soil productivity and helps reduce groundwater
contamination [53]. Due to the presence of alkali and alkaline-earth metals in biochar,
soil pH is also increased, which is advantageous particularly for acidic soils [39]. An
increase in soil pH affects the amounts of soluble essential nutrients and chemicals, thereby
enabling the growth of plants and microbial communities [54,55]. Biochar itself also has
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nutrients whose availability depends on the feedstock and pyrolysis temperature, further
contributing to the nutrient availability in the soil [50]. Figure 4 provides a summary of
the practical applications of biochar in GRs. Figure 5 presents the mechanisms by which
biochar alters the structure of GR substrates and improves its water-holding capacity. The
aforementioned physiochemical parameters of biochar are crucial for determining its effec-
tiveness in green roofs. Optimal parameters can be achieved by carefully selecting the raw
biomass and adjusting the pyrolysis conditions, such as the temperature, residence time,
and heating rate.

Biochar

-~

Green roof substrates

T
T
¥ v v v L4

A 4
Increasing Increasing Increasing Decreasing Increasing Decreasing
water holding nutrient substrate pH thermal carbon storage substrate
capacity retention conductivity in substrates erosion
b .
! | !
L4 4 v
Reducing runoff volume Improving runoff Improving thermal insulation Mitigating environmental
and mitigating flash quality and mitigating and reducing building energy problems and improving
flooding water pollution consumption green roof sustainability
aa”
Improving
substrate fertility - 3
— Improving carbon
P T sequestration and
T Tty mitigating air pollution
Improving .
microbial diversity Improving plant
) performance
in substrates

Figure 4. A flow chart illustrating the benefits of biochar in green roofs.
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Figure 5. Mechanisms by which biochar increases soil porosity and improves water-holding capacity:
(a) low-porosity soil structure without biochar, (b) high-porosity soil structure due to inter-pores
between soil and biochar and intra-pores within biochar particles [56].
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Comparisons were made in previous studies between the performance of biochar
and other substrate additives. In the study by Kader, et al. [57], biochar surpassed other
organic wastes such as sawdust, wood bark, coir, and compost in enhancing plant drought
resistance and promoting vegetation growth. Novotny, et al. [58] evaluated the effects of
different biochar and organic additives, including dried sewage sludge and compost con-
taining sewage sludge, on runoff quality. Although all substrate additives demonstrated
positive impacts, the addition of wood biochar resulted in the most significant benefit.
Wang, et al. [59] investigated the performance of three different GR substrates including
coconut-shell-based biochar, fiber, and biochar—fiber substrates. Biochar was observed
to outperform fiber in different benefit categories such as soil thermal conductivity and
water-holding capacity. However, the addition of both biochar and fiber was still sug-
gested to enhance air entry, allowing fast drainage and mitigating crack propagation in
substrates. It is also worth noting that the application of other substrate additives also led
to improvements when compared to bare substrates. Although biochar offers many of the
same advantages as other organic materials, it serves as a more durable substitute that lasts
in the soil for many years, thus providing a long-term beneficial impact [60].

Biochar can be applied to the GR as either a top layer, middle layer, or bottom layer of
the GR substrate, or it could be thoroughly mixed with the substrate. Figure 6 illustrates the
structure of commonly used application methods of biochar in green roofs. Table 1 provides
some noteworthy case studies of biochar-amended GRs involving single or multiple key
benefits of biochar along with the application methods used in those case studies. This
review has identified that thoroughly mixing biochar with other GR substrate components
is the most commonly used biochar application method.

Mix of

& Substrate & Biochar * .

Ll @ "
a ]

A ’ Filter Layer

Drainage Layer

S
=

(a)

(b) (c) (d)

Figure 6. Commonly used biochar application methods in green roofs: (a) biochar at the bottom of
the substrate, (b) biochar in the middle of the substrate, (c) biochar at the top of the substrate, and (d)
biochar thoroughly mixed with the substrate.

Table 1. Case studies illustrating key benefits and application methods of biochar in green roofs.

Case Studies

[61]

[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

Key Benefits of Biochar Biochar Application Methods
Improved runoff qua!ity, nutrient. availability, and Middle layer
microbial community
Improved runoff retention Middle layer
Improved runoff retention and plant performance Top layer and mixing
Improved runoff retention and runoff quality Top layer and bottom layer
Improved runoff retention Top layer, mixing, and bottom layer
Improved soil erosion Mixing
Improved carbon sequestration Mixing
Improved air quality Mixing

Improved temperature reduction Mixing
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3. Benefits of Biochar Amendment in Green Roofs

The benefits of biochar for GRs have not been studied uniformly, as depicted in
Figure 7. As can be seen in the figure, runoff retention has received the most research
attention. The impacts of biochar on runoff quality, plant performance, and microbial
diversity have also been extensively studied. Although thermal reduction is one of the
most studied benefits of GRs in general [3], it has not been adequately investigated in
biochar-related research. An uneven research focus becomes apparent from the figure,
especially when considering benefits such as thermal reduction, carbon sequestration, and
soil erosion control. The following sections specifically describe the previous performance
of biochar-amended GRs across different benefits of biochar.

29
19
15
| I
- 3
2

Runoff Retention Runoff Quality Thermal Reduction ~ Plant Healthand Carbon Sequestration Soil Erosion Control

Improvement Microbial Diversity and Air Quality
Improvement

Biochar Benefits

Figure 7. The number of studies examining the benefits of biochar in green roofs.

3.1. Runoff Retention

As mentioned earlier, the impact of biochar in increasing runoff retention has been
extensively researched. The comparisons between conventional and biochar-based GRs in
terms of runoff retention rates are summarized in Table 2. A variety of study approaches
were adopted, consisting of soil column, pilot-scale, field-scale, and software modeling.
Biochar used in GRs has been manufactured from a variety of feedstocks such as birch, cedar,
coconut shells, mixed hardwoods, and urban green wastes. The pyrolysis temperature
has ranged from around 400 °C to 750 °C. While the retention rates of GRs after biochar
amendment have been reported from both unvegetated and vegetated substrates, the
results in Table 2 were only extracted from the latter, to accurately reflect an actual GR
system, which must be covered by plants.

Table 2. Water retention capacity of biochar-amended green roofs.

Reference

Approach

Retention Rate
Substrate Biochar Setup without Biochar
(%)

Retention Rate
with Biochar (%)

[64]

Field-scale

; Buried biochar 80 (summer),
Recycled, crushed brick, 70 (summer), 64 (rainy autumn)

compost, crushed bark, 50 (autumn) 75 (summer)
and sphagnum moss Surface biochar 50 (autumn),
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Table 2. Cont.

Retention Rate Retention Rate

Reference  Approach Substrate Biochar Setup w1th0t;(t)/]§10char with Biochar (%)
7.5% m1><.ed—med1um 21.95-53.05
biochar
15% rmx.ed—rnechum 27 445854
biochar
Light expanded clay 7 5% buried—medium 70 (summer),
[65] Pilot-scale aggregate, coir chips, biochar 50 (autumn) 35.98-59.76
and mulch P -
7.5% mlxed—ﬁne 4.39-68.99
biochar
7.5% sgrface—fme 36.59-67 48
biochar
[70] Pilot-scale Topsoil NA 32.1 46.6
) Gravel, sand, silt, clay, Not saturated: Not saturated:
[71] Pilot-scale pumice, Fiber Life NA 19.3-32.9 29.6-32.5
compost, and paper fiber Saturated: 7.1-8.2 Saturated: 8.5-12.6
[72] Pilot-scale Peat, vermiculite, perlite, NA 72.54 72.08
and sawdust
[73] Soil column Natural clay soil NA 455 69.3
.. . Substrate (5, 10, 15, Substrate (5, 10, 15,
. Peat, vermiculite, perlite, and 20 mm): 47.1,
[74] Pilot-scale nd dust NA 5271 56.99 and and 20 mm): 47.7,
and sawaus S ov7 oA 53.99, 60.42, and 66.5
62.64
Scoria (<8 mm), scoria
[75] Software modeling (7 mm aggregate), and 40% v/v Maximum 12% improvement annually
coir
Crushed, recycled brick,
[76] Pilot-scale compost, peat, and NA Maximum 10% improvement
crushed bark
[77] Field-scale NA 2.5,5,and 10% w/w 36.6 41.5,39, and 37.8
[62]  Software modeling ~ -°amandexpanded 3 cmand 5 em depths 55.05-65.29 66.9 and 69.15
clay of biochar
[78] Pilot-scale Heat-expanded clay 15% v/v 36% improvement
Crushed clay, peat,and  Pelleted wood (10 and 25 and 30 33 and 45.5
. green compost 15 cm deep substrates)
[79] Pilot-scale : :
Pumice, lapillus, peat, Flake wood (10 and 15 38 and 45.5 415 and 47

and green compost cm deep substrates)

As expected, biochar-amended GRs retained more water when compared to those
without biochar. For example, Kuoppamiki, Hagner, Lehvéavirta and Setila [64] found
that in summer, biochar applied either at the top (surface biochar) or at the bottom (buried
biochar) of the GR substrate improved runoff retention by 5% and 10% (from 70% to 75%
and 80%), respectively. The improvement was even more pronounced in autumn with more
frequent rainfall, with 14% more retention in the case of buried biochar (from 50% to 64%),
whereas surface biochar had no impact. In the study by Nguyen, Chau and Muttil [65],
all biochar-amended GR test beds outperformed the conventional one in terms of runoff
retention during nine artificial rainfall events. More specifically, test beds with fine biochar
particles, either thoroughly mixed into GR substrates or applied on the surface of GRs,
exhibited the best performance. Huang, Garg, Mei, Huang, Chandra and Sadasiv [73]



Appl. Sci. 2024, 14, 7421

10 of 31

used a soil column to evaluate the hydrological performance of GRs modified by biochar.
The results showed a considerable increase in runoff retention from 45.5% to 69.3%. In
the study of Valagussa, Gatt, Tosca and Martinetti [79], both types of biochar made from
pelleted wood and flake wood in both substrate depths of 10 cm and 15 cm enhanced
runoff retention. Similarly, biochar of Meng, Zhang, Li and Wang [74] improved runoff
retention in different cases of substrate depths (5, 10, 15, and 20 cm). Farrell, Cao, Ang and
Rayner [75] concluded that the amendment of 40% (v/v) biochar to scoria-based GRs could
result in an increase in the annual runoff retention, of 12% when modeled with Melbourne’s
climatic conditions. In a 27-day experiment [80], the cumulative outflow volume from a
biochar-amended GR was 26 L (14.1 mm) less than the GR without biochar.

In addition to the studies presented in Table 2, there are other studies examining
biochar to enhance the hydrological performance of GRs. Since other hydraulic parameters
were assessed, those studies were not included in Table 2. Gan, et al. [81] used soil
columns to compare bare soil with biochar-based soil with different amendment ratios
(5%, 10%, and 15% w/w). The ratio of 5% (w/w) was found to have the highest water
storage. Gan, et al. [82] further evaluated the ability of biochar in runoff reduction. The
results indicated that soil amended with 10% (w/w) biochar was the optimal choice for
rainwater management, offering the greatest peak outflow reduction and the longest
outflow delay. However, 5% (w/w) biochar outperformed other amendments in terms of
runoff retention and peak outflow delay. Wang, Garg, Zhang, Xiao and Mei [59] identified
the positive influences of coconut shell biochar on the hydraulic properties of GR substrates
in improving both residual and saturated water contents. However, coconut shell fiber
was also recommended to be used in conjunction with biochar to reduce the air-entry
value for effective stormwater management. Wang, et al. [83] further assessed the runoff
retention of biochar-amended soil under both high and low (near-saturated) soil suctions.
While a higher retention rate was recorded in soil with biochar due to greater mesopores
under high suction, there was no difference between biochar-based soil and bare soil under
near-saturated conditions (low suction). Tan and Wang [69] observed the hydrological
response of biochar-amended and non-biochar GRs to natural rainfall. The amendment
rate of 20% fine biochar particles was superior to others in terms of accumulated runoff
reduction. The average peak flow reduction rates were 55.9%, 60.9%, 63.6%, and 65.9%
with the amendment rates of 0%, 10% coarse particles, 20% coarse particles, and 20% fine
particles, respectively. Additional positive findings related to stormwater management can
be found in studies [63,66,84-87].

3.2. Runoff Quality Improvement

The reduction in pollutants in green roof discharge is another significant benefit of
biochar that has been extensively studied. While nutrients are vital for plant survival, they
can leach from green roof substrates due to rain and irrigation, potentially polluting aquatic
environments. Although many runoff quality parameters were evaluated, Table 3 focuses
only on the most significant nutrients and heavy metals.
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Table 3. Quality of runoff from biochar-amended green roofs.
Concentration Concentration Load without
Reference Approach Substrate Biochar Setup Pollutant without Biochar with . Load with Biochar (mg)
. Biochar (mg)
(mg/L) Biochar (mg/L)
13.8 +21.2/
Recycled brick, Wood/sewage ™N 220 +1.20 4.23 £3.20/
7.87 +£9.03
[58] Pilot-scale expanded clay, sludge/food NA NA
spongilite, and waste biochar 0.33 £0.32/
peat TP 0.38 £ 0.35 1.57 +£2.23/
0.42 +£0.35
Sedum: 35 and 550;
Recycled, crushed Surface biochar NA NA meadow: 41 and
brick, compost, Sedum: 40 and 580; 560 (m—2)
[64] Field-scale crushed bark, and TP and TN meadow: 45 and
sphagnum moss 700 (mfz) Sedum: 29 and 350;
Buried biochar NA NA meadow: 28 and
400 (m—2)
Organic carbon
(sedum and 78.8 and 73.6 25.7 and 21.6 1436-1521 and 425-488 and 395-439
1024-1236
ryegrass)
Gravel, sa.md, §ilt, Inorganic carbon
. clay, pumice, Fiber (sedum and 13.3and 18.6 12.7 and 17.2 233-288 and 257-322 223-242 and 335-345
[71] Pilot-scale Life compost, and NA r
, yegrass)
paper fiber TP (sed q
(sedum an 10.3 and 17.4 8.3 and 8.4 199-216 and 238-352 119-183 and 151-182
ryegrass)
TN (sedum and NA and 79.2 NA and 10.1 NA NA
ryegrass)
TP 0.15 0.21 0.002 £ 0.001 (m~2) 0.003 4 0.001 (m~2)
Peat, vlermia;lite, TN 16.14 9.85 0.205 £ 0.089 (m~2) 0.096 + 0.042 (m~2)
[72] Pilot-scale perlite, an NA
sawdust Zn 0.03 0.02 NA NA
Fe 0.13 0.1 0.001 £ 0.001 (m~2) 0.001 4 0.001 (m~—2)
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Table 3. Cont.
Concentration Concentration Load without
Reference Approach Substrate Biochar Setup Pollutant without Biochar with . Load with Biochar (mg)
. Biochar (mg)
(mg/L) Biochar (mg/L)
0.003 4 0.009, 0.005 = 0.009,
TP (substrate 5,10,  0.28,0.19, 0.25, 0.32, 0.24, 0.35, 0.002 4 0.003, 0.004 + 0.009,
15, and 20 cm) and 0.38 and 0.43 0.004 £ 0.008, and 0.007 £ 0.015, and
0.005 =+ 0.008 (m~2) 0.006 + 0.008 (m~2)
0.277 + 0.359, 0.114 + 0.166,
TN (substrate 5, 0.370 + 0.437, 0.087 + 0.110,
10,15,and 20 cm) 2> 28,2%,and 17 105,812, and 12 0.375 + 0.468, and 0.169 + 0.262, and
0.310 £ 0.433 (m~2) 0.171 £ 0.229 (m—2)
0.046 + 0.045, 0.033 + 0.034,
K (substrate 5, 10, 0.064 4 0.079, 0.039 + 0.046,
15, and 20 cm) 565,11, and 14 3.75,4,9,and 6 0.135 + 0.143, and 0.083 + 0.087, and
Peat, vermiculite, 0.177 4 0.163 (m~2) 0.064 + 0.066 (m—2)
[74] Pilot-scale Peﬂitg aft‘d NA 0.842 + 0.864, 0.479 + 0.497,
sawdaus
Ca (substrate 5, 10, 0.898 + 1.117, 0.432 + 0.506,
15,and 20 cm) 120, 95,90,and 60 65,48, 50, and 45 0.958 + 0.962, and 0.448 + 0.459, and
0.696 =+ 0.600 (m~2) 0.487 + 0.489 (m~2)
0.792 + 0.948, 0.715 + 1.053,
Fe (substrate 5,10,  0.07,0.08, 0.16, 0.05,0.06, 0.11, 1.241 + 2.192, 0.915 + 1.643,
15, and 20 cm) and 0.15 and 0.13 2.365 + 2.889, and 1.644 4+ 2.774, and
2.388 £ 3.135 (m~2) 1.324 +2.033 (m~2)
0.305 + 0.334, 0.145 + 0.135,
Zn (substrate 5,10,  0.05,0.04, 0.08, 0.025, 0.023, 0.05, 0.231 + 0.241, 0.101 =+ 0.116,
15, and 20 cm) and 0.13 and 0.03 0.594 + 0.604, and 0.231 4 0.225, and
0.439 + 0.497 (m~2) 0.191 + 0.171 (m-2)
Organic carbon 355 (m~2) 310, 400, and 325 (m~2)
[77] Field-scale NA 25 5;*;‘5 15%, Nitrate NA NA 1.7 (m2) 2,15, and 3 (m~2)
Phosphate 33 (m~2) 25.5,24, and 20 (m~2)
Crushed, TPp(rI; l_agr;(t)e‘zllr?)nd NA NA (1319?;;3315 ) 50 and 55 (m~2year 1)
[88] Pilot-scale recycledbrick, NA
compost, peat, and TN (planted and NA NA 3500 and 1200 1100 and 600
crushed bark pre-grown) (mfzyearfl) (mfzyearfl)
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Table 3. Cont.
Concentration Concentration Load without
Reference Approach Substrate Biochar Setup Pollutant without Biochar with . Load with Biochar (mg)
. Biochar (mg)
(mg/L) Biochar (mg/L)
0.0029, 0.085, 0.8, 0.65,
Granulated 0.9, 27.5, 260, 220, and 0.24/0.0013, 0.012,
and 76/0.7,7, 65,
1-2 mm 84 and 29 0.12, 0.15, and
’ 0.05 (m~2)
Porous aggregates, Granulated P, TN, K, Ca, and 1.1, 23, 200, 170, 0.8, 27, 240, 190, 0.0038, 0.085, 0.75, 0.65, 0.0035, 0.1, 0.9, 0.7, and
) and 73/0.75,7.5, 0.27/0.0014, 0.015, 0.14,
8] Pilot-scale composted 2.8-4 mm Mg (first and 60/0.65, 7.5, 67 85 and 30 and 0.23/0.0015, 0.018, 0.17, and 0.06 (m~2)
[ organic matter, flush/second 85, 88, and 31 e 0.23,0.22, and v ’
and fine sand Unprocessed flush) 0.85, 25, 280, 185, 0.075 (m~2) 0.0021, 0.06, 0.7, 0.4, and
1p_2 mm and 70/0.65, 6, 0.16/0.0011, 0.009, 0.18,
110, 78, and 30 0.13, and 0.05 (m~2)
Unprocessed 0.7, 16, 160, 140, 0.0027,0.05,0.7,0.4, and
22_4 mm and 45/0.6, 4, 65, 0.16/0.0013, 0.008, 0.14,
: 70, and 25 0.14, and 0.055 (m~2)
. Pumice or TP (lowest and
[90] Pilot-scale expanded clay, NA highest) 0.05 and 1.47 0.18 and 2.09 NA NA
and compost &
[91] Pilot-scale NA NA TN 3.27 2.16 NA NA
C};fiop ff\cf);lt,e‘;vv:(c))fks TN (rain intensity:
[92] Pilot-scale b, NA 5,10, and 7.5,9.5,and 11.2 6.2,7.5,and 10.8 NA NA
sludge, and 15 mm/h)
pumice
7.5% mixed— 4.8 to 48 and 0.81
medium biochar tol.29
15% mixed— 7.1 to 47 and 0.56
Light expanded medium biochar to 1.66
: clay aggregate, 7.5% buried— 3.7 to 31 and 0.35 2.2t021 and 0.74
93 Pilot-scale J o -0/0 burie TN and TP < to ol and U ~tozlandy. NA NA
3] coir chips, and medium biochar to 0.67 to 1.27
mulch
7.5% mixed— 6.1 to 51 and 0.53
fine biochar to 0.94
7.5% surface— 9.5 to 58 and 0.98

fine biochar

to2.41
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Table 3. Cont.

Concentration

Concentration

Reference Approach Substrate Biochar Setup Pollutant without Biochar with L(.)ad without Load with Biochar (mg)
. Biochar (mg)
(mg/L) Biochar (mg/L)
e =
[94] Pilot-scale and vermiculite straw (10~20% . .22~0.57/0.58~1. NA NA
v/0) Organic carbon 94.47 101.76~59.41/52.45~26.73
TN (at the 27.2-32.8/0.5-0.7
beginning/the 4.1-11.9/0.9-1.0 and
. Sewage sludge
[95] Pilot-scale biochar (10% and end) 13.4-47.3/0.5-0.6 NA NA
O,
20% v/v) TP 0.04 to 1.63 0.18 t0 2.00 and

0.03-1.71
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As previously discussed, biochar possesses physiochemical properties that help retain
a variety of heavy metals and nutrients such as total nitrogen (TN) and total phosphorous
(TP), thereby enhancing soil fertility [96]. The primary mechanisms through which biochar
captures pollutants are adsorption, cation exchange, and biotransformation [72,90,97].
Furthermore, biochar indirectly improves runoff quality by improving plant performance,
which leads to higher water and nutrient uptake by plants [89,92].

Adding biochar to GR substrates in [64] effectively reduced the nutrient loads in
GR runoff as compared to non-biochar GRs. Specifically, in sedum GR test modules,
biochar evenly spread on the substrate surface reduced the loads of TP and TN from 40
and 580 mg/m? to 35 and 550 mg/m?, respectively. For meadow GRs, TP and TN loads
were reduced from 45 and 700 mg/m? to 41 and 560 mg/m?, respectively. The effect
was even more considerable in the case of biochar at the bottom of the substrate. Most
studied pollutants in [71] comprising TP, TN, and organic carbon had lower loads after
the application of biochar, with the exception of inorganic carbon. Meng, Zhang, Li and
Wang [74] evaluated the ability of coconut-shell-based biochar in removing nutrients and
heavy metals from GR discharge. Results from a monitoring period of more than one
year confirmed the positive effects of biochar on runoff quality by reducing loads of TN,
potassium (K*), calcium (Ca?*), iron (Fe), and zinc (Zn). Additionally, biochar was effective
in reducing the levels of both TP and TN in GR runoff [88]. More specifically, the average
annual loads of TP and TN were reduced from 130 and 3500 mg/m? to 50 and 1100 mg/m?
in on-site planted GR platforms; and from 125 and 1200 mg/m? to 55 and 600 mg/m?
in pre-grown mats, respectively. The impacts of biochar in the study of Liao, Drake and
Thomas [89] were more pronounced in the final flush at the end of the 115-day greenhouse
experiment. Loads of TN and dissolved P, K, Ca, and Mg (magnesium) in the discharge
were diminished by 59%, 20%, 28%, 34%, and 32%, respectively, by using unprocessed
biochar. Zhang, et al. [98] assessed the fertilizer retention performance of four GR test
plots and confirmed the positive effects of biochar. They concluded that higher biochar
amendment rates resulted in lower nitrogen loss rates.

Consistent with the findings on pollutant loads, several studies indicated a reduction
in pollutant concentrations following the application of biochar. Xu, et al. [99] concluded
that biochar was able to delay the leaching effect of TP and enhance the retention of TN.
Piscitelli, et al. [100] concluded that biochar is a promising soil additive to deal with runoff
quality degradation, which is a current concern for GRs. Wood biochar and olive husk
biochar were both observed to have a high adsorption capacity of different heavy metals,
consisting of Cd (Cadmium), Cu (Copper), Cr (Chromium), Ni (Nickel), Pb (Lead), and
Zn. The addition of 5.4% v/v biochar in the study by Liao, et al. [101] resulted in decreased
nutrient concentrations of TN and dissolved P, K, Ca, and Na in discharge from GR modules
with sedum mats. However, the authors observed no impacts of biochar on nutrient loading
over three years.

3.3. Thermal Reduction

The thermal properties of GR substrates play a major role in directly determining
the thermal insulation capacity, whereas plant growth and performance are the indirect
impacts [102]. Lunt, Fuller, Fox, Goodhew and Murphy [102] compared the thermal
conductivities of a biochar-based substrate with other substrate mixes. The lowest thermal
conductivity value (<0.5 W/m-°C) was recorded in the biochar mix, which could be
attributed to its high organic matter content, finer textured substrate structure, and the
insulating effect of trapped air within biochar micropores [103-106]. The performance was
also not affected by compaction and varying moisture contents. The thermal benefit of
biochar was also noticeable in [57]. The thermal conductivity of biochar (0.693 W/m-K)
was only higher than that of the wood-bark-based substrate (0.678 W/m-K). Biochar
manufactured from coconut shell by slow pyrolysis at 600 °C in [59] increased the soil
heat capacity and decreased the thermal conductivity by 31%, thereby enhancing the
thermal insulation capacity. Wang, Garg, Zhang, Xiao and Mei [59] also highlighted the
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dependence of thermal conductivity on the distribution of micropores in biochar-amended
soil. In addition, the heat insulation was found to be greater in dry soil than that in
wet soil. Wang, Garg, Zhang, Xiao and Mei [59] recommended keeping soil dry rather
than wet in summer. The daily minimum and maximum temperatures of GR substrates
recorded in [69] also demonstrated the thermal benefit of biochar. The addition of 20%
fine biochar particles made the GR substrate significantly cooler than the reference GR
substrate. Biochar GRs lessened the temperatures of upper (by 3-5 °C) and lower roof deck
surfaces. Petreje, Snéhota, Chorazy, Novotny, Rybova and Hec¢kova [80] also found that
the lower maximum temperature at the bottom layer of the biochar-amended GR led to
improvements in vegetation cover and evapotranspiration rate. However, the reductions
were not substantial. The amount of heat transferred to the indoor environment was
decreased by biochar, which could contribute to increasing human thermal comfort (HTC)
and building energy performance.

3.4. Plant Health and Microbial Diversity

Vegetation is a crucial component of a GR system; hence, plant survival is essential
for maintaining the expected serviceability of GRs. Plant performance is understood to
strongly depend on the condition of substrates. Biochar is well known as an effective soil
additive to improve soil fertility. The porosity of substrates increased by biochar leads to
enhancements in water/nutrient retention, water saving for irrigation, plant drought-stress
resistance, and plant root development. Additionally, it is noteworthy that microorganisms
or microbes exist in GR substrates. Thus, adding biochar makes GR substrates more porous
and hence creates more shelters for microorganisms [83]. Interactions between plants and
the microbial community are beneficial to the biomass of plants and microorganisms [107].
This microbiome benefits plants through different mechanisms including improving physi-
cal and chemical characteristics of substrates; producing and modifying plant hormones;
and producing antibiotics, volatile organic compounds, and lytic enzymes against phy-
topathogenic microbes [108]. GRs are facing challenges in creating an ideal living place
for plants and microbes due to thin substrates, limited irrigation, strong wind, extreme
solar heat gain, and isolation from habitats at the ground level [107,109]. Consequently,
some preliminary studies [110] have observed a small number of microorganisms in GR
substrates, which could lead to a decline in plant performance and limit the ecoservices of
GRs. Biochar, being a carbon-rich material, is utilized to generate a favorable environment
for microorganisms and plants.

Granulated biochar was studied and compared with traditional biochar in [89] to
assess their impacts on plant performance. The results revealed that granulated biochar
outperformed traditional biochar by significantly improving plant biomass. Moreover,
plant biomass from traditional biochar was even lower than that from non-biochar GRs.
Biochar granules were also beneficial in reducing biochar loss caused by water and wind
erosion. Biochar also demonstrated effectiveness in supporting the soil bacterial community.
Adding biochar to GRs in [109] increased the biomass of soil microbes, eukaryotes, and
plants by 75.3%, 199.2%, and 57.5%, respectively. This was due to an increase in soil porosity
(by 5.3-9.3%), soil moisture (by 14-37.2%), available nutrients, and cation exchange capacity
(by 38.1-75.9%). Varela, et al. [111] also recommended the use of biochar to increase the
yield of Lactuca sativa L. var. crispa (lettuce). Chen, et al. [112] successfully increased the
biomass of microorganisms and plants by 63.9-89.6% and 54.0-54.2%, respectively, using
a 10-15% (v/v) sludge biochar application rate. The combined effects of compost and
biochar were assessed in the study by Di Bonito, et al. [113]. Increases in the tomato size
and biomass of leafy vegetables planted on rooftop gardens were identified. In the study
by Kader, Spalevic and Dudic [57], biochar outperformed other organic wastes such as
sawdust, wood bark, coir, and compost in terms of plant drought resistance and vegetation
growth. In addition to improved (temperature-reducing) evapotranspiration, and enhanced
nutrient and water retention, Petreje, Snéhota, Chorazy, Novotny, Rybova and Hec¢kova [80]
confirmed that biochar-amended GRs also supported vegetation growth.
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Regarding Plant Available Water (PAW) and the Permanent Wilting Point (PWP), the
GR substrate amended with 30% (v/v) urban green waste biochar in [114] improved PAW
by 16% and delayed PWP by 2 days. Liu, et al. [115] advocated for the utilization of biochar
to improve plant performance. Similarly, they found that biochar had a higher PAW and
longer PWPD, thereby decreasing the irrigation volume and days of plants experiencing
water stress. The PWP was delayed by 3 days with the addition rate of 20% (v/v) biochar.
The plant coverage area was investigated in the study by Olszewski and Eisenman [78].
They observed an increase of 25 to 33% in the coverage area of peppermint when compared
to non-biochar treatments. Additionally, Wang, et al. [116] evaluated plant growth and
the microbial community using various criteria, including lthe ight saturation point (LSP),
light compensation point (LCP), root exudate bioactivity, and bacterial abundance. They
found that a 5% (w/w) biochar amendment significantly enhanced plant growth, while
higher amendment rates of biochar constrained vegetation development.

3.5. Air Quality Improvement

Preliminary results have demonstrated that GRs are a promising solution to capture
several air pollutants, including CO;, O3, NO,, PM10, and SO,. CO;, a greenhouse gas, is
the most extensively studied pollutant [117-120]. CO; is either captured directly through
the photosynthesis process of GR plants or indirectly through the decreased CO, emissions
due to lower energy consumption. Therefore, the substrate and vegetation play a major
role in determining the carbon sequestration capacity of GRs. Chen, Ma, Wang, Xu, Zheng
and Zhao [67] noted that a limited number of studies have attempted to quantify the
carbon storage in biochar-amended GRs. They identified two primary mechanisms through
which biochar enhances carbon sequestration, namely by altering the physical properties of
substrates and by promoting plant growth. Specifically, the addition of biochar increased
the total carbon (TC) content of substrates, the total organic carbon (TOC) content in plants,
and the overall carbon storage of green roofs, thereby enhancing their CO, sequestration
capacity. Carbon storage of a biochar-amended GR was estimated to be 9.3 kg C/m?/year,
which was higher than 6.47 kg C/m?/year of a non-biochar GR. Hu and Chen [68] tested
biochar in both simulation box (micro-climate) and outdoor experiments. Biochar in all test
plots significantly reduced the concentrations of CO,, CO, SO;, and NO; in the artificial
environment, and reduced PM2.5, PM1.0, and PM10 in the natural environment. This
capability of biochar was explained by a lower surface temperature and higher plant water
availability promoting plant performance [68]. In the study of Zhang, Tang, Bian, Huang,
Jin and He [98], all biochar-GR test plots were observed to effectively reduce CO, emission
in both outdoor and indoor experiments during a 36 h period. The utilization of biochar
towards carbon sequestration has also been studied in other research areas. For example,
results from a systematic review of 64 studies by Gross, et al. [121] confirmed the significant
potential of biochar applied in agricultural soils to sequester CO,. A global meta-analysis
from Xu, et al. [122] illustrated that applying biochar in agriculture had huge benefits
relating to crop yield, soil carbon sequestration, and global warming.

3.6. Soil Erosion Control

Alongside agricultural land and other GI practices, GRs are also facing the issue of
substrate loss, which is becoming an increasing global concern. Soil erosion causes loss
of topsoil, leading to low agricultural productivity and posing an environmental threat
through the accumulation of sediments and water contaminants in water bodies [123,124].
The substrate of a green roof differs significantly from that of other green infrastructure
measures due to its shallow depth and the challenging growing conditions. The situation is
further exacerbated by the high exposure of green roofs to extreme winds, intense rainfall,
and limited vegetation cover [15,125]. Soil erosion negatively impacts the vegetation
performance, thereby restricting the ecological functions of GRs. The effectiveness of
biochar in controlling soil erosion was assessed in [66,126]. Biochar manufactured from
invasive weed was tested using flume experiments with a 10 cm soil depth in [66]. Biochar
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was observed to attenuate soil erosion by 10-69%. The analysis also showed that biochar
was the most influential element in soil erosion reduction. Liao, Sifton and Thomas [126]
investigated how unprocessed and granulated biochar manufactured from a conifer sawmill
performed to control substrate and biochar erosion. Biochar granules contributed to
reducing biochar and substrate erosions by 74% and 39%, respectively. In contrast, only 6%
of unprocessed biochar remained in the substate after 2 years of the experiment.

4. Barriers Limiting Biochar Amendment in GRs

Tables 2 and 3 highlight significant variations in biochar-GR research. The reviewed
studies differ in their methodologies, weather characteristics, substrate composition, biochar
characteristics, and other biochar-related parameters such as amendment rates and particle
sizes. These differences make it challenging to directly compare results across studies.
Nonetheless, a clear trend of positive effects of biochar on green roofs across various benefit
categories is evident. As research on biochar in GRs is still in its early stages and lacks
comprehensive information, further studies are needed. The following subsections discuss
challenges and limitations of biochar-amended GR systems, which restrict the application
of biochar in GRs.

4.1. Unpredictability Due to Inconsistent Research Findings

Despite varying substrate mixes, feedstocks, and pyrolysis conditions, most studies in
Table 2 demonstrated the positive impacts of biochar on runoff retention in GRs. However,
this review identified contradicting findings in few studies. For instance, the study by
Qiangian, Liping, Huiwei and Long [72] showed no significant improvement in runoff
retention from a biochar-amended GR. The authors reported retention rates of 72.54% and
72.08% from an unmodified GR and a biochar-modified GR, respectively. Results from
the study by Saade, et al. [127] illustrated that biochar performed differently with varying
biochar types and conditions of vegetation. Biochar improved runoff retention and reduced
peak discharge of only test beds (3.24 m?) with native plants that had a low vegetation
cover and density during small rainfall events. Conversely, biochar was observed not
to have positive impacts on GR test beds with sedum that had a high vegetation cover
and density. In general, most reviewed studies showed a positive influence of biochar
on the runoff retention rate of GRs. The improvements could be negligible or significant
depending on the feedstock, pyrolysis temperature, substrate compositions, substrate
depths, biochar amendment rates, and other biochar variables. Furthermore, concerns
about the application of biochar include the reduction in air-filled porosity (AFP), which
can lead to waterlogging during high-intensity rainfall events. This, in turn, may adversely
impact plant health and the ecosystem services provided by GRs [128]. An effective GR
system not only excels in water retention but also has an appropriate water-releasing
capability to avoid waterlogging [100].

In contrast to runoff quantity, results from this review indicate a more inconsistent
effectiveness of biochar in terms of GR runoff quality, which is in accordance with find-
ings in the study by [129]. The effectiveness of biochar strongly depends on its physio-
chemical characteristics, which vary according to the type of feedstock, pyrolysis condi-
tions, and types of pollutants [90]. Hence, inconsistent research outcomes were identified
in Table 3. Among numerous pollutants, the leaching of TP was prominent in most
studies [61,72,74,90,94,95]. For example, Meng, Zhang, Li and Wang [74] reported that
loads of TP were higher in runoff from all tested biochar-amended substrates with dif-
ferent depths (5, 10, 15, and 20 cm). In contrast, positive effects were observed for other
parameters such as TN. Similar findings relating to loads of TP were also found in other
studies [72,94]. Another notable example of biochar degrading runoff quality is the study
presented in [90]. Both oat-hull and wood-derived biochar contributed significantly to
the TP in the runoff. The event mean concentration (EMC) of TP in runoff from unmodi-
fied extensive GRs fluctuated from 0.05 to 1.47 mg/L during the study period of 2 years.
Conversely, biochar-amended GRs negatively influenced runoff quality by elevating the
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EMC of TP, ranging from 0.18 to 2.09 mg/L. This research outcome highlights the need to
evaluate the effects of substrate additives prior to their application. Additionally, Petreje,
Snéhota, Chorazy, Novotny, Rybova and Heckova [80] also reported a decline in runoff
quality following the addition of biochar, with the increases in the concentration of TN,
chemical oxygen demand (COD), and biochemical oxygen demand (BOD).

The impacts of biochar on plant performance have also been uncertain in some studies.
Biochar had insignificant influences on the coverage area of native species and stonecrops
in the study by Zhu [63]. They were examined in 64 failed extensive GR trays (0.24
m?) using different biochar treatments (processed and unprocessed biochar, mixing and
top-layer application methods). Another study by Besides, Saade, Cazares, Liao, Frizzi,
Sidhu, Margolis, Thomas and Drake [127] reported the different effects of biochar on the
performance of sedum and native species in GR test beds (1.8 x 1.8 m). While biochar had
positive influences on native species, the plant coverage and density of sedum were lower
in biochar test beds.

From a broader perspective, research on biochar-amended GRs remains limited, as it is
a relatively recent area of study. More importantly, other benefits of biochar in GRs such as
temperature reduction, carbon sequestration, and erosion control have received less attention.
In this review, only five papers were found that examined the effectiveness of biochar in
relation to reductions in temperature and energy use. The mitigation of air pollution is also
known as one of the notable benefits provided by GRs. However, only a few studies have
been undertaken to investigate the use of biochar to enhance this GR benefit. In addition, this
review identified only two biochar-GR papers focusing on soil erosion.

4.2. Limited Understanding of Optimal Biochar-Based Variables

This review paper highlighted the importance of biochar application methods. For
example, the application methods of biochar were investigated in [64]. Birchwood biochar
was applied at the bottom (buried biochar) and at the top (surface biochar) of the GR
substrate. In both sedum and meadow GRs, buried biochar outperformed surface biochar
in terms of runoff retention and runoff quality improvement. Although surface biochar
in [63] continued having less impact on runoff retention as compared to mixing biochar, it
was still recommended due to the lower labor cost. Processed biochar was suggested to be
used against unprocessed biochar on the substrate surface to mitigate potential biochar loss.
Moreover, biochar was also applied in other ways. The biochar layer was in the middle
of the substrate in the studies by [61,62]. However, the mixing method remains the most
researched biochar application method [66-69,73,81,83,89].

Processed biochar has recently attracted the attention of researchers [89,126,128,130].
Compared to unprocessed biochar, processed biochar is well documented to have a lesser
impact on water and nutrient retention. However, its long-term effects are more pronounced
due to higher resistance to biochar and substrate losses [131]. Liao, Drake and Thomas [89]
investigated different particle sizes of unprocessed biochar and biochar processed into a
granulated form and made similar conclusions. Unprocessed biochar had higher runoff and
nutrient retention rates, but biochar granules improved plant performance and had better
long-term effects due to less biochar loss. Granulated biochar also performed remarkably
well in [126,130] by attenuating biochar and substrate losses and enhancing plant growth.

It is widely accepted that small biochar particles have better retention of water and
nutrients due to their higher porosity and larger specific surface area [89]. On the other
hand, large (coarse) biochar particles are less subject to water and wind erosion [132].
Some researchers recommended using small biochar particles amended to medium to
coarse textured soils to obtain multiple benefits [89,128,133]. Liao, Drake and Thomas [130]
suggested the use of granulated biochar with a medium particle size (2-2.8 mm) to enhance
plant performance while achieving an acceptable retention capacity. Using very fine biochar
results in a higher water retention capacity, whereas the drainage speed is reduced. It
helps prevent waterlogging, which can negatively affect plant health. Three particle sizes
of biochar including fine (<2 mm), coarse (2 mm), and a mix of fine and coarse were
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investigated in [128]. Fine biochar particles achieved the highest water retention, but
they reduced infiltration and AFP, causing waterlogging in extreme rainfall events. Wang,
Garg, Zhang, Xiao and Mei [59] further highlighted the importance of fast drainage of
GRs. While the biochar itself slightly improved the air-entry value (AEV) and maximized
saturated water content (SWC), the combination of biochar and fiber was more effective.
This combination reduced AEV and achieved an acceptable SWC. Enhanced drainage,
characterized by a relatively low AEV, helps GRs to maintain adequate water storage for
handling frequent rainfall.

A greater amendment rate of biochar was mostly observed to increase the water
retention capacity of GRs. For example, the maximum improvement in annual rainfall
retention was achieved with the highest biochar amendment rate of 40% (v/v) in [75].
Significantly higher water retention by increasing the amount of biochar was also achieved
in some studies [62,79,98]. Despite its benefits, some studies found that higher amendment
rates of biochar did not always lead to increased runoff retention. Goldschmidt [77]
observed an increased amount of runoff from GRs with 10% and 15% (w/w) biochar, as
compared to that with 5% (w/w) biochar. Similarly, the lowest amount of biochar (5% w/w)
in [81,82] achieved the highest runoff reduction. These inconsistent findings highlight the
need for further investigation. On the other hand, efforts to utilize biochar in the context
of stormwater management need to consider several factors rather than only focusing on
runoff retention. For example, though the amount of water retained by 10% and 15% (w/w)
biochar was slightly higher than that by 5% (w/w) biochar, Gan, Garg, Huang, Wang, Mei
and Zhang [81] did not recommend a higher amendment rate of biochar. The addition
of 5% (w/w) biochar was the best stormwater management strategy, greatly alleviating
surface runoff and bottom drainage and having the longest runoff outflow delay.

It can be concluded that biochar-related variables have a significant impact on various
GR benefits. However, these insights are based on preliminary studies, and further re-
search is recommended to identify optimal biochar-GR systems. The unclear mechanisms
through which biochar variables affect GR performance may limit the widespread use of
biochar in GRs.

4.3. Environmental Concerns

Biochar has proven effective in agriculture and has recently been introduced in green
infrastructure strategies like GRs. Nonetheless, an awareness about the potential of biochar
in GRs remains lacking. Additionally, many questions remain unanswered regarding the
environmental impacts of biochar-amended GR systems, such as biochar loss and leaching
of contaminants [116]. Liao, Sifton and Thomas [126] found that 94% of unprocessed biochar
was lost from GRs due to wind and water erosion after only 2 years. Additionally, waste
biomass is often used to manufacture biochar, raising concerns about contaminants such
as nutrients and heavy metals leaching from biochar-amended GRs [134]. Nevertheless,
some studies have concluded that heavy metals in waste-based biochar feedstocks are
converted to stable forms and thus the use of biochar has lower environmental risks than the
direct use of waste [135,136]. Both positive and negative findings regarding runoff quality
from biochar-amended GRs have been reported and discussed earlier in this review. This
suggests significant variability in GR performance across different systems and pollutants,
underscoring the need for long-term studies to mitigate environmental risks associated
with the application of biochar in GRs on a large scale.

This review has also identified a few studies on environmental benefits of biochar in
GRs to increase carbon sequestration. Biochar has the potential to combat global warming
by capturing several greenhouse gases (GHGs) and enhancing carbon storage. Unlike
carbon sequestration, other environmental impacts of biochar in GRs have not been thor-
oughly explored. Limited information on the Life Cycle Assessment (LCA) of biochar use
in GRs was also noted in this review. LCA is a commonly used tool to estimate potential
environmental impacts of a product during its life cycle. For example, Azzi, et al. [137]
attempted to explore the impacts of biochar on the environment by applying the LCA of
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an extensive GR and other urban applications of biochar. All biochar applications demon-
strated improved environmental performance in terms of carbon sequestration. However,
in other impact categories (natural resource use, human toxicity, and ecotoxicity), biochar
could be either more or less environmentally friendly, depending on the biochar supply
chain and material substitution. Biochar demand was predicted to increase rapidly, which
raises environmental concerns regarding its end-of-life impact.

In a broader context, LCA has been carried out for other soil-related applications.
Similar findings were found in a comprehensive review on the application of biochar in soil
systems by Matustik, Hnatkova and Ko¢i [134]. Despite high variability in methodologies
and contexts across the literature, the positive impacts of biochar in storing stable carbon
in soils and reducing GHG emissions from agricultural production are apparent. Those
benefits outweigh GHG emission from pyrolysis systems, feedstock processing, and han-
dling. However, our knowledge of the effects on other impact categories relating to human
and ecotoxicology remains limited and these require further investigation. Another review,
by Kamali, et al. [138], raised environmental concerns about biochar’s impacts on human
health and ecosystems. The authors also highlighted the effectiveness of biochar in decreas-
ing emissions of GHGs such as carbon dioxide and nitrous oxides. On the other hand, they
called for future studies on the long-term effects of biochar in soil structures to ensure its
sustainability in soil applications. Thorough investigations into biochar production and
applications in the long term are essential.

4.4. Economic Challenges

Costs of biochar are also a major obstacle preventing the utilization of biochar in
GRs and other GI measures. Other GR components currently cost significantly less than
biochar [128]. Energy required for the high-temperature pyrolysis process is the largest
contributor to the cost of biochar [59]. For instance, 75% of the cost of producing biochar
from empty fruit bunches was attributed to the use of diesel to heat up the oven at the
beginning of the pyrolysis process [139]. Kuppusamy, et al. [140] found that both slow and
fast pyrolysis in producing biochar were unprofitable, so the commercialization of biochar
was restricted. Moreover, the continuous operation costs of pyrolysis plants are high [141].
Beck, Johnson and Spolek [71] and Li, Garg, Huang, Jiang, Mei, Liu and Wang [84] used
only 5% and 7% (w/w) biochar, respectively, considering the limited availability of biochar.
Given these challenges, the application of even a small amount of biochar on a large scale
would be impractical. The method of biochar application is also an important factor in
determining the economic feasibility of biochar. Taking labor costs into consideration, the
top-layer application method is more cost effective than other methods [63]. While the
mixing method is constrained by high labor costs, the more affordable top-layer method
raises environmental concerns due to the higher potential for biochar loss.

A comprehensive review by Kamali, Sweygers, Al-Salem, Appels, Aminabhavi and
Dewil [138] concentrated on investigating the economic feasibility of biochar in soil struc-
tures. Results indicate that recent studies considered biochar as a cost-effective solution
under certain conditions, owing to its potential to increase crop yields and enhance the
economic value of carbon sequestration. For example, Galinato, et al. [142] concluded that
biochar can only be profitable when its market price is low and the carbon price is high.
Similarly, this review did not conduct a life cycle cost analysis of using biochar in GRs. The
situation is further complicated for GRs, due to the recent introduction of biochar in GRs
and the difficulty in translating many GR benefits into monetary terms, which make an
LCA more challenging [1,3]. Consequently, our capacity to accurately calculate the financial
benefits of GRs to offset the costs of biochar production and application remains restricted.
Future research is needed to address the economic feasibility of biochar in GRs.

4.5. Policy Barriers

In general GR research, the adoption of GRs has also been hindered by the lack of
attention from policymakers to the benefits of GRs, especially in developing countries [2].
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As a result, the use of biochar in GRs is further constrained, and this is partly responsible
for the introduction of this practice only recently. A large amount of sludge and agricultural
waste, which are common feedstocks for biochar, has been generated globally. Xu, Yang
and Spinosa [44] reported that 6.25 million tons of sludge was produced in China in 2013.
Additionally, the United States generates approximately 13.8 million tons of dry sludge
annually from wastewater treatment [143]. Thus, converting these wastes into biochar
offers significant potential for sustainable urban development. Specifically, the synergy
of biochar and green roofs (GRs) can effectively address urban challenges such as air and
water pollution, urban flooding, heat island effects, and biodiversity loss [144].

The use of biochar in GRs and other soil structures necessitates collaboration among
various organizations and supportive local policies. Figure 8§ demonstrates the geographical
coverage of studies on biochar-amended GRs that were reviewed in this research. Most
research was undertaken in China, which is followed by Canada, Australia, and Italy.
This is consistent with findings in the study by Qin, et al. [145]. Local research, using
region-specific materials and weather data, is likely to advance the broader adoption of
biochar in green roofs (GRs) within those countries. The high number of studies on biochar
and GRs in some countries could be attributed to well-developed biochar markets and
government support, including funding and policies for biochar research and produc-
tion. Goldschmidt [77] noted that biochar has not yet become widely commercialized
due to its recent introduction. Consequently, there are no established guidelines or stan-
dards for its production, which could lead to improper manufacturing and potentially
negative impacts on soil microbes and plant growth. Pourhashem, et al. [146] identified
three key policy factors essential for the widespread adoption of biochar, namely funding
for research and development, financial incentives, and non-financial supportive policy.
While financial incentives contribute to reducing biochar costs, non-financial policies en-
hance social awareness and investment rates and increase market demand for biochar.
You, et al. [147] also highlighted the importance of policy in the application of biochar.
Policy supports biochar productions systems, thereby enhancing system efficiency and low-
ering costs of biochar collection, transportation, and pretreatment. Without these laws and
regulations, research findings on the benefits of biochar may not be effectively translated
into practical applications.

Country
Australia [Ji Bosnia and Herzegovina Brunei Darussalam [JJj Canada China [Jiil Colombia | Czechia Finland Italy [l Korea Slovakia [l Sri Lanka Sweden [JJUSA [l United Kingdom

O °0

Number of Studies 2 8 20

Figure 8. The number of studies on biochar-amended green roofs by country.



Appl. Sci. 2024, 14, 7421

23 of 31

5. Future Research Opportunities
5.1. Further Investigations into the Performance of Biochar-Amended Green Roofs

As previously discussed, the performance of biochar in GRs has a strong relationship
with biochar-related variables such as particle size, processed forms of biochar, application
methods, and amendment rates. Though some valuable findings in relation to biochar
variables have been identified, definitive conclusions cannot be drawn due to the limited
number of studies on biochar in the context of GRs. This review found a lack of com-
prehensive studies on biochar application methods. Thus, more research is necessary to
determine the optimal application method of biochar in GRs. Furthermore, due to limited
research, a thorough understanding of how biochar particle sizes and processed forms
affect biochar-amended GRs is still lacking. Additionally, the effects of biochar amendment
rates on nutrient retention and plant performance have not been fully covered. Therefore,
further studies are needed to address these research gaps.

The benefits of biochar extend beyond stormwater management, runoff quality, and
plant performance. It has also shown positive results in thermal insulation capacity, plant
growth, microbial diversity, carbon sequestration, and soil erosion control. However, apart
from plant growth and microbial diversity, there has been limited research on other biochar
benefits. This opens up numerous research opportunities. Future studies should focus on
maximizing biochar’s potential by addressing multiple benefits simultaneously. An ideal
biochar-amended GR should simultaneously improve runoff and nutrient retentions, delay
runoff outflow, reduce peak runoff, improve thermal insulation, boost plant performance
and microbial diversity, limit biochar and substrate losses, and sequester carbon. To achieve
these outcomes, research studies should explore several biochar benefits concurrently.

5.2. Long-Term Observation Studies

This study also highlighted the lack of long-term research needed to fully understand
the benefits of biochar amendment in GRs. Most biochar-based GRs reviewed in this study
were examined over a short study period. For example, the results in [71,79] were only
from two and three simulated rainfall events, respectively. Huang, Garg, Mei, Huang,
Chandra and Sadasiv [73] evaluated the hydrological responses of biochar-amended GRs
through the use of soil columns using only one simulated rainfall. Eight rainfall events
within six months were simulated in [72] to study both the quantity and quality of runoff
from biochar-amended GRs. As a result, the long-term performance of biochar-amended
green roofs could not be assessed. On the other hand, a limited number of studies with
extended monitoring periods were also identified. The performance of GRs amended with
biochar during two seasons was observed in [64]. A long monitoring period of roughly a
year was adopted in a few studies [74,77,88]. Studies involving multiyear experiments were
very limited. For example, a five-year experiment reported in [90] measured phosphorous
levels in the discharge from several extensive GRs, with biochar added to one of the GRs
during the final two years. Kuoppamiki, Setdld and Hagner [61] tracked the leaching of TP
from biochar-amended GR substrates for a period of seven years. Their long-term study
revealed a strong correlation between the age of GRs and the effectiveness of biochar. The
studies [88,89] found a significant decline in the leaching of nutrients towards the end of
the experiments. Similarly, Liao, Sidhu, Sifton, Margolis, Drake and Thomas [101] observed
a negative correlation of GR aging with concentrations of TN and dissolved P, K, and Mg
over 3 years. Biochar-amended GR substrates of Vavrincova, Pipiska, Urbanova, Fristak,
Hornik, Machalova and Soja [95] indicated first-flush behavior with higher TN and TP
concentrations at the beginning. After 30 months, there were no significant differences
between biochar and non-biochar treatments. Therefore, biochar from sewage sludge
was concluded to be a sustainable substrate additive for extensive GR substrates. This
nutrient-rich biochar gradually released nutrients and did not greatly increase nutrient
concentrations in GR runoff when compared to the conventional GRs. The decrease in
nutrient concentrations over time could be attributed to well-established plants enhancing
nutrient uptake and stabilizing the root substrate. Although the concentrations of TP
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in runoff from biochar-amended GRs were higher than those from conventional GRs
during the experiment, a downward trend of TP leaching over time was identified in [90].
Additionally, Kuoppamaiki, Setédld and Hagner [61] studied the leaching of phosphorous
(P) and nitrogen (N) and reported similar findings related to biochar and GR aging. They
found that biochar consistently reduced P and N leaching until an increase in P levels was
noted 6 years after GR installation, which was attributed to fertilization.

Since the pollutant load is calculated by multiplying the runoff volume and pollutant
concentration, the long-term effects of biochar on runoff quality become more pronounced
due to its substantial impact on reducing runoff volume. An excellent example is the study
of Kuoppamaki, Hagner, Lehvadvirta and Setéld [64]. In some events, concentrations of TP
and TN in runoff from biochar-amended GRs were higher than those from non-biochar
GRs. However, results from a nonlinear regression analysis in this study revealed positive
impacts of biochar on the cumulative load of TP due to a substantially lower runoff volume.
Therefore, regardless of the higher pollutant concentrations and loads reported in some
studies, it can be concluded that biochar has long-term potential to mitigate the leaching
of pollutants from GRs to the environment. Additionally, Nguyen, Chau and Muttil [93]
observed higher concentrations of nutrients in runoff from biochar-amended GR test beds.
The authors still concluded that there were positive effects of biochar on GR runoff due
to a reduced runoff volume. In addition, Zhu [63] and Saade, Cazares, Liao, Frizzi, Sidhu,
Margolis, Thomas and Drake [127] observed insignificant impacts of biochar on plant
performance. The results were based on just 16 days between two short-term vegetation
surveys and a 5-month observation period. Hence, they recommended extending the
monitoring duration in future research.

Some negative findings from short-term studies highlighted the need for conducting
multiyear experiments in future research. Although biochar has been widely recognized as
a stable and long-lasting soil additive [71], this review strongly recommends conducting
long-term studies to evaluate its effects on the performance of GRs.

5.3. Economic and Environmental Analysis

In general, the current GR research lacks a comprehensive understanding of biochar’s
environmental impacts. Although the LCA method has been extensively used in agri-
cultural soil structures, studies applying LCA to biochar and green roofs are still limited.
Reliable LCA tools are essential for assessing the environmental performance of biochar-
amended green roofs, and their use is strongly recommended for future studies. In addition,
the potential loss of biochar in GRs, especially for unprocessed and fine biochar particles
on the surface of GRs, emerges as a significant environmental concern that has not received
adequate research attention. Preliminary results indicate that biochar processed into a
granulated form is more effective than unprocessed biochar in controlling soil and biochar
erosion. Thus, there are opportunities for further research to gather more information on
biochar variables and identify optimal biochar-GR configurations with minimal environ-
mental impacts. Consistent with the findings from this review, Kamali, Sweygers, Al-Salem,
Appels, Aminabhavi and Dewil [138] emphasized the need to assess the long-term effects of
biochar on GR benefits and environmental performance. Reliable research methodologies
are crucial for ensuring the sustainability of biochar applications in GRs and other soil
structures, which could ultimately enhance public recognition and promote broader use
of biochar.

The biochar amendment rate plays a crucial role in determining biochar costs. There-
fore, further research is needed to identify the optimal biochar dosage for enhancing GR
performance while minimizing costs. Additionally, more studies utilizing life cycle cost
analysis are necessary to address the financial feasibility of biochar-GR systems. The use
of biochar-amended soil in dual-substrate-layer GRs, as shown in [81], proved more cost
effective than single-layer GRs, offering a potential solution to reduce biochar costs. Such
studies are highly recommended in the future to transform biochar into an affordable
additive for GR substrates.
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6. Conclusions

GRs are one of the most widely used water-sensitive urban design (WSUD) strategies
aimed at addressing a variety of social and environmental challenges caused by urbaniza-
tion and climate change. GRs have been studied for decades to optimize their ecosystem
services and promote their widespread implementation. Biochar, an innovative carbon-
rich material, has been recently introduced into GRs and other GI practices. Biochar has
physiochemical characteristics that are beneficial to the performance of GRs including
water/nutrient retention, plant performance, microbial diversity, carbon sequestration,
thermal reduction, and soil erosion control. Despite significant research efforts to investi-
gate the use of biochar across various fields, the potential of biochar in green roofs has not
been thoroughly explored. This paper aimed to review the previous studies analyzing the
performance of GRs with the application of biochar. Additionally, this review attempted
to provide readers with a broad picture of the efficiency of biochar-based GRs by consid-
ering different biochar benefits. Furthermore, this paper also presented knowledge gaps,
implementation challenges, and future research opportunities.

The following points are a summary of important findings and recommendations
arising from this study:

(a) There is a clear trend indicating the benefits of biochar amendment in GRs. However,
significant variation in parameters across biochar-GR studies make direct compar-
isons challenging. Additionally, the application of biochar in GRs is relatively new
and not yet thoroughly studied, highlighting the need for further research to provide
comprehensive insights.

(b) Although some studies report contradictory findings, such as higher pollutant concen-
trations in runoff from biochar-amended GRs, the long-term improvement in runoff
quality due to a significant reduction in runoff remains noteworthy.

(¢) The research on biochar amendment in GRs has been uneven, with the majority
of studies focusing on runoff retention, improved runoff quality, enhanced plant
performance, and microbial diversity. Certain other benefits of biochar for GRs, such
as thermal reduction, carbon sequestration, and control of soil erosion, have received
relatively less attention. Future studies should address this imbalance to provide a
more comprehensive understanding of biochar’s full range of benefits.

(d) Biochar-related variables such as particle sizes, processed forms, amendment rates,
and application methods play an important role in determining the performance of
biochar-amended GRs. However, contradictory findings in the literature highlight
the need for further research to fully understand the impacts of these variables on the
performance of green roofs.

(e) The understanding of the long-term effects of biochar on GRs remains incomplete,
likely due to the limited number of studies that conducted analysis with
multiyear observations.

(f) While biochar is well recognized to effectively sequester CO,, the integration of
biochar into life cycle assessments (LCAs) is recommended to comprehensively un-
derstand its long-term environmental impacts.

(g) Itis also recommended to apply LCA to evaluate the cost aspects of biochar in GRs.
This can provide deeper insights into the economic feasibility of biochar-amended GRs.

(h) The utilization of biochar in GRs faces several barriers. In addition to inconsistent
and limited research information, major challenges include high manufacturing costs,
policy-related constraints, and environmental concerns. Addressing these issues is
crucial for the widespread adoption of biochar in GRs.
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