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S.1. Determination of the hydraulic residence time (HRT)  40 

The mixture of woodchips and sewage sludge has previously been shown to be a dual-41 

porosity medium (cf. Nordström and Herbert, 2017) such that the pore volume (V = 113.4 m3) 42 

of the denitrifying woodchip bioreactor (DWB) may be divided into a mobile fraction (θm, 0 ≤ 43 

θm ≤ 1) where flow takes place, and an immobile fraction (θim, 0 ≤ θim ≤ 1) where pore water 44 

is stagnant (Nordström and Herbert, 2017). Hence, m + im = 1. Solute exchange between the 45 

mobile and immobile pore water volumes takes place via diffusion and has been shown to be 46 

close to non-existent in the medium (Nordström and Herbert, 2017), wherefore reactions 47 

involving solutes introduced in the DWB influent (e.g. NO3
-) is limited to the mobile pore 48 

volume. Accordingly, the HRT of the DWB was calculated by dividing the mobile pore 49 

volume (θmV) with the pump discharge (Q) (equation S.1), with an assumed average θm of 50 

0.82 as determined in a mixture of woodchips and sewage sludge under similar HRTs by 51 

Nordström and Herbert (2017). 52 

𝐻𝑅𝑇 =  
𝑉𝜃𝑚

𝑄
                        (S.1)  53 

The effect of a θm ≠ 1 is a decrease in the HRT (equation S.1) relative to the case where it is 54 

assumed that the entire pore volume consists of mobile water. 55 

 56 

 57 

 58 

 59 
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S.2. Determination of the internal distribution of HRT in the DWB 61 

The design of the DWB resulted in a variable height of the cross-section of the flow region in 62 

the bioreactor (see Figure S.1) which in turn affected the internal distribution of HRT in the 63 

DWB as Q = vA, where v is the advection velocity and A is the cross-sectional area of the 64 

flow region (cf. equation S.1). In turn, this affected the time elapsed between each observation 65 

along the theoretical flow line where differences in NO3
- concentrations was observed (see 66 

Figure S.1a). 67 

 The HRT in volume Vi of the DWB, delimited by the traverse cross-sectional areas Ai and 68 

Ai+x and located at li and l(i+x) from the DWB inlet, was calculated using equation (S.2) 69 

𝐻𝑅𝑇𝑖 =  
𝐴𝑖∙ ∆𝑙 ∙𝑝

𝑄
                      (S.2) 70 

In equation (S.2): Ai, ∆l, p, and Q is the cross-sectional area of the flow region at length i 71 

from the DWB inlet, the horizontal length over which the cross-sectional area applies, the 72 

porosity of the flow region matrix (woodchips), and the pump discharge, respectively. We 73 

assumed that the woodchips had a homogeneous porosity (0.54, determined in the laboratory), 74 

wherefore the HRT between consecutive points of observation were only dependent on the 75 

design parameters Ai and l, since Q is constant through-out the flow region (conservation of 76 

mass); Ai and l varies in the DWB according to its geometrical design. 77 

 We assumed an idealized scheme of flow paths in the DWB where flow occurred parallel 78 

to the bioreactor surface, visualized in four compartments (F1-F4, see Figure S.1a). The cross-79 

sectional area Ai perpendicular to the flow lines of the flow region (trapezoidal, see Figure 80 

S.1c) was calculated using equation (S.3) 81 

𝐴 =  {
 ℎ = 𝑙 ∙ tan(𝜃)    ,    0° < 𝜃 < 90° 
ℎ = 𝑑 − 𝑑𝑖𝑚        ,     𝜃 = 0°, 90°  
 ℎ ≥ 0                   ,      ℎ = 0              

} = ℎ [
𝑤−(

2𝑑𝑖𝑚
tan (𝛽)

)

2
+  

𝑤−(
2ℎ

tan (𝛽)
)

2
]    (S3)82 
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In equation (S.3): h, d, dim, and w is the depth of the flow region, total depth of the DWB (2.1 83 

m), the thickness of any ‘impermeable’ layers (till and plywood assumed impermeable) at 84 

distance l from the front of the DWB, and the surface width of the DWB (6.65 m), 85 

respectively. The depth of the flow region was set equal to the thickness of the mixture of 86 

woodchips and sewage sludge as it was saturated with water. θ and β are the slopes of the 87 

floor of the DWB with respect to the surface of the DWB in the direction of flow, and 88 

perpendicular to the direction of flow, respectively (see Figures S.1b,c).  89 

 The right-hand side of equation (S.3) is the area of the trapezoidal cross-section (Figure 90 

S.1c) which changes depending on the thickness of any overlying impermeable boundaries 91 

and the slope of the DWB floor relative the horizontal. From the construction of the DWB, β, 92 

θ, and dim are known and varies with distance from the front of the DWB (see Table S.2). 93 

 The total depth d of the flow region F4 was assumed to be 0.2 m, which (approximately) 94 

corresponded to the depth of the flow in the rectangular weir placed in W5 (Figure S.1a). It 95 

was assumed that no flow occurred behind (or below) the outlet PVC drainage pipe (see 96 

Figure S.1a). Combining equations (S.2) and (S.3) and integrating the HRT with respect to l 97 

across the full distance of the DWB returns the distribution of HRT in the DWB (see Figure 98 

S.2).  99 

 The time elapsed between each determination of NO3
- pore water concentration was 100 

calculated by portioning the calculated HRT in the DWB (section S.1) accordingly to the 101 

relative distribution displayed in Figure S.2. The relative distribution of HRT in the DWB will 102 

remain constant at all Q.  103 

 104 

 105 
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S.3. Estimation of the half-saturation index Ks  106 

We estimated a Ks by fitting the Monod equation (equation 4) separately to the determined 107 

NO3
- removal rates from each respective operational year using non-linear least squares 108 

(NLS) regression in combination with a 1000 iteration non-parametric bootstrap procedure 109 

using the R package ‘nlstools’ (cf. Baty et al. 2015). Starting values for k and Ks were set as 3 110 

∙ 10-8 mol NO3
- L-1 s-1 and 5 ∙ 10-4 mol NO3

- L-1 to facilitate NLS convergence. We 111 

conditioned the bootstrapped generated sets of k and Ks by only allowing positive values of 112 

Ks.  113 

 Mean bootstrapped k for the first and second operational year was 173.1 µmol NO3
- L-1 h-1 114 

and 60.4 µmol NO3
- L-1 h-1, while mean bootstrapped Ks was 1939.8 µmol NO3

- L-1 and 115 

539.86 µmol NO3
- L-1, respectively. Mean bootstrapped sets of Ks generated low fits to the 116 

variation in the determination NO3
- removal rates with NO3

- concentration, and bootstrapped 117 

estimates of Ks generally increased with bootstrapped estimates of k (Figure S.3) which could 118 

indicate that the NO3
- removal rates are diffusion limited in the DWB (cf. Shaw et al. 2015, 119 

2013).  120 

 121 
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S.4. Determination of ‘optimal’ ∆G‡ and fitting MMRT  128 

The NO3
- concentration profiles were simulated by sequencing ∆G‡ between 90-125 kJ mol-1 129 

at 10 J mol-1 increments, with the ‘optimal’ ∆G‡ defined by maximizing the Nash-Sutcliffe 130 

model Efficiency coefficient between the observed and simulated NO3
- concentrations. First 131 

and zeroth rate orders were assumed for the first and second operational year, respectively, 132 

and is assumed to represent the general decrease in Ks between the two operational years (SI, 133 

section S.3). Equation (5) was fitted to the variability in the ‘optimal’ ∆G‡ with temperature 134 

through a NLS regression in combination with a 1000 iteration non-parametric bootstrap 135 

procedure using the R package ‘nlstools’ (cf. Baty et al. 2015) for the determination of ∆H‡
T0, 136 

∆S‡
T0 and ∆Cp

‡. T0 was set at 25°C (298.15 K) and the parameter ranges of ∆H‡
T0, ∆S‡

T0, and 137 

∆C‡
p were unconstrained with starting values of 150 kJ mol-1, 250 J mol-1 K-1, and -7.5 kJ 138 

mol-1 K-1, respectively, to facilitate the convergence of the NLS regression. In accordance 139 

with Robinson et al. (2017), the sets of fitted parameters were further constrained by retaining 140 

sets in which ∆C‡
p < 0 and where the optimum temperature (Topt) of NO3

- reduction fell within 141 

the biologically relevant range of 10 to 90°C (equation 6). 142 

 143 
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Figure S.1. Longitudinal cross-sectional view of the bioreactor (a), geometrical conceptualization of the slope in 149 

flow region (F1) (b), and geometrical conceptualization of the traverse cross-sectional flow region (c). Red 150 

crosses in (a) marks position of profile sample collection, while W1-W5 denotes vertical “inner walls” of 151 

plywood. 152 

 153 
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Figure S.2. The distribution of hydraulic residence time (HRT) between the inlet (2.7 m) and outlet (39.7 m) in 162 

the bioreactor due to a variable height of the flow region. Vertical lines indicate position of sampling points 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 



S10 
 

Figure S.3. Bootstrapped estimates of Ks as a function bootstrapped estimates of k for the first (a) and second (b) 174 

operational years. 175 

 176 
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Figure S.4. Simulated NO3
- concentration profiles according to the zeroth and first order rate scenarios (E0 and 184 

E1, respectively), and with ∆G‡ defined using the mean MMRT parameters (MMRT). NSE = Nash-Sutcliffe 185 

model Efficiency coefficient. 186 
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Figure S.5. Variation in Q10 between the two operational years because of a decrease in the carbon quality. Note 188 

log scale on y-axis. 189 
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Table S.1. Pump discharge (Q) to the denitrifying woodchip bioreactor and corresponding theoretical hydraulic 200 

residence times (HRT).  201 

Days Q (m3 day-1) Theoretical HRT (days) 

0-45 43.2 2.1 

46-52 0 No flow – Pump malfunction 

53-151 59.4 1.6 

152-321 0 No flow – winter intermission 

322-370 43.2 2.1 

371-428 48.9 1.9 

429-490 109.6 0.8 
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Table S.2. Parameters for HRT distribution.  213 

la [m] θ   β dim [m] d [m] 

0-5.4 21.25° 42.06° 0 0-2.1a 

5.4-30.9 0° 42.06° 1.1 2.1 

30.9-38.5 0° 42.06° 0 2.1 

38.5-39.4 0° 42.06° 0 0.2b 

aThe length from the bioreactor inlet over which the parameters θ, β, dim, and d applies. bTotal depth conditional 214 

on θ (cf. equation S3). cTotal depth adjusted assuming stagnancy in volume behind outlet 215 
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Table S.3. Determined Gibb’s free energies of activation (∆G‡) for the first order (E1) and zeroth order (E0) rate 228 

scenarios. 229 

Yeara Scenario nb ∆G‡ (kJ mol-1) NSEc 

1 

E0 0 111.8 0.119 

E1 1 94.9 0.546 

2 

E0 0 113.9 0.019 

E1 1 97.7 0.017 

aYear 1 is the first operational year and year 2 is the second operational year. bRate order with respect to the 230 

NO3
- concentration.cNash-Sutcliffe model Efficiency coefficient between the determined and simulated NO3

- 231 

removal rates using E0 and E1 232 
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