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SUMMARY

This chapter provides a review of the models available for estimating the production and emission of
methane from wastewater collection and treatment systems. The details of a number of mechanistic
models as well as the simplified empirical models have been summarized. Their limitations have been
identified and general methods for calibration and validation have been presented.
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TERMINOLOGY

Term Definition

Greenhouse gas Gas that absorbs and emits radiant energy within the thermal infrared range.

Collection system A system of sewer pipes that collects wastewater from different sources and delivers it
to a wastewater treatment plant

SeweX A dynamic model for simulating hydrogen sulfide and methane generation in a sewer
system

Sulfate reducing A group of bacteria found in anaerobic biofilm, which can perform anaerobic

bacteria (SRB) respiration utilizing sulfate as the terminal electron acceptor and reducing it to

hydrogen sulfide. Organic carbon is generally used as the electron donor.

Methanogens A group of microorganisms (archaea) that produce methane as a metabolic by-product
under anaerobic conditions.
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198  Quantification and Modelling of Fugitive Greenhouse Gas Emissions from Urban Water Systems

Methanotrophs Prokaryotes that metabolize methane as their source of carbon and energy. They can
be either bacteria or archaea and can grow aerobically or anaerobically. These require
single-carbon compounds to survive.

Model calibration A process of adjustment of the model parameters to obtain a model representation of
the processes of interest that satisfies prescribed criteria.

Model validation A process by which model outputs are systematically compared to independent real-
world observations to judge the quantitative and qualitative correspondence with
reality.

Anaerobic digestion A biochemical process through which microorganisms break down organic matter in
the absence of oxygen generating methane-rich biogas.

Empirical model A model based on statistical relationships between the output and inputs, which are
developed using experimental data.

Dissolved methane Methane (CH,) gas present in dissolved form in the water phase.

Activated sludge A wastewater treatment process for treating sewage or industrial wastewaters using

process aeration and biological flocs composed of bacteria and protozoa.

8.1 INTRODUCTION

Modelling of methane production in wastewater systems emerged from the modelling of anaerobic
digestion, in which the production of methane gas has been the major focus. The methane model for
anaerobic digestion has been widely reported in literature. However, due to the continuous evolution
of sewer models during the past 3 decades and renewed interest in greenhouse gas (GHG) emissions
from the collection systems, there has been significant development in methane modelling for sewer
systems. It is not only the production, but also the consumption of methane, which serves as a sink
for methane, that has attracted the interest of many researchers in recent years. This has led to the
development of models for methane removal in aerobic systems, primarily the aerobic methane
oxidation. This chapter summarizes the models for methane production and removal in an urban
wastewater system.

8.2 CH, MODELLING FOR COLLECTION SYSTEM

Due to the operational complexity of sewer systems and dynamic nature of methane production as well
as emissions, it is not practical to estimate overall CH, emissions from large sewer networks through
either online or offline measurements presented in the earlier chapters. Mathematical modelling of the
methanogenic activity is a viable option for predicting the methane production and emission in sewer
networks. A mathematical model also serves as a powerful tool for the water industry, supporting
operational optimization and the development of mitigation strategies for GHG emission control from
their collection systems. To date, a number of different models for predicting methane production in
sewers have been developed. These models are described in the following sections.

8.2.1 Mechanistic model for CH, production in sewer biofilms

Guisasola et al. (2009) developed a mechanistic model for CH, production in sewer biofilms, which
has been incorporated in the sewer model presented in Sharma et al. (2008) to account for the
methanogenic activity. The sewer model, which is now known as the SeweX model (Cesca et al., 2015;
Nguyen et al., 2015), is a dynamic sewer model, describing in-sewer biological, chemical, and physical
processes. It predicts both the temporal and spatial variations of wastewater characteristics, including
sulfate, sulfide and methane, using sewer network configuration, pipe geometry, sewage characteristics
and hydraulic data as the inputs. SeweX is the first sewer model capable of predicting the spatial and
temporal variation in dissolved and gas phase methane concentrations in a sewer system.
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Modelling of methane production and emissions 199

The processes included in the sewer CH, model are listed in Table 8.1, while a schematic presentation
of these processes is shown in Figure 8.1. The following processes that are responsible for methane
production in sewers are included in the SeweX model.

Acidogenesis

Acetogenesis

Acetoclastic methanogenesis
Hydrogenotrophic methanogenesis
Acetate-based sulfidogenesis
Hydrogenotrophic sulfidogenesis
Propionate-based sulfidogenesis

Nk uN =

The Monod type kinetic expressions are used for the biofilm-catalysed processes and higher values
of saturation constants are employed to account for substrate diffusion limitations in the biofilm.
Some of the key features of this model are:

1. The sewer biofilm is considered the main contributor to sulfide and methane production.

2. Fermentation is modelled considering the acetate, propionate, and hydrogen as the
products.

3. Acetoclastic methanogenesis is the predominant mechanism for methane production.

4. Glucose has been used to represent the fermentable substrates in the biochemical reactions as
in Anaerobic Digestion Model No. 1 (ADM1, Batstone et al., 2002).

5. Given the fact that direct propionate utilization by methanogens is not possible and propionate
in real sewage is at a low concentration, propionate is considered as an electron donor only for
sulfate reduction, not for methane generation.

6. The fermentative bacteria are likely to outcompete sulfate reducing bacteria (SRB) for the
fermentable substrates (e.g., sugars or other carbohydrates). For this reason, sulfate reduction
using these substrates is not considered in the model and the use of these substrates by SRB is
accounted for by considering the use of the fermentation products from these substrates.

The details of the stoichiometric and kinetic parameters included in the SeweX model, which
describe the interactions between sulfate reducing bacteria, fermentative bacteria (FB) and
methanogenic archaea (MA) can be found in Guisasola ef al. (2009).

The SeweX model with parameters initially calibrated using the data collected from lab-scale
experiments (Guisasola et al., 2009), was subsequently validated using manually sampled, offline
methane data from two sewer sites, one in Australia and another in Spain. Figure 8.2 shows a
comparison of measured CH, data (offline) with the model predicted results for a sewer system in
Australia (Guisasola et al., 2009), while Figure 8.3 shows a similar comparison for a sewer system
in Spain. Figure 8.4 compares a long-term field CH, measurement (online) data from another sewer
system in Australia (Liu ef al., 2015b) with the CH, results predicted using the calibrated model. These
comparisons clearly demonstrate the validity of the sewer CH, model discussed above.

Although the model predictions and field data showed very good correlations in the above presented
cases, more online field measurement data are needed for further calibration and validation of the
methane related kinetics, especially under a wide range of sewer conditions.

8.2.2 Methane oxidation under aerobic environment

Despite there being a strong possibility of methane oxidation under aerobic conditions in a gravity
sewer by methanotrophs, there is no information on this available in the literature. The lack of
sufficient information suggests that there has been no attempt made so far to model the methane
oxidation in gravity sewers. Modelling efforts have been focused only on the anaerobic sewer biofilm
in the rising main, which is the source of methane in a sewer system.
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200 Quantification and Modelling of Fugitive Greenhouse Gas Emissions from Urban Water Systems

Table 8.1 Stoichiometry and kinetics of the model describing the interactions among MA, FB and SRB (Guisasola et al., 2009).
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Modelling of methane production and emissions 201

Figure 8.1 Schematic representation of the methane biological model. Sulfate reducing bacteria processes (solid
line), fermentative bacteria processes (dash-dotted line) and methanogenic archaea processes (dashed line)
(Guisasola et al., 2009).

8.2.3 Methane production in sewer sediments

Liuet al. (2015a) developed a detailed, but simple, one-dimensional sediment model to predict methane
and sulfide production and microbial distribution in a sewer sediment based on the biological reactions
proposed by Guisasola et al. (2009). The proposed model is presented in Equation (8.1).

Tcus = k x SFO'S (81)

where, rcyy, is the areal methane production rate (g CH,/m?2-day); k is the rate constant for methane
production expressed as (g CH,/m)%5/day; and S, is the bulk fermentable chemical oxygen demand
(COD) concentration (mg/L).
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Figure 8.2 SeweX model predictions vs offline CH, data collected from a sewer system in Australia (Guisasola et al.,
2009).
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Figure 8.3 SeweX model predictions vs measured CH, data (off-line) for a sewer system in Spain.
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Figure 8.4 Calibrated seweX model predictions vs measured CH, data (on-line) for a sewer system in Australia.
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Modelling of methane production and emissions 203

The parameter k was calibrated using the least squares method after comparing the model predicted
methane production rate with the measured value under different substrate concentrations. A value of
0.224 +0.002 was obtained for k£ with the R? estimate of 0.99. The model presented in Equation (8.1)
has been found to describe the methane production in sewer sediment under different flow velocity
(shear stress) conditions (Liu ef al., 2016).

The proposed half-order kinetic model can be easily used in the determination of the contribution
of sewer sediments to the overall sewer network emissions. The model is very simple as it involves only
one parameter to be calibrated that is, k. However, more field data is required to examine the accuracy
of the proposed model and understand the dependency of k on key sewer conditions including the
sediment properties and wastewater characteristics.

8.2.4 Empirical models predicting methane production in sewers

The mechanistic model for CH, production described in Section 8.2.1 requires a large amount of data
and is not suitable for quick CH, estimation for a sewer pipe. Alternatively, an empirical model could
be a useful tool in such a case.

Foley et al. (2009) proposed a simple empirical model for estimating CH, production in a rising
main sewer using data collected from Australian sewers. This simple empirical model represented a
correlation of measured CH, data from a limited number of rising main sewers with the pipe properties
and hydraulic conditions (Equation (8.2)). It was intended for application to similar rising mains with
‘similar operational characteristics’, which included temperature and organic matter content of the
wastewater. The model was a best fit of measured dissolved CH, production to hydraulic residence
time (HRT) and the ratio of biofilm area to water volume in the sewer.

Cors =524 %107 x +0.0015 (8.2)

é><HRT
|4

where Cy, is the concentration of dissolved methane (kg/m?3); 5.24 x 10> kg/m?/h represents the rate
of methanogenic activity of the pipeline biofilm; and 0.0015 kg/m?3 is the average residual concentration
of dissolved methane. This empirical model is based on field observations and considers that the
CH, production is a function of the wastewater HRT and the biofilm area to water volume (A/V)
ratio of the pipe. This simple equation offers a valuable tool for water authorities to predict methane
emissions from a rising main sewer. It should be noted that the methane production rate (5.24 x 10-)
is expected to be affected by many other factors such as the wastewater composition (specifically the
COD concentration) and temperature, and it likely varies from system to system. Therefore, more field
data is required to further calibrate and validate this empirical model for its generalized application.

With regard to gravity sewers, Chaosakul et al. (2014) developed an empirical model to predict
methane formation in gravity sewers based on the A/V ratio, HRT and wastewater temperature
(Equation (8.3)). The model parameters were estimated using the field data collected in central Thailand.

CCH4 =6.0x 1075 X

é X HRT] x1.05729 1+ 0.0015 (8.3)

where Cgy, is the concentration of dissolved methane (kg/m3); 6.0 x 10~ kg/m?/h is the rate of
methanogenic activity of the pipeline biofilm; 0.0015 kg/m3 is the average residual concentration of
dissolved methane; and 1.05(T29 is a function of temperature (in °C). This model has been calibrated
with measured methane data from the field and partially validated using rising main sewer data.
However, the fit of the model predictions with the measured data was poor as R? was found to be only
0.06, which is very low. A number of different possible reasons, including limited range of A/V and
HRT used in the study, and variation in weather conditions, have been postulated for this observation.
By comparing the two equations presented here for rising main and gravity sewer, respectively, it
appears that the gravity sewers in Thailand would produce more CH, than the rising main sewers in
Australia for the same HRT and A/V ratio, which itself is quite surprising.
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204  Quantification and Modelling of Fugitive Greenhouse Gas Emissions from Urban Water Systems

Xu et al. (2018) attempted to further improve the model proposed by Chaosakul et al. (2014) by
introducing a biomass term and removing the A/V ratio term as shown in Equation (8.4).

Qcns = Yerasx - X -HRT -1.057 29 (8.4

where Qcy, is the methane production in mg/L-day; Y., is the yield coefficient (mg methane/kg
biomass); and X is the amount of biomass (kg). The biomass amount is estimated by considering the
wall shear-stress, which depends upon sewer slope, degree of fullness of sewer flow, and velocity of flow.
The details of the equations used for estimating the biomass amount can be found in Xu et al. (2018).

None of the three empirical equations described above consider the impacts of substrate
concentration (COD), and this could lead to some errors in methane prediction.

Recently, Water Research Foundation (WRF) has published a methodology for sewer methane
estimation in the form of a technical report (Willis et al., 2020). In an attempt to develop the tools
for the quantification of methane emissions from gravity as well as the rising main sewers, separate
empirical equations taking into account the key field variables such as wastewater flow, pipe diameter,
slope and temperature have been proposed for the gravity and rising main sewers. These equations have
been developed using the data generated from a large number of simulations with the SeweX model
for a range of the variables representing a wide variety of sewer design conditions. The parameters of
the model were estimated by carrying out regression and fitting the parameter values to minimize the
sum of the square of errors among the two data sets.

The proposed equation for the prediction of methane production in a gravity sewer is:

ten, = 0.419- 1.067-20 .Q0,26 . D28 . g—0.138 8.5)

where, 1cp, is the methane production rate (kg/km-day); Q is the average flow over a day (m3/s); D is
the pipe diameter (m); and S is the pipe slope (m/m).
The equation for the estimation of methane production in a rising main sewer is:

T, = 3.45-1.067729 . D . N2 . 0,396/ ~Nr=P1/1440) (8.6)

where, 1oy, is the methane production rate (kg/km-day); T is the temperature (°C); D is the pipe
diameter (m); Nj is the number of pumping events per day; and P, is the average pumping interval
(min). This equation could be used for intermittently running and continuously running rising main
sewers as well as the surcharged sewer pipes.

Once the characteristics of a sewer network are known, the above equations could be used to
estimate the overall CH, emission from the entire sewer network, with an assumption that all the CH,
produced in the sewer network ultimately gets emitted to the atmosphere. Although, there have been
some efforts made towards the validation of these models, more work is needed.

8.2.5 Methane emission in sewers

The mass transfer of CH, from the liquid phase to the sewer headspace is the key process for CH,
emission. Like oxygen, the mechanism of CH, liquid-gas mass transfer in assumed to be controlled by
the transfer in the liquid film as, similarly to oxygen, methane is poorly soluble in water. The following
relationship is commonly used for modelling the liquid-gas transfer of methane.

dCCH4,L CCH4 g ]
H

— _ka-
dt 1a

Ceny L —

8.7)

where k,a is the mass transfer coefficient (1/day); Ccp, 1. is the liquid phase methane concentration
(mg/L); Ccn, ¢ is the methane concentration in the gas phase (mg/L); H is the Henry’s law constant;
and dCcy,, / dt is the volumetric mass flux of methane (mg/L-day).
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Modelling of methane production and emissions 205

The mass transfer coefficient depends upon several factors including temperature, water quality and
the thickness of the interfacial liquid layer (Liss & Slater, 1974). A number of different relationships
are available for the estimation of the k;a value for oxygen transfer as a function of physical and
hydraulic properties of sewer pipes and streams (Jensen, 1995; Lahav et al., 2004; Owens et al., 1964;
Parkhurst & Pomeroy, 1972). Once the mass transfer coefficient for oxygen is known, the same for
methane could be estimated based on the ratio of the coefficient of molecular diffusion of CH, to that
of O, (Liss & Slater, 1974) as follows.

kLa,CH4 _ [DCH4 ]" (8 8)

kra,0, Do,

where k;a,CH, is the mass transfer coefficient for CH,; k,a,0,is the mass transfer coefficient for O,;
Dcy, is the molecular diffusion coefficient for CH,; Do, is the molecular diffusion coefficient for O,;
and 7 is the constant, which could be taken as 0.5 under turbulent flow conditions (Liss & Slater,
1974; Carrera et al., 2016).

8.2.6 Model calibration and validation

There has been some work done in relation to calibrating and validating the methane models for the
collection system (Chaosakul et al., 2014; Foley et al., 2009; Liu et al., 2015a). However, only a limited
data set (either from a single system or data over a limited period) has been used in the calibration, and
hence the validity of the model parameters is questionable. It is therefore warranted that the models
are calibrated with the data collected from the field and such a calibrated model be applied to estimate
the methane generation in and emission from a sewer network.

Different models presented in previous sections would require different data sets for their calibration.
Generally, sewer data (pipe size, slope, length etc.), hydraulic data (flow, velocity, water depth, pump
operation information etc.), environmental data (temperature etc.), and wastewater characteristics are
required as inputs for the calibration. The empirical models require quantification of the parameters
and variables involved in the model and generally use average values for the variables, whereas a
dynamic model would require the information on dynamic variation of flow and the wastewater
characteristics. For comparison, dissolved CH, concentration needs to be monitored at selected
locations along the sewer network. This data can be used for both calibration and validation of the
model. Normally data collected from one system is used for calibration of model parameters and the
data from a separate system is used for validation.

8.2.7 Further model development

Liu et al. (2015a) have highlighted the limitations of the current CH, models for sewer CH, production.
For instance, the potential for biological CH, oxidation has not been factored in in the current models
mainly because of the lack of understanding of those processes. In addition, other processes which
serve as a sink for methane in sewers should be included in the models once such processes are
identified and a proper understanding is established.

Another potential development is related to the integrated management of urban water-wastewater
systems as there is an increasing interest in understanding the effect of the interactions among urban
water system components. This can be enabled through integrating the WWTP model and the sewer
models, such as SeweX, resulting in better prediction of methane emission over the entire wastewater
system (Guo et al., 2012). With further development of the sewer models, the integrated modelling
approach will provide more reliable information in relation to GHG emissions from the entire urban
water system.
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8.3 METHANE MODELLING FOR ACTIVATED SLUDGE PROCESS

8.3.1 Incorporating aerobic methane oxidation in activated sludge models

Because of the aerobic environment prevailing in the activated sludge process, the only process that is
relevant to methane emission is the aerobic methane oxidation due to the presence of methanotrophs. The
well-established Activated Sludge Model n°1 (ASM1, Henze et al., 1987) has been extended by Daelman
et al. (2014) to include the biological methane oxidation. The resulting model, named ASM1m, adds two
processes to ASM1: aerobic growth and decay of methanotrophs. The two additional state variables
in the model are methane as a substrate (Scy,) and methane oxidizing bacteria (X,,o5) as the biomass
component. Methanotrophic bacteria are singled out from the other heterotrophic organisms (Xp;) and
are therefore described by a separate state variable, X5, as in Arcangeli and Arvin (1999). The details of
the reaction stoichiometry and kinetic parameters used in ASM1m are available in Arcangeli and Arvin
(1999) and Daelman et al. (2014). The original parameter values of ASM1 are preserved and the list has
been extended with additional parameters to be used in the equations that describe methanotrophic
growth and decay, taken from Arcangeli and Arvin (1999). The details of the reaction stoichiometry and
the process rates used in ASM1m model are presented in Tables 8.2 and 8.3, respectively.

In ASM1m, the growth of methanotrophs is modelled using Monod kinetics for methane and
oxygen similar to those used in a number of publications (Alvarez-Cohen & McCarty, 1991; Arcangeli
& Arvin, 1999; Broholm et al., 1992; Oldenhuis et al., 1991; Yoon et al., 2009). Unlike in Yoon
et al. (2009), oxygen is also considered as a limiting substrate. Ammonia inhibition, as considered by
Arcangeli and Arvin (1999), is not included in the model.

The effect of the ammonium concentration on the methane oxidation rate by methanotrophs is
ambiguous. A number of studies have reported an inhibitory effect of ammonium (Begonja & Hrsak,
2001; Hanson & Hanson, 1996; Nyerges & Stein, 2009), while others have reported no such effect
(van der Ha et al., 2010, 2011). In contrast, Noll et al. (2008) observed selective stimulation of
methanotrophs by ammonium. These observations have been made under ammonium concentrations
at least one order of magnitude higher than the concentration commonly encountered in an activated
sludge system and in systems described in models such as BSM1. Ammonium inhibition is therefore
omitted in the model. Decay of methanotrophic biomass is described in the same manner as the other
biomass groups, using the concept of death-regeneration. First-order reaction kinetics has been used
for the biomass decay.

8.3.2 Modelling methane gas-liquid mass transfer
The modelling of gas-liquid transfer of methane is illustrated considering a completely mixed reactor,
with the reactor influent as the sole source of methane, dissolved methane leaving with the effluent,
methane stripping (transfer from the liquid to the gas phase) and biological methane conversion
(Figure 8.5).

A typical mass balance for dissolved methane, 7y, (g COD) then reads as Equation (8.9).

dmicpa(t - :
Atsl) _ Que) Sernin(®) ~ Q) Sca) Y — Revs 59)

Q;, and Q,,, (m3/d) are the imposed liquid flows into and out of the reactor, respectively, Scyy;, and
Schs (g COD/m3) are the respective incoming and outgoing methane concentrations, i (g COD/d)
is the stripping rate and Rcyy (g COD/d) is the conversion rate. The concentration of methane in the
liquid volume, V (m?), relates to its total mass via Equation (8.10).

Senalt) = m;,‘;;)“) (8.10)

It is important to realize that the liquid-gas transfer rate, m&, is affected by gradients in the gas
phase composition and pressure, which can be taken into account through comprehensive expressions
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208  Quantification and Modelling of Fugitive Greenhouse Gas Emissions from Urban Water Systems

Table 8.3 Process rates for ASM1m (Daelman et al., 2014). The rates for the processes added to the original ASM1
are shaded.

(Baeten et al., 2020). However, in the case of methane, the stripping rate can be very well approximated
with a liquid-gas transfer model (Equation (8.11)) that considers the mean gas phase mole fraction and
mean pressure along the reactor height (Baeten ef al., 2020).

Scra(t) — icop,cns - Hena '(((pact,:pg(H / 2)) MCH4) / RT) - X cHa

(8.11)
\/(Doz / Dcug) + 0.6 - hens - (H / 2)

. LG
mCH4(t) = Krag Vit

Emission

r
|

CH 4 | Effluent

Consumption | Growth

Influent —|

> Sludge wasting

v
Decay

Figure 8.5 Sinks and sources of methane (CH,) and methane oxidizing bacteria (MOB) considered in a simple
completely stirred tank reactor (CSTR) model (Baeten et al., 2021).
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Modelling of methane production and emissions 209

K;aq, (1/d) denotes the volumetric overall transfer coefficient of oxygen, icopcus (g COD/g) is
the COD content of methane, %y, (g/m? in the liquid phase per g/m3 in the gas phase) is the Henry
coefficient of methane, pG, (Pa) is the atmospheric pressure, p (kg/md) is the density of water, g (m/
s?) is the gravitational acceleration, H (m) is the water column height during aeration, My, (g/mol) is
the molecular mass of methane, R (J/mol-K) is the universal gas constant, T is the reactor temperature
(K), %2 cus (mole/mole) is the mole fraction of methane in the atmosphere and D, and D¢y, (m2/d) are
the respective diffusion coefficients of oxygen and methane.

8.4 METHANE MODELLING FOR ANAEROBIC DIGESTION

Anaerobic Digestion Model No. 1 (ADM1), developed and published by IWA Anaerobic Digestion
Modelling Task Group (Batstone ef al., 2002), is widely used as the model for methane production and
emission during anaerobic digestion. The model considers disintegration and hydrolysis, acidogenesis,
acetogenesis and methanogenesis steps.

ADM1 comprises a large number of simultaneous and sequential processes with a complex
reaction kinetics. The processes are primarily classified as either biochemical or physicochemical.
The biochemical reactions are considered to be catalysed by extra-cellular enzymes involving organic
substrates. Empirical based first-order reaction kinetics is used for all the extra-cellular biochemical
reactions, while all the intra-cellular biochemical reactions follow the Monod-type kinetics. Typical
to any biological reaction, substrate uptake reaction rates are considered to be a function of the
biomass growth rate and biomass concentration. The model considers pH inhibition for acetogenic
and acetolactic methanogenic bacterial groups through H, and free ammonia inhibition, respectively.

The details of the processes, kinetic expressions, and stoichiometric and kinetic parameters used
in the model are available in IWA (2002). Since ADM1 has been widely reported in the literature, no
further description has been provided in this chapter.
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NOMENCLATURE
a Temperature coefficient
ADM1 Anaerobic Digestion Model No. 1
A/V Sewer biofilm area to water volume ratio
ASM1 Activated Sludge Model 1
C,H,0, Acetate
C;HO, Propionate
C¢H,,0¢ Glucose
Cens Dissolved methane concentration
Cena, L Liquid phase methane concentration
CeHy ¢ Gas phase methane concentration
CH, Methane
CO, Carbon di-oxide
CSTR Completely stirred tank reactor
D Pipe diameter
Dcy, Molecular diffusion coefficient for CH,
Do, Molecular diffusion coefficient for O,
GHG Greenhouse gases
H Henry’s law constant
H, Hydrogen gas
H,O Water
H,S Hydrogen sulfide
H,SO, Sulfuric acid
HRT Hydraulic residence time
IWA International Water Association
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k
kCH4,Hz
Rcuy sac
Rt 1,
Ri15,pROP
Ris sac
kLa,CH4
kLa;OZ

K scsrp
Ky

KHZ ,MA
Ky, sre
Kpropsre
Ksacma
Kso,

Np

0,

P,

G ACETOG

4dacipoG

Q
QCH4
Ten,
N
Sac
Secny
Sk
Su,

SPROP

SRB

SSO4

Rate constant for methane production

Rate constant for methane production with hydrogen
Rate constant for methane production with acetate
Rate constant for sulfide production with hydrogen
Rate constant for sulfide production with propionate
Rate constant for sulfide production with acetate
Mass transfer coefficient for CH,

Mass transfer coefficient for O,

Half saturation constant for acetate (sulfidogenesis)
Half saturation constant for fermentable substrate
Half saturation constant for hydrogen (methanogenesis)
Half saturation constant for hydrogen (sulfidogenesis)
Half saturation constant for propionate (sulfidogenesis)
Half saturation constant for acetate (methanogenesis)
Half saturation constant for sulfate (sulfidogenesis)
Number of pumping events per day

Oxygen

Average pumping interval

Rate constant for acetogenesis

Rate constant for acidogenesis

Average daily flow rate

Methane production

Methane production rate

Pipe slope

Acetate concentration

Dissolved methane concentration

Fermentable substrate concentration

Hydrogen concentration

Propionate concentration

Sulfate reducing bacteria

Sulfate concentration

Wastewater temperature (°C)

Amount of biomass

Autotrophic biomass concentration

Heterotrophic biomass concentration

Concentration of methane oxidizing bacteria
Yield coefficient (mg CH,/kg biomass)
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