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ABSTRACT 
 
Valero Energy Ltd (Valero) is upgrading a refinery wastewater treatment plant (WWTP) to meet 
a new total nitrogen (TN) discharge limit. Bench tests were performed to evaluate site-specific 
kinetic and stoichiometric parameters for denitrification. A calibrated process simulator 
(BioWin®) was used to design a Modified Ludzack-Ettinger (MLE) reconfiguration of the 
existing WWTP. Biological nitrogen removal parameters were developed and may be of interest 
for design of future refinery WWTPs. 
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INTRODUCTION & BACKGROUND 
 
The Valero Energy Ltd (Valero) Pembroke Refinery is located in Pembrokeshire, Wales, United 
Kingdom. In operation since 1964, the plant has a total throughput capacity of 270,000 barrels 
per day (bpd), including 220,000 bpd of crude oil and 50,000 bpd of other feedstocks. The 
facility’s wastewater discharge is subject to a new annual average total nitrogen (TN) limit of 25 
milligrams per liter (mg/L), effective October 2018. Wastewater Treatment Plant (WWTP) 
upgrades to achieve biological denitrification are required to meet the new standard. 
 
Pembroke Refinery treats approximately 10,200 cubic meters per day (m3/d) of process 
wastewater. Oil/water separation is provided in API separators and dissolved air flotation (DAF) 
units. As shown in Figure 1, the first biological treatment step consists of two parallel aerated 
equalization (EQ) basins, with a total volume of 10,200 m3. The EQ Basins are followed by a 
nitrifying activated sludge plant that includes parallel aeration basins (5,100 m3 total volume) 
and clarifiers. The activated sludge plant is operated at a solids retention time (SRT) of 35-45 
days. 
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Figure 1: Simplified process flow for original plant. 

 
Because design data are generally unavailable for biological denitrification of refinery 
wastewaters, on-site testing was performed to characterize the DAF effluent (EQ Basin influent) 
and develop kinetic and stoichiometric parameters for input to the BioWin® process simulator. 
During the study, a bench-scale bioreactor was operated in batch mode and acclimated by 
aerobic/anoxic cycling prior to parameter estimation. The calibrated BioWin® model was used 
to size the portion of the aerated equalization basin that will be converted to the anoxic section of 
the Modified Ludzack-Ettinger (MLE) process and quantify required operational changes such as 
internal mixed liquor recycle (IMLR) rates.  
 
Prior work (Marinetti et al., 2009; Melcer et al. 2009) has shown that six parameters have a 
significant effect on modeling results and process design for denitrifying systems: readily 
biodegradable chemical oxygen demand (RBCOD), heterotrophic biomass yield (YTrue), 
heterotrophic biomass decay rate (bH), the anoxic growth factor (ƞG), the maximum specific 
growth rate for nitrifying bacteria (µAUT), and autotrophic biomass decay rate (bAUT). Rigorous 
wastewater characterization also contributed towards producing a calibrated model including the 
evaluation of soluble unbiodegradable (Inert) COD and the soluble unbiodegradable organic 
nitrogen fraction.  
 
METHODOLOGY 
 
The bench-scale nitrification/denitrification reactor was operated for 42 days. The reactor was 
seeded with biomass from the plant’s activated sludge unit and operated under similar conditions 
(SRT >30 days, T≈33°C). The reactor was operated in a batch mode fill, react, settle, and decant 
mode that included a 4-hour anoxic cycle to acclimate biomass for nitrification/denitrification. 
EQ Basin influent was collected daily and characterized prior to addition to the bench reactor. 
COD and nitrogen species were measured in the influent and effluent to produce mass balances. 
Additional wastewater characterization data were obtained from routine monitoring of the full-
scale WWTP. Biomass was allowed to acclimate for 30 days before commencing the parameter 
estimation tests.  
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The parameters shown in Table 1 were estimated per the methods indicated. A Surcis BM-EVO 
Multipurpose Respirometer with temperature control was used for all tests which required 
continuous or repeat measurement of oxygen uptake rate. Results were utilized to calibrate 
BioWin® process modeling and develop a process flowsheet capable of achieving 25 mg/L TN 
(annual average) and 20 mg/L ammonia nitrogen (NH3-N, daily maximum) under design average 
and peak influent conditions. 
 
 

Table 1: Kinetic, stoichiometric, and wastewater fractions measured 

Parameter Number of 
replicates Method 

Anoxic Growth Factor (ƞG) 2 Melcer et al., 2003 (WERF Guidelines) 
Nitrifier Maximum Specific Growth Rate (µAut) 3 Melcer et al., 2003 (WERF Guidelines) 
Autotrophic Decay Rate (bAUT) 1a Melcer et al., 2003 (WERF Guidelines) 
Heterotrophic Decay Rate (bH) 1a Eckenfelder et al., 2009 
True Heterotrophic Yield (YTrue) 7 Melcer et al., 2003 (WERF Guidelines) 
Fraction of Readily Biodegradable COD (RBCOD) 7 Melcer et al., 2003 (WERF Guidelines) 
Fraction Unbiodegradable COD 5 Mamais et al., 1993 
Fraction Soluble Unbiodegradable Organic Nitrogen 5 Melcer et al., 2003 (WERF Guidelines) 

    a These tests required utilization of the entire volume of reactor and were performed as the final assessment 

 
RESULTS AND DISCUSSION 
 
Denitrification was observed in the bench-scale reactor after two weeks of operation. As 
displayed in Figure 2, oxidized nitrogen species (NOx-N) concentrations were reduced through a 
4-hour anoxic cycle. Following WERF guidance (Melcer et al., 2003), it was initially thought 
that nitrate-nitrogen (NO3-N) was the only oxidized nitrogen species that needed to be tracked 
for development of nitrification/denitrification parameters. Results showed that nitrite nitrogen 
(NO2-N) could also accumulate in the reactors in appreciable concentrations, impacting the 
determination of ƞG, µAUT, and bAUT.  
 

 
1062



 
 

Figure 2: Nitrate concentration before and after 4-hour anoxic cycle 
 
A stark difference was observed in the calculation of ƞG when ignoring NO2-N build-up during 
the test. The anoxic growth factor, ƞG, accounts for the reduced effective substrate utilization rate 
and endogenous decay rate when nitrate is used as the electron acceptor opposed to oxygen. As 
NO3-N was utilized, NO2-N was being formed and accumulated as an intermediate, as opposed 
to immediate conversion to nitrogen gas (Figure 3). The batch tests were spiked with excess 
acetate so that the NO3-N uptake rate (NUR) was at the maximum rate and not limited by readily 
biodegradeable COD concentrations. Equation 1 from the WERF protocol (Melcer et al., 2003) 
shows ƞG as a function of NUR and oxygen uptake rate (OUR). The modified Equation 2 
accounts for NUR and NO2-N formation rate (nFR). Collectively, the numerator of Equation 2 
was referred to as the total oxidized nitrogen uptake rate (NOxUR). The value of 1.71 is derived 
from oxygen equivalents of the reduction of NO2

- to N2.  
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Figure 3: NO2-N and NO3-N concentrations through ƞG testing 
 
Equation 1: Anoxic Growth Factor Equation 
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Equation 2: Anoxic Growth Factor Equation modified for nitrate formation  
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Results of parameter development from the bench testing are summarized in Table 2. 
Temperature-dependent rate constants determined at 33°C were transformed to 20°C to compare 
directly to the default input parameters assumed by BioWin® 5.1 by EnviroSim Associates. 
BioWin® was calibrated to the original full-scale WWTP configuration/operation by combining 
the “operational” or “controllable” aspects of the treatment plant with the input wastewater 
characteristics and adjusting selected parameters to fit a set of plant performance data. Figure 4 
shows calibration results in the aeration basin and effluent where square markers are reported 
data and BioWin® estimates are shown as lines.  
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Figure 4: BioWin® calibration results of A) Aeration basin MLSS; B) Effluent NH3-N; C) 
Effluent TN; D) Effluent soluble COD; E) Effluent nitrite and nitrate 
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Table 2: Testing results compared to BioWIN defaults 

Parameter Measured 
Value θ a 

Value 
Corrected to 

20°C 

BioWin® 
Default 

Kinetic Parameters 
Anoxic Growth Factor  
(ƞG) 0.7 - - 0.5 
Nitrifier Maximum Specific Growth Rate  
(µAut, 1/day) 0.48 @ 33°C 1.072  0.19 @ 20°C 0.90 @ 20°C 
Autotrophic Decay Rate  
(bAUT, mg VSSAutotrophic/mg VSSAutotrophic·day) 0.21 @ 33°C  1.029 0.15 @ 20°C 0.17 @ 20°C 
Heterotrophic Decay Rate  
(bH, mg VSSHeterotrophic/mg VSSHeterotrophic·day) 0.67 @ 20°C 1.029 0.67 @ 20°C 0.62 @ 20°C 

Stoichiometric Parameters 
True Heterotrophic Yield  
(YTrue, mg VSSCOD/mg CODRemoved) 0.696 - - 0.666 

Wastewater Fractions 
Fraction of Readily Biodegradable COD  
(g RBCOD/g total COD) 0.16 - - 0.16 
Fraction Unbiodegradable COD  
(g COD/g total COD) 0.08 - - 0.05 
Fraction Soluble Unbiodegradable Organic Nitrogen  
(g N/g TKN) 0.018 - - 0.02 

 a Corrected with X(@T)=X@20°C*θ^(T-20) 

 
The original WWTP configuration and the MLE reconfiguration (with an anoxic zone built into 
the effluent end of the aerated EQ Basins) shown in Figures 5A and 5B were modeled with 
BioWin Process simulator. The anoxic zone was sized using the process model with the 
parameters developed during this study. To achieve the TN limit under average conditions, 
supplemental organic carbon addition will be required. Modeling also revealed that the existing 
activated sludge aeration basin did not have enough aeration capacity to meet the daily maximum 
NH3-N limit under maximum loading conditions. Further, with the additional volume of the 
MLE configuration, the model predicted the MLSS concentrations were on the fringe of 
acceptable operation for gravitational secondary solids separation (1,500 to 1,750 mg/L) during 
periods of low organic loading. This led to a process design that allows return activated sludge 
(RAS) to be optionally circulated to either A) the anoxic zone, or B) the aerobic zone of the EQ 
Basins, effectively converting the EQ Basins into a first-stage activated sludge basin (Figure 5C). 
Directing RAS to the front of the EQ basin will require more supplemental carbon input under 
typical conditions (Table 3), but also results in a lower operating MLSS concentration and 
reduced effluent TN. This configuration allows control of TN over a wide range of operating 
conditions, including periods of low influent COD. 
 

 
1066



 
 

Figure 5: Simplified process flow for original plant and new design 
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Table 3: Predicted Operational Values 

Parameter 
RAS to Anoxic RAS to EQ Aerobic 

Average Average 2-Day 
Maximum 

Anoxic Zone Volume, m3 1,900 1,900 1,900 

Flow (Q), m3/h 425 425 568 

RAS (R), m3/h 425  425  425  

IMLR (Total), m3/h 1,700  1,700 1,700 

Anoxic Zone Hydraulic Retention Time (Q+IMLR+R), min 45 45 42 

Molasses Feed Rate a, m3/d 2.9 3.3 2.3 

EQ Aerobic MLSS, mg/L - 2,080 2,222 

Anoxic Zone MLSS, mg/L 4,711 2,085 2,100 

Aeration Basin MLSS, mg/L 4,677 2,065 2,175 

Effluent NH3-N, mg/L 1.8 0.34 19.8 

Effluent NOX-N, mg/L 10.5 2.4 15.4 

Effluent TN, mg/L 18.2 7.3 40.5 

75% Phosphoric Acid, m3/h 0.0010 0.0010 0.0042 
   a Based on a COD of 993,546 mg/L and a TN of 9,590 mg/L for Molasses. 

 

Predicted effluent concentrations for TN, NH3-N, COD, and soluble COD are presented in Table 
4 with associated permit limit values. Average flow conditions were modeled for both RAS flow 
schematics; RAS will typically be directed to the front of the EQ Basins under average 
conditions, but may be redirected to the anoxic zone if MLSS decreases below 2,000 mg/L or if 
the SRT is greater than 50 days (when maintaining an MLSS greater than 2,000 mg/L). Under 
maximum loading conditions, nitrogen removal is limited by nitrification rates and recirculation 
for denitrification; RAS and IMLR rates are set at a combined 500 percent of average flow. 
Management practices will be implemented to allow the yearly TN average to be maintained 
below 25 mg/L. 
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Table 4: Predicted Effluent Concentrations 

Parameter 
RAS to Anoxic RAS to EQ Aerobic 

Limit 
Average Average 2-Day 

Maximum 

TN, mg/L 18.2 7.3 40.5 25 mg/L annual average 

NH3-N, mg/L 1.8 0.34 19.8 a 20 mg/L daily maximum 

COD, mg/L 89 87 104 125 mg/L annual average, 
270 mg/L daily maximum 

Soluble COD, mg/L 30 45 59 - 
a Effluents presented are model predicted maximum concentration. A 24-hour composite sample will be lower. For example, the  
maximum instantaneous effluent ammonia is 19.8 mg/L but the maximum 24-hour composite will be 17 mg/L. 

 
 
CONCLUSIONS 
 
Biological nitrogen removal in petroleum refinery wastewaters has not yet been widely 
implemented and kinetic and stoichiometric parameters for modeling denitrification in these 
systems are becoming pertinent. Testing at the Valero Pembroke Refinery indicated that process 
engineers should specifically consider a decreased nitrifier maximum specific growth rate when 
using process simulators such as BioWin® to design TN removal systems for refinery WWTPs. 
  
BioWin® default parameters presented in Table 2 are reasonable first estimates for process 
modeling in refinery wastewaters with the exception of µAut. BioWin® defaults a value of 0.90 d-

1 at 20 °C. This body of work demonstrated a suppressed µAut of 0.19 d-1 at 20 °C. Previous 
literature (Marinetti et al., 2009) also found a comparable autotrophic maximum growth rate of 
0.183 d-1 at 20 °C in some refinery wastewaters, suggesting autotrophic growth is limited in 
refinery wastewater compared to typical industrial wastewaters. The biomass may be impacted 
due to the available substrate, wastewater salinity, or other aspects of the wastewater.  
 
NO2-N was found to be an important intermediate during batch tests to develop key process 
parameters. Regarding parameter development, the WERF protocols (Melcer et al., 2003) that 
rely on quantification of oxidized nitrogen had to be adapted to account for both NO2-N and 
NO3-N. Analysis only considering NUR would yield kinetic rates much higher than actual 
denitrification rates. This is an important design parameter for sizing anoxic zones to ensure full 
denitrification, and limit N bleed through. 
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