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ARTICLE INFO ABSTRACT
Keywords: Low impact development (LID) systems effectively reduce stormwater runoff and improve water quality. In
Low impact development (LID) addition, their potential contributions to carbon sequestration and climate change adaptation have attracted
gf[’r:emw“ growing research attention. This study investigated the influence of biochar content on the performance of
10char

bioretention cells. A series of experiments was conducted to evaluate eight key indicators: saturated hydraulic
conductivity (Ksq), water holding capacity, removal efficiencies for ammonium nitrogen (NH4-N), nitrate ni-
trogen (NOs-N), phosphate (PO3 -P), and chemical oxygen demand (COD); CO2 sequestration flux; and soil
organic carbon content. The results indicate that biochar amendments significantly improve the functionality of
LID systems. Furthermore, the addition of 2.5 % biochar effectively enhances soil hydrological properties,
creating favorable conditions for plant growth. The addition of 5 % biochar results in optimal pollutant removal
and water purification, thus serving as a well-balanced and efficient treatment strategy. Moreover, the addition
of 10 % biochar results in optimal carbon sequestration, demonstrating the role of biochar in strengthening soil
carbon sinks. However, excessive biochar content may affect microbial activity and nutrient pathways,
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Abbreviations: ANOVA, analysis of variance; CH4, methane; CO,, carbon dioxide; COD, chemical oxygen demand; DOC, dissolved organic carbon; FTIR, Fourier
transform infrared spectroscopy; GHG, greenhouse gas; GWP, global warming potential; HSD, honestly significant difference (Tukey HSD test); Ksq, saturated hy-
draulic conductivity; LID, low impact development; N5O, nitrous oxide; NHs-N, ammonia nitrogen; NOs ™, nitrate; OC, organic carbon; PBBR, peat-based bioretention
with biochar; PBR, peat-based bioretention; PO, orthophosphate; QP, quality performance; SD, standard deviation; SEM, scanning electron microscopy; SOC, soil
organic carbon; WHC, water holding capacity.

* Corresponding author.
E-mail address: cchocv@mail.ntust.edu.tw (C.-C. Ho).

https://doi.org/10.1016/j.scitotenv.2025.181174
Received 2 June 2025; Received in revised form 4 December 2025; Accepted 7 December 2025

Available online 16 December 2025
0048-9697/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:cchocv@mail.ntust.edu.tw
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2025.181174
https://doi.org/10.1016/j.scitotenv.2025.181174
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2025.181174&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.-C. Ho et al.

Science of the Total Environment 1011 (2026) 181174

potentially leading to reductions in NO3-N and COD removal efficiencies. This study provides practical guidance
for optimizing biochar use in LID systems to support stormwater management, water quality improvement, and
long-term climate mitigation through soil-based carbon storage.

1. Introduction

Global warming has led to an increase in the frequency and severity
of extreme weather events, such as typhoons, heavy rainfall, and heat
waves, resulting in human society and national economies facing
growing risks and challenges. Consequently, the United Nations intro-
duced the Sustainable Development Goals in 2015, focusing on concepts
such as sustainable cities, climate action, and water quality. These goals
highlight the importance of integrating climate adaptation, carbon
reduction, and pollution control into infrastructure planning. In this
context, low impact development (LID) systems have gained widespread
adoption because they can be used to manage stormwater runoff, reduce
pollutant loads, and support environmental sustainability (Batalini de
Macedo et al., 2022).

Bioretention cells, which are also called rain gardens, are among the
most widely used LID technologies. They enhance infiltration, decrease
peak flow rates, and alleviate the pressure on urban drainage infra-
structure, ultimately contributing to flood mitigation and groundwater
recharge (Davis, 2008; Kazemi et al., 2011). Moreover, the engineered
media in these cells support microbial and plant growth, improving
nutrient removal from stormwater (Davis et al., 2009; Roy-Poirier et al.,
2010).

Several studies have begun to explore the carbon sequestration po-
tential of LID systems. The vegetation within bioretention cells can
capture atmospheric CO; through photosynthesis, storing it in biomass
and soils (Kim et al., 2013; Li et al., 2018; Li et al., 2017; Mao et al.,
2017; Nair et al., 2014). These cells are estimated to realize up to 70 % of
their total carbon reduction potential over a 30-year lifespan (Kavehei
et al., 2018).

A study conducted in Sichuan Province (Fan et al., 2020), China
incorporated waste-derived materials into LID systems and quantified
the carbon sequestration effects of these systems by examining changes
in soil organic carbon (SOC) and plant biomass contents. The systems
exhibited carbon storage rates of 6.47-12.8 kg C/m?/year, which cor-
responds to 23.72-46.93 kg CO, eq/m?/year after applying standard
conversion factors. Additionally, LID systems in Iran were evaluated by
measuring vegetation-based carbon sequestration and reductions in
operational energy use (Seyedabadi et al., 2021). The systems exhibited
annual sequestration rates of 6.99-9.29 kg C/m’year, equivalent to
25.66-34.06 kg CO, eq/m?/year. Furthermore, elemental analyzers
were used to measure soil carbon content in 25 LID systems across
Australia (Kavehei et al., 2019). The average sequestration rate of these
systems was 0.31 kg C/m?/year, which is equivalent to approximately
1.14 kg CO, eq/m>/year. Another study examined LID systems in
Argentina, estimating carbon sequestration for a single growing season
by accounting for plant biomass (both above and below the ground) and
SOC (Robbiati et al., 2023). The maximum seasonal carbon storage was
2.74 kg CO, eq/m> When the energy savings associated with LID op-
erations were factored in, the annual reduction in carbon emissions
reached 70.83 kg CO, eq/m?/year.

However, the carbon sequestration potential of such systems remains
inconsistently reported because of differing regional conditions, mea-
surement approaches, and conversion assumptions. Furthermore, no
standardized framework exists for comparing carbon sequestration
outcomes across studies, particularly when amendments are added to
bioretention media.

Studies have employed soil amendments such as biomass and bio-
char to improve the cell functionality and carbon sequestration perfor-
mance of bioretention media. Biomass (derived from organic matter)
offers benefits such as sustainability and enhanced plant growth, which

indirectly promote COy uptake and contributes to long-term carbon
sequestration (Oldfield et al., 2018; Quan et al., 2023; Sanchez-Mon-
edero et al., 2018; Vassilev et al., 2010). Compost, a common biomass
derivative, enhances soil fertility, infiltration, and water retention while
also stabilizing soil structure and improving nutrient uptake efficiency
(Celik et al., 2010; Mensah and Frimpong, 2018; Rivers et al., 2021;
Sayara et al., 2020).

Biochar, which is produced through the pyrolysis of biomass under
oxygen-limited conditions, is a stable, carbon-rich material with high
porosity and a large surface area. This material improves soil perme-
ability and water retention while directly enhancing carbon storage
through physical adsorption and chemical interactions (Deng et al.,
2014; Serafin et al., 2017; Singh et al., 2022). Studies have confirmed
the strong CO, adsorption potential of biochar and its ability to increase
SOC and aggregation stability (Ji et al., 2022; Liu et al., 2022; Wu et al.,
2023). However, its effects vary with the type of biochar, pyrolysis
temperature, particle size, and application rate (He et al., 2017; Ji et al.,
2018). In addition to enhancing carbon storage, biochar can remove
pollutants from runoff and reduce nutrient leaching, supporting water
quality improvements (Li et al., 2017). However, its performance is
influenced by environmental and application-specific factors, which
must be carefully considered to ensure it is optimally used (Giinal et al.,
2018; Li et al., 2021).

Despite the demonstrated benefits of LID systems, most carbon-
related studies have focused only on construction-stage emissions or
vegetation growth; and consequently have overlooked the synergistic
effect of engineered media composition and soil amendments on carbon
sequestration. Furthermore, few studies have comprehensively evalu-
ated the combined effect of water regulation, pollutant removal, and
carbon capture. To address these gaps, the present study conducted a
series of laboratory-scale experiments to quantify the carbon seques-
tration potential of bioretention cells and evaluate their hydrological
and water quality performance. This study had two objectives: (1) to
assess the hydrological regulation, pollutant removal, and carbon
sequestration performance of biochar-amended bioretention soils and
(2) to determine which amendment levels provided the most balanced
overall benefits. These study hypothesized that a moderate addition of
biochar would result in the optimal trade-off by simultaneously
enhancing infiltration capacity, nutrient removal efficiency, SOC stabi-
lization, and carbon sequestration potential and avoiding the negative
trade-offs associated with either insufficient or excessive application
rates. The findings of this study can support the development of multi-
functional, low-carbon LID strategies that contribute to net-zero goals,
climate resilience, and sustainable urban development.

2. Materials and methods

This study conducted a series of laboratory-scale experiments to
identify the optimal composition of engineered bioretention media for
enhancing carbon sequestration. The hydrological, water quality, and
carbon sequestration performance of bioretention cells with different
compositions were comprehensively evaluated. The experimental pro-
cess consisted of two main phases. Phase I involved the evaluation of the
carbon sequestration potential of four types of biomass, each of which
was incorporated at a consistent percentage into engineered bio-
retention media. The goal of this phase was to assess the contribution of
each type of biomass to soil carbon storage. In Phase II, the best-
performing biomass from Phase I was used to create new bioretention
cells with varying biochar contents. Subsequently, the hydrological,
pollutant removal, and carbon sequestration performance of these cells
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was assessed to determine the optimal biochar content.

2.1. Experimental design

Each bioretention column was constructed using a polyvinyl chloride
pipe with a height of 100 cm and a diameter of 20 cm. The bottom of the
pipe was filled with 10 cm of gravel, following which 10 cm of coarse
sand, 60 cm of engineered media, and a surface layer of gravel mulch
were added in sequence. Vegetation was then planted on the surface
layer (Fig. 1). This configuration was used for both the Phase I and the
Phase II experimental samples, with the configuration differing only in
terms of the composition and amendment ratio of the engineered media.
Osmanthus fragrans, a commonly used evergreen shrub in Taiwanese
bioretention cells, was selected as the vegetation species because of its
adaptability to humid and well-drained subtropical environmental
conditions.

To ensure adequate infiltration, the base engineered media consisted
of 70 % native soil, 10 % perlite, 10 % vermiculite, and 10 % peat, which
also ensured sufficient fertility for plant growth. This composition
served as the control medium (i.e., a peat bioretention [PBR] medium).
In the Phase I experiments, the 10 % peat from the control PBR medium
was replaced with 10 % organic compost, 10 % biochar, and a mixture of
3 % compost and 7 % biochar to produce compost bioretention (CBR),
biochar bioretention (BBR), and biocompost bioretention (BCBR) media,
respectively.

In the Phase II experiments, the effects of biochar proportion on the
overall performance of the constructed bioretention cells were assessed.
Biochar was added to the control PBR medium to obtain PBR media with
2.5 %, 5 %, and 10 % of biochar by volume, with these designated as
PBBR2.5 %, PBBR5%, and PBBR10%, respectively. In these treatments,
the biochar was added over the original PBR medium rather than as a
substitute for any component. In the Phase II experiments, the effects of
biochar proportion on the overall performance of the constructed bio-
retention cells were assessed. Biochar was added to the control PBR
medium to obtain PBR media with 2.5 %, 5 %, and 10 % of biochar by
volume, with these designated as PBBR2.5 %, PBBR5%, and PBBR10%,

Plant
Engineered Media T 3
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respectively. In these treatments, the biochar was added over the orig-
inal PBR medium rather than as a substitute for any component.

The selection of amendment levels was guided by relevant literature
and practical considerations. Related studies have commonly added 2
%-10 % biochar by volume to bioretention or LID systems. Their find-
ings have indicated that the addition of <2 % biochar by volume results
in negligible improvements (including hydraulic properties and carbon
sequestration capacity), whereas the addition of >10 % biochar can lead
to alteration of the pore structure, a decrease in hydraulic conductivity,
and a release of excessive dissolved organic carbon (Akpinar et al., 2023;
Goldschmidt and Buffam, 2023; Sheng and Zhu, 2018). To capture the
effects of biochar concentration on the constructed bioretention media,
this study selected biochar concentrations of 2.5 % and 5 % to represent
cost-effective but effective treatments. Moreover, it selected a biochar
concentration of 10 % to represent high-end treatment to assess the
upper limit of potential performance gains when the material cost is low.
The hydrological regulation, pollutant removal, and carbon sequestra-
tion performance across these biochar concentrations was comprehen-
sively compared to identify the optimal biochar volume percentage.

The native soil used in this study was a slightly acidic sandy silty soil
(USCS classification: SM), which is representative of common bio-
retention media in northern Taiwan. Peat was derived from decomposed
coconut coir. Commercially available horticultural organic compost
produced in Taiwan was used in this study. This compost consisted of a
matured mixture of wood chips, rice husks, fruit and vegetable residues,
and a small proportion of poultry manure. The compost was processed
through high-temperature aerobic fermentation to ensure pathogen
inactivation and seed sterilization. The biochar used in this study was
derived from renewable bamboo resources cultivated in central and
southern Taiwan (Fig. 2). It was produced through low-temperature
pyrolysis at approximately 300 °C under oxygen-limited conditions
and then ground and sieved to a particle size of 0.85-2 mm. Bamboo was
selected as the feedstock for biochar preparation because of its abun-
dance, rapid growth, and year-round harvestability in subtropical re-
gions. To control for particle size effects, the biochar, peat, and compost
were sieved to comparable particle sizes, namely 0.85-2 mm (between

Gauze

Unit: cm

Fig. 1. Schematic and photograph of a bioretention cell constructed in this study.
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Fig. 2. Test materials: (a) native soil, (b) peat, (c) compost, and (d) biochar.

the #10 and #20 sieve), 0.5-2 mm (between the #20 and #35 sieve),
and 0.2-2.5 mm (between the #8 and #70 sieve) respectively
(Alghamdi et al., 2020; de Jesus Duarte et al., 2019).

2.2. Measurements

The experiments in this study involved three steps: hydrological
measurement, water quality measurement, and carbon adsorption
measurement. Table 1 summarizes the experimental process, which is
explained in detail in the following text.

2.2.1. Hydrological measurement
Bioretention cells are well known for their ability to reduce

Table 1
Summary of the experimental process.

stormwater runoff during intense rainfall events. Their performance in
doing so substantially depends on two key soil properties, namely,
saturated hydraulic conductivity (Ksq) and water holding capacity
(WHC). This study, conducted controlled experiments to explore
whether the type of biomass in engineered bioretention media in-
fluences these hydrological properties and thus affects the stormwater
mitigation performance of bioretention media.

The K, values of the constructed bioretention media were deter-
mined using the constant head test in accordance with the ASTM D2434-
68 (2006) standard. During this test, the outlet valve at the base of the
tested bioretention column was closed, and the entire column was filled
with water and left undisturbed for over 24 h to ensure saturation of the
engineered media. Subsequently, the outlet valve was opened, and

Experimental groups Phase I experiment

Phase II experiment

Scenario setting

saturated hydraulic
conductivity (Ksar)
Water holding capacity (WHC) X
Orthophosphate (PO3 ") X
Nitrate nitrogen (NO3-N)
Ammonia nitrogen (NH4-N)
Chemical oxygen demand
(COD)
Carbon adsorption Closed chamber method (CO,
measurement flux)
Walkley-Black method (soil
organic carbon)

Hydrological
measurement

Water quality
measurement

10 % peat bioretention (PBR)

10 % compost bioretention (CBR)

10 % biochar bioretention (BBR)

3 % compost and 7 % biochar bioretention (BCBR)

v (The experiment lasted a total of 6 months)

v (The experiment lasted a total of 6 months)

v (Measurements were conducted before and after the closed-chamber
experiment, spanning a total period of six months)

10 % peat bioretention (PBR)
Peat-based bioretention with 2.5 %
biochar (PBBR2.5 %)

Peat-based bioretention with 5 %
biochar (PBBR5%)

Peat-based bioretention with 10 %
biochar (PBBR10%)

v (The experiment lasted a total of 12
months)

v

v (The experiment lasted a total of 12
months)

v (The experiment lasted a total of 12
months)

v (Measured every two months, for a total
duration of 12 months)
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water was continuously supplied at the top to maintain a constant water
level. This step enabled the removal of trapped air from the pore spaces
in the engineering media (Jacka et al., 2018). After the outflow rate
stabilized, the discharge volume (Q) was recorded, and K, was calcu-
lated using Darcy’s law as follows:

QelL

Ksa‘:Ahvot

(€9)]
where:

Ksq: = saturated hydraulic conductivity (cm/s),

Q = discharge volume (cm3),

L = thickness of the engineered media (cm),

A = cross-sectional area of the column (cmz),

Ah = hydraulic head difference between the inflow and the outflow
(cm),

t = duration of the outflow (s).

WHC was assessed immediately following the constant head test.
After water injection was stopped, the drainage valve remained open,
and the column was left to drain until no further outflow occurred. At
this point, soil samples were collected from the engineering media to
determine their saturated masses. The samples were then dried in an
oven at 105 °C for 24 h to enable determination of their dry mass.
Subsequently, WHC values were calculated as the difference between
the saturated and dry soil masses (Jacka et al., 2018; Kinney et al., 2012)
by using the following equation:

m; —my

WHC(%) = @

mpy

where:

my = saturated soil mass (g),
my = dry soil mass after oven drying (g).

2.2.2. Water quality measurement

In addition to runoff volume control, pollutant removal is a key
function of bioretention cells. To assess the effect of the composition of
engineered media on their pollutant removal performance, this study
conducted wastewater treatment tests. Synthetic wastewater was used
in these tests, and the types, concentrations, and preparation methods of
pollutants were selected with reference to previous research character-
izing surface runoff and typical influent conditions for bioretention cells
in urban environments (He et al., 2022; Kratky et al., 2021). The
composition of the synthetic wastewater used in this study is presented
in Table 2.

Asillustrated in Fig. 3, the synthetic wastewater was first poured into
a storage tank, and then pumped into a water supply tank by using a
submersible water pump. A water level controller was employed to
maintain a constant water level in the supply tank, which ensured a
consistent hydraulic loading rate (HLR) during the experiment. When
the supply valve was opened, the wastewater was distributed evenly
over the bioretention media through a trickling pipe. After the outflow
stabilized, effluent samples were collected from the base of the column
and analyzed for water quality.

Table 2
Composition of the synthetic wastewater used in this study.

Component Configure concentration Medicines used
(mg/L)
Orthophosphate (PO3 ) 0.5 KH,PO,
Nitrate nitrogen (NO3-N) 1.0 KNO3
Ammonia nitrogen (NH4-N) 2.0 NH,4ClL
Chemical oxygen demand 40 CeH1206
(Cop) (Glucose)

Science of the Total Environment 1011 (2026) 181174

Water quality testing was conducted in accordance with standard-
ized procedures established by Taiwan’s National Institute of Environ-
mental Analysis. These tests were used to evaluate the efficiencies of
bioretention cells with different compositions of engineered media in
removing nutrients and organic pollutants from effluent.

2.2.3. Measurement of carbon adsorption

Net ecosystem exchange (NEE) represents the net rate of COy ex-
change between an ecosystem and the atmosphere. It accounts for CO,
uptake through photosynthetic carbon fixation (carbon sink); CO,
release from plants through autotrophic respiration (carbon source); and
CO; release from soil, plant roots, and biochar-associated processes
through heterotrophic respiration by microorganisms (carbon source). A
positive NEE value indicates net CO, release to the atmosphere (net
carbon source), whereas a negative NEE value suggests net CO, uptake
from the atmosphere (net carbon sink). In this study, the flux values
measured in a closed-chamber system represent the NEE (Oertel et al.,
2016; Xu et al., 2020) because they reflect the overall carbon dynamics
of plants, soils, and biochar under prevailing environmental conditions.
The chamber contained a transparent acrylic cylinder with an inner
diameter of 20 cm, a hight of 50 cm, and a wall thickness of 1 cm. This
cylinder was sealed with a transparent acrylic lid equipped with two gas
valves for CO; injection and exhaust as well as a waterproof cable gland
for CO; sensor installation (see Fig. 4). To ensure uniform gas mixing
and improve CO, measurement stability, a small circulation fan was
installed inside the chamber. CO; gas was injected as required, and the
real-time CO, concentration was continuously monitored. The CO,
equivalent flux per unit time was calculated using the ideal gas law as
follows:

M PV dc
F= A ° RT ° at 3)
where:

F = CO; equivalent flux (mg C02/m2/h)

M = molar mass of CO; (44 g/mol)

P = air pressure inside the chamber (1013.25 hPa)

T = air temperature in the chamber (K)

V = chamber volume (0.0157 m®)

A = cross-sectional area of the chamber (0.0315 mz)

dc/dt = change in the CO; concentration over time (ppm/h)
R = ideal gas constant (83.145 L-hPa/K-mol)

In addition to NEE, SOC stock was measured to assess carbon
sequestration. The Walkley-Black method (dichromate oxidation), a
widely used and rapid technique, was employed to determine the soil
carbon content (Shamrikova et al., 2022). The obtained carbon con-
centration (C) was then substituted into Eq. (4) to estimate soil carbon
storage (Csoi1), which was subsequently converted into equivalent CO5
sequestration (Csoc) as follows by using a standard factor of 3.66 (Gogoi
et al., 2021; Granata et al., 2020):

Csc =3.66 X Cyoy = 3.66 xBDxCxdx (1-G)x10 4

where:

Csoc = soil carbon sequestration (kg COy eq/mz),

Csoil = SOC stock (kg C/m?),

BD = soil bulk density (g/cm?),

C = SOC content (%),

d = sampling depth (cm),

G = gravel content (volume fraction of particles with a diameter of
>2 mm).

CO4, concentrations were measured hourly, and the rate of change in
this concentration (ppm/h) was substituted into Eq. (3) to calculate
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sewage outlet

Bioretention

Fig. 4. Closed chamber and CO; sensor.

hourly CO3 flux. Summing hourly values over a 24-h period yielded the
daily COg flux, which represents the daily NEE. Soil samples were
collected periodically at depths of 5-10 cm from the surface of the
bioretention media. The organic carbon content of each sample was
converted into soil carbon sequestration (kg COz eq/m?) by using Eq.
4.

Carbon sequestration was quantified on the basis of the NEE,
measured through infrared analysis of the gas in the chamber and pe-
riodic SOC sampling. The measured values in this study represent the net

CO; balance within the experimental bioretention mesocosms for pro-
cesses occurring inside the bioretention units but excluding those from
the raw material supply and construction phases. The results of NEE and
SOC for each bioretention cell are expressed on a per-unit-area basis,
providing a relative comparison among bioretention systems with
different biochar contents.
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3. Results and discussion
3.1. Hydrological measurement results

The Phase I experiments were conducted over 6 months by using four
parallel bioretention columns. Hydraulic measurements were obtained
monthly, with at least three replicates obtained per measurement. The
average K,q values are summarized in Table 3. Because the particle sizes
of the peat, compost, biochar, and biocompost used in this study were
comparable, only marginal variations in Ko were observed. The BBR
samples exhibited the highest average K4 values, likely because of the
well-developed pore structure, uniform particle size distribution, high
cation exchange capacity (CEC), and negative zeta potential of biochar,
which promoted ion adsorption/desorption and facilitated water
movement through the engineering media (Lu et al., 2023). Conversely,
the CBR samples had the lowest average Ky, values, and these values
gradually decreased over time. These results might be attributable to the
decomposition of organic matter and leaching processes, during which
fine particles generated through compost degradation possibly clogged
the pores and reduced permeability.

On the basis of the aforementioned findings, biochar was selected for
further investigation in the Phase II experiments to assess the effect of
the amendment ratio on K. This phase was conducted under identical
conditions over 1 year, with monthly measurements performed thrice
and averaged. As displayed in Fig. 5, biochar addition substantially
increased and stabilized the K4 values of the bioretention cells.

The control group without biochar (PBR samples) exhibited an
annual average Ksq value of 0.0392 + 0.0077 cm/s. By comparison, the
biochar-amended samples exhibited considerably higher K4 values.
Specifically, the PBR samples with 2.5 %, 5 %, and 10 % biochar
(PBBR2.5 %, PBBR5%, and PBBR10%, respectively), exhibited annual
average Ksq values of 0.0493 + 0.0013, 0.0601 + 0.0025, and 0.0513
+ 0.0016 cm/s, respectively; these values are 25.67 %, 53.26 %, and
30.81 % higher than that of the control group, respectively. Thus, the
PBBR5 % samples exhibited the highest K, value.

The results of a one-way analysis of variance (ANOVA) indicated a
highly significant treatment effect [F(3,8) = 593.3, p < 0.001], and
Tukey’s honestly significant difference (HSD) post-hoc tests suggested
that all pairwise comparisons were significant (p < 0.05), with the
PBBR5 % outperforming every other group. In addition, a repeated
measures ANOVA revealed that the biochar content and month had a
significant interaction effect on Kg¢ (p < 0.001). Although temporal
fluctuations occurred in Kgy, the Kgo rankings of the different groups
remained consistent throughout the year, with the PBBR5 % and PBR
samples consistently having the highest and lowest Kg, values,
respectively.

These results suggest that moderate biochar additions significantly
improve infiltration capacity and thus help mitigate urban flood risks,
while also stabilizing performance over time. The observed decline in
Kgat at a biochar volume ratio of 10 % may be attributable to changes in
soil microporosity, aggregation behavior, or interactions among surface
functional groups (Lim et al., 2016).

In contrast to Ks,t, the WHC consistently increased with the biochar
content. The PBR, PBBR2.5 %, PBBR5%, and PBBR10 % groups
exhibited WHCs of 49.5 % + 2.7 %, 52.7 % + 1.9 %, 53.1 % + 2.6 %,

Table 3
Saturated hydraulic conductivities (K,) in Phase I of this study (unit: cm/s).
PBR CBR BBR BCBR

1st month 0.0341 0.0329 0.0497 0.0435
2nd month 0.0397 0.0315 0.0448 0.0418
3rd month 0.0304 0.0311 0.0403 0.0398
4th month 0.0336 0.0298 0.0341 0.0377
5th month 0.0291 0.0273 0.0376 0.0324
6th month 0.0313 0.0282 0.0319 0.0346
Average 0.0330 0.0301 0.0397 0.0383
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and 54.2 % =+ 2.2 % respectively. This upward trend can be attributed to
the highly porous structure, abundant hydrophilic surface functional
groups, high CEC, and negative zeta potential of biochar, which enhance
soil moisture retention (Ahmad Bhat et al., 2022; Batista et al., 2018;
Bikbulatova et al., 2018; Giinal et al., 2018).

These findings indicate that incorporating a moderate quantity of
biochar into bioretention engineered media can not only enhance their
infiltration capacity but also improve their moisture retention, thereby
supporting plant growth and reducing long-term irrigation demands and
maintenance costs.

3.2. Water quality measurement results

To investigate the effect of biochar addition on the pollutant removal
performance of engineered media, synthetic wastewater was introduced
monthly into four bioretention columns over 1 year at a constant HLR of
2000 L/m?/day. Both influent and effluent samples were collected, and
their water quality was analyzed.

As presented in Fig. 6(a), the average influent concentration of
ammonium nitrogen (NH4-N) was 2.07 + 0.163 mg/L, and its average
concentrations in effluents collected from the PBR, PBBR2.5 %,
PBBR5%, and PBBR10 % samples were 0.25 + 0.072, 0.23 + 0.043,
0.22 + 0.049, and 0.19 + 0.041 mg/L, respectively. Thus, the afore-
mentioned samples had average NH4-N removal efficiencies of 87.92 %
+2.63 %, 89.03 % + 1.41 %, 89.46 % + 1.87 %, and 90.95 % + 1.42 %.
These results indicate that the NH4-N removal efficiency increased
marginally with the biochar content. This trend might be attributable to
the negatively charged surface of biochar, which effectively adsorbs
positively charged NH{ ions (Steiner et al., 2007). Biochar’s high surface
area, porosity, abundant functional groups, and high CEC also contrib-
uted to the enhancement in the NH4-N adsorption (Dai et al., 2020).

As displayed in Fig. 6(b), the average influent concentration of ni-
trate nitrogen (NOs-N) was 1.123 + 0.068 mg/L, and its average con-
centrations in the effluents obtained from the PBR, PBBR2.5 %,
PBBR5%, and PBBR10 % samples were 0.418 + 0.110, 0.371 + 0.074,
0.274 + 0.051, and 0.444 + 0.092 mg/L, respectively. Thus, these
samples had NOs-N removal efficiencies of 63.05 % =+ 8.18 %, 67.20 %
+5.01 %, 75.67 % + 3.79 %, and 60.65 % =+ 6.58 %, respectively. These
results suggest that moderate biochar addition can modestly enhance
NO3-N removal, whereas excessive biochar addition inhibits NO3-N
removal. The enhancement in NO3-N removal at a moderate biochar
concentration is likely caused by biochar’s microstructure, which sup-
ports microbial colonization and biofilm formation, promoting the
growth of denitrifying bacteria involved in NO3 transformation (Xiong
et al., 2022; Zhuang et al., 2022). Furthermore, biochar’s water reten-
tion capacity contributes to prolonged anaerobic conditions and greater
contact between NO3 and denitrifying microorganisms, thereby
enhancing denitrification efficiency (Tian et al., 2019). However, at high
biochar contents, biochar’s alkaline nature may increase soil pH, alter
microbial community composition, and inhibit certain denitrification
pathways, particularly those involving N>O as an intermediate, thus
reducing total NO3-N removal efficiency. In the present study, the
PBBR5 % and PBBR10 % samples exhibited the highest and lowest NO3-
N removal rates, respectively.

Fig. 6(c) displays the removal results for orthophosphate (PO3 ). The
average influent concentration of PO3~ was 0.516 + 0.022 mg/L, and its
average concentrations in the effluents obtained from the PBR, PBBR2.5
%, PBBR5%, and PBBR10 % samples were 0.088 + 0.013, 0.080 +
0.015, 0.085 + 0.012, and 0.078 + 0.009 mg/L, respectively. Thus,
these samples had PO3~ removal efficiencies of 82.93 % =+ 1.98 %,
84.54 % =+ 2.49 %, 83.59 % + 1.94 %, and 84.79 % + 1.86 %, respec-
tively. The relatively consistent and high phosphate removal efficiencies
across all samples suggests that biochar had minimal influence on
PO3 removal, likely because phosphate removal is primarily governed
by precipitation reactions with metal cations such as Fe, Al, and Ca
(Feng et al., 2023; Kang et al., 2023; Li et al., 2020). Unless biochar is
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enriched with these metal elements, it cannot substantially enhance
phosphate removal. In some cases, leaching from phosphorus-rich
amendments can even increase PO3  concentrations in the effluent
(Samaraweera et al., 2023), and consequently, the addition of metal
oxides or minerals to biochar may be required to enhance PO3~ removal
(Ulrich et al., 2017).

Fig. 6(d) depicts the chemical oxygen demand (COD) removal per-
formance of the examined samples. The average influent COD was 36.11
=+ 1.26 mg/L, and the average COD values of the effluents obtained from

the PBR, PBBR2.5 %, PBBR5%, and PBBR10 % samples were 6.03 +
1.29, 1.99 + 0.43, 3.98 + 0.71, and 14.73 + 1.98 mg/L, respectively.
Thus, these samples had COD removal efficiencies of 83.36 % + 3.08 %,
94.49 % =+ 1.12 %, 88.99 % + 1.73 %, and 59.07 % + 6.10 %, respec-
tively. The highest COD removal efficiency was exhibited by the
PBBR2.5 % samples, whereas the lowest COD removal efficiency was
exhibited by the PBBR10 % samples.

COD removal mechanisms in bioretention cells typically involve
physical filtration, adsorption, plant uptake, and microbial degradation



C.-C. Ho et al.

(Bjorklund and Li, 2017). Biochar’s high surface area and CEC facilitate
organic compound retention when it is added in a moderate quantity.
However, fresh biochar may contain residual dissolved organic carbon
(DOC) resulting from incomplete pyrolysis. This DOC can leach into the
effluent, increasing the COD level (Liu et al., 2019; Mukherjee and
Zimmerman, 2013). In this study, the addition of 2.5 % produced min-
imal DOC leaching and had a limited effect on the COD level.
Conversely, the addition of higher biochar contents, especially 10 % by
volume, substantially elevated DOC release, reducing net COD removal.
Notably, DOC leaching diminished over time. For example, in the early
phase of the experiment, the PBBR10 % system achieved a COD removal
rate of only 34 %. However, over time, this rate increased to approxi-
mately 76 %, suggesting that DOC leaching declined as fresh biochar
underwent flushing and microbial stabilization.

To evaluate the statistical differences among the treatments, this
study performed a two-way ANOVA with treatment and month as the
two factors. Subsequently, Tukey’s HSD post-hoc tests were conducted
for each pollutant. The results indicate that the treatment effects were
significant (p < 0.05) for all four pollutants, confirming that biochar
addition led to measurable enhancements in removal performance
compared with that of the control system.

The effluents obtained from the PBBR10 % samples exhibited the
lowest NH4-N and PO%’ concentrations (0.188 + 0.041 and 0.078 +
0.009 mg/L, respectively), indicating their excellent ammonium and
phosphate removal performance. Moreover, the effluents obtained from
the PBBR5 % and PBBR2.5 % exhibited the lowest NO3 (0.274 + 0.051
mg/L; mean removal efficiency = 75.67 %) and COD (1.992 + 0.434
mg/L; mean removal efficiency = 94.49 %) levels, respectively. Overall,
the statistical evidence indicates that all biochar treatments resulted in
significantly higher removal efficiencies than those exhibited by the
control samples. The PBBR5 % samples provided the most balanced
overall performance in terms of pollutant removal and hydraulic con-
ductivity, whereas the PBBR2.5 % and PBBR10 % samples offered ad-
vantages in removing specific pollutants.

Pollutant removal processes in bioretention systems are not solely
governed by adsorption. Microbe-mediated pathways, such as nitrifi-
cation—denitrification and organic matter degradation, as well as plant
uptake may also play crucial roles. However, the present study only
focused on evaluating the overall pollutant removal performance of
bioretention systems with different biochar contents; it did not employ
methods for distinguishing the contributions of individual mechanisms
(e.g., microbial community analysis, isotope tracing, or inhibitor-based
controls). Therefore, adsorption was considered the primary pollutant
removal mechanism in this study. Future research is encouraged to
incorporate mechanism-specific analyses to quantify the relative
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importance of adsorption, microbial processes, and plant uptake to
provide a more comprehensive understanding of pollutant removal
pathways in biochar-amended bioretention systems.

3.3. Carbon emission results

Fig. 7 displays the NEE measurements obtained in Phase I by using
the closed-chamber system. Positive and negative NEE values represent
net CO5 emissions and net CO uptake, respectively. No vegetation was
planted before these measurements, and no external CO, was injected
into the system; thus, changes in COsconcentration were primarily
attributed to soil respiration. The weekly average CO, emission rates
differed among the four types of bioretention samples examined in
Phase L.

The CBR samples exhibited the highest CO5 emission rate throughout
the experiment, with their cumulative CO; release over 6 months being
1.452 kg COo/m?, which is substantially higher than those of the other
samples. This result can be attributed to the high content of labile
organic nitrogen compounds in compost, which undergo microbial
mineralization, releasing CO5, water, and microbial biomass (Sanchez
et al., 2015; Tsai and Chang, 2021). Although the CO2 emission rate of
the CBR samples declined over time, it remained consistently higher
than those of the other samples.

Compared with the CBR samples, the BBR samples had a lower CO2
emission rate, with their cumulative CO; release over 6 months being of
only 0.102 kg CO2/m?. This finding underscores the stabilizing effects of
biochar in soil systems. The stable molecular structure and strong
nutrient retention capacity of biochar enable it to act as a slow-release
fertilizer, improve nitrogen use efficiency, and reduce gaseous losses
(Yang and Lu, 2021; Zhao et al., 2016). Moreover, biochar enhances
nitrogen retention, modulates nitrification and denitrification processes,
and reduces CO5 and N5O emissions (Irfan et al., 2019; Munoz et al.,
2019; Xu et al., 2014; Yu et al., 2016).

The BCBR samples of this study (3 % compost and 7 % biochar)
exhibited an average cumulative CO; release of 0.375 kg CO,/m?, with
their CO; release rate being relatively stable throughout the experiment.
Thus, the emission rate of the BCBR samples was lower than that of the
CBR samples but higher than that of the BBR samples. These results
indicate that biochar can mitigate the rapid mineralization associated
with compost and stabilize nutrient release over time.

The initial CO, emission rate of the PBR samples was higher than
those of the BBR and BCBR samples; however, this rate gradually
decreased after the 7th week. The cumulative CO release of the PBR
samples over 6 months was 0.099 kg CO,/m? indicating that they had
the lowest CO5 emission rate among all samples. This result was likely
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caused by the inherently stable nature of peat, which consists of high
proportions of organic solids with slow degradation.

In addition to gas flux measurements, SOC content was evaluated
before and after the Phase I experiments (6 months) to quantify carbon
stock changes. As presented in Table 4, the CBR samples initially
exhibited the highest SOC content (1.694 kg C/m?), followed by the PBR
(1.368 kg C/m?), BCBR (1.043 kg C/m?), and BBR (0.099 kg C/m?)
samples, respectively. However, by the end of the experiment, the SOC
content of the CBR samples dramatically decreased to 0.152 kg C/m? (a
91.03 % reduction)., which is consistent with their high mineralization
and CO, emission rates (Hobbie et al., 2012).

The PBR samples maintained relatively stable SOC levels, exhibiting
a decrease of only 2.49 % in SOC during Phase I (from 1.368 to 1.334 kg
C/m?). This result reflects the chemical recalcitrance of peat. The BBR
samples exhibited a 60.61 % increase in SOC level (from 0.099 to 0.159
kg C/m?) during the experiment. This result aligns with the low CO»
emissions of these samples and highlights the roles played by biochar in
promoting microaggregate formation, improving nutrient retention, and
reducing organic matter decomposition. These physical and chemical
improvements create favorable conditions for microbial activity, reduce
carbon loss, and enhance soil productivity and erosion resistance (Yu
et al., 2016).

The aforementioned results confirm that although compost consid-
erably enhances soil fertility in the short term, it also induces high CO,
emissions and rapid organic carbon loss. By contrast, biochar not only
stabilizes soil carbon but also improves long-term carbon retention,
rendering it a promising material for enhancing the carbon sequestra-
tion capability of bioretention cells.

3.4. Carbon sequestration performance of bioretention cells

The results obtained in the Phase I experiments suggest that the
addition of an appropriate quantity of biochar to the engineered media
in bioretention cells effectively reduces CO, emissions and enhances
SOC content. Therefore, in the Phase II, the effects of the biochar
amendment ratio (2.5 %, 5 %, and 10 %) on the CO5 sequestration
performance of different bioretention systems were evaluated, with both
soil and plant-based carbon sinks. O. fragrans saplings of similar age and
size were planted in each bioretention column for assessment of the
contribution of vegetation. NEE was measured using the closed-chamber
method, and soil samples were collected every 2 months for regular
monitoring of SOC content periodically.

Fig. 8 displays the NEE values obtained for the PBR and PBBR5 % in a
24-h closed-chamber experiment conducted between December 29 and
30, 2024. The closed-chamber experiment commenced at 22:00 on
December 29, with plants primarily performing dark respiration in the
absence of light and thereby releasing CO,. The COy concentration at
22:00 was considered the background CO; level (F = 0) in calculating
the NEE (mg/m?) per hour per unit area by using Eq. (3), following
which the cumulative 24-h NEE (XF) was derived. According to the
findings of the Phase I experiments, the engineered media contributed to
CO;, emissions through mineralization, which caused an increased in the
CO5, concentration within the sealed chamber. From 08:00 on December
30, the plants began photosynthesis because sunlight became available.
Although the plants and soil continued to release CO, through respira-
tion, the rate of photosynthetic CO, uptake surpassed the total

Table 4
SOC contents of different samples before and after Phase I.

Soil organic carbon content (kg C/m?) Change rate (%)

Before After Changes
PBR 1.368 1.334 —0.034 —2.49 %
CBR 1.694 0.152 —1.542 —91.03 %
BBR 0.099 0.159 +0.060 +60.61 %
BCBR 1.043 0.586 —0.457 —43.82 %
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emissions, resulting in a net decrease in NEE. The NEE eventually
became negative, indicating net CO5 uptake by the bioretention system.
The CO5 emissions during the dark respiration phase were notably lower
for the PBBR5 % samples than for the PBR samples, suggesting that in
addition to plant respiration, biochar effectively suppressed CO5 emis-
sions produced through soil mineralization. During the photosynthetic
phase, the combined effects of CO, uptake by the plant and suppressed
soil emissions lead to the PBBR5 % samples having substantially lower
cumulative NEE values compared with the PBR samples. After 24 h, the
total NEE values of the PBR and PBBR5 % samples were 62.20 and
670.52 mg/m? (net uptake), respectively, indicating that biochar addi-
tion substantially enhanced the CO, sequestration capacity of the bio-
retention system.

A closed-chamber experiment was conducted 1 day per week, and 4
days of experimental data can be obtained per month. The average CO5
sequestration fluxes of the 4 days were extrapolated to estimate the
monthly CO5 sequestration flux. Over a 1-year period, the monthly
average CO3 sequestration fluxes of the PBR, PBBR2.5 %, PBBR5%, and
PBBR10 % were 2.36 + 0.45, 2.51 + 0.51, 3.05 + 0.59, and 3.02 + 0.64
kg CO, eq/m?, respectively. These results indicate that carbon seques-
tration flux increased with biochar addition, with the PBBR5 % and
PBBR10 % samples exhibiting considerably higher carbon sequestration
fluxes than the PBR samples did. Tukey’s HSD post-hoc tests indicated
that the carbon sequestration flux of the PBR samples was significantly
different from those of the PBBR5 % (p = 0.017) and PBBR10 % (p =
0.026) samples; however, the carbon sequestration fluxes of the
PBBR2.5 %, PBBR5%, and PBBR10 % samples exhibited no significant
differences. Overall, the aforementioned results indicate that the addi-
tion of 5 % biochar resulted in the highest mean carbon sequestration
flux, indicating that 5 % is the optimal biochar content and represents
the most effective dosage for enhancing long-term carbon sequestration
capacity.

As presented in Fig. 9, the monthly CO, sequestration flux of each
sample group exhibited a clear seasonal trend between February 2024
and January 2025. For all sample groups, this flux gradually increased in
the spring, peaked during summer, and decreased during autumn and
winter. The highest CO, sequestration rates occurred in summer (June
and July), indicating elevated carbon uptake during this time. However,
extreme weather event, such as persistent high temperatures or
continuous rainfall (August and September) temporarily reduced these
rates.

The obtained carbon sequestration fluxes suggest that under evenly
distributed precipitation and the absence of drought, the O. fragrans
saplings efficiently used water to conduct CO, fixation. Conversely,
heavy or prolonged rainfall caused soil saturation, decreased oxygen
availability, suppressed root and microbial activity, and ultimately
slowed down carbon sequestration. Moreover, high humidity and low
light intensity during storms (e.g., typhoons) inhibited photosynthesis,
thus affecting carbon uptake. Such conditions may explain the abnor-
mally low fluxes or stagnant flux growth during specific months in the
present study. The winter months (December and January) contributed
the smallest increases in cumulative flux, with cumulative flux curves
approaching a plateau, reflecting the restricted plant growth and mi-
crobial activity during this period.

The PBBR2.5 %, PBBR5%, and PBBR10 % samples consistently
outperformed the PBR samples in terms of CO5 sequestration. During the
1-year monitoring period, the cumulative carbon sequestration fluxes of
the PBR, PBBR2.5 %, PBBR5%, and PBBR10 % samples were 28.26,
30.06, 36.65, and 36.22 kg CO2 eq/mz, respectively. Thus, the carbon
sequestration fluxes of the PBBR2.5 %, PBBR5%, and PBBR10 % samples
were 6.37 %, 29.68 %, and 28.15 % higher, respectively, than that of the
PBR samples. The carbon sequestration flux first increased with the
biochar content, peaking at a biochar content of 5 %, and then
marginally decreased with a further increase in this content. These
findings indicate that moderate biochar addition results in the optimal
carbon sequestration effect.
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Fig. 8. Hourly NEE values of PBR and PBBR5 % samples during a 24-h closed-chamber experiment.
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Fig. 9. Variations in the CO, sequestration fluxes of different bioretention system over time.

The results of this study are generally consistent with those of pre-
vious research on carbon sequestration in bioretention systems
(Table 5); however, considerable variations exist across studies. For
example, Kavehei et al. (2019) reported a relatively low carbon
sequestration rate of 1.14 kg COy eq/m?/yr, likely because of the arid
climate of their Australian study site, poor initial plant establishment,
and a failure to consider the sequestration effects of vegetation (only the
sequestration effect of soil was considered). By contrast, Robbiati et al.
(2023) recorded a sequestration rate of 70.83 kg CO3 eq/m?/yr, which
was largely attributable to abundant rainfall, rapid vegetation growth,
and the consideration of the sequestration effects of aboveground
biomass and energy-consumption-related emission reductions. Studies
conducted in China and Iran (Fan et al., 2020; Seyedabadi et al., 2021)
obtained intermediate carbon sequestration values of 23.72-46.93 and
25.66-34.06 kg CO, eq/m?/yr, respectively. These studies were con-
ducted in semiarid to temperate climates, and they considered both soil
and plant sequestration processes, which led to them obtaining values
comparable to those of the present study.

The aforementioned discussion highlights that carbon sequestration
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performance is affected not by a single factor but by multiple interacting
variables. For example, climatic conditions and rainfall distribution in-
fluence vegetation growth rates and organic matter inputs, and soil
physicochemical properties, such as baseline organic carbon and clay
fraction, determine carbon stabilization potential. Moreover, plant
species and vegetation density affect photosynthetic uptake and litter
contributions. Finally, research conditions, such as the presence or
absence of aboveground and underground biomass and indirect miti-
gation effects, substantially influence carbon sequestration results. The
absence of standardized measurement conditions and methods explains
the wide variations (one order of magnitude) in the carbon sequestration
estimates across relevant studies.

Seasonal carbon sequestration performance also varied slightly
among the sample groups. For example, during the vegetation’s growing
season in summer, the PBBR10 % samples exhibited the fastest increase
in cumulative carbon sequestration flux, likely because they had the
highest biochar dosage; the PBBR2.5 % samples exhibited a slower in-
crease. During the non-growing season, the differences among the
sample groups diminished, with all cumulative flux curves exhibiting
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Table 5

Review of previous studies on carbon sequestration system.
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Study

Carbon sequestration rate
(kg CO, eq/m*/yr)

Notes and explanations

Fan et al. (2020)

Seyedabadi et al. (2021)

Kavehei et al. (2019)

Robbiati et al. (2023)

This Bioretention system with 10 % peat
study (PBR)

Peat-based bioretention system with
2.5 % biochar (PBBR2.5 %)
Peat-based bioretention with system
5 % biochar (PBBR5%)
Peat-based bioretention system with
10 % biochar (PBBR10%)

23.72-46.93

25.66-34.06

~1.14

70.83

28.26

30.06

36.65

36.22

Waste materials were incorporated into LID facilities, and the resulting changes in SOC and
plant-based carbon sequestration were measured. The carbon sequestration rate of the LID
facilities was determined to be 6.47-12.8 kg C/m?/yr, which corresponds to 23.72-46.93 kg
CO, eq/m?/yr according to standard conversion factors.

The carbon sequestered by aboveground vegetation within LID facilities was quantified, and the
reduction in energy consumption caused by these facilities was determined. On the basis of these
results, the maximum carbon sequestration was estimated to be 6.999-9.29 kg C/m?/yr, which
corresponds to 25.663-34.06 kg CO, eq/m?/yr.

The soil carbon sequestration in 25 LID facilities was assessed using an elemental analyzer. The
average sequestration rate of these facilities was determined to be 0.31 kg C/m?/yr, which is
equivalent to approximately 1.14 kg CO,eq/m?/yr. These values are notably lower than that
observed in the present study, likely because of differences in measurement methodologies and
site-specific climatic conditions.

By quantifying plant biomass (both aboveground and belowground) and SOC within LID
facilities, Robbiati et al. (2023) determined that a single growing season can result in the
sequestration of up to 2.74 kg CO, eq/m>. Moreover, they estimated the reductions in energy
consumption caused by LID facilities, finding that these facilities can reduce annual CO,
emissions by approximately 70.83 kg CO, eq/m?/yr.

Annual carbon sequestration data were obtained through direct measurements conducted under
conditions without biochar amendment.

The addition of 2.5 % biochar to the PBR system resulted in a modest increase in the annual
carbon sequestration rate.

The addition of 5 % biochar to the PBR system resulted in the highest annual carbon
sequestration rate while simultaneously improving water quality and hydrological performance.
The addition of 10 % biochar to the PBR system, resulted in a slightly lower annual carbon
sequestration rate than that achieved under the addition of 5 % biochar to this system. The
results indicate that excess biochar application can reduce sequestration performance and
adversely affect certain water quality parameters.

LID: low-impact development; SOC: soil organic carbon.

flat trends. These results indicate that the carbon sequestration benefits
of biochar are most pronounced under favorable environmental condi-
tions. Furthermore, biochar not only influenced carbon flux but also
modified the soil environment. It improved water retention and soil
structure, resulting in the biochar-enhanced soils retaining more mois-
ture during dry periods, thus supporting sustained plant COjuptake.
These soils also exhibited improved drainage during intense rainfall,
which reduced waterlogging and ensured the maintenance of root
respiration. Thus, the biochar-amended soils demonstrated greater
resilience to climatic variability than did the PBR system, maintaining
more stable carbon sequestration performance under fluctuating envi-
ronmental conditions.

In addition to gas flux monitoring, Phase II involved bimonthly
sampling for assessing changes in SOC. Baseline SOC values measured
before this experiment were used to track temporal variations in SOC
(Fig. 10). The SOC content of the PBR samples exhibited a continuous
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decline from 22.3 to 18.1 g/kg (a reduction of 4.2 g/kg), likely because
of rapid root establishment and nutrient absorption in the newly planted
system (Kumar et al., 2021). The decline later stabilized, potentially
because of the depletion of easily decomposable carbon. By contrast, the
biochar-containing samples initially exhibited an increase in SOC con-
tent with time. The SOC contents of the PBBR2.5 %, PBBR5%, and
PBBR10 % samples increased from 22.3 to 24.0 g/kg (an increase of 1.7
g/kg), from 23.7 to 25.1 g/kg (an increase of 1.4 g/kg), and from 25.0 to
25.6 g/kg (an increase of 0.6 g/kg), respectively. This indicates that
biochar promotes early carbon accumulation, following which the car-
bon level stabilizes. Overall, the biochar-containing systems exhibited
stable or slightly increasing SOC levels with time, whereas the control
PBR system exhibited a continuous decline in SOC with time.

Biochar also plays a key role in modulating microbial communities
and carbon cycling, often slowing the mineralization of existing SOC
(Kalu et al., 2024). A negative priming effect was observed in this
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Fig. 10. Variations in the SOC contents of different bioretention samples over time.
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study’s experiment, where biochar suppressed the breakdown of native
and newly added organic matter, thus reducing carbon loss in the form
of CO,. It also enhanced microbial biomass carbon and carbon use ef-
ficiency, or the proportion of assimilated carbon retained in microbial
biomass rather than lost as respiration. Consequently, more carbon was
converted into stable microbial residues.

In summary, biochar contributes stable carbon, decelerates carbon
degradation, and inhibits microbial decomposition because of its
aromatic-rich structure, which is formed through pyrolysis. This recal-
citrance ensures long-term carbon retention in soil. Furthermore, bio-
char may produce physical barriers or microsites that protect organic
matter from microbial breakdown (Gross et al., 2024). These factors
may explain the sustained or increasing SOC trends with time in the
biochar-containing samples of this study.

A biochar level of 5 % optimizes the generation of stable carbon and
microbial carbon conversion, which maximizes overall SOC accumula-
tion. Excessive biochar levels (e.g., PBBR10%) may inhibit microbial
activity despite biochar contributing inert carbon. In this study, the
PBBR10 % samples had high initial SOC content, with this exhibiting
minimal changes over time, indicative of passive carbon retention. By
contrast, the PBBR5 % samples achieved comparable final SOC values to
those of the PBBR10 % samples through the synergistic effects of stable
carbon input and active microbial utilization.

3.5. Comprehensive performance evaluation of different bioretention
systems

This study evaluated the hydrological regulation, water quality
improvement, and carbon sequestration performance of the PBR,
PBBR2.5 %, PBBR5%, and PBBR10 % samples. Eight performance in-
dicators were selected for a comprehensive assessment: saturated hy-
draulic conductivity (Ksqr), WHC, NH4-N removal rate, NO3-N removal
rate, PO3~ removal rate, COD removal rate, CO; sequestration flux, and
SOC. These indicators collectively reflect the multifaceted effects of
biochar amendment on the functionality of bioretention systems. The
performance evaluation results are summarized in Table 6.

As illustrated in Fig. 11, the addition of biochar to the bioretention
media did not universally enhance all performance metrics. The NH4~N
and PO3~ removal rates of the four types of samples did not exhibit
significant differences, suggesting that the presence and dosage of bio-
char had limited effects on these two water quality parameters. By
contrast, the other indicators exhibited notable improvements following
biochar addition, with the most pronounced enhancements observed in
Ksqt, COy sequestration flux, and SOC. However, when the biochar

Table 6
Performance evaluation results for the four examined bioretention systems.

Indicator Bioretention mesocosms
PBR PBBR2.5 % PBBR5% PBBR10%
Ksat (cm/s) 0.0392 + 0.0493 + 0.0601 + 0.0513 +
0.0077 0.0013 0.0025 0.0016
WHC (%) 495+27 527419 53.1+2.6 54.2 +2.2
NH4-N removal (%) 87.92 + 89.03 + 89.46 + 90.95 +
2.63 1.41 1.87 1.42
NOs~ removal (%) 63.05 + 67.20 + 75.67 + 60.65 +
8.18 5.01 3.79 6.58
PO~ removal (%) 82.93 + 84.54 + 83.59 + 84.79 +
1.98 2.49 1.94 1.86
COD removal (%) 83.36 + 94.49 + 88.99 + 59.07 +
3.08 1.12 1.73 6.10
Carbon sequestration 2.36 + 2.51 +£0.51 3.05 + 3.02 £+ 0.64
(kg CO, eq/m?/ 0.45 0.59
mo)
SOC (g/kg) 22.3 to 22.3 to 23.7 to 25.0 to 25.6
18.1 24.0 (+1.7) 25.1(+1.4) (+0.6)
(-4.2)

Note: bold values indicate the best performance for each indicator.
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content was increased to 10 %, the NO3-N and COD removal rates
decreased to levels below those of the control PBR samples. This finding
indicates that excessive biochar amendment can suppress certain puri-
fication mechanisms, potentially undermining the treatment capacity
for specific pollutants.

Overall, the comprehensive performance evaluation indicated that
the PBBR5 % samples provided the most balanced and effective im-
provements across all adapted metrics. These samples had the highest
Ksqe values and NO3-N removal rates. They also exhibited the second-
best results (after the PBBR10 % samples) on most other metrics.
Thus, the addition of 5 % biochar to PBR systems achieves an optimal
balance between performance enhancement and system stability. The
PBBR2.5 % samples also exhibited noticeable improvements in the
evaluation metrics compared with the PBR samples. Therefore,
PBBR2.5 % systems can serve as viable alternatives to PBBR5 % systems,
especially under conditions in which low biochar usage is preferred. The
PBBR10 % samples exhibited excellent results in terms of the NH4-N
removal rate, WHC, CO5 sequestration flux, and SOC content; however,
they had a low COD removal efficiency, indicating that caution should
be exercised in their application. The potential trade-offs associated with
excessive amendment highlight the importance of optimizing biochar
dosage for maximizing performance of bioretention systems.

4. Conclusion and recommendations

This study examined the effects of biochar content on the perfor-
mance of bioretention cells, and found that appropriate quantities of
biochar can significantly enhance the performance of bioretention sys-
tems in terms of hydrological regulation, pollutant removal, and carbon
sequestration. A biochar content of 5 % offered the most balanced
improvement, enhancing saturated hydraulic conductivity and WHC
without compromising infiltration efficiency. Biochar contents of 2.5 %
and 5 % improved soil structure and water retention. By contrast, a 10 %
biochar content disrupted macropore connectivity, reduced the NO3-N
removal efficiency, and increased effluent COD concentrations due to
pH changes and DOC leaching.

Biochar’s porous structure and surface chemistry facilitated the
adsorption of nutrients and organic pollutants, increasing the hydraulic
retention time and supporting microbial processes such as nitrifica-
tion—denitrification and organic matter degradation. Moreover, a posi-
tive correlation was observed between biochar dosage and CO;
sequestration capacity up to a biochar dosage of 5 %. The average
annual carbon sequestration of the control PBR group (no biochar) was
28.26 kg CO, eq/m?/yr, and those of PBR groups with 2.5 %, 5 %, and
10 % biochar were 30.06, 36.65, and 36.22 kg CO, eq/mz/yr, respec-
tively. These results indicate that a biochar content of 5 % can sub-
stantially enhance carbon sink functions, offering a viable strategy for
greenhouse gas mitigation. However, a further increase in biochar
content can reduce CO, sequestration. All carbon flux calculations in
this study reflect only the post-amendment phase. Emissions associated
with biochar production were not included.

Overall, biochar exhibits high potential for integration into LID
systems, offering synergistic benefits for runoff control, pollutant
removal, and greenhouse gas reduction. However, the biochar content
must be carefully calibrated according to site-specific objectives to
balance ecological function and long-term sustainability. Due to exper-
imental and equipment constraints, only one mesocosm was assigned to
each treatment in this study. Each mesocosm was monitored over a
period of 6 to 12 months. Temporal variability was considered in
monthly standard deviations, yet natural and operational fluctuations
remain a limitation. Future studies are encouraged to employ multiple
replicates and extended monitoring durations to improve the statistical
robustness and temporal resolution of key performance metrics such as
CO: fluxes and pollutant removal efficiencies. In this study, microbial
processes were likely responsible for the nutrient removal, COD degra-
dation, and carbon cycling effects of biochar. Microbial processes were
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Fig. 11. Comprehensive performance of bioretention systems with varying biochar contents.

inferred based on literature and indirect indicators; no direct microbi-
ological measurements were conducted. However, this interpretation is
speculative due to the lack of direct microbial data, which represents a
limitation of the current study. Therefore, future research should
employ molecular biological techniques and enzyme assays to assess the
responses of microbial communities under different biochar amendment
rates and quantify their contributions to pollutant removal and carbon
stabilization. Researchers can also systematically investigate the
adsorption stability of biochar under variable operational conditions,
the risk of pollutant rerelease, and strategies for mitigating such risks (e.
g., appropriate media selection or operational optimization). In addi-
tion, long-term field monitoring is required to evaluate the temporal
dynamics of biochar—-microbe interactions, the stability of bioretention
systems, and practical considerations such as economic feasibility and
maintenance. Future studies should conduct comprehensive assessments
of greenhouse gas emissions, including methane and nitrous oxide
emissions, to characterize in detail the net climate impact of biochar-
amended bioretention systems. Finally, researchers should develop
comprehensive integrated models that can predict the socioeconomic,
environmental, and hydrological benefits of bioretention cells under
different rainfall and urban development patterns.
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