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Biochar-augmented biofilters to improve pollutant
removal from stormwater - can they improve
receiving water quality?

Alexandria B. Boehm, @ *2 Colin D. Bell,°® Nicole J. M. Fitzgerald,” Elizabeth Gallo, @
Christopher P. Higgins, @°° Terri S. Hogue, @ ®° Richard G. Luthy, @3
Andrea C. Portmann,®® Bridget A. Ulrich® and Jordyn M. Wolfand @ °<¢

Stormwater biofilters are being implemented widely in urban environments to provide green space, alleviate
flooding, and improve stormwater quality. However, biofilters with conventional media (sand, soil, and/or
mulch or compost) do not reliably remove contaminants from stormwater. Research suggests addition of
biochar to the biofilter media can improve the pollutant removal capacity of biofilters. In the current work,
we present a systematic review of laboratory and mesocosm studies of biochar-augmented biofilters and
an assessment of watershed-scale implementation of biofilters on local water quality. A full text review of
84 papers was conducted; of these, data were extracted from the 14 that met our inclusion criteria. log;o
removal of microbial pollutants and trace organic contaminants (TOrCs) by biochar-augmented media is
generally greater than those of the controls containing just sand, soil, and/or compost. log;o removal of
nitrogen, phosphorous, total organic carbon, and total suspended solids in biochar-augmented biofilters is
not clearly higher than those of control experiments. A supplemental analysis of four studies reporting
longer-term breakthrough data revealed that TOrC removal effectiveness varies substantially among high
temperature wood-based biochars, and that operational lifetimes of full-scale systems constrained by TOrC
sorption capacity could range from five months to over seven years depending on the selected biochar. At
the watershed-scale, biochar-augmented biofilters can provide enhanced treatment of runoff, resulting in
the need for fewer treatment units or a smaller volume of watershed runoff treated to meet water quality
criteria compared to their conventional counterparts. While their installation can reduce the load of
pollutants to receiving waters, achieving concentration-based water quality targets may prove difficult even
when pollutant removal capacity is high. This work highlights the importance of a systems approach to
studying how biofilter installation affects water quality within a watershed. We identify several topical areas
where further research is needed, especially as installation of biofilters and other stormwater control
measures gain popularity in highly urbanized watersheds.

Biofilters are being implemented widely in urban environments to provide green space, alleviate flooding, and improve stormwater quality. The addition of

biochar to biofilter media greatly improves the removal of important stormwater pollutants. However, even widespread installation of biofilters with high

pollutant removal may not sufficiently reduce pollutant concentrations in stormwater at the watershed scale.

Introduction
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Traditionally, the main goal of wurban stormwater
infrastructure is to convey stormwater away from the city as
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supply is changing the traditional mindset: harvested
stormwater is being viewed as an option for future water
supply.>® Several major cities have already begun to capture
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generally used for non-potable activities.” For example, the
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city of Berlin, Germany installed a system that collects rooftop
runoff from 19 buildings and uses the water for toilet
flushing, car washing, and gardens.* The city of Greater
Adelaide, Australia plans is to triple the amount of stormwater
harvesting to 60 Mm® per year to provide additional drinking
water for the drought stricken region.” In the United States,
the city of Los Angeles, California uses stormwater and
recycled water to recharge its groundwater basins which are
subsequently used to supplement drinking water;” they plan
to increase the recharge of stormwater up four times to 239
Mm® per year.> Throughout the rest of the of California,
stormwater is also considered the most cost-effective source
of water for its growing population, after conservation and
efficiency measures.® However, this is not the case in all
cities, as stormwater quality and availability are highly
variable.” Thus while stormwater is increasingly being
considered as an alternative water source, attention must be
given to stormwater pollutants, and creative methods must be
developed for reducing their concentrations.”

At the same time, stormwater represents one of the
greatest sources of pollution to surface waters. The National
Stormwater Quality Database (v.4.02 released in January
2015, downloaded from www.bmpdatabase.org) contains
concentrations of water quality parameters sampled from
stormwater outfalls at around 600 sites across the US.*’
Many of these concentrations exceed US standards and
criteria for protecting drinking water, aquatic life, and
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Fig. 1 Distribution of concentrations of selected water quality
parameters from the National Stormwater Quality Database (NSQD)
compared to six federal standards and criteria. Standards with a value of
0 are plotted at 107, A majority of concentrations exceed the standards
and criteria, highlighting how stormwater quality limits its value as a
resource. The water quality parameters were selected based on
availability of standards and relevance to the work summarized herein.
See Table S1f for further details on the federal standards and criteria.
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human health during recreation (Fig. 1)."°"* Further
improving the quality of stormwater to enable its use as a
water source, particularly when it already is problematic
with respect to contaminating surface waters, is a daunting
task.

The effects of stormwater pollutants on surface water
quality are varied. Nutrients in urban lawn fertilizer and
heavy metals from automobiles are mobilized during wet
weather.'*™” In surface waters that receive stormwater,
nutrients contribute to eutrophication and metals can be
toxic to aquatic life. Runoff can also transport pathogens
from human and animal feces to surface waters, which has
human and animal health implications.'®"® Additionally,
trace organic contaminants (TOrCs), such as plasticizers and
pesticides, are present in stormwater, contributing to toxic
levels found in surface waters.>>*> While much is unknown
about TOrCs in stormwater, work has begun to identify the
differences in concentrations across land uses® and the
hydrologic controls over export from watersheds.”*

Collectively, contaminated stormwater currently threatens
or impairs 2.6 x 10° km (49 330 miles) of river, 3100 km? (759
483 acres) of lakes, and 43 000 km? (10° acres) of estuaries in
the US.>® Because stormwater is such a threat to human and
ecosystem health, the US government regulates stormwater
runoff by issuing discharge permits through the National
Pollutant Discharge Elimination System. For a municipality to
receive a discharge permit, it must provide a plan for
controlling stormwater runoff and water quality. These plans
include the implementation of structural stormwater control
measures (SCMs), which are engineered landscape
depressions that gather, store, infiltrate, evaporate, and/or
treat stormwater. SCMs are also referred to as stormwater best
management practices (BMPs), low impact development
(LID), and green stormwater infrastructure (GSI).>

In the US, there are incentives at the national and local
levels to promote installation of distributed SCMs,
particularly vegetated SCMs that provide urban green space.
For example, the USEPA states that they “strongly encourage
the use of green infrastructure approaches to manage wet
weather””’” and released several memorandums describing
their support for using SCMs to achieve US Clean Water Act
goals. The European Commission on the environment also
promotes the use of SCMs in application of the European
Union's international policies.®® China is promoting and
testing SCMs to create “sponge cities” for infiltration and
retaining stormwater.”> An example of a local incentive to
promote distributed stormwater treatment infrastructure can
be found in Los Angeles, California. Here, a city ordinance
requires any project requiring a building permit to
incorporate SCMs into their design plans.*’

There are many types of SCMs, which fall on a continuum
of design and offer a variety of hydrologic and water quality
benefits at different scales, costs, and levels of environmental
impact.®®  Historically, municipalities and developers
implemented larger, regional SCMs like retention ponds,
detention basins, and constructed wetlands downstream of
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pipe networks. In the past two decades, distributed SCMs,
such as biofilters, have grown in popularity.

Biofilters are a passive (i.e., require no energy) stormwater
treatment technology that consist of an in-ground depression
filled with geomedia typically consisting of a mixture of sand,
compost, mulch, and/or native soil; they may or may not
contain vegetation. Biofilters are also often called
bioretention basins or rain gardens; a discussion of regional
nomenclature for green infrastructure is provided
elsewhere.” Water infiltrates through to underlying soil or is
directed via underdrains to stormwater conveyance systems.”
Typically, a drawdown time of between 12 and 48 hours is
required to minimize insect vector concerns.’>*?
Internationally, there has been a shift away from centralized
basins and media filters toward distributed biofilters,
especially since the year 2000 (Fig. 2). This shift toward
distributed SCMs may be a result of factors such as lower
capital costs, smaller footprints compatible with ultra-urban
areas, and co-benefits.* While the definition and naming
convention for different designs of SCMs varies, here we
assume that the terms “biofilter” and “bioretention” refer to
the same type of SCM, as described above, and use the term
“biofilter” throughout.

An additional incentive for installing SCMs, and in
particular biofilters, is the assumption that they are able to
remove contaminants from stormwater. Conventional
biofilters are most effective at removing sediments and
particulate-bound pollutants. In fact, biofilters have been
shown to reduce concentrations of total suspended solids
(TSS),**> PAHs,*® and heavy metals®® in stormwater. The
removal of dissolved pollutants by biofilters, on the other
hand, is more variable. Biofilter effluent concentrations of
nitrogen and phosphorus have been reported both at levels
greater and less than influent concentrations;****>*” nutrient
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Fig. 2 Cumulative number of unique SCMs with water quality data in
the International Stormwater BMP Database by year, coded by SCM
category. Data were downloaded from www.bmpdatabase.org; see
Clary et al.3%4° for detailed descriptions of the database. Note that it
is assumed that the “Bioretention” category in the database is
synonymous with “biofilter” as defined herein.
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leaching is not uncommon when biofilters are amended with
nutrient-rich geomedia such as compost or mulch.*® In
addition, soluble TOrCs are expected to have variable removal.
For example, while the herbicides atrazine, simazine, and
prometryn had event mean concentration reductions ranging
from -7 to 58% in field challenge tests for conventional
biofilters;* other TOrCs such as methylthio-benzotriazole
(biocide metabolite), tri-n-butylphosphate (plasticizer), and
tris-(butoxyethyl) phosphate (plasticizer) were well removed in
pilot scale mesocosms, with reductions ranging from 81-
98%.*°  The of microbial contaminants in
conventional biofilters is also variable and, as with nutrients,
they can be exported from biofilters.*"**> The variable
performance of biofilters is further illustrated after analyzing
paired influent and effluent data from field-scale biofilters
(Fig. 3). In particular, biofilters often export nutrients and
fecal indicator bacteria (FIB) while reducing TSS and metals.
Collectively, these data suggest that while biofilters, the
fastest growing SCM installation (Fig. 2), are promoted by
local, state, and US federal regulatory agencies, current
designs are not necessarily efficient at removing pollutants
from stormwater (Fig. 3). As such, conventional biofilters may
not be an ideal solution for achieving water quality goals.
Biofilter performance may be improved in various ways,
such as alteration of the hydraulics of the system and
creation of a submerged zone,*>** addition of plants or fungi
with pollutant-removal capabilities,””™*° or alteration of
geomedia. Though certain types of engineered geomedia have
proven effective for targeted contaminant removal (e.g,
manganese-oxide, 051 surface-
modified biochar,

removal

iron-oxide coated sands,
253 and functionalized polymer clays®*),
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Fig. 3 Box and whisker plot showing observed log;p removal
efficiencies for select pollutants from conventional biofilters

implemented in the field. Data were downloaded from www.
bmpdatabase.org; see Clary et al.’**4° for detailed descriptions of the
database. Positive values indicate a decrease in outflow concentrations
relative to inflow, while negative values indicate the opposite. Midline
of the box represents the median of observed values; bottom (left) and
top (right) of the box represent the 25th and 75th percentiles,
respectively. Bottom (left) and top (right) whiskers represent the 10th
and 90th percentiles, respectively. Symbols represent data points
below and above the 10th and 90th percentiles. Red line indicates no
removal. n value provides the number of observations. See ESI} and
Table S2 for details on data mining and aggregation methods.
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biochar has shown strong promise for removal of a broad
array of stormwater contaminants.> Biochar is produced by
the carbonization of biomass, or the thermal treatment of
organic waste such as woodchips in an oxygen-limited
environment. This results in a highly porous material that
provides high surface area for interaction with various
pollutants, making biochar a particularly promising and
importantly, a cost-effective amendment for biofilters.

The goal of this review is to summarize work to improve
biofilter performance through the augmentation of the filter
media with biochar. We also summarize watershed modeling
studies that elucidate how efficient distributed biofilters need
to be to achieve local water quality objectives. This review is
novel in its focus on biochar in the context of stormwater
treatment, use of a systematic review, and consideration of
work across scales from the laboratory to the watershed. We
end with a discussion of needed future work.

Biochar-augmented biofilter
performance for reducing pollutant
concentrations in stormwater
Methods for systematic review

We conducted a systematic literature review to identify all
peer-reviewed studies that used column experiments to
investigate the potential for biochar-augmented media to
remove contaminants from stormwater following PRISMA
guidelines.”® We chose to conduct a systematic review so we
would include all papers meeting the inclusion criterion (as
described below), and not bias the review by including only
papers we were familiar with. As this paper is focused on
stormwater, we did not include studies that investigated the
removal of contaminants from wastewater’ ° because
wastewater and stormwater are not equivalent in their
physico-chemical composition, and biofilter design
considerations for these applications are distinct. Stormwater
tends to have more variable chemistry and microbiology
relative to wastewater. Additionally, biofilters are passive,
distributed treatment systems that receive intermittent flow,
whereas wastewater systems are typically centralized, active,
and receive continuous flow.

On 10 September 2019, we searched the Web of Science
Core Collection (search field = topic), Scopus (search field =
title, keyword, abstract) and PubMed (search field = all fields)
using the following terms: ((“storm water” OR stormwater OR
runoff OR “run-off””) AND biochar*). We combined the search
results and removed replicates. We then screened the papers
to determine whether they met the following inclusion
criteria: (1) the article must be written in English and peer-
reviewed, (2) the experiments must be flow-through, column
experiments (no batch experiments), (3) the aqueous media
must be natural or simulated stormwater and must include
dissolved organic material (either naturally present, or added
to the simulated matrix), (4) the geomedia in the
experimental system must contain unmodified biochar, (5)

This journal is © The Royal Society of Chemistry 2020
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the geomedia must resemble the geomedia of a conventional
bioretention system and contain sand, soil and/or mulch/
compost, and (6) the study must report on the removal of a
contaminant. Studies that used woodchips and biochar, or
surface-modified biochar were not included, as the goal of
the review was to characterize how addition of biochar, alone,
affected contaminant removal performance across a range of
experimental conditions.

The titles and abstracts of the compiled papers were screened
by a single researcher to assess whether they could potentially
meet our inclusion criteria and if so, they were designated as
needing full text review. This part of the review was purposely
inclusive. Papers identified for full text review were each
screened by two researchers to assess whether they met the
inclusion criteria. During full text review, reference lists of review
papers were screened for papers to potentially add to the review,
and were added if deemed they met our inclusion criteria.

Individual researchers extracted data from all papers that
passed our inclusion criteria during full text review. Duplicate
data extraction was performed on 25% of these papers by an
additional researcher as a QA/QC measure. The following
information was extracted from the papers: (1) column
dimensions, (2) feedstock, production process, and
production temperature of the biochar, (3) composition of
geomedia mixture, (4) composition of column eluent, (5)
contaminant(s) studied, (6) whether or not the experimental
conditions were conducive for biotic processes to contribute
to contaminant removal, and (7) logy, removal of
contaminants after they passed through the column. If
results from control experiments (column experiments with
only sand/soil/compost/mulch and no biochar) were also
reported, data were extracted for the controls as well. logi,
removal data were acquired by (i) extracting the data directly
from the text or tables if reported in the article, (ii)
calculating log;, removal from the original data if the data
were available to the reviewers, or (iii) extracting the data
from figures using Plot Digitizer (https://apps.automeris.io/
wpd/). For some experiments, chemical contaminant removal
was reported as a function of time or volume of water treated.
The goal of these studies was to observe ‘breakthrough,” or
when the contaminant concentration in the column effluent
passes a specified threshold, indicating that the removal
effectiveness of the media is declining. In these cases, the
log;o removal data were calculated from the first data points
reported after at least three pore volumes had passed through
the column: longer-term performance in these systems is
further discussed below. For cases where the extracted
column effluent concentration was zero, the effluent
concentration was replaced with the limit of quantification if
reported or the value that corresponded to 99% removal (i.e.,
2logy, removal). Though this approach does not necessarily
reflect performance longevity (some log;, removal values
were taken at 3 pore volumes while others were taken after
over a year of operation), it provides a metric (i.e., logio
removal) for performance comparisons across varying
experimental conditions for over a dozen studies.

Environ. Sci.; Water Res. Technol., 2020, 6, 1520-1537 | 1523
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A further analysis was carried out to assess the expected
potential duration of the longer-term operational lifetime for
removal of chemical contaminants using biochar-augmented
media. This analysis was conducted using the four studies
from our systematic review’*°°"®* that reported results from
column experiments that were run long enough to allow
breakthrough of chemical contaminants. Data from columns
containing activated carbon were also extracted for
performance comparison when available.®®®" values for the
volume of water treated prior to breakthrough, the influent
contaminant concentration, and the mass of sorbent present
in the columns were extracted from the texts. These values
were used to calculate a metric for the longevity of chemical
contaminant removal performance of the sorbent material:
the mass of contaminant removed prior to breakthrough per
the mass sorbent present in column (ie., the chemical
removal longevity, in units of pug contaminant per g sorbent).
Breakthrough was defined as the first measurement reporting
effluent concentrations exceeding 5% of the influent
concentration. In cases where breakthrough in sand-only
controls (i.e., controls containing no other sorbent material
and no biofilm) occurred after greater than three pore
volumes,” the removal for the sorbent-augmented condition
was adjusted accordingly to calculate the amount of
contaminant removed by the sorbent itself. It is important to
note that this metric primarily reflects chemical removal

Logqo removal

Log4o removal

View Article Online
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longevity by abiotic, capacity-limited processes such as
sorption, and does not reflect the longevity of biological
removal processes.

Results of systematic review

Contaminant removal performance. We identified 192
unique papers in our search. After screening titles and
abstracts, 84 papers were selected for full text review. Of
these, 14 met our inclusion criteria, and data were extracted
from those papers.**>*®°~"" In total, 243 log;, removal values
were extracted from the 14 papers, and these data were used
to assess trends in the removal performance. We plotted
log;o removal for the biochar-augmented biofilters for each
tested contaminant and compared those with the log;,
removal of control experiments containing no biochar (Fig. 4,
data available from Boehm et al.”?).

Importantly, the data in Fig. 4 are from experiments with
diverse experimental designs. For example, experiments in 11
of the 14 (ref. 44, 54, 60, 61, 63-66, 68, 70 and 71) papers were
carried out in the laboratory, with the experiments in the 3
remaining papers conducted outside at the mesocosm scale (2
of 14)°7° or under both laboratory and mesocosm scale (1 of
14).°> Column dimensions, type of biochar, biochar particle
size, mass fraction of biochar, and the duration and magnitude

of applied stormwater flow rates were distinct across

3 =t &
=} o [~
g “roe
4 A Al 4 i
A A 2 L
T T T T T T T T
S L As Cd Cr Cu Ni Pb Zn
A

Fig. 4

logio removal of contaminants in biochar-augmented biofilters for different contaminants considered in the 14 papers identified during our

systematic review. The red symbols show the log;o removal values for the biochar-containing columns - the number of red symbols for each
contaminant is displayed on the top axis. The box and whisker plots show the distribution of log;o removal observed for each contaminant for the
biochar-augmented biofilters. The horizontal line in the middle of the box is the median, the top and bottom of the box represent the 75th and
25th percentiles, respectively, the top and bottom whisker represent maximum and minimum log removal. In some cases where few data points
were collected, only a subset of these symbols are shown. The solid, black triangle represents the performance observed in all control experiments
for the contaminant reported in the same 14 papers. Table S3+ defines chemical acronyms. The As and Cr species reported are As(v) and Cr(vi).
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experiments. Additionally, some experiments were conducive
to potentially biotic removal mechanisms (by using soils,
plants, or natural stormwater that contain microbial
communities), while others were carried out under sterile
conditions selected to assess abiotic removal mechanisms.
Though the distinct experimental design elements were
justified for each individual studies' research questions by the
respective authors, these inconsistencies make comparison
across the studies challenging.

However, despite these variations in experimental design,
several clear trends in the log;, removal values emerged.
log;o removal of microbial pollutants and TOrCs by biochar-
augmented media is generally greater than those of the
controls containing just sand, soil, and/or mulch/compost.
logy, removal of N-containing nutrients (nitrate, ammonium
and total N), phosphorus, total organic carbon, and TSS in
biochar-augmented biofilters is similar to those of control
experiments. Results are mixed with respect to the metals.
Cu, Ni, and Pb show higher log;, removal in biochar-
augmented biofilters compared to controls, while logo
removal of As, Cd, Cr, and Zn in biochar-augmented
biofilters is similar to or lower than those observed in
controls. Data are limited for many pollutants. For example,
there have been a relatively large number of experiments with
E. coli, but a limited number of experiments with other
important microbial pollutants including pathogens. For the
TOrCs, more experiments have been conducted with atrazine
and bisphenol-A than other chemicals. Similarly, while
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several experiments were conducted with Cu and Zn, there
are limited experiments with other metals.

Longevity for chemical contaminant removal. Fig. 5
reports the calculated metrics for the longevity of the
chemical contaminant removal performance (ug contaminant
per g sorbent) for different chemical contaminant classes
and biochar types, with the associated experimental
conditions shown in the legend. These results provide insight
into expected sorbent lifetime for removal of chemical
contaminants. Most notably, wide variability in TOrC removal
longevity was evident among the different biochars evaluated;
despite the fact that the data were only available for high
temperature (=600 °C) wood-based biochars (Fig. 5), which
are typically expected to have the highest TOrC removal.””
When considering performance under similar flow
conditions, biochar B (pine wood gasification, >1100 °C)
demonstrated over an order of magnitude greater TOrC
removal longevity relative to biochar A (pine wood pyrolysis,
600 °C), despite a biofilm fouling the surface of biochar B in
some experiments.®® These disparities were attributed to
differences in the surface areas and pore size distributions of
the biochars.®® Though one study showed particularly strong
removal of bisphenol-A by biochar C (pine wood pyrolysis,
700 °C) that surpassed that of activated carbon in the other
studies, it is likely this was caused by differences in
experimental conditions rather than the properties of the
biochar itself, considering that the influent concentration
and flow velocity were much higher.®® Despite these
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©  BiocharA Pinewood Pyrolysis 600°C 10 pgiL 5.1 cmr 72-85
© BiocharB Pinewood Gasification  >1100°C  10-20 pg/L  2.6-5.1 cm/br  6.9-8.5
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© BiocharD Pinewood Gasification ~ >1000°C 10 pglL 12 em/hr 7.6
* F300AC Coal Agglomeration NA 10 pglL 5.1 cm/r 72-85

Fig. 5 Results for breakthrough data analysis, reported as the mass of contaminant removed at breakthrough (ie., when the effluent
concentration first exceeded 5% of the influent concentration) per mass of sorbent present in the column. Markers show the raw data, boxes
encompass the 25th to 75th percentiles, and lines within the boxes represent the median. Markers outside of their corresponding boxes represent
statistical outliers, with the exception of the metals for which only three data points were available. Conditions with one reported value (single
lines) represent averages of experimental replicates. Relevant experimental details are provided in the legend (flow velocity = volumetric flow rate/
column cross sectional area). TOrC subclasses were grouped: the organophosphate flame retardants (OPFRs) are TCPP and TCEP, the triazines are
atrazine and prometon, and the benzotriazoles are benzotriazole and methylbenzotriazole. The heavy metals are zinc (Zn), arsenic (As(v)), and
chromium (Cr(v1)); markers represent results for the three different metals (labeled accordingly) for a single set of experiments. The activated
carbon (AC) is Calgon Filtrasorb™ 300. The asterisk (*) indicates a zero value that cannot be displayed on a log scale. Chemical acronyms are in
Table S35}
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differences, each individual type of biochar showed similar
removal longevity across all TOrCs evaluated. In contrast to
TOrCs, the removal longevity for different heavy metals is
more variable among each tested biochar. For example, Fig. 5
shows that Zn removal per mass of sorbent before
breakthrough was three orders of magnitude greater than Cr
for biochar D (pine wood gasification, >1000 °C).

Discussion of systematic review

Abiotic pollutant removal mechanisms. Pollutant removal
is improved by addition of biochar to biofilters if abiotic or
biotic removal mechanisms are enhanced relative to controls
without biochar. Abiotic removal mechanisms may affect
removal processes for all contaminant classes in Fig. 4
(microbial pollutants, metals, nutrients, TOrCs).

Abiotic removal of metals may occur via complexation,
cation-exchange, electrostatic interactions, precipitation, and
chemical reduction; the importance of each of these
mechanisms heavily depends on the individual metal of
interest.”* Considering the log;, removal results in Fig. 4, it
appears that biochar may enhance these abiotic removal
mechanisms relative to controls for Cu, Ni, and Zn, but not
for the other metals. Further, the variability in removal
longevity across different metal species shown in Fig. 5 also
reflects the understanding that mechanisms for metals
removal depend strongly on the characteristics of the metal
species.”* Nutrient sorption by biochars has been proposed
to be dominated by cation exchange capacity (CEC)”
adsorption with soluble organic matter in the case of
ammonia,”® whereas the retention of phosphate likely occurs
via precipitation® or exchange of surface hydroxyl groups.”®
Depending on nutrient and biochar properties, nutrient
removal efficiencies can be highly variable,”” and some
biochars may even be a net source of nutrients (leaching)”””®
as it appears may be occurring for the log;, removal results
displayed in Fig. 4. None of the studies that met the review
criteria presented nutrient breakthrough data, therefore the
longevity for nutrient removal could not be assessed.

It is likely that the main abiotic removal mechanism of
TOrCs by high temperature biochars (i.e., those produced by
pyrolysis or gasification at temperatures greater than 600
°C) is through adsorption via hydrophobic interactions,*””®
given the hydrophobic nature of neutral TOrCs. The results
in Fig. 4 suggest that TOrC removal can be readily improved
via the addition of biochar to biofilters, as this was broadly
improved relative to sand controls across TOrC classes and
biochar types. However, the results in Fig. 5 demonstrate
that longevity of TOrC removal depends strongly on biochar
type. Though TOrC removal longevity varied widely among
biochar types, each type of biochar showed similar
performance across all TOrCs evaluated. This is consistent
with the understanding that the sorption of uncharged
TOrCs to high temperature biochars is dominated by
hydrophobic interactions.®” Other factors that may influence
TOrC sorption to biochar include TOrC characteristics and

or co-
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water chemistry. For example, greater removal of diuron
and benzotriazole relative to the other TOrCs in Fig. 5 may
be attributed to reduced steric effects associated with
differences in planarity.! Further, the pH may affect
sorption of TOrCs with acidic functional groups, as
demonstrated by the breakthrough results for bisphenol-A
at different influent pH conditions in Fig. 5. The presence
of natural organic matter (NOM) can also significantly
reduce TOrC removal longevity due to fouling-induced
effects to sorption, though this is not assessed here given
that only studies using water containing NOM were
considered. Overall, these findings demonstrate that biochar
can improve TOrC removal in biochar-augmented biofilters
due to enhanced sorption, though the longevity, as defined
by the mass of TOrC removed per mass of sorbent will be
strongly dependent on the type of biochar.®!

While microbial pollutants may be removed via the abiotic
processes of filtration and straining,”*”° several lines of
evidence also suggest that hydrophobic interactions between
microbes and biochar promote their attachment and
subsequent filtration,*® which may explain the enhanced
removal of microbial pollutants in biochar-augmented
biofilters relative to controls in Fig. 4.

Biotic pollutant removal mechanisms. Biochar may also
enhance biotic removal processes in biofilters. Of the 243
log1o extracted, 178 (73%) were from
experiments conducted wunder conditions that were
conducive to biotic activity - for example, they either used
natural stormwater containing indigenous microbes as the
aqueous media, included a plant, or used soil as media.
However, those studies were not necessarily designed to
investigate whether the inclusion of biochar in the
geomedia enhanced biotic versus abiotic removal processes.
Nevertheless, information can be gleaned from individual
studies in the literature about the potential for biochar to
affect biotic contaminant removal processes. For example,
the presence of biochar can increase microbial activity, and
biochar can facilitate electron transfer owing to its redox-
active moieties and aromaticity.*>** Saquing et al.®® suggest
that biochar can function as both electron donor and
acceptor, and thus should be seen as a rechargeable
reservoir of bioavailable electrons; a feature which could
potentially promote contaminant biodegradation. The
stimulating effect of biochar on microbial processes has
been shown for both Fe(u) minerals reduction® and nitrate
reduction (denitrification).®* The presence of a biofilm in
biochar-augmented biofilters can also increase nutrient
removal capacity, especially for nitrate and ammonium.**
Biofilm-coated biochar is beneficial for TOrC removal,
possibly as a result of microbial biodegradation.®® However,
biofilms can reduce microbial pollutant removal,
presumably due to decreased surface roughness and less
negative surface charge of the biofilm.®® There has been
limited work on how biochar might promote inactivation or
predation of microbial contaminants, additional modes of
possible biotic removal.

removal values
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Other factors affecting pollutant removal performance

Effects of biochar production and properties. Biochar can
be produced from diverse biomass feedstocks with varying
nutrient contents and carbon qualities (feedstock examples
include manure, beetle-kill pine, biosolids from waste-water
treatment plants, and rice husk) by a range of processes
(pyrolysis, gasification, hydrothermal carbonization) with
variable conditions.®® For example, pyrolysis can be
conducted at low temperatures (<350 °C), medium
temperatures (350 °C to 550 °C) and high temperatures (550
°C up to approximately 800 °C). Gasification is conducted at
very high temperatures (often over 900 °C). Hydrothermal
carbonization (carbonization in pressurized water at low
temperatures from 180 °C to 250 ©°C) enables biochar
production from high moisture feedstocks (e.g., algae,
biosolids) in a less energy intensive manner than pyrolysis or
gasification, which require pre-drying of the feedstock.

The feedstock and production process affect the resultant
biochar's physio-chemical characteristics, including specific
surface area, particle size distribution, elemental
composition, volatility, and polarity. These properties can
affect the removal of stormwater pollutants. For example,
higher production temperatures generally lead to biochars
characterized by high specific surface area, microporosity,
and hydrophobicity - features that are generally associated
with efficient removal of TOrCs.*® Low temperature biochars,
on the other hand, are more suitable for the removal of
inorganic contaminants because they typically contain more
polar surface functional groups that can interact with charged
or polarizable contaminants such as metals, and promote
chemical precipitation and electrostatic attractions.®
Mohanty et al.®® and Abit et al.®” showed biochars produced
from woodchip feedstocks effectively removed E. coli from an
infiltrating solution in experiments whereas
Sasidharan et al.®® found biochars produced from feedstock
of nut shells, rice husk, wheat chaff, a reed, and a mallee did
not show effective removal of E. coli and coliphage from a
buffer solution. Due to the differences in properties of
biochars, it is essential that researchers fully describe and
characterize biochars used in their experiments.** Indeed,
some® have further suggested that well-characterized
biochars always be included as part of future studies in the
hopes that these materials can be used to benchmark new
biochars and enable comparisons across studies.

Association of measurable properties with trends in
performance across contaminant classes (and an
understanding of the underlying mechanisms that cause
such trends) may enable optimization of biochar-based
media for comprehensive contaminant removal. For example,
as the dominant abiotic removal process for TOrCs is likely
adsorption, factors that govern organic contaminant
adsorption® such as surface area, aromaticity, and internal
pore size distribution, especially microporosity and
mesoporosity® may be important factors to consider.
Presumably for similar reasons, wood-based, high

column
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temperature biochars®” with low O/C ratios (low surface
polarity, high hydrophobicity) and low volatile matter®
appeared to result in efficient pathogen and indicator
organism removal. Of course, as biochar production
processes are often not optimized nor managed for
generating specific physio-chemical properties, quantitative
and predictive performance modeling for biochar-augmented
biofilters based solely on physio-chemical characteristics may
remain a challenge for the foreseeable future. Indeed, our
analysis of chemical removal longevity (Fig. 5) suggests that
selection of a biochar based on production characteristics
alone is insufficient for predicting pollutant removal from
stormwater, and demonstrates the importance of
characterizing and testing the selected biochar under
operational conditions representative of the intended
application location and climate.

Biochar particle size also appears to play an important
role in media performance with respect to contaminant
removal. Several studies have found that including smaller
biochar particle sizes can achieve improved contaminant
removal, including bacteria (i.e., E. coli),** as well as dissolved
contaminants such as heavy metals®®®" and organics.”>%?
The particle size dependence of dissolved contaminant
removal can be attributed to reduced intraparticle kinetic
diffusion limitations,*™' as diffusion paths to internal
sorption sites are shorter for smaller particle sizes. Bacteria
are too large to diffuse through biochar pores to access
internal surface area, so the improved removal of bacteria is
likely caused by enhanced accessibility to external surface
sites for smaller particle sizes.> However, smaller particle
sizes may also adversely affect hydraulic conditions, which is
discussed further below.

Effects of hydraulic conditions. Biochar amendment to
stormwater biofilters leads to an increase in water holding
capacity,”® which can create anoxic conditions that may
specifically be beneficial for microbially mediated
denitrification.®® For example, a pilot-scale bioretention
system amended with biochar and zero-valent Fe led to
greater removal of nitrate, possibly as a result of enhanced
denitrification due to biochar's electron transfer properties
and increased water retention.”” For unamended biofilters,
maintaining a fully saturated system or at least a saturated
zone within the biofilter can increase E. coli*” and nitrogen®®
removal. For biochar-augmented biofilters, however, the
removal of nitrate was significantly improved by a saturated
zone,* and the removal of E. coli was less dependent on the
presence of a saturated zone.*”®” These findings imply that
for certain contaminants, the performance of biochar-
augmented Dbiofilters systems may be independent of
saturation conditions, which can be a considerable benefit at
the field-scale. However, there are limited data on the effect
of saturation conditions on metals and TOrC removal.

It is important to note that addition of biochar to a
biofilter may also affect its hydraulic conductivity.”>°” A
meta-analysis®® found that amendment of soil with biochar
increases saturated hydraulic conductivity by ~25%. Another
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study found biochar amendment to increase saturated
hydraulic conductivity by 328% in clay-rich soil but decrease
by 92% and 67% in sand and organic soils, respectively.”
The effect of biochar addition on hydraulic conductivity of
biofilter media will depend on the differences in particle size
of the biochar and the sand®>°” and may also depend on the
biochar application rate. Addition of biochar to sand media
reduced the hydraulic conductivity at higher biochar
application rates (>15%),"°® and a ten-fold decrease in
hydraulic conductivity compared to sand-only was observed
by Ray et al.’* when mixing sand (0.6-0.85 mm) with finer
biochar particles (0.1-0.3 mm). On the contrary, biochar
application rates of 0.5-2% only led to minimal decreases in
hydraulic conductivity of a sandy loam soil."®* Given the
apparent trade-off between contaminant removal and
hydraulic performance, it will be important for practitioners
to balance these goals by designing infiltration media to
include the minimum biochar particle sizes that allow the
desired hydraulic conductivity and infiltration rate.

Watershed scale implementation of
biochar-augmented biofilters

The pollutant removal efficiencies of biofilters at the unit scale
are promising, but watershed scale efficacy is less well
understood. Watershed-scale implementation of SCMs has been
investigated regarding water quantity, but fewer studies have
investigated the impacts of watershed-scale installation of SCMs
on water quality,'*>"* and only two studies to date have looked
at watershed scale effects of biochar-augmented biofilters."**'

Studies have generally found that installation of biofilters
results in improved water quality at the watershed scale, but
these results vary in extent depending on watershed size,
climate, impervious area treated, and pollutants of
concern.'*>'% For example, Bedan and Clausen'*® monitored a
watershed in the US state of Connecticut and found SCM
installation decreased storm flows, nitrogen, Pb, and Zn loads
compared to a paired control watershed without SCMs, while
total P and total suspended solids loads increased relative to
the control watershed. Another study monitored a catchment
in the city of Melbourne, Australia and found concentrations of
suspended sediment, phosphorus, and nitrogen decreased with
SCM implementation.'®” A statistical analysis of 24 watersheds
in the US mid-Atlantic region demonstrated that while
watersheds with more SCMs had 48% less total N exports than
those with minimal SCMs, there were no differences in
phosphorus exports or combined sewer overflows across all
watersheds.'® Existing studies show pollutant reduction is
often correlated to the hydrologic processes such as infiltration
and volume reduction, and not necessarily the biogeochemical
processes occurring within the filters.'*>***

Surface water quality is regulated at the watershed scale,
and biofilters can be used to help reach compliance, but the
extent of installation is often substantial and costly. For
example, Gagrani et al'” evaluated the efficacy of using
backyard biofilters in conjunction with the existing SCM
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network to reach mandated pollutant load reductions of 85%
for TSS and 70% for total P (in comparison to pre-
development conditions) for a watershed in the southeast
United States. These authors found that the existing SCM
network plus simulated backyard biofilters would result in
reductions of only 59% and 51% for TSS and total P,
respectively. To reach the mandated pollutant load
reductions, at least 70% of the drainage area (including areas
already treated with existing SCMs) would need to be routed
to additional offline biofilters. This study shows that
biofilters can help meet load-based water quality standards,
but implementation rates to do so may be impractical.

Similarly, Gallo et al.''® studied urbanized watersheds in
Los Angeles and investigated the extent of implementation of
SCMs (including biofilters) required to reduce metal loads
and meet concentration-based water quality requirements.
Computational modeling results show that when SCMs are
simulated to capture the 85th percentile storm volume,
pollutant loads are greatly reduced (up to 75%, 85%, and
84% in the Ballona Creek, Dominguez Channel, and Los
Angeles River watersheds, respectively). However, Gallo et al.
found that the reduction of metals to meet concentration-
based water quality requirements is difficult to attain. For
example, in the Dominguez Channel watershed (184 km?,
71% impervious), despite treating 90% of the watershed
runoff with biofilters, Cu only reached 12.5% and Zn only
reached 25% compliance.'' """

Given the challenges in meeting water quality
requirements with conventional SCMs, Wolfand et al'®
investigated how improving biofilter performance with the
addition of biochar may impact water quality at the
watershed scale. Implementation of biochar-augmented
biofilters was examined using the Ballona Creek watershed
as a case study. The tradeoffs between number of biofilters,
percent of the watershed runoff treated, infiltrative
properties, and biofilter removal efficiency on downstream
receiving water quality was quantified. Conventional
biofilters average about 0.35log;, or 55% removal of FIB.
Biochar-augmented biofilters have been shown to increase
the removal of FIB in runoff to upwards of 3.5log;,
depending on the type of biochar and concentration of
natural organic matter in stormwater® (Fig. 4). A coupled
hydrologic water quality model was used to show that these
biochar-augmented biofilters can provide significant
reduction of FIB load. For example, just a 0.25log;, increase
in removal efficiency could reduce bacterial load by 29%.
Assuming biochar results in 3log;, efficiency, treating the
entire watershed with 25000 enhanced biofilters would result
in a 100% reduction in FIB load while conventional biofilters
would result in only 62% reduction (Fig. 6). Results for
reducing FIB concentration are, however, less promising.
Because FIB concentrations can vary by orders of magnitude,
unless 100% of runoff is treated by SCMs, it is impossible to
reduce concentrations to below recreational contact
standards. Water bypassing SCMs mixes with water treated
by SCMs to push concentrations above recreational contact
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Fig. 6 Simulated annual bacterial load reduction near outlet of the
Ballona Creek watershed (Los Angeles, CA). Conventional biofilters are
assumed to provide 0.25logig removal while biochar-augmented
filters are assumed to provide 31logl0 removal (Fig. 4). Biofilters are
unlined (infiltrating) and treat 100% of the watershed runoff.

standards (even when 95% of watershed runoff is treated).
Regardless, biochar-augmented biofilters show promise for
reducing FIB load at the watershed scale.

One important takeaway from this work is that amending
filters with biochar can reduce the number of biofilters
needed to meet a water quality goal or standard. For example,
in the Ballona Creek watershed, to meet a target of 80% FIB
load reduction, about 80000 conventional biofilters are
required. If biochar-augmented biofilters are installed,
however, only approximately 20000 biofilters would be
required. Given the median capital cost of a biofilter in Los
Angeles is $14.60 per unit,"'* this could represent significant
cost savings to a municipality; in this case, approximate
capital cost would decrease four-fold from $1.2m to $290 000.

A case study in the city of San Diego in the US was
conducted to demonstrate how  watershed-scale
implementation of biochar-augmented biofilters may help
reduce pesticide concentrations in the San Diego River.'%®
Laboratory-scale work indicates biochar-augmented biofilters
can greatly reduce concentrations of TOrCs (Fig. 4). While
rarely regulated, pyrethroid pesticides as well as fipronil are
increasingly detected in urban stormwater and subsequently
urban waterways.>>'%>'137115 Results show that installation of
infiltrating biochar-augmented biofilters could reduce loads
of bifenthrin, a common pyrethroid, by 93%; the same
conventional Dbiofilters provide 78% bifenthrin load
reduction. This result was even more exaggerated for fipronil,
which is more hydrophilic and thus even more poorly
removed by conventional biofilters (reduction of 93% with
biochar compared to 55% for conventional). In the same case
study,'® in-river pesticide concentrations were more sensitive
to biofilter performance than pesticide load, particularly
when the biofilters were unable to infiltrate into the
subsurface. In this case, installation of conventional biofilters
throughout the watershed was wunable to reduce
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concentrations to below concentration-based aquatic toxicity
benchmarks. Switching to biochar-augmented filters resulted
in significant concentration reductions; during a simulated
storm event, concentrations of bifenthrin were below toxicity
benchmarks 46% of the time and fipronil concentrations
were below benchmarks 97% of the time.

Both watershed-scale studies (in Los Angeles and San
Diego) are examples of where biochar-augmented biofilters
were predicted to either improve water quality enough to
meet load-based standards/criteria or be used to reduce the
number of filters needed overall. Adding biochar may ensure
that water quality benefits are achieved not only by the
hydrologic processes of infiltration and volume reduction but
also by the biogeochemical processes within the filter.

Discussion and future research
Research needs at the watershed scale

Biochar-augmented biofilters have shown great promise in
the laboratory and mesocosm-scale for removing pollutants
from stormwater. However, there is still a need for empirical
studies at the field and watershed scales to verify their long-
term performance. Considerations at these scales include
dynamic hydrologic and water quality loads as well as
imperfect installation and maintenance. Empirical field
studies must go beyond monitoring and include
experimental controls that allow for explicit comparisons to
be made between sites with and without biofilters, as well as
between sites with biochar-augmented versus conventional
biofilters. Studies should be conducted in different regions to
account for climatic variations like monsoonal precipitation,
freeze/thaw cycles, and prolonged dry conditions.
Additionally, they should be executed over long periods of
time (months to years) to identify pollutant breakthrough
and other declines in performance.

Few studies have specifically examined how the presence
of multiple contaminants in stormwater affect the
performance of biochar-augmented biofilters. Co-existing
contaminants in a realistic stormwater matrix could either
limit adsorption through competition for sorption sites (e.g.
Pb and Cr suppress atrazine retention on biochar, but not
vice versa''®) or enhance overall removal via precipitation® or
co-adsorption.”® Furthermore, competitive adsorption among
metals can play an important role; for example Park et al.'*’
reported that Cd and Cu can easily compete with Zn during
sorption to biochar. Overall, research on biofilter
performance considering interactive processes occurring with
contaminant mixtures or under field conditions is limited
and additional research is warranted.

Results of empirical studies should then inform numerical
watershed models, which can evaluate biochar-augmented
biofilters at larger spatial scales and under future scenarios of
climate change and development. The current modeling
approaches are limited. For example, some popular stormwater
modeling software packages ignore water quality treatment in
biofilters altogether (e.g. EPA-SWMM, see Rossman''®). Others
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use simple, lumped treatment algorithms such as the removal
efficiency model (i.e., log-removal) or a first order decay rate.'™
Explicit modeling of the unit processes in biofilters described
above could improve simulation and allow for more nuanced
scenario testing. Additionally, numerical models should be
expanded to include changes in treatment performance
through time and in response to maintenance activities such
as vegetation removal or media replacement and flushing.'*
In addition, empirical studies of contaminant removal should
report log;p-removal of their contaminant or removal rate
constants so that contaminant removal can be parameterized
in applicable watershed models. While time until contaminant
breakthrough is commonly reported in studies of chemical
removal by columns of geomedia, that information is not
useful in the context of the watershed modeling described
above.

Water quality models can be an integral tool in
understanding tradeoffs in watershed-scale management
approaches. Water quality is impacted and often regulated at
the watershed scale, so understanding and planning for
management decisions within the entire watershed is more
impactful than responding to water quality issues at a single
site. Wolfand et al. "' and Gallo et al.'"* concluded that
the end watershed management goal greatly impacts the
optimal spatial distribution, size, infiltrative properties, and
performance needs of biofilters (Table 1). For example,
concentration-based versus load-based standards should be
approached differently; biochar-augmented non-infiltrating
filters are recommended to meet concentration-based
standards whereas load-based standards are best met with
infiltrating conventional biofilters (Table 1).

Social and economic considerations

There is potential for biofilters, in general, to provide urban
communities with co-benefits, defined here as additional
benefits beyond stormwater quantity and quality control.
When vegetated, biofilters add green space to urban
environments, contributing to a broader network of green
infrastructure which includes street trees, parks, wetlands,
and green roofs. A meta-analysis®® indicated that addition of
biochar to soils can increase available water holding capacity
by 15%; which in turn can promote plant growth®>'*' and
plant during drought."”* The latter will be
increasingly important if biofilters are perceived as
greenspace in increasingly water-stressed climates.

survival
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Research on human health and well-being co-benefits
provided specifically by stormwater systems such as biofilters
is limited."*® However, the co-benefits of green spaces, in
general, have been well studied.”*® For example, urban trees
improve air quality by removing particulates and combat
climate change by sequestering carbon.’*>'*® Domestic
gardens reduce local temperatures and reduce building
energy consumption.'”” Green space can also provide
physical and mental health benefits."*® It is logical to
extrapolate these findings from other urban green spaces to
vegetated biofilters. However, the co-benefits are unlikely to
be realized if the biofilters are unvegetated, as is the case for
much of the SCMs installed in the US city of Philadelphia.'*
The co-benefits of biochar-augmented biofilters are
unknown, but it is likely they provide similar if not more co-
benefits than conventional biofilters because of improved
plant health, assuming they occupy the same footprint and
have similar planting schemes.

Biochar costs vary widely, depending on the feedstock,
transport, pyrolysis operation, and other factors, but are
estimated to range from $350 to $18 000 per metric ton."**"'3!
The current cost of biochar is significant compared to
construction sand, which is typically used as biofilter media
and cost about $8.6 per metric ton in 2015."*> However, the
incremental cost of adding biochar may be worthwhile when
also considering its water quality benefits. As noted above,
widescale adoption of biochar-augmented biofilters in a
watershed may reduce the number of filters needed to
comply with water quality standards, thus reducing the
overall cost of infrastructure. This tradeoff in material cost
and number of units needed requires more study.

It is expected that biochar will become more economically
competitive as the biochar market develops and carbon pricing
is more common. Biochar provides carbon sequestration
benefits, so the cost of biochar may even be net zero or
negative if the feedstock is a waste product (yard clippings,
agricultural waste, spent grain) under a carbon pricing regime.
This contrasts with activated carbon, which may be similar in
price to biochar, but typically has a positive carbon dioxide
demand.™® In fact, Roberts et al.'®® note that the breakeven
cost of biochar produced with yard waste feedstock occurs
when carbon is priced at $2 CO,e per metric ton. Carbon is
currently priced at about $15 CO,e per metric ton in the US
state of California and averaged about $4.40 CO,e per metric
ton in the nine northeastern US states that participate in the
Regional Greenhouse Gas Initiative in 2018."**

Table 1 Recommended biofilter designs given end management goals. Enhanced biofilters may be biochar-amended or enhanced by adjusting other
design parameters. Infiltrating biofilters allow seepage of water into the subsurface while noninfiltrating biofilters are lined

Goal Infiltrating? Enhanced/conventional?
Maintain high quality environmental flows No Enhanced

Increase groundwater recharge Yes Either

Maximize water available for reuse No Either

Meet concentration-based water quality standards No Enhanced

Meet load-based water quality standards Yes Either

Reduce flooding Yes Either
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System performance considerations and technology diffusion

The lifetime of the biochar-augmented media is another
remaining knowledge gap. As biological removal processes
can be more sustainably maintained over long-term
operation than capacity-limited abiotic sorption processes,
most work on this topic has focused on prediction of media
exhaustion times for contaminants removed by abiotic
processes. Davis et al'® used results from pilot-scale
experiments to predict that the lifetime of conventional
biofilters would be limited to 15 years based on accumulation
of non-degradable metals, a result which could be extended
to biochar-augmented biofilters that similarly or more
effectively capture metals than conventional systems. While it
remains unclear if TOrC removal can be maintained over this
duration, several studies have predicted that TOrC removal
can be maintained for over 10 years if biodegradation can
contribute to TOrC removal in well-designed systems.®*¢""3¢
Considering the breakthrough results (Fig. 5) and the sizing
and operational assumptions from Ulrich et al.,®” expected
exhaustion times for systems with high temperature wood-
based biochars could range from about five months (for
biochar A, pyrolysis at 600 °C) to over seven years (for biochar
B, gasification). Therefore, testing the selected biochar for
removal of the targeted contaminants will be essential to
ensure sorption capacity can be maintained.

While media composition can be manipulated to
maximize sorption capacity, our understanding of the effects
of weathering under actual environmental conditions on
long-term performance degradation is particularly lacking. In
particular, extreme flow conditions and freeze/thaw cycles
can adversely affect performance, and clogging'®” or
channeling’®® can cause systems to fail long before media
exhaustion is reached. Therefore, field studies that monitor
long-term performance are warranted. Moreover, as there is
currently a disconnect between our understanding of the
contaminant removal processes at the laboratory scale versus
the field scale, future work should seek to bridge this gap by
incorporating current knowledge into design considerations
and monitoring system performance over multiple years. This
will require interdisciplinary efforts among researchers in
chemistry, biology, and hydrology, as well as collaborations
between researchers and practitioners to ensure effective
diffusion of this technology into broader practice.
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