Ecological Engineering 158 (2020) 106068

Contents lists available at ScienceDirect

Ecological Engineering
journal homepage: www.elsevier.com/locate/ecoleng

Short communication

Design flow and nitrate removal evaluation of a wide denitrifying bioreactor
with baffles
Hannah Doughertya, Richard A.C. Cookeb, Rabin Bhattaraib, Laura Christiansona,b,
a
b

T

⁎

Department of Crop Sciences, University of Illinois at Urbana-Champaign, AW-101 Turner Hall, 1103 South Goodwin Avenue, Urbana, IL 61801, USA
Department of Agricultural and Biological Engineering, University of Illinois at Urbana-Champaign, 1304 West Pennsylvania Avenue, Urbana, IL 61801, USA

ARTICLE INFO

ABSTRACT

Keywords:
Baffles
Bioreactor design
Nitrate
Subsurface drainage
Flashy

A relatively wide denitrifying woodchip bioreactor (LWD: 16.8 × 10.7 × 0.91 m) was installed with two flowrouting baffles in Illinois, USA with the design objectives of minimizing inflow manifold-related flow restrictions
while maintaining both a relatively consistent footprint and nitrate-removal performance compared to conventional designs. This wide design did not improve the percentage of flow from the field that was treated
(generally about 40% of flow treated) compared to other sites. However, the Richards-Baker flashiness index
(0.74 to 0.91) and probability of exceedance evaluations indicated site drainage was flashy which might have
accounted for the lower than expected performance. Nitrate removal was consistent with other bioreactors
despite the new design ideas (22–24% edge of field N loss reduction; 0.72 to 1.3 g N removed m−3 d−1). Within
the context of the need for accelerated conservation drainage practice adoption across the US Midwest, trying to
account for flow uncertainties like flashiness with site-specific designs could be a bottleneck for bioreactor
design and implementation. It may be worthwhile to explore possible benefits of a simpler design approach (e.g.
standardized plug-and-play designs) since there are many factors at play in bioreactor performance.

1. Introduction
Subsurface drainage in the US Midwest region is one of the most
common applications of denitrifying ‘woodchip’ bioreactors for practical nitrate treatment, although adoption is expanding globally (Bruun
et al. 2016; State of Queensland 2018). Bioreactors in this application
tend to be approximately 15–30 m long and 2–7 m wide with the excavation depth set by the depth of the subsurface drainage system
(approximately 1 m). Bioreactor annual nitrogen (N) load removal efficiency has ranged 9–62% across studies in Iowa, Illinois, Maryland,
and Canada (Christianson et al. 2012a; Husk et al. 2017; Rosen and
Christianson 2017; Woli et al. 2010). In terms of volumetric removal
rate, Schipper et al. (2010) and Addy et al. (2016) have reported
average values of 3.96 and 4.7 g N m−3 d−1, respectively.
Denitrifying bioreactors designed for subsurface drainage in the US
follow the United States Department Agriculture Natural Resources
Conservation Service (USDA NRCS) Conservation Practice Standard
605 (USDA NRCS 2015). Bioreactors designed to this standard treat one
of the following: 15% of the drainage system's estimated peak flow rate,
60% of the long-term average annual flow volume, or the peak flow
from a 10-y, 24-h drainage event. The first capacity criterion is the most
commonly used, meaning estimation of the drainage system peak flow
⁎

rate is critical. The design standard also requires a minimum hydraulic
retention time of 3 h at the peak flow capacity (USDA NRCS 2015).
Drainage bioreactors are designed to allow bypass flow during high
flow events to minimize reduction of drainage capacity in the field. This
practical need for a bypass pipe results in a portion of the annual flow
volume being untreated, thus reducing the overall nitrate‑nitrogen
(NO3-N) load reduction potential. Christianson et al. (2012a) reported
treatment of 51–100% (mean ± standard deviation: 83 ± 17%) of
the annual drainage flow across 14 bioreactor site-years in Iowa, and
Hassanpour et al. (2017) reported similar values of 63–100% flow
treated for drainage bioreactors in New York state (81 ± 20%; n = 4
site-years).
One potential solution to maximize the volume of water treated
(i.e., minimize bypass flow) would be to over-design bioreactors, although this would potentially remove land from production and be less
desirable to landowners, not to mention result in extreme reducing
conditions and hydrogen sulfide production. Another option would be
to maintain a consistent surface footprint and design bioreactors wider
at the expense of length. Currently, bioreactors may be restricting the
inflow due to the relatively narrow width, which has been recommended for plug flow conditions (e.g., length: width ratio of at least
4:1; USDA NRCS 2015). Maintaining a consistent surface area footprint
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with a wider bioreactor would sacrifice bioreactor length, which is
critical for achieving adequate treatment retention times. An engineering solution for this could be to add baffles, which are a feature
used to regulate the flow path (Tchobanoglous et al. 2003). Technically,
addition of baffles in a reactor does not change the theoretical hydraulic
retention time since the reactor volume, flow rate, or porosity are not
changed. Rather, baffles are an approach to elongate the flow path and
force a more effective reactor volume utilization. Addition of baffles to
a reactor can improve hydraulic efficiencies and treatment rates
(Farjood et al. 2015; Persson et al. 1999) which may be especially
important for bioreactors with relatively low length: width ratios.
Taken together, a wider bioreactor with baffles may help achieve a
higher percentage of the flow treated while not sacrificing sufficient
treatment.
The objectives of this study were to evaluate a relatively wider fullsized bioreactor design which included flow-routing baffles by comparing just over three years of this bioreactor's (1) flow dynamics to
theoretical flow design criteria and (2) nitrate removal performance to
the performance of traditionally-designed bioreactors. There are relatively few full-scale bioreactor studies in the peer-reviewed literature;
for example, approximately half the studies evaluated in a bioreactor
meta-analysis by Addy et al. (2016) were lab- or pilot-scale. Multi-year,
field-scale bioreactor studies, especially those with novel design components like baffles, are especially valuable for further refining design
parameters and future modeling efforts.

controlled the bioreactor outlet (e.g., see control structures illustrated
by Christianson et al. (2012b) and Jaynes and Isenhart (2014)). The
bioreactor was designed to achieve a 2.7 h hydraulic retention time at a
design flow rate of 7.0 L s−1, which was estimated to be 79% of the
peak drainage system flow rate based on the 20 cm diameter bioreactor
plumbing (8.8 L s−1). Consistent with the design conditions, the inflow
and outflow control structure stop log heights were set to 76 and 31 cm,
respectively, except for when the outflow structure stop logs were removed during summer low flow conditions and in the final monitoring
period to achieve other objectives with the drainage research plots (01
Oct 2019–01 Mar 2020: both inlet and outlet set to 15 cm). The estimated flow path was approximately 26 m relative to the 16.8 m bioreactor length.
Median woodchip diameter (D50) was 15 mm with a uniformity
coefficient (UC, D60/D10) of 2.0. The woodchips had a total porosity of
74% and bulk density of 214 kg m−3. Woodchip carbon, nitrogen, and
phosphorus contents were 48.3, 0.16, and 0.013% (carbon to nitrogen
ratio: 299; Brookside Laboratories Inc., New Bremen, OH, USA).
2.2. Nitrate removal performance
Inflow and outflow water quality monitoring started in February
2017, five months after bioreactor installation, using automated samplers and pressure transducers for continuous flow monitoring
(Teledyne ISCO model 6712 with 720 submerged probe modules,
Lincoln, NE, USA). One daily 800 mL composite sample was obtained
from both sampling locations. Samples were collected from the site
generally weekly and brought on ice to the University of Illinois at
Urbana-Champaign where they were filtered (0.45 μm filters) and
frozen until analysis within 28 days for NO3-N (Lachat Quickchem,
10–107-04-1-A, Loveland, CO, USA). Water samples were collected and
dissolved oxygen readings were made (YSI Professional Plus 1020,
Yellow Springs, OH, USA) approximately monthly during flow periods
in 2017 and 2018 from twelve 2.13 m tall, 5 cm diameter PVC sampling
wells (screened 31 cm from the bioreactor bottom; Fig. 1); the samples
were processed and analyzed as stated above.
The flow depth in both the inflow and outflow control structures
was logged every fifteen minutes and complied into average daily water
depths. Custom 45° v-notch weir stop logs (Agri-Drain, Adair, IA, USA)
with their associated flow equations were used to calculate flow. Postprocessing of flow data included setting maximum thresholds for the
bypass flow rate based on the 25 cm drainage main pipe (15.0 L s−1
assuming full pipe flow and 0.1% site grade) and for the bioreactor flow
rate based on Darcy's Law and the hydraulic gradient across the

2. Materials and methods
2.1. Site and bioreactor design
A denitrifying bioreactor (LWD: 16.8 × 10.7 × 0.91 m) was installed with two flow-routing baffles at the University of Illinois Dudley
Smith Research Farm (Christian County, IL, USA) in October 2016
(Fig. 1). The bioreactor received subsurface drainage from an estimated
14.2 ha of drainage research plots planted to continuous corn (Zea mays
L.) in all years (9.5 mm d s−1 drainage coefficient; 25 cm diameter main
tile pipe). Two 4.9 m baffles made from plastic anti-seep sheets (6 mm
thick high-density polyethylene; Springfield Plastics, Auburn, IL, USA)
were installed 5.8 and 5.5 m from the inflow and outflow, respectively.
A 20 MIL thickness plastic liner minimized interaction with groundwater, and the woodchips were covered with geofabric to separate them
from the soil cover.
One control structure with adjustable stop logs was placed on the
25 cm main to divert water into the bioreactor, and a second structure

Fig. 1. The University of Illinois Dudley Smith Farm bioreactor with two flow-routing baffles built in Christian County,
Illinois, USA in October 2016. Monitoring wells shown and
generalized flow direction noted with blue arrows. ⌀ refers to
pipe diameter. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Bioreactor and drainage system flow rates (a), bioreactor inflow and outflow nitrate-N concentrations (b), and cumulative annual nitrate-N loss reduction (c).
Total N loss from the drainage system and sent downstream was the bypass N loss plus either the N loss entering or leaving the bioreactor, respectively.
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where qi was the flow rate at a given time increment (i.e., daily flow
rate) and n was the number of observations during the water year
(Baker et al. 2004).
3. Results and discussion
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bioreactor bottom.
Nitrate-N mass loads entering, exiting, and bypassing the bioreactor
were calculated by multiplying the incremental flow volume prior to a
sampling event by that sampling event's nutrient concentration, and
then summing those incremental loads over the monitoring period. The
N removal efficiency (i.e., percent N load reduction) was calculated for
both water treated in the bioreactor (“Bioreactor removal efficiency”)
and across the entire system (“Overall removal efficiency”; including
untreated bypass flow). Nitrogen removal rates were calculated by dividing the cumulative mass of the N removed by the total volume of the
bioreactor (164 m3) and the count of days in the period (including days
of no flow).
The probability of exceedance was calculated for the drainage
system flow rates in two ways: (1) the probability a given flow rate
would occur as a daily flow rate and (2) the probability of a given flow
rate to contribute to the total cumulative flow. For the first method,
daily average drainage system flow rates were ranked in descending
order and their corresponding rank was divided by the total number of
days of flow plus one. In the second approach, the daily average drainage system flow rates were sorted in descending order and then associated with a daily flow volume, all of which were then summed to
calculate the percent contribution each record would have had to the
total cumulative flow volume. The Richards-Baker Flashiness Index for
drainage system flow was calculated as:
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The maximum observed bioreactor flow rate was 6.2 L s−1, which
was relatively consistent with the design flow rate of 7.0 L s−1 considering the peak observed drainage system flow rate was 20.7 L s−1
(Fig. 2a). The bioreactor with baffles consistently treated 40–43% of the
drainage from the field (7680–20,800 m3 y−1; Table 1), except in the
final monitoring period when the inflow control structure stop logs
were adjusted away from the design settings for other research objectives (01 Oct 2019 to 01 Mar 2020). Maximizing the amount of flow
treated (and thus N loading received) was an important design objective, but observed performance was lower than some bioreactors in
literature where 50 to > 90% of the annual flow has been treated
(Christianson et al. 2012a; Husk et al. 2017; Rosen and Christianson
2017). However, there is variation in this metric across reported sites
(e.g., 13 and 21% flow treated in Rosen and Christianson (2017)).
The drainage flow was relatively flashy (e.g., Fig. 2a) which might
have at least partially accounted for the lower than expected percentages of drainage volumes treated. The Richards-Baker Flashiness Index
for this site ranged from 0.74 to 0.91 (Table 1); other subsurface
drainage sites have been comparatively less flashy at 0.04 to 0.20
(Christianson et al. 2013). These data also illustrated the importance of
bioreactor control structure management. The percentage of flow volume treated notably decreased when the inflow control structure stop
logs were lowered from 76 to 15 cm in late 2019 (i.e., 40–43% versus
16%; Table 1).
Across all daily drainage flow rates for the drainage system, there
was an 11% probability of exceedance for the bioreactor design flow
rate of 7.0 L s−1 (Fig. 3). In other words, 89% of the days when the
drainage system was flowing had a flow rate that was entirely routed
into the bioreactor (that is, a drainage system flow rate less than
7.0 L s−1). However, when assessed as flow volume rather than discrete
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3.1. Design flow analysis

Water year (start/end)

Table 1
Flow performance and nitrate‑nitrogen (N) removal at the Dudley Smith Farm bioreactor assessed by water year. Bioreactor and Overall N removal efficiency (%) reflected percentage of nitrate-N removed from water that
was treated and from total water from the field (treated + bypass), respectively. Removal rates were based on the total bioreactor volume and the total number of days monitored (including days of no flow). The first and
fourth periods included 234 and 152 days, respectively.
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Fig. 3. Probability of exceedance for drainage system flow rates based on occurrence of daily flow rates and total cumulative flow volume. The bioreactor design flow
rate of 7.0 L s−1 is shown with the vertical gray dashed line.
Fig. 4. Mean ± standard deviation nitrate-N concentration reduction compared against the inflow
water sample which ranged from 1.1–13.0 mg NO3N/L (n = 10; % reduction) and mean ± standard
deviation dissolved oxygen concentrations (n = 6) in
the well sampling grid. Color gradation was based on
% N concentration reductions. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this article.)

coefficient (9.5 mm d−1 × 14.2 ha = 15.7 L s−1). The bioreactor
design flow rate of 7.0 L s−1 was 46% of this system peak estimation of
15.0 L s−1, which was less than the 79% intended, but still greater than
the 15% in the conservation practice standard.
Current design methods tend to be capacity-based where accurate
drainage flow rate estimation is essential, but this site illustrated that
actual bioreactor performance depends not only on the peak flow rate
from the drainage system but also the flashiness of the site. The given
uncertainties of many subsurface drainage systems, particularly older
systems where the tile network is not fully known, make estimation of
peak system flow rate difficult; additionally, estimation of system flashiness is nearly impossible prior to bioreactor installation and monitoring. However, if a flashy drainage system is suspected, it might be
desirable to design the bioreactor for either a relatively higher percentage of the estimated peak flow or size the tile diameter up during
design flow calculations. In the big picture of achieving Mississippi

days, there was a 76% probability of exceedance for the design flow of
7.0 L s−1 meaning only 24% of the flow volume occurred at flow rates
less than 7.0 L s−1 (Fig. 3). At drainage system flow rates greater than
this, the bioreactor would have been operating at capacity with by-pass
flow occurring. If the bioreactor had been designed more similarly to
the USDA NRCS standard (i.e., design flow rate of 15% of
8.8 L s−1 = 1.3 L s−1; Fig. 2a), the probability of flow exceedance
would have been 88%. These data reiterated the site flashiness as only
11% of the days had flow rates greater than 7.0 L s−1 even though these
relatively few days accounted for 76% of the cumulative flow.
While the bioreactor internal plumbing was 20 cm diameter drainage pipe in consideration of cost, the drainage system main, which fed
the bioreactor, had a 25 cm diameter. If this 25 cm pipe had been used
for design flow calculations, the estimated drainage system peak flow
rate would have been approximately 15.0 L s−1 (Fig. 2a). This matched
relatively closely with a peak flow rate estimation using the drainage
5
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River Basin water quality goals and the need for accelerated conservation drainage practice adoption, trying to account for these flow
uncertainties with site-specific designs could be a bottleneck for bioreactor design and implementation. It may be worthwhile to explore
possible benefits of a simpler design approach (e.g. standardized plugand-play designs) compared to a capacity-based standard since there
are many factors at play in bioreactor performance.

bioreactor performance.

3.2. Nitrate-N removal
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A relatively consistent edge-of-field N load reduction of 22–24%
was achieved in three of the four monitoring periods (Table 1; Fig. 2c).
During those times, the bioreactor removed 54–64% of the N load that
entered, which resulted in average annual N removal rates of
0.72–1.3 g N m−3 d−1 (3.0–4.4 kg N ha−1 removed annually). Well
sampling generally illustrated flow was uniformly distributed along the
anticipated flow path, as indicated by relatively consistent decreases in
NO3-N concentrations (n = 10 sampling events; Fig. 4). Averaging
across well sample events showed the most anaerobic zone was near the
outflow manifold where samples were often below the NO3-N detection
limit (> 80% NO3-N concentration reduction).
This design did not result in increased nitrate removal compared to
other bioreactors. For example, the Illinois Nutrient Loss Reduction
Strategy assigned bioreactors a 25% edge-of-field NO3-N load reduction
(IDOA 2015) and N removal rates have ranged from 0.21–7.76 g N m−3
d−1 (Christianson et al. 2012a; Rosen and Christianson 2017). However, bioreactor N removal is improved when water is treated at a
consistent flow rate (i.e., under steady-state conditions; Christianson
et al. 2011). The drainage flashiness at this location might have had a
compounding effect in not only resulting a lower than expected volume
of water treated but also in being less conducive to steady-state biochemical conditions that optimize denitrification. Removal rates declined consistently over time, but that wasn't necessarily consistent with
the load reductions which were the highest (4.43 kg N removed ha−1)
in the second year. This highlighted the importance of reporting a
variety of N removal metrics, not just removal rate.
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4. Conclusions
A denitrifying woodchip bioreactor constructed with two flowrouting baffles did not improve nitrate-N removal performance compared to more traditional designs. Approximately 40% of the annual
drainage flow volume was treated when the bioreactor was operated as
designed, which resulted in 22–24% N removal at the edge of the field.
The drainage system at this new research facility was inherently flashy
which likely accounted for the lower than expected performance values.
Current capacity-based design methods mean accurate drainage
flow rate estimation is essential, but this site illustrated bioreactor
performance depends on a variety of factors including peak flow estimation, design flow rate selection, and site flashiness. Particularly
flashy drainage sites could consider sizing up bioreactor design to
achieve performance goals. However, there are challenges to accurately
estimating subsurface drainage flow dynamics (both peak rates and
flashiness) for denitrifying bioreactor design in a practical way that
doesn't require advanced modeling which is beyond the capacity of
most practicing conservation professionals. This flow analysis may
serve as a step toward a call for a simplified bioreactor design procedure (e.g., plug-and-play bioreactor designs) that could minimize the
need for more complicated flow estimation without compromising
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