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Abstract  31 

Denitrifying bioreactors effectively convert nitrate-nitrogen (NO3-N) to di-nitrogen and 32 

thereby protect water quality in agricultural landscapes. In the present study, the performance 33 

of a pilot-scale bioreactor (50 m long, 5 m wide and 2 m deep) containing seven alternating 34 

cells, filled with either sandy loam soil or lodgepole pine woodchip, and with a novel zig-zag 35 

flow pattern, was investigated. The influent water had an average NO3-N concentration of 25 36 

mg L-1. The performance of the bioreactor was evaluated in two scenarios. In scenario 1, only 37 

NO3-N removal was evaluated, whereas in scenario 2, NO3-N removal, ammonium-N (NH4-38 

N) and dissolved reactive phosphorus (DRP) generation was considered. These data were 39 

used to generate a ‘sustainability index’ (SI) – a number which evaluated the overall 40 

performance taking these parameters into account. When the bioreactor performance was 41 

evaluated in scenario 1, it was a net reducer of contaminants, but it transformed into a net 42 

producer of contaminants in scenario 2. Inquisition of the data using these scenarios meant 43 

that an optimum bioreactor design could be identified. This would involve the reduction of 44 

the filter length such that it comprised only two cells – a single sandy loam soil cell, followed 45 

by a woodchip cell, which would remove NO3-N, reduce greenhouse gas (GHG) emissions 46 

and DRP losses. An additional post-bed chamber containing media to eliminate NH4-N may 47 

be added to this bioreactor. Scenario modelling such as that proposed in this paper, should 48 

ideally include GHG in the SI, but as different countries have different emission targets, 49 

future work should concentrate on the development of geographically appropriate weightings 50 

to facilitate the incorporation of GHG into a SI.   51 
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 54 

Introduction 55 

A denitrifying bioreactor is an artificial nitrogen (N) sink in which an organic carbon (C) 56 

source (e.g. woodchip (WC)) is used to reduce nitrate (NO3) in surface/subsurface drainage 57 

or groundwater flow systems (Cameron and Schipper, 2010). Research on denitrifying 58 

bioreactors (Schipper et al., 2010; Christianson et al., 2011) has focused on NO3 removal, 59 

despite the fact that anthropogenic activities such as agriculture produce NO3, as well as a 60 

range of other pollutants. Moreover, biophysical and biogeochemical processes occurring 61 

within  denitrifying bioreactors frequently generate other contaminants such as nitrous oxide 62 

(N2O), ammonia (NH3), carbon dioxide (CO2) and methane (CH4), through ‘pollution 63 

swapping’ (Fenton et al., 2014). This issue has been discussed in the literature (e.g. Grennan 64 

et al., 2009; Elgood et al., 2010; Schipper et al., 2010; Woli et al., 2010; Shih et al., 2011; 65 

Warneke et al., 2011; Healy et al., 2012; 2014), but denitrifying bioreactors designed to 66 

control pollution swapping, such as permeable reactive interceptors, have only been 67 

examined at laboratory-scale (Fenton et al., 2014; Ibrahim et al., 2015).  68 

 69 

Fenton et al. (2014) proposed that denitrifying bioreactors should be analyzed holistically, 70 

taking all losses into account. They presented a sustainability index (SI), using inlet and 71 

outlet data, which identifies the “losses” in the system. Positive and negative balances of each 72 

parameter indicate either removal or production of the parameter of interest. This analysis 73 

indicates which parameters require additional interventions for the system to be 74 

environmentally sustainable. Complete removal of nutrients without pollution swapping is 75 

the ultimate goal, but thresholds imposed by environmental legislation may not be so 76 

stringent. Therefore, a SI may be developed for various scenarios, taking water, gaseous 77 

emissions, or both, into account. Healy et al. (2014) adopted this method of analysis in the 78 
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evaluation of laboratory denitrifying bioreactors containing various C-rich media, and found 79 

that the SI varied depending on the scenario examined. Analyzing NO3 only, there was a net 80 

removal in the bioreactors. When all measured water quality parameters (NO3, ammonium 81 

(NH4) and dissolved reactive phosphorus (DRP)) were taken into account, there was a net 82 

release of contaminants from all bioreactors, which substantially increased when greenhouse 83 

gases (GHG) were included in the analysis.  84 

 85 

The objectives of this study were: (1) to investigate this method of analysis at a much larger 86 

scale using a novel outdoor, pilot-scale denitrifying bioreactor (2) to illustrate how a SI and 87 

may be used to develop a permeable reactive interceptor, which minimizes pollution 88 

swapping.   89 

 90 

Material and Methods 91 

Denitrifying bioreactor design  92 

A concrete tank (10 m long × 5 m wide × 2 m deep), with internally flanged 0.2 m-deep base 93 

panels, was laid on a concrete plinth (Fig. 1). The base of the tank was lined with 94 

heterogeneous clay textured soil. Non-reactive, high density polyethylene plastic sheets were 95 

sealed into the clay liner to create seven equally sized cells. The plastic sheets were 96 

positioned such that solute migration was forced into a zig-zag pattern to increase the 97 

hydraulic retention time, although dead zones were inevitably created. The cells in the tank 98 

were filled with either lodgepole pine woodchip (WC1-3) or sandy loam soil (SLS) (SLS1-4) 99 

(Fig. 1). Water was pumped into the tank and discharged from the denitrifying bioreactor 100 

outlet into an artificial drainage system. 101 

 102 

Media preparation, characterization and installation 103 
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The WC used had a particle size ranging from 10 to 50 mm. Healy et al. (2012, 2014) and 104 

Ibrahim et al. (2015) observed high dissolved organic carbon (DOC) effluent concentrations 105 

in the early stages of operation of a denitrifying bioreactor. Therefore, prior to placement in 106 

the pilot-scale bioreactor, the WC was spread in a uniform layer (10 long × 5 wide × 0.2 m 107 

deep) in a clean, concrete holding area and regularly power-hosed using a mains water supply 108 

over nine days. To determine potential losses from the media cells and the clay liner, samples 109 

were tested for total N (TN) and total C (TC) using a thermal conductivity detector, following 110 

combustion and separation in a chromatographic column, and the total P (TP) content was 111 

determined by inductively coupled plasma emission spectroscopy (ICP-ES) after aqua regia 112 

digestion. 113 

 114 

Water, dissolved gas and surface emission instrumentation and monitoring 115 

The SI was conducted using inlet/outlet data, whereas the provenance of losses within the 116 

bioreactor was measured using nests of multi-level piezometers (inner diameter 0.05 m), 117 

installed at 12 positions within the denitrifying bioreactor (Fig. 1). Each nest had sampling 118 

ports at 0.1 m, 0.4 and 0.7 m below the surface. A fully screened piezometer, through which 119 

influent water was injected into the denitrifying bioreactor, was installed in SLS1 (Fig. 1). In 120 

each nest, gas impermeable tubing, with an inner diameter of 5 mm, was installed to the 121 

center of the screen interval. At the surface level, a three-way stop cock and 50 ml-capacity 122 

syringe (Fenton et al., 2011) was used to extract multi-level water and dissolved gas samples.  123 

 124 

The denitrifying bioreactor was saturated, and influent potable mains water was pumped 125 

continuously from a storage compartment (Fig. 1) into position 0 from August 2011, at a rate 126 

of 0.2 to 0.3 m3 d-1. The characteristics of the mains water are shown in Table 1. Water 127 

temperature in the denitrifying bioreactor was typically between 12 -14oC at all depths, the 128 
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pH was 6.3-7.2, and the electrical conductivity (EC) was 229-820 µS cm−1. On March 22, 129 

2012 (210 days after the start of operation), the NO3-N concentration of the influent water 130 

was modified to a target concentration of 25 mg L-1, by adding potassium nitrate (KNO3) salt 131 

in the storage compartment and mixing thoroughly. This target influent concentration was 132 

maintained until the end of the study (August 2012). The outlet was another fully screened 133 

piezometer positioned at position 12 (SLS4; Fig 1).  134 

 135 

Water samples were collected from the inlet and outlet, and from all nests (longitudinal and 136 

vertical profiles), over a 5-month period (February to August 2012, 14 sampling dates). 137 

Water samples were collected in 50 ml polyethylene screw top bottles. Unfiltered and filtered 138 

samples (0.45 µm filter membrane) were collected. Nitrate-N, NH4-N, dissolved organic 139 

nitrogen (DON), particulate nitrogen (PN), DRP and dissolved unreactive P (DUP) were 140 

analyzed on a Thermo Konelab 20 analyzer (Technical Lab Services, Ontario, Canada). 141 

Dissolved Organic Carbon (DOC) concentrations were analyzed on a TOC analyzer (TOC-V 142 

series, Shimadzu, Kyoto, Japan). pH, EC (µS cm−1), temperature (oC) and oxidation redox 143 

potential (ORP) were measured using a multi-parameter Troll 9500 probe (In situ, CO, 144 

U.S.A.) with a flow-through cell.  145 

 146 

Triplicate water samples were collected for all sampling events to identify potential 147 

denitrification in the screened interval of each piezometer, based on dissolved N2 and the 148 

N2/argon (Ar) ratio (Kana et al., 1998). The samples were transferred from the syringe to a 12 149 

ml Exetainer® (Labco Ltd., U.K.), filled from the base of each container, overfilled, and then 150 

sealed with a butyl rubber septum to avoid any air entrapment. Samples were then placed 151 

upside down under water (below the average groundwater temperature of 12oC) in an ice box, 152 

transported to the laboratory, and kept in a dark cold room at 4oC prior to analysis. Dissolved 153 
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N2 and Ar were analyzed using membrane inlet mass spectrometry at groundwater 154 

temperature (Kana et al., 1998). 155 

 156 

To analyze dissolved gases (presented as N2O-N, CO2-C and CH4-C), water samples were 157 

collected periodically in 160-ml glass serum bottles. The bottles were capped and evacuated 158 

prior to the sampling. Twenty ml of sample water was injected into the bottles, and then 159 

helium gas was filled to bring back to atmospheric pressure. After equilibration, the head 160 

space was sampled and analyzed by gas chromatography equipped with an electron capture 161 

detector (N2O-N analysis), a flame ionization detector (CH4-C analysis) and a thermal 162 

conductivity detector (CO2-C analysis) (CP-3800, Varian, Inc. USA) using Ar as a carrier gas 163 

(Jahangir et al., 2013).  164 

 165 

Greenhouse gases from the bioreactor surface were measured using the static chamber 166 

method (Hutchinson and Mosier, 1981; Smith and Dobbie, 2001). Chambers consisted of a 167 

stainless steel structure with two components, a collar base (0.41 m × 0.41 m), and a lid (0.41 168 

m × 0.41 m × 0.41 m), with a volume of 0.068 m3 above ground level. To provide a gas-tight 169 

seal, the collar base was filled with water. Chamber position was as in Fig. 1. Twenty ml 170 

samples were drawn through a rubber septum (Becton Dickinson, UK) 20 min and one hour 171 

after closure (Becton Dickinson, UK) using a 20 ml polypropylene syringe with a 172 

hypodermic needle (BD Microlance 3, Becton Dickinson, UK) and injected into pre-173 

evacuated 7 ml screw-cap septum glass vials (Labco, UK). Gas concentration was quantified 174 

using gas chromatography (see above). As fluxes are calculated from gas accumulation 175 

within the chamber over time, samples were collected at four time-points per chamber (0, 15, 176 

30 and 45 min after lid closure).  177 

 178 
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Sustainability Index and Damage Cost Approach  179 

All parameters are expressed in g m-2 (of bioreactor surface area) d-1. A SI is then created by 180 

summation of all parameters (Fenton et al. 2014): 181 

 182 

        .....
243

2
etcBdBcBbBaSI COCHNOON        [1] 183 

 184 

where Bx denotes the net loss (either positive or negative) of a specific contaminant from the 185 

denitrifying bioreactor, and a, b, c, etc. are weighting factors (WF) that depend on the context 186 

of the analysis (e.g. legislative, environmental, geographical). The rationale of Fenton et al. 187 

(2014) was used to calculate the WFs. In the current study, two scenarios are examined. For 188 

scenario 1, in countries or geographical areas where only NO3-N concentration is considered, 189 

the WF for NO3 is set to 1, while the other measured parameters are set to zero. For scenario 190 

2, in which NO3-N, NH4-N and DRP are considered, the maximum admissible concentration 191 

(MAC) for these parameters is used to determine the WFs. In Ireland, for example, the MAC 192 

for molybdate-reactive P (MRP = DRP in the current study) and NH4-N in rivers is 35 μg L-1 193 

and 65 μg L-1, respectively, while NO3-N in estuaries should not exceed 2.5 mg L-1 194 

(Bowman, 2009). As DRP is the most sensitive parameter in this scenario, the WFs for DRP, 195 

NH4-N and NO3-N are set to 1, 0.538 (35/65) and 0.014 (35/2500), respectively. Calculating 196 

a WF for GHGs is more problematic, as there is no MAC for GHGs and, moreover, 197 

individual countries have very different targets in terms of their GHG commitments. For 198 

example, under the EU 2020 Climate and Energy Package (EC, 2012), the Republic of 199 

Ireland must reduce GHG emissions by 20% by 2020, whereas developing countries, such as 200 

China and India, have no international commitments in terms of emissions reduction. As a 201 

result, the WF for GHG used in the SI should reflect the relative importance of GHG limits in 202 
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terms of national policy objectives, and be set at a level that is nationally appropriate in terms 203 

of policy relative to other pollutants.  204 

 205 

A damage cost approach was also used, which assigned a cost to each of the water quality 206 

and GHG parameters examined in terms of damage to the environment and human health 207 

(Eory et al., 2013; Anon, 2014). For the water parameters, the costs per tonne (converting 208 

from pounds sterling to euro at the time of writing) were €916 (NO3-N), €61553 (P) and 209 

€2458 (NH4-N) (Eory et al., 2013). A cost per year was assigned to scenarios 1 and 2 by 210 

substituting the unit costs for each pollutant as WFs in Eqn. 1. These values were multiplied 211 

by 365 to give yearly equivalents.  212 

 213 

Results and Discussion 214 

Media and woodchip washing   215 

The WC had higher TN content than the clay liner and SLS cells (Table 2). However, the TP 216 

of the clay liner, WC and SLS were low, and were reflective of P-deficient agronomic 217 

grassland soils. In previous studies (Healy et al., 2014), there were considerable C, N and P 218 

losses from bioreactors immediately after the start of operation. In the current study, the 219 

concentrations of the NH4-N and DRP concentrations in the drainage water decreased from 220 

~7 to <1 mg L-1 over the two washing periods, but were still relatively high, considering the 221 

TP content of the WC. This suggests that washing of the WC prior to installation in the 222 

bioreactor is an efficient means of reducing losses.  223 

 224 

Carbon, Nitrogen and Phosphorus  225 

The DOC and dissolved CH4-C concentrations were higher at the outlet than at the inlet of 226 

the denitrifying bioreactor (Fig. 2), and were highest in deep flow paths (Fig. 3), as a result of 227 
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prolonged interaction of water with the woodchip media. The highest dissolved CO2-C and 228 

CH4-C concentrations (501 and 26 mg L-1, respectively, Fig. 3) were measured in deep flow 229 

paths, which is indicative of lower redox conditions at this depth.  230 

 231 

Water temperature in the denitrifying bioreactor was typically between 12-14 ºC at all depths, 232 

with pH ranging from 6.3 to 7.2, and EC ranging from 229 to 820 µS cm−1. Nitrate-N and 233 

DON concentrations were reduced within the denitrifying bioreactor, but NH4-N 234 

concentrations were higher at the outlet (Fig. 4). Most of the reduction of the NO3-N occurred 235 

in SLS1 and WC1 of the bioreactor (Fig. 5). It was also in these cells also that the highest 236 

N2/Ar (55 at the outlet of WC1; Fig. 5) and dissolved N2O-N concentrations (1000 µg L-1 at 237 

the outlet of WC1; Fig. 5) were measured. This probably indicates that partial and full 238 

heterotrophic denitrification occurred in these two cells, as a result of bioavailable DOC, a 239 

sufficient supply of O2 for N2O formation, and short water transit-times. Dissolved organic 240 

nitrogen concentrations increased from below detection to a maximum of 10 mg L-1 after 241 

amendment of the inlet water with KNO3, but remained below 0.9 mg L-1 at the outlet for the 242 

entire study period (Fig. 4). Longitudinal patterns in the ORP decreased from positive values 243 

in SLS1 to negative values in WC3, but increased in SLS2 (maximum increase of -121 to 111 244 

mV) (data not shown).  245 

 246 

In WC2, SLS3 and WC3 (sampling points 6 – 12), NO3-N concentrations were below 247 

detection, while N2/Ar and dissolved N2O-N concentrations decreased (Fig. 5). After 248 

modification with KNO3, NH4-N generally increased from inlet to outlet (Fig. 5), and the 249 

highest concentrations were observed in the deep water flow paths.  250 

 251 
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In Warneke et al. (2011) NH4
 ranged from <0.0007 mg L−1 to 2.12 mg L−1 and NO2 252 

concentrations ranged from 0.0018 mg L−1 to 0.95 mg L−1. Such concentrations were thought 253 

not to infer anammox as a likely mechanism for NO3 removal in the denitrification bed. The 254 

increase in NH4 has several plausible origins. These include dissimilatory nitrate reduction to 255 

ammonium (DNRA), suggested by Healy et al. (2014) to occur in denitrifying bioreactors 256 

where the media has a high C/N ratio (e.g. >12). DNRA is also energetically favored over 257 

denitrification in reducing conditions, where NO3 becomes limited as an electron acceptor. 258 

Such a process is known to occur in artificially drained fields, where heavy textured soil with 259 

moderate permeability enables transformation to NH4 from NO3 (Necpalova et al., 2012). An 260 

alternative is ammonification of organic N compounds in the woodchip and release to the 261 

fluid phase, which is supported by corresponding increases in P. Such processes, together 262 

with the release of NH4 from the SLS and WC, may contribute to an increase in NH4-N 263 

concentrations.  In the present study  much of the NH4 stems from within the bioreactor, 264 

illustrated by the high levels of NH4 when compared with NO3
 in the pre-spike phase. This 265 

correlates well with the methane production, which could be a product of anaerobic N 266 

mineralization. However, in terms of removal of NO3 when concentrations begin to drop, we 267 

propose that DNRA would be favored over NO3
 immobilization as given a choice, microbes 268 

preferentially use NH4 over NO3 for growth, as it is much more energy efficient to do so.  269 

 270 

Before installation, washing of the woodchip media showed consistently high release of DRP 271 

concentrations. Over the entire study period, DRP, DUP and PP concentrations were higher at 272 

the outlet than the inlet (Fig. 4), but these concentrations decreased over time. The 273 

longitudinal data indicates that the WC cells (WC1and WC2) were the source of DRP (Fig. 274 

5). In addition, the heterogeneous clay liner, given its relatively high P content (Table 2), 275 

could have contributed to the P loss at specific locations.  276 
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 277 

Greenhouse gas emissions to the atmosphere 278 

The N2O-N (Fig. 6) emissions were greater in the first three cells (maximum N2O-N emission 279 

of 70.0 mg N2O-N m-2 d-1 in WC1), and were likely linked to partial denitrification. This also 280 

indicated that anoxic, as opposed to anaerobic conditions, prevailed in these cells. In contrast, 281 

CH4-C and CO2-C emissions (Fig. 6) peaked towards the outlet of the denitrifying bioreactor, 282 

and were linked to lower ORP at this position. Warneke et al. (2011) measured average 283 

surface emissions of N2O-N and CO2-C of 79 μg m−2 min−1 (or 113.2 mg m-2 d-1, comparable 284 

to current study) (reflecting 1% of the removed NO3-N) and 12.6 mg m−2 min−1, respectively. 285 

Observed methane emissions were considerably higher than those reported for  stream bed 286 

denitrifying bioreactors containing woodchip (Elgood et al., 2010), but were on a par with 287 

emissions from column studies (Healy et al., 2012) and indeed were in the lower range of 288 

values reported for landfill systems (Chanton and Liptay, 2000). 289 

 290 

Conversion to a permeable reactive interceptor 291 

The SIs calculated for the entire bioreactor are presented in Table 3. In scenario 1, where 292 

NO3-N only was considered, the denitrifying bioreactor was successful in remediating NO3-N 293 

(SI of 0.121 g m-2 d-1). This is comparable to SIs calculated for laboratory denitrifying 294 

bioreactors containing various C-rich media, in which SIs of between 0.81 and 1.46 g m-2d-1 295 

were measured (Healy et al., 2014). However, when other water quality parameters (scenario 296 

2) were factored in, similar to Healy et al. (2014), the denitrifying bioreactor transformed 297 

from a net reducer of contaminants to a net producer of contaminants (SI of – 0.00011 g m-2d-
298 

1; Table 3).  299 

 300 
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SLS1 and WC1 of the denitrifying bioreactor (Fig 1) were successful in removing NO3, but 301 

were also sources of other contaminants of NH4 and GHGs. While these contaminants did not 302 

peak until the influent water reached the subsequent cells, the longitudinal data collected 303 

from the bioreactor (Figs 3, 5 and 6), combined with the calculated SIs (Table 3), suggest that 304 

the present unit could be converted to a permeable reactive interceptor (Fenton et al., 2014) 305 

by reduction to three cells: the existing first two cells (SLS1, WC1), followed by a post bed 306 

cell containing media, such as zeolite, which would be capable of reducing NH4, thereby 307 

mitigating DRP and GHG emissions caused by bioreactor P losses and N limitation further on 308 

in the bioreactor. The likely DRP losses requiring sequestration from inlet DRP will be small, 309 

as indicative drainage DRP concentrations in the vicinity are < 0.01 mg/L. The performance 310 

of this new configuration could then be assessed by performing a new SI calculation. Re-311 

calculating the SI based on this smaller configuration gives 0.112 and -0.002, for Scenarios 1 312 

and 2, respectively.  313 

 314 

Recommendations for the future 315 

It should be noted that while the idea of understanding pollution swapping is of course 316 

important, the precise nature of the input variables/weighting needs to be developed further. 317 

A consensus needs to be reached across the research community which reflects different 318 

scenarios. The SI is context-specific and dependent upon the selected weighting factors, 319 

which, in turn, should be informed by national and international environmental policy 320 

priorities. 321 

 322 

Important considerations for the future when using this approach are cost and time. In this 323 

study, each sampling event lasted four days, and a team of three people were needed in the 324 

field to complete all the multilevel piezometer and multi-parameter sampling. In addition to 325 
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training costs of the personnel, consumable, labor and analysis costs were extensive (total 326 

costs were in excess of €40,000 over the total study duration). Of course, such costs are 327 

associated with intense analyses required for a research project. On a commercial farm site, 328 

the dimensions and monitoring system will inevitably vary and therefore costs will be 329 

lowered. Depending on the parameters analyzed, a denitrifying bioreactor may either negate 330 

costs (if only water quality parameters are measured) or cause damage to the environment 331 

(particularly if GHG emissions are considered) (Table 3). When modifying a denitrifying 332 

bioreactor to a permeable reactive interceptor to reduce contaminant losses (e.g. reduction of 333 

N2O losses thereby eliminating indirect losses from NO3
 leaching), the cost of environmental 334 

damage should also be considered within a life cycle analysis. This will also allow easy 335 

comparison with other systems.  336 
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Captions for Figures 422 

Fig. 1 Schematic top view of the denitrifying bioreactor (top). Cross section of the tank along 423 

multi-level piezometer locations (bottom). Sampling point 0 is the inlet and 12 is the outlet. 424 

CL refers to the clay liner. Black square is 0.1 m, black circle is 0.4 m and black triangle is 425 

0.7 m below the filter surface.  426 

 427 

Fig. 2. Dissolved organic carbon (DOC), HCO3, dissolved CO2-C and dissolved CH4-C at the 428 

inlet (black circles) and outlet of the bioreactor (white circles). The influent water was 429 

modified with KNO3 on March 22, 2012. 430 

 431 

Fig. 3. Longitudinal (1-12 sampling points, as per Fig 1) and vertical profiles (at depths of 432 

0.7m (box), 0.4 m (triangle), and 0.1 m (cross)) of DOC, dissolved CO2-C and CH4-C in the 433 

bioreactor before modification of the inlet water with KNO3 (February 2012 - top row) and 434 

after spiking (July 2012). Circle indicates inlet (0) concentrations.  435 

 436 

Fig. 4. Nitrogen (NO3-N, NH4-N, dissolved N2O, DON, N2/Ar, PN) and P (DRP, DUP and 437 

PP) at the inlet (black circles) and outlet of the bioreactor (white circles)). The influent water 438 

was modified with KNO3 on March 22, 2012. 439 

 440 

Fig. 5. Longitudinal (1-12 sampling points, as per Fig 1) and vertical profiles (at depths of 441 
0.7m (box), 0.4 m (triangle), and 0.1 m (cross)) of NO3-N, NH4-N, N2/Ar ratios, dissolved 442 

N2O-N, and DRP in the DB before modification of the inlet water with KNO3 (February 2012 443 

- top row) and after spiking (July 2012). Circle indicates inlet (0) concentrations.  444 

 445 

Fig. 6. Example longitudinal N2O-N, CH4-C and CO2-C surface emissions as measured from 446 

static chambers at the media surface in the denitrifying bioreactor before NO3
- spiking 447 

(February 2012 - a) and after spiking (June 2012 - b and July 2012 - c). 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 
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Table 1. Characteristics of the influent water to the denitrifying bioreactor.  456 

 Alkalinity Nitrate-N Nitrite-N Ammonium-

N 

Dissolved 

reactive 

phosphorus 

Total 

phosphorus 

 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 

Influent 

water 

223 2.98 Negligible 0.08 0.01 0.07 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 
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Table 2. Concentrations of TN, TP and TC within the denitrifying bioreactor used in this 476 

study.  477 

 TN TP TC 

 % mg L-1 % 

WC  0.21 0.014 47 

Clay liner 0.11 0.45 0.88 

SLS  0.04 1.47 0.25 

 478 
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Table 3. Inlet and outlet mass fluxes (g m-2 (surface area) d-1) of NO3-N, NH4-N, and DRP in 524 

the bioreactor when operated at steady-state, based on data from 14 sampling events. 525 

Scenario 1 and 2 considers reductions (positive values) and emissions (negative values) when 526 

NO3-N only is considered (Scenario 1), and when NO3-N, NH4-N and DRP are considered 527 

(Scenario 2). Weighting Factors applied as per Section 2.5. 528 

  529 

 SI Full 

(g m-2 d-1)

Cost Damage† 

(euros m-2 y-1)

SI 2 Cells

Scenario 1 0.121 2.02 0.112 

Scenario 2 -0.00011 1.13 -0.002 

† Using costs tabulated in Eory et al. (2013) 530 
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 566 

  567 

 568 

Fig. 1 Schematic top view of the denitrifying bioreactor (top). Cross section of the tank along 569 

multi-level piezometer locations (bottom). Sampling point 0 is the inlet and 12 is the outlet. 570 

CL refers to the clay liner. Black square is 0.1 m, black circle is 0.4 m and black triangle is 571 

0.7 m below the filter surface.  572 

 573 
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 587 

Fig. 2. Dissolved organic carbon (DOC), HCO3, dissolved CO2-C and dissolved CH4-C at the 588 

inlet (black circles) and outlet of the bioreactor (white circles). The influent water was 589 

modified with KNO3 on March 22, 2012. 590 
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 610 

Fig. 3. Longitudinal (1-12 sampling points, as per Fig 1) and vertical profiles (at depths of 0.7m (box), 0.4 m (triangle), and 0.1 m (cross)) of 611 

DOC, dissolved CO2-C and CH4-C in the bioreactor before modification of the inlet water with KNO3 (February 2012 - top row) and after spiking 612 

(July 2012). Circle indicates inlet (0) concentrations.  613 
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Fig. 4. Nitrogen (NO3-N, NH4-N, dissolved N2O, DON, N2/Ar, PN) and P (DRP, DUP and PP) at the inlet (black circles) and outlet of the 617 

bioreactor (white circles)). The influent water was modified with KNO3 on March 22, 2012. 618 
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 623 

Fig. 5. Longitudinal (1-12 sampling points, as per Fig 1) and vertical profiles (at depths of 0.7m (box), 0.4 m (triangle), and 0.1 m (cross)) of 624 

NO3-N, NH4-N, N2/Ar ratios, dissolved N2O-N, and DRP in the DB before modification of the inlet water with KNO3 (February 2012 - top row) 625 

and after spiking (July 2012). Circle indicates inlet (0) concentrations.  626 
 627 
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 638 

Fig. 6. Example longitudinal N2O-N, CH4-C & CO2-C surface emissions as measured from static chambers at the media surface in the 639 

denitrifying bioreactor before NO3
- spiking (February 2012 - a) and after spiking (June 2012 - b and July 2012 - c). 640 

 641 


