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Abstract

Biochar is a promising material with a wide range of applications. One area of application is as an additive in sub-
strates for green roofs. Green roofs are a way of mitigating climate change, with biochar offering an opportunity

to further enhance this benefit and upscale practice. In this field study, the effect of a 5-vol.% addition of wood-based
biochar to a green roof substrate is evaluated with respect to a water balance (reduced runoff, increased evapotran-
spiration, increased plant available water) and hydrophysical properties. Substrate, with and without biochar amend-
ment, was used in different green roof sections. Laboratory hydrophysical analysis, in-situ Volumetric Water Content
and meteorological measurements, alongside vegetation monitoring, enabled the development of a 1D Hydrus
water balance model and revealed differences between both of the surveyed green roofs. The study demonstrated
that the addition of biochar to the substrate improved its hydrophysical properties, leading to increased water reten-
tion (7.7% increase in maximum water capacity) and enhanced vegetation growth The biochar amendment resulted
in the minor changes in grain size distribution (increase in the 0.01 to 0.1 mm fraction) and increased substrate mois-
ture, which is related to an increase in the plant-available water content (14.2%). This was observable in the retention
curves and resulted in an increased moisture availability for plants, leading to an increase in vegetation cover in areas
with biochar. The numerical analysis using Hydrus-1D soil hydraulic model showed that the inclusion of biochar

in the substrate resulted in a 23.5% increase in evapotranspiration and a 54.7% decrease in runoff. These findings
suggest that the addition of biochar to the green roof substrate could enhance the system'’s capacity to retain water,
reduce runoff and bulk density, and increase the amount of water available for plant growth. The study provides
evidence for the potential of wood-based biochar as a sustainable and effective addition to green roof substrates,
contributing to the development of more resilient and sustainable urban environments.

Highlights

- The addition of biochar to the rooftop substrate (ROOFChar®) increased water retention and enhanced vegeta-
tion growth due to increased PAW.

- The model outputs demonstrated a 23.5% increase in evapotranspiration and a 54.7% decrease in runoff
for ROOFChar®.
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« The effect of biochar admixture was verified in a real-life condition on a high-rise building and interpreted

by a numerical model.

- ROOFChar® use in rooftop meant better water retention with lower static load on the building.
« The use ROOFChar® in green roofs led to the development of more resilient and sustainable urban environments.

Keywords Green roof, Biochar, Soil hydraulic properties, Soil water modelling, Water retention, Sustainable cities
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1 Introduction

With 70% of the world’s population predicted to live in
cities by 2050, and the urban’s spatial coverage tripling
globally by the same date, there is an urgent need for
more work on creative sustainability solutions within
the built environment (Lwasa et al. 2022; UN 2024).
The drastic nature of the metropolitan development
places significant strain on such landscapes by, among
other pressures, significantly altering rainfall-runoff
patterns. In turn, this can lead to water rapidly drain-
ing away from cities, resulting in negative impacts to
urban soils and disruptions to the drainage systems of
the environment. As a result, there is a limited amount

of water available for evapotranspiration, an important
cooling mechanism of nature landscapes that can be
effective in urban environments (Grimmond and Oke
1999; Zou et al. 2019). As outlined in several studies,
there is a direct link here to the growing urban heat
island effect problem (Li et al. 2014; Yang et al. 2016),
which itself is exacerbated by the advancing effects of
climate change (Lwasa et al. 2022; Shukla et al. 2022).
With these connected issues in mind, there is an urgent
need for measures to adapt cities and buildings to this
challenging future (Cabeza et al. 2022).

In recent times, there has been an increased inter-
est in the role of Green Infrastructure (GI) as a tool for
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mitigating and adapting to these challenges (Washbourne
and Wansbury 2023). This has particularly focused on
‘radical’ solutions, such as green roofs (GR), living walls
and bioretention systems (Dunnett and Kingsbury 2008;
Lwasa et al. 2022). The former has received substantial
support recently, with a range of policies, such as the
UK’s Biodiversity Net Gain legislation, leading to a bur-
geoning body of actors mainstreaming this GI asset [see
for instance Hardman et al. (2024a)]. In the context of
urban stormwater management, GR have been proposed
as a solution which could generate an array of benefits for
cityscapes (Andrés-Doménech et al. 2018; Rowe and Get-
ter 2006). Such benefits range from increasing biodiver-
sity in urban settings, to the potential for food production
and nature-based therapies [see for example Hardman
et al. (20244, b)]. With water retention, a greater thick-
ness of the substrate layer of the GR increases its capacity
of the system (Meng et al. 2021; Mentens et al. 2006), and
at the same time, expands the vegetation types that can
be planted within the space (Vandegrift et al. 2019). How-
ever, the substrate accounts for 80-90% of the GR weight,
resulting in major issues for enabling this on a large scale
(Losken et al. 2018). The structure must be designed
accordingly, making the entire construction more expen-
sive, thus increasing the environmental impact of the
development through the materials and associated costs.

Whilst other challenges exist for mainstreaming green
roofs, from issues around accessibility to the potential
to retrofit certain buildings, by far the largest surrounds
the weight capacity; thus lightweight green roof sub-
strates with high water retention are desired by an array
of stakeholders. Our paper reflects on the potential of
biochar: a light material with promising highwater reten-
tion properties. Biochar is a solid carbon-rich material
obtained by the thermochemical conversion of biomass
in an oxygen-limited and elevated pressure environment;
this results in a chemically and biologically more stable
form than original biomass. In the context of green roofs,
it is a promising substrate additive and could potentially
lead to the further mainstreaming of the practice (Bees-
ley et al. 2024; Chen et al. 2018; Qiangian et al. 2019). It
is regularly used in agriculture soils due to its high water
retention capacity (Basso et al. 2013; Seyedsadr et al.
2022), low bulk density, high porosity and surface area
(Cao et al. 2014; Seyedsadr et al. 2022), significant nutri-
ent sorption efficiency (Jha et al. 2010; Laird et al. 2010)
and the ability to increase and alter microbial activity in
soil (Chen et al. 2018; Latini et al. 2019). Moreover, bio-
char sequesters carbon, preventing its release into the
atmosphere when applied as a soil additive (Ahmad Bhat
et al. 2022; Lehmann et al. 2006; Smith 2016; Xie et al.
2022).
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A study by Beck et al. (2011) showed that the addi-
tion of biochar to green roof substrate improved both
runoff water quality and retention. Additionally, admix-
ture showed increased water retention and significant
decreases in the discharge of total nitrogen, total phos-
phorus and organic carbon. Similarly, Chen et al. (2018)
found that biochar from sewage sludge in quantities of
10-15% exerted the most significant positive effects on
both microbial and plant biomass. Kuoppaméki et al.
(2016) discovered that wood feedstock biochar surface
application on substrate is less effective than the biochar
buried into the substrate. Surface biochar improved the
retention by ca. 5% (75% of rainfall was retained) while
buried biochar by an additional 5% (80% retained). In
a later paper, Kuoppamaiki (2021) described retention
throughout the sessions. Highest retention ca. 80%, was
found in summer even though it was the very rainy sea-
son. Winter retention was 30-40%. Biochar improved
retention at a maximum of about 10%. Gan et al. (2021)
found that 10% of rice straw biochar produced at 500 °C
had the best results in terms of peak runoff reduction
and longest runoff delay when used in the substrate.
An admixture of 5% achieved the highest reduction in
total runoff and the longest delay in peak runoff. Stud-
ies attributing no effect on water retention to biochar
are in the minority (Qiangian et al. 2019). The effect of
admixture of different amounts of biochar in modified
soil as substrate for GR was investigated in a study by
Gan et al. (2021). Without biochar, 18.4% of the rainfall
was retained performing column experiments. With 5%,
10% and 15% biochar rice straw, 24.7%, 27.5% and 25.2%
of the rainfall was retained. An addition of 10% biochar
had the greatest effect in reducing peak flow, and 5% has
the longest peak runoff delay (Gan et al. 2021, 2022). An
admixture of 5% biochar appears to be the best option
for GR, with an amount of more than 10% not being
ideal (Gan et al. 2021). Beck et al. (2011) performed a GR
runoff experiment with and without amendment of 7%
by weight feedstock biochar. The plot, without biochar,
retained 28.3% of the rainfall, while the plot with bio-
char retained 30.5% (Beck et al. 2011); this links well to
the aforementioned study of Gan et al. (2021), in terms
of the total amount of water retained in the experiment.
Unconventionally, Kuoppaméki (2021) applied birch
(Betula spp.) biochar as a 10-mm thick layer (10 vol. %)
to a 100-mm thick meadow GR experimental plot in
Finland. In the context of this study, water runoff reten-
tion was increased by 10% during the first two years of
the experiment, but the effect decreased over the 4-year
observation period (Kuoppamiki 2021). The applica-
tion of granulated biochar of various particle size (inter-
vals 1-6.3 mm) into a green roof substrate enhances
plant performance measured as a biomass growth, leaf
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area and chlorophyll content; it also addresses erosion
losses (Liao et al. 2022). The application of finer biochar
(<2 mm) resulted in a reduction in infiltration capacity,
which is undesirable for green roof substrate. Coarser
biochar (2—-10 mm) contributed less to increased reten-
tion capacity but did not reduce infiltration capacity and
air-filled porosity.

The effect of biochar admixture has been investigated
in many of the studies described above with effects on
runoff quality, water retention, hydraulic conductiv-
ity (Kg) and microbial activity. These parameters were
dependent on the feedstock materials, production
temperature, grain size, amount of biochar added and
also the method of application. Finer biochar particles
and buried applications appear to be more effective at
increasing water retention, while lower concentrations
(5—-10%) are often sufficient for optimal results. The well-
developed internal structure of the so-called mesopores
in biochar has been proven to be very effective for
water retention (Seyedsadr et al. 2022). These pores are
larger than micropores, so that water can enter in larger
amounts, but smaller than macropores, which drain eas-
ily and cannot entrapped water. Fine biochar can reduce
Ks and thus increase water retention. Woody biochar has
better retention properties and ability to capture both
pollutants and nutrients due to its higher specific surface
area than sewage sludge biochar, but is significantly more
expensive. However, there is still a significant gap in the
literature base with regards to the effect of biochar in GR
under real building conditions.

The aim of the study is threefold: firstly, we intended to
test, under laboratory conditions, the effect of the pres-
ence of wood-based biochar in the roof substrate on its
physical and hydraulic properties. This involved a series
of controlled experiments to determine how the biochar
amendment alters maximum water capacity, plant avail-
able water, bulk density, and hydraulic conductivity. Sec-
ondly, our objective was to implement and test under
field conditions throughout the growing season, spanning
from June 2021 to June 2022. This phase assessed the per-
formance and sustainability of the biochar-enhanced sub-
strate in a live environment, monitoring its interaction
with plant growth and weather patterns. Lastly, we aimed
to build a variable saturation waterflow model based
on Richard’s equation to simulate the water balance for
both scenarios for a whole season. The model predicted
how each substrate manages rainfall runoft and affects
the evapotranspiration rate and plant available water. In
doing so, we hoped to critically explore the role of bio-
char in helping to further mainstream the GR agenda.

Page 4 of 15

2 Materials and methods
2.1 Substrates
The study aimed to assess the impact of incorporating
wood-based high-temperature biochar in green roof sub-
strates. For this purpose, a standard GR substrate (Flor-
com SSE, BB Ltd. Czech Republic) was amended with
5 vol. % of the biochar during the production process,
resulting in a new substrate ROOFChar®. The application
rate was selected based on previous studies (Meng et al.
2021) and the expertise of the research team. In terms of
the lower application rate, this was applied for a range of
reasons: firstly, the price of used biochar was 800 €/ton,
and the addition of biochar makes the substrate more
expensive. Secondly, too high of biochar levels could neg-
atively affect microbial recovery of the substrate (Palan-
sooriya et al. 2019). Therefore, admixtures above 10%
vol. are not advisable as per the literature base. Although
even higher rates were investigated (Beck et al. 2011; Cao
et al. 2014; Chen et al. 2021, 2018; Gan et al. 2022, 2021).
According to the technical specification of the sub-
strate produced by BB Com Ltd., the extensive green roof
(EGR) substrate SSE is intended to be used for drought-
tolerant plants and sedum vegetation mats. It consists
of lightweight 2/8 Liadrain crushed aggregate, crushed
brick from non-standard products 2/12, porous slag 2/8,
peat 0/7, compost, dolomitic limestone and fertilizer. The
content of organic substances is declared to be less than
15% by volume. The biochar (registered as a soil additive
by the Central Institute for Supervising and Testing in
Agriculture, CZE) was produced through gasification of
wood chips (from wooden pallets) in a fixed-bed multi-
stage gasifier using high-temperature pyrolysis between
500 and 600 °C for 6 h, ensuring it has a solid structure,
which is reflected by a very high BET surface >500 m? g~!
(Brynda et al. 2020). A detailed description of the mate-
rial is available in the supplementary material 6.

2.1.1 Laboratory measurements

Maximum water capacity (MWC), bulk density (BD),
soil moisture retention functions, saturated hydraulic
conductivity (Kg), and grain size distribution were deter-
mined for both substrates in triplicates.

The bulk density and maximum water capacity (often
called ‘field capacity, see Supplement 2) were determined
according to the FLL Green Roof Guidelines (Losken
et al. 2018) on 1850 cm® samples compacted by three
blows of the Proctor hammer. MWC was determined
after 24 h of underwater saturation and 2 h of gravitation
draining. The bulk density of each sample was calculated
from the mass of the soil at dry state divided by volume
of the sample. A combination of Casagrande’s sedimenta-
tion method and sieve analysis was used for particle size
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Fig. 1 The layout of experimental green roof plots on the roof of the building (foto June 2022). B=plot with substrate amended with biochar
(ROOFChar®), other plots with SSE substrate. Red dot =TEROS sensors position in experiental plots

distribution curves. A detailed description is mentioned
in the Supplement 3.

A simplified evaporation method (Peters and Durner
2008) was used to measure retention curves using the
HYPROP device (HYPROP, METER Group, Inc., USA)
(METER Group 2015). The 250 cm?® samples were opted
for in this study. To specify the retention curves in the
area of higher suction pressure heads, the measurements
in HYPROP were combined with measurement using the
WPAC soil water potential instrument (WP4C, METER
Group, Inc., USA) (METER Group 2021). A bimodal van
Genuchten model of the retention curve was used. More
details are shown in Supplement 5.

Saturated hydraulic conductivity was determined using
KSAT device (KSAT, METER Group, Inc., USA) and pH
of a substrate aqueous extract was determined according
to CSN ISO 10390 using a glass electrode.

2.2 Research site

Open-air measurements were carried out on an experi-
mental green roof located on the roof terrace of the
12-story building in Prague-Stodtilky, Czech Republic
(GPS: 50.0496703N, 14.3378058E), 315 m above sea level,
7 km southwest of the city center. The terrace is partially
shaded by an apartment on the top floor of the building
around which the experimental terrace is located. The
site is exposed to considerable wind due to its rooftop
location, a trait shared with many other similar sites,
both within the Czech Republic and on a more global
level. Adding to this, the air conditioning unit does not
appear to be affecting the vegetation. The climate on the

city is generally affected by the semi-continental weather
patterns.

In April 2021, the construction of a green roof was
completed, and measurements were initiated in May
2021. Six GR experimental plots were in the west-
ern section of the roof terrace; each one is separated
from the other by an aluminum rail. Each plot of EGR
is 1.35x 1.70 m2. The layout of the experimental plots
is shown in Fig. 1. Experimental green roof plots were
established and monitored to observe the performance
of substrates with and without biochar under the same
conditions, thereby minimizing the variabilities of the
results. The experimental plots were planted with a
drought-tolerant mixture of grasses and herbs. Plants
were randomly distributed. While Hieracium pilo-
sella, Achillea wmillefolium, Verbascum phoeniceum
and Agquilegia vulgaris share good drought tolerance
and lower transpiration rates, Deschampsia caespi-
tosa would have higher water need and transpiration
rate. With the exception of Deschampsia caespitosa,
the plant species are moderately drought tolerant or
drought tolerant and of similar size, therefore simi-
lar hydrological effect can be expected. There were
31 plants on SSE plots and 19 in ROOFChar® plots in
total. There were three plants of Deschampsia caespi-
tosa planted in SSE plots and seven in ROOFChar®
plots. During the study period, spontaneous vegeta-
tion expansion occurred in all areas. New 112 plants
grew in the SSE plots and 109 plants in the ROOF-
Char® plots. Because the study was performed short
after the installation the plant coverage is low. An
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abundance analysis (vegetation cover) was conducted
on the plots in June 2022 and November 2022. The
initial abundance was determined to be 28% (SSE) and
30% (ROOFChar). An increase in abundance of 4%
and 10% was found for the plots with SSE and ROOF-
Char® substrate, respectively. The green roof structure
is installed on older roof bearing construction with a
slope 1.5% to allow free water drainage. The slope of
flat roofs is usually designed between 1.5% and 5% and
the slope used is therefore rather less than the slope
usually used. There is a new PVC impermeable foil
with resistance to root growth at the bottom cover-
ing the bearing construction; this foil is protected by
a geotextile (300 g m™2) layer. Excess water is taken
away by a cuspated drainage board with the height of
25 mm. In order to prevent the clogging of the drain-
age layer, the cuspated drainage board is covered with
a filter geotextile (110 g m™2) on which the substrate
and the plants are placed. There is 90 mm of the grow-
ing medium on the EGR. The EGR plots are planted
with seedlings of various types of arid perennials and
grasses able to grow in direct sunlight.

Each of the 6 experimental plots was equipped with
two soil moisture and temperature sensors (TEROS
11, METER Group, Inc., USA). Sensors were placed
in a horizontal position 50 mm below the soil surface
below a bare soil. A specific calibration was performed
for the moisture sensors in the green roof substrate
used (Supplementary material 7). The specific cali-
bration agreed well with the calibration equation pro-
vided by sensor manufacturer for “Soilless media” The
difference was only noticeable in the very dry meas-
urement region between 0 and 10% Volumetric Water
Content (VWC). The resulting equation used, VWC =
8.63x 107X RAW — 6.632 X 10™* X RAW +0.0171393
18699 x RAW —14.492116489349, which was obtained
by interleaving the 33 measurements obtained by the
specific calibration and the values for “Soilless media”.
The RAW variable in the calibration equation repre-
sents the sensor signal value before calibration. To col-
lect more data, a weather station (ATMOS41, METER
Group, Germany) located on the rooftop approxi-
mately 10 m to the experimental plots provides com-
plex meteorological measurements of solar radiation,
precipitation, air temperature, barometric pressure,
vapor pressure, relative humidity, wind speed, and
wind direction.

2.3 Simple 1D hydraulic model

The complex monitoring system enabled the utilization
of a standard one-dimensional hydraulic rainfall-run-
off model in HYDRUS-1D (Simtnek et al. 2008) for the
green roof system. Hydrus has proven to be a suitable for
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modelling in GR ranging from very dry (Palermo et al.
2019) to wet conditions (Broekhuizen et al. 2021). The
period from June 2021 to June 2022 was modelled, ena-
bling a reflection over a 13-month period and ensuring
all seasons are recorded in the study. The HYDRUS-1D
model, designed for one-dimensional fluxes, is based
on the modified Richards equation with the assumption
that air phase interactions with the liquid flow process
might be neglected, and water flow due to thermal gra-
dients is also insignificant. The model version, using the
dual porosity (Durner 1994) model of hydraulic proper-
ties, was adopted for this study. This model setup enabled
the utilization of the bimodal soil water retention curves
of more complex pore systems. The bimodal soil hydrau-
lic model was selected due to the bimodal character of
the roof substrate, where both the larger fraction of the
lightweight aggregate grains and the finer component are
represented. The porous material can be divided into two
overlapping regions, each being represented by a specific
set of van Genuchten—Mualem function (van Genuchten
1980) of soil hydraulic properties.

The upper boundary condition was represented by the
measured precipitation and reference evapotranspira-
tion estimated by the Penman—Monteith formula as pre-
sented in FAO Drainage Paper No. 56 (Allen et al. 1998).
Actual root water uptake was calculated according to the
Feddes equation (Feddes et al. 1974), restricting the refer-
ence evapotranspiration by the function of specific water
content. The lower boundary condition was represented
by the seepage face often utilized for finite soil columns
exposed to the atmosphere with gravity drainage. The
flux was triggered when the pressure head of —10 cm was
reached. The depth of the modeled soil profile was 9 cm,
and each column was formed by a single material with
the soil hydraulic properties presented in Table S2 (Sup-
plementary material 4). EGR plots with SSE and ROOE-
Char® substrates did not differ significantly in the extent
of above-ground biomass. A Leaf Area Index (LAI) value
of 1.4 (m?/m?) was used in the model.

3 Results and discussions

3.1 Laboratory analysis

3.1.1 Substrate properties affected by the biochar admixture
The biochar amendment caused changes in both physi-
cal and hydrophysical properties of the rooftop substrate.
These changes were only minor in terms of the grain size
distribution. The substrate with biochar admixture shows
slightly higher proportion of grains with a diameter of
about 0.01 to 0.1 mm (Fig. 2). However, most grains of
both substrates are larger than 1 mm in diameter. The
change is given by the fraction of added biochar.
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Fig. 2 Particle size distribution curve of substrates used on experimental green roof plots
Table 1 Soil physical and hydrophysical parameters, £ represents the standard deviation
MwWC Dry BD BD at max MWC Water retained K at 10 °C
(vol. %) (kg m™3) (kg m™3) (kg m™3) (ms™)
ROOFChar® 60.1+19 5304+4.1 113114162 600.7+19.4 29.107%4£54x107
SSE 524+1.1 665.2+44.1 1189.2+32.9 5240+113 7810+£18x10™
Difference 7.7 134.8 58.1 76.7 49107

There was a low variation between SSE substrate rep-
licates, but high variation between ROOFChar® plots.
The difference may be due to inhomogeneity during
GR installation, where finer particles may have fallen
into deeper layers, but the difference in grain size did
not translate into a difference in retention curves, and
thus the difference may not be due to a difference in the
amount of biochar in each replicate.

The higher water retention of the biochar-amended
substrate (ROOFChar®) was confirmed by the MWC
measurements as shown in Table 1. All samples amended
with biochar showed a higher MWC value and lower
bulk density. The addition of 5 vol. % biochar to the SSE
extensive green roof substrate caused a 14.7% increase
in MWC in average. The bulk density in dried substrate
(temperature 105 °C) as well as at MWC is lower for
substrates with admixture of the biochar. In addition,
more water is retained by the biochar-amended sub-
strate (Table 1). The dry biochar-enriched substrate is
lighter due to the low bulk density of the biochar used
(163 kg m™3), therefore its addition decreases bulk den-
sity of the substrate as whole. This confirmed the earlier

findings of several studies (Cao et al. 2014; Liao et al.
2022; Werdin et al. 2021). At the same time, it confirmed
the assumption that incorporating biochar into the sub-
strate increases its ability to retain water (Chen et al.
2018; Huang et al. 2020; Qiangian et al. 2019). Specifi-
cally, a substrate containing biochar retains 76.7 L more
water per cubic meter of substrate than a substrate with-
out biochar admixture. The mechanism of biochar in
retaining water is described in the next chapter.

Perhaps one of the most important elements of this
finding is that even with such a significant increase in
water retention capacity, the biochar substrate is still
by 4.9% lighter (in weight) even with the retained water
considering MWC. The application of biochar increased
the proportion of fine particles in the substrate, which is
related to the decrease in K; after the application of bio-
char. However, the reduction in K is not very significant
and it’s still in the same order of magnitude (Table 1).
This would be consistent with the study findings (Ahmad
Bhat et al. 2022), which also associated K¢ primarily with
the change in grain size based on a comparison of the
available literature. In terms of hydraulic conductivity,
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Fig. 3 The course of the retention curve functions with marked points of own measurement of three samples of each substrate using the HYPROP

device (RMSE ROOFChar®=0.0113; RMSE SSE =0.0080)

the influence of biochar corresponds to its grain size dis-
tribution. Where the admixture of biochar into coarse-
grained material tends to decrease Kg, the admixture of a
larger fraction of biochar into fine-grained material with
initially lower K may rather increase K.

The pH of the substrate was not significantly affected
by the addition of biochar, when ROOFChar® had a pH
of 8.3 and the SSE substrate had a pH of 8.6.

3.1.2 Effect of the biochar presence on the substrate water
retention

Based on the VG bimodal model, soil retention param-
eters were estimated, and retention curves were drawn.
The retention curves of both types of substrates showed
very good agreement between the repetitions. Figure 3
illustrates that the biochar amendment caused a notable
displacement of retention curves towards higher water
content in the region near saturation. There was an eleva-
tion in saturation levels throughout the range of suction
pressure values for the ROOFChar® substrate. The intro-
duction of biochar significantly improved the volume of
capillary water held within the substrate at a given suc-
tion pressure head. This water is released from the bio-
char under elevated suction pressure conditions. In other
words, the biochar retains the water available to plants
when subjected to higher suction pressures (Seyedsadr
et al. 2022).There are two main mechanisms of biochar
functioning in relation to water retention. These are
physical water fixation and chemisorption via hydro-
gen bond and weak m bonds (Jacka et al. 2018). Physical
mechanisms include improved aggregate stability and
soil structure (case especially in arable soils) (Hardie
et al. 2014), filling of larger substrate pores with relatively

smaller biochar particles (Liu et al. 2017), and direct
involvement of the internal biochar pores with large sur-
face area, high internal porosity and significant propor-
tion of mesopores in retaining the water (Hyvdluoma
et al. 2018; Werdin et al. 2021). Chemical water retention
mechanisms then include hydration interaction with base
cations (Kutilek and Nielsen 1994) and direct interaction
of water with the biochar surface due to m interaction
to the carbon surface, and hydrogen bonds on carboxyl
groups (Conte et al. 2013).

It is clear from the course of the retention curves
(Fig. 3), which converge toward each other with increas-
ing pressure head, that biochar increased the PAW of the
substrate. The addition of 5% (v/v) biochar in this experi-
ment resulted in an increase in PAW of 14.2% and an
increase in PAW gy of 18.3%. This is in line with many
earlier findings (Cao et al. 2014; Chen et al. 2018; Liu
et al. 2022; Werdin et al. 2021). Cao et al. (2014) demon-
strated a direct dependence of 10%, 20%, 30% and 40%
(v/v) of urban green waste biochar (production tem-
perature 550 °C) in the roof substrate on PAW, which
increased linearly from 17.5% with 0% biochar, to 20;
22.5, resp. 28% with 5; 20 respectively 40% biochar con-
tent. In the context of broader studies, Liu et al. (2022)
reached the same finding when investigating the addi-
tion of 0%, 5%, 10%, 15% and 20% (v/v) biochar from
wood produced at 400 °C to the roof substrate. PAW was
increased by 7.6, respectively. 18.9%. with 5, resp. 20%
biochar amendment. Chen et al. (2018) measured 39.3%
increase in PAW with 20% sludge biochar (production
temperature 600 °C) in a green roof substrate. Werdin
et al. (2021) is consistent with the findings of other stud-
ies in his experiments. The admixture of 0%, 20% and 40%
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Table 2 Significant points on the retention curve

ROOFChar® SSE
Y_6kPa 0.380 0322
FC 33 kPa 0.213 0.186
PWP (1500 kPa) 0.025 0023
PAW ey (6-1500 kPa) 0.359 0303
PAW (33-1500 kPa) 0.192 0.168

(v/v) biochar from E. nitens (production temperature
550 °C) led to an increase in PAW from 14.7% in control
without the biochar, depending on the coarseness of the
biochar. Finer biochar increased PAW more than coarse
biochar. The addition of 40% fine biochar led to a PAW of
26% (77% increase). The addition of 40% coarse biochar
led to a PAW of 21% (44% increase). The increase in PAW
with biochar does not only apply to green roof substrates,
but also to agricultural soils, where 5% cornstalk biochar
improved the PAW of sandy soil by 17% (Cornelissen
etal. 2013).

Result of this study are consistent with the literature
available. The inclusion of biochar in the substrate signifi-
cantly increases the amount of water available to plants
(PAW). The specific values of substrates used in this
study are shown in Table 2.

Higher PAW contributes to higher evapotranspiration
(Slatyer 1956), thus cooling the nearby environment and
thus reducing the urban heat island (QIU et al. 2013).

3.2 Experimental green roof monitoring

Figure 4 shows the one-year course of the volumetric
water content (VWC) reading in experimental plots of
the extensive green roofs in response to the rainfall epi-
sodes from June 2021 to June 2022. The figure clearly
shows the increase of the VWC measured on rainfall and
the subsequent decrease until the next precipitation epi-
sode. The data confirm what has already been indicated
by the retention curves (Fig. 3); the ROOFChar® plots
were able to retain more water during rainfall (higher
maximum VWC). After rainfall, the ROOFChar® typi-
cally reached a slightly higher absolute VWC; the maxi-
mum VWC was around 40% to 45%. During the entire
study period, there was no decrease in day average VWC
below 6.0, resp. 11.6% for ROOFChar®, resp. SSE. ROOF-
Char® was able to release the water for plants (PAW) in
the following rainless period (steeper decline in VWC).
This is especially true in the warmer months (from May
to October), where the effect of the biochar is more sig-
nificant and the differences in VWC between plots with
and without the biochar more apparent. In contrast, dif-
ferences were not very evident in the cold months when
the VWC fluctuations were much lower. However, the
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accuracy of measurements in winter can be negatively
affected by partial freezing of water in the substrate.

Our measurements confirm the finding of Tan and
Wang (2023) that biochar improves the water reten-
tion capacity of the green roof substrate and increases
the saturated water content (Gan et al. 2021). This find-
ing is generally well known (Cao et al. 2014; Liu et al.
2022), however, there are a lack of studies examining
this green roof behavior as a case study with long term
monitoring in a real-world setting. A rare example is a
study of Petreje et al. (2023) comparing substrate with
10% vol. of a sludge biochar with a substrate in which
the biochar was replaced by peat, the latter of which has
a considerable water retention capacity. This resulted in
the peat substrate showing higher VWC values than the
sludge biochar substrate. However, it should be noted
that the sludge biochar, despite its other advantages, has
a significantly lower water retention capacity than the
wood-based biochar used in this study. Furthermore, the
measurements used were indicative in nature to describe
the trend in moisture content over time rather than to
derive an exact absolute value of VWC. A similar attempt
to compare the VWC over time was made by Kuop-
pamaiki et al. (2016). The plots with surface application
of wood-based biochar showed a lower moisture con-
tent than the plots without biochar during the summer
months. However, Kuoppamaiki et al. (2016) pointed out
the lack of sensor calibration. This contradicts the find-
ings of the current study, where the VWC on the biochar
plots is higher in the summer months. The lack of explo-
ration only underscores the need for further research in
this area.

The biochar addition did not have significant impact
on substrate average temperature. Throughout the moni-
tored session from June 2021 to June 2022, SSE substrate
showed insignificantly higher temperature (0.2 °C) than
ROOFChar®. In summer average months ROOFChar®
demonstrated insignificantly higher temperature (0.1 °C)
than SSE on average. This is in contrast with Tan and
Wang (2023) who measured 3-5 °C lower upper surface
roof temperature after 10 and 20% vol. biochar amend-
ment and also partly with Chen et al. (2018), who meas-
ured temperature decreased in summer when sludge
biochar addition rate was 0-10% vol. and temperature
increase when the biochar addition was 10-20% vol.
However, in the present study, the minimum daily tem-
perature in the ROOFChar® plots was recorded to be
lower, falling to —2.3 °C on some days. The minimum
temperature in the SSE substrate plots was around 0 °C.
The reason for the relatively low effect on the tempera-
ture regime may be caused due to the lower dose of bio-
char used in this study.
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3.3 Water balance modeling

The ‘volumetric soil moisture content modeled’ and
‘observed volumetric soil moisture’ contents are depicted
in Fig. 4. The root means square error of the simula-
tions equaled to 4.58% and 8.00% in the case of SSE and
ROOFChar® plots, respectively. In both cases, the model
was able to capture the rainfall-runoff dynamics in a rea-
sonable way. During the summer and autumn, the model
fitted the measured VWC very well. The main discrepan-
cies were observed in the winter and spring periods. The
reasons can be two-fold: first, in periods with partial or
complete soil water freezing, the moisture measurement
is uncertain due to change in dielectric constant of fro-
zen water. Periods when the model for ROOFChar® does
not accurately fit the measured moisture in the winter
period match exactly the period when negative substrate
temperatures have been recorded on the ROOFChar®
plot. Second, the pore size distribution of the green roof
substrate could have undergone structural changes as the
shallow substrate layer soil temperature reached 0 °C and
sometimes dropped to negative temperatures for short
periods of time (especially from November to March);
however second explanation could not be verified by col-
lecting another set of samples and repeating the reten-
tion curve measurements because of the limited access
to the experimental site after the end of the study period.
This could cause a difference between the retention curve
characteristics captured in the laboratory measurements
before the field study period and the substrate on the
green roof influenced by freeze—thaw cycle. This effect is
not yet well described for green roofs.

The root means square error of the simulations equaled
to 4.58% and 8.00% in the case of SSE and ROOFChar®
plots, respectively. In both cases, the model was able to
capture the rainfall-runoff dynamics in a reasonable way.
During the summer and autumn, the model fitted the
measured VWC very well. The main discrepancies were
observed in the winter and spring periods. The reasons
can be two-fold: first, in periods with partial or com-
plete soil water freezing, the moisture measurement is
uncertain due to change in dielectric constant of frozen
water. Periods when the model for ROOFChar® does not
accurately fit the measured moisture in the winter period
match exactly the period when negative substrate tem-
peratures have been recorded on the ROOFChar® plot.
Second, the pore size distribution of the green roof sub-
strate could have undergone structural changes as the
shallow substrate layer soil temperature reached 0 °C and
sometimes dropped to negative temperatures for short
periods of time (especially from November to March);
however the second explanation could not be verified by
collecting another set of samples and repeating the reten-
tion curve measurements because of the limited access
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to the experimental site after the end of the study period.
This could cause a difference between the retention curve
characteristics captured in the laboratory measurements
before the field study period and the substrate on the
green roof influenced by freeze—thaw cycle. This effect is
not yet well described for green roofs.

In terms of the wider literature on this, the influence of
freeze—thaw cycles on the soil hydraulic properties was
documented by Bodner et al. (2008) and Hu et al. (2012).
Additionally, soil hydraulic properties can vary thorough
the year even from different reasons (biological activ-
ity, initial wetness or raindrops impacts) as documented
by Bodner et al. (2013), Cislerova et al. (1988), Hu et al.
(2009). These changes are not implemented in current
modelling practices which rely on time-invariable param-
eters (De Vos et al. 2010). For this reason, the modeling
of VWC during this period is subject to uncertainty.
Sipek and Tesar (2016, 2017) reported a declined soil
moisture modeling efficiency during the dormant sea-
son in forested areas. Hlavinka et al. (2011) also reported
higher modeled soil moisture in the dormant season
compared to measurements. Contrarily, the underesti-
mation of winter soil moisture content was reported by
Keshta et al. (2012) when modeling of the soil moisture
storage in Alberta, Canada. Additionally, winter precipi-
tations are generally more susceptible to measurement
error than summer ones (Dingman 2014). On the other
hand, the deviation of the model from the measure-
ments in winter months does not significantly affect the
final water balance result. In the winter period with low
evapotranspiration and high substrate saturation, most
of the water from both types of plots drains directly. The
green roof thus behaves rather passively in terms of water
retention. This can be observed in Fig. 4 in the low ampli-
tude of the measured and modeled VWC. Therefore, the
absolute value of the VWC does not play an important
role in determining the water balance regime as a result
of the change in humidity.

The modeled water balance of the SSE plot indicated
that the 482 mm of rainfall was divided into 333 mm
of evapotranspiration and 147 mm of runoff (the rest
represents the change in substrate VWC). The evapo-
transpiration can be further divided into 32 mm of tran-
spiration flux and 301 mm of soil evaporation. The low
ratio between transpiration and evaporation is due to low
vegetation cover. The evapotranspiration flux was higher
by 23.5% in the case of biochar enriched plots (ROOEF-
Char®), which resulted in the drainage lower by 54.7%.
The evaporation of the bare soil was 11.0% higher at
ROOFChar® plot. The differences between the two plots
gradually thorough the entire 13 month inspected period
(Fig. 5). This represents an increase in evapotranspira-
tion, respectively a reduction in runoff by 80.4 L per the
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period per 1 m? of green roof using substrate amended
with biochar and thus increased cooling effect. These
findings suggest that the addition of biochar to the green
roof substrate could enhance the system’s capacity to
retain moisture, reduce runoff, and increase the amount
of water available for plant growth.

Transpiration behavior is closely related with the veg-
etation growth and cover described in Sect. 2.2 and
depicted in Supplementary material 9. The effect of bio-
char amendment on vegetation cover was observed. Bio-
char contributed to the spontaneous spread of vegetation
in the experimental plots during the observation season
of 2021 due to its ability to provide the vegetation with
more PAW to support its growth. The plots with ROOF-
Char® showed a greater increase in the cover of spon-
taneously spreading vegetation between the months of
June and November. Plots without biochar (SSE) showed
an average increase in abundance of 4%, while plots with
biochar showed an average increase of 10%.

If the modeled data will be extrapolated to a green
roof of 100 m? the GR without biochar can evapotran-
spirate 33.3 m> of water per 13 month inspected period.
The same size GR with added biochar can evapotranspi-
rate by an additional 7.8 m® of water. Extrapolating the
results to a 10-year period, it could be found that a GR
without resp. with biochar of 100 m? can evaporate 307
resp. 380 m? of water. This is also related to the reduction
of rainwater runoff to the sewer and the impact on the
wastewater treatment plant. The addition of biochar will
reduce rainfall runoff of 100 m? GR by 74.2 m® every year
thus contributing to the distressed “Sponge City” effect.

The results also highlight the potential of the one-
dimensional hydraulic model in HYDRUS 1D to pro-
vide valuable insights into the hydrological behavior of

GR systems and the impact of substrate amendments on
their performance.

With interest in green roofs and broader radical
approaches to GI at an all-time high, this study provides
crucial evidence on how to scale-up more effective solu-
tions in the built environment. Of particular note, the
study provides crucial evidence on how to increase the
effectiveness of these assets, linking to calls for crea-
tive ways to support the broader urban greening agenda
(see for instance Washbourne and Wansbury 2023). The
increased attention by a range of actors, from the private
sector to public authorities and beyond, means that these
findings highlight the potential of utilizing biochar to
increase the impacts of green roofs: enabling better use
of urban spaces, increasing natural coverage and poten-
tially leading to more innovative rooftop projects within
cityscapes. The findings also provide important evidence
with regards to emerging legislation around green roofs
in Europe and beyond, such as the aforementioned Bio-
diversity Net Gain act in the UK; in this sense, the study
reveals how biochar can lead to richer, more diverse
spaces if enacted on a larger scale. Further research is
needed to explore the potential benefits of different
types of biochar and their feedstock materials on sub-
strate performance. In addition, more work is needed to
explore how this can translate to practice on the ground,
such as financial impacts, responses from legislation and
the likely uptake by key actors in this environment. In
doing so, the upscaled use of biochar within the context
of green roofs could lead to major impacts for cityscapes
globally.
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4 Conclusions

This case study has demonstrated that the addition of
biochar to the substrate of green roofs can improve
their hydrophysical properties, resulting in increased
water retention and improved vegetation growth. The
biochar amendment caused minor changes in the grain
size distribution. The results of real-world green roof
monitoring showed that biochar amendment caused
an increase in substrate moisture related to increase in
plant available water content. This in turn was observ-
able on retention curves and increased maximal water
capacity, resulting in enhanced moisture availability to
plants, which can be evidenced an increase in vegeta-
tion cover in areas with biochar. Furthermore, the 1D
Hydrus hydraulic modeling conducted in this study
showed that the inclusion of biochar in the substrate
resulted in an increase of 23.5% in the amount of evap-
otranspiration, while the amount of runoff decreased
by 54.7%. These findings suggest that the addition of
biochar to the green roof substrate could enhance the
system’s capacity to retain moisture, reducing runoff,
and increasing the amount of water available for plant
growth.

In summary, the study provides evidence for the
potential of the wood-based biochar as a sustainable
and effective amendment to green roof substrates,
which could contribute to the development of more
resilient and sustainable urban environments.

Abbreviations

GR Green roof

EGR Extensive green roof

VG Van Genuchten

VWC Volumetric water content (cm?® cm™)

Y_6kPa  Soil Water Potential (6 kPa)

FC Field capacity (33 kPa)

PWP Water content at permanent wilting point (1500 kPa)

PAW\qy  Plant available water content in groundwater proximity
(>6-1500 kPa)

PAW Plant available water content (>33-1500 kPa)

MWC Maximum water capacity
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