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Summary

There is an interest to determine the carbon footprints of wastewater treatment plants
(WWTPs) due to global warming. The greenhouse gases (GHG) that are emitted in a WWTP are
carbon dioxide, CO,, methane, CH,, and nitrous oxide, N,O. The global warming potential of N,0
is 296 kg equivalent CO,. To model the GHGs of a WWTP it is therefore important to take the
N,O emissions into account. There are empirical static models available to describe the GHG
emissions of a WWTP and there are detailed mechanistic models to describe the performance of
a WWTP. These models can be combined to estimate the GHG emissions of a WWTP.

The boundaries chosen for the estimation of the carbon footprint are according to Scope 2 the
direct GHG emissions during the processes of the treatment, the indirect GHG emissions due to
the use of energy, the production of biogas, the indirect GHG emissions due to sludge disposal,
the power credit due to the biogas usage, and the indirect GHG emissions due to chemicals
usage. The GHG N,0 can be produced during the processes denitrification, nitrification and
during chemical reactions that take place in the WWTP. Only the N,O produced during
denitrification will be taken into account in this study.

The empirical model used in this thesis for the estimation of the GHG emissions of a WWTP was
a model created by Bridle Consulting. In this model the GHGs according to the chosen
boundaries are calculated. These calculations are divided in 6 different processes, namely
biotreatment, sludge digestion, sludge reuse, chemical usage, power consumption and biogas
usage. The model uses measured influent and effluent data and mostly conversion factors to
estimate the GHGs.

To create a dynamic model the Petersen matrix is used. The Activated Sludge Model no. 1
(ASM1) was extended with processes of denitrification and nitrification to include the
production of N,O. The model of Hiatt and Grady was the basis for the extension. This new
model was named ASM_2N_4DN and was verified by comparing the results of this model with
the results of Hiatt & Grady when using the same configurations and parameters. To get the
model working the parameter Kiya had to be changed from 1 * 10" to 1 * 10°. After the
verification with the Hiatt & Grady model was done, the ASM_2N4DN was compared with the
ASM1. After these verifications it was assumed that the model realistically predicts the
performance of a WWTP. The process of anaerobic digestion has the largest contribution to the
GHGs.

Within this model different Pl anti windup controllers were implemented to see the effect of
different oxygen, ammonia and nitrate concentrations on the production of GHGs. At an oxygen
level below 1 mg/L the Xano are inhibited and at high O, concentrations the aeration gives a high
total production of GHGs. The N,O production was the most sensitive to the ammonia
concentration. The nitrate concentration did not have much effect on the performance of the
WWTP.

Page 5



Page 6



Table of contents

SUIMIMIAIY ettt et e et e e e e ettt e e e tet e s e eeaaa s e s aeabaa e eeeaaaaa e eaaaanasaensasseenasnnsesreesnnseeeeernnnnns 5
B 141 oo [¥ o1 o o PP PP UPPRT PP 9
11 Boundaries to estimate GHG emissionsin @ WWTP .........ccccovviiiniiiiniiieniiee e 9
1.2 Nitrous oxide production in wastewater treatment plants.........ccccceeeeeeeiieiiinrieniinnne. 11
2. The calculations of the Bridle model for the GHG production of a WWTP ...........ccccnunnnans 15
2.1 GHG calculations of Bridle model process biotreatment ............ccccccciivviiriiieeereeenennn. 16
2.2 GHG calculations of Bridle model process sludge digestion.........ccccccvvvvivvirreeeeeeennnn. 19
2.3 GHG calculations of Bridle model process sludge reuse ..........ccoceeevvvivvvinvieneeeeeeeenenn. 21
2.4 GHG calculations of Bridle model during chemical usage ..........ccccevvvvvvrivvivieeeeeeennenn. 23
2.5 GHG calculations of Bridle model for power consumption .............oevvvvviiieeieneeenennnnns 24
2.6 GHG calculations of Bridle model for biogas Usage ..........cccoeevveeiiiiniiiiiiiiieieeeeeee e, 25
3. Theimplementation of two step nitrification and four step denitrification in the
mathematical MOdel ASIML .......ocoiiiiiii e 27
3.1 The Activated Sludge Model NO. 1.......oeiiiiiiiiece e 27
3.2 The comparison between different models with two step nitrification and four step
ENIEFfICAtION...eiitiiii e 30
33 The continuity check of a Petersen matriX .......ccccccvivieiiiiiieieieeeeeeee e, 31
3.3.1  Making the COD balance for the continuity check .........ccccooviiireeieiiiiiiiiiinn, 32
3.3.2  Making the N balance for the continuity check..........cccccoiiiiiiiiiiiiiiiiiieeeee, 32
3.3.3  Making the charge balance for the continuity check..........ccccovuveeeeiiiiiiiinnnnn. 32
3.3.4  Anexample of the continuity ChecK.........ccooovviiiiiiiiii e, 32
4. BSM2 replacements in the Bridle model for calculation of the GHG production................. 35
4.1 GHG calculations for the BSM2 biotreatment proCess......ccceeeveeeieeeeeveeriiiiieeieneeeeennnens 37
4.2 GHG calculations for the BSM2 sludge digestion process .........cccceevuvvivvvivreeneeeeeeeeeen. 37
4.3 GHG calculations for the BSM2 sludge reuse proCess.........ooevvveevcevevrvvnvnnreereeeeeeeneenns 38
4.4 GHG calculations for chemical usage in BSM2.............cooooiiiiiiiiiiiiiiiinrree e 39
4.5 GHG calculations for power consumption in BSM2 .........ccoooiviiiiiiiiiiiiiiiiiieeeeeeee e, 39
4.6 GHG calculations for biogas usage in BSM2 ... 39
4.7 Overall GHG emissions fOr BSM2 ...........uuiieiiiiiiiiiiiieseiiiiieee e essieeee e essvreee e e e s sssvenes 40
5. TRE ASIM_2INADN ....eeiiiiiiiiitiieiee ettt bttt ettt e e eeeeeaaeaeeeessaa s e s e anasen s eannans 41




5.1 Implementation of two step nitrification and four step denitrification in the ASM1..41

5.2 Stripping N20, NO and N2 as a process in the ASM_2NA4DN........cccccccuvrivrirreeereeeneenn. 45
5.3 Verification of the ASM_2NADN .........uuiiiiiiiiiiiiiieieieeeeeee e e e eee s e aeeeeeee aeees 46
5.3.1  Parameters of the ASM_2NADN .......ccooiiiiiiiiiiiiii e e e e e e e e e e e e e e 47
5.3.2  Comparison between ASMN and ASM_2N4DN with the first configuration .......... 49
5.3.3 Comparison between ASMN and ASM_2N4DN with the second configuration .....51
5.3.4 Comparison between ASMN and ASM_2N4DN with the third configuration......... 51
5.3.5  Verification of ASM_2NADN wWith ASMI........ccooiiiiiiiiiiiiiieeree e e e e e e 52
6. Effect of different conditions on the production of GHG ...........cccoviiiiiiiiiiiiiiiiiee e, 55
6.1 The selected controllers for the WEST configuration.........cccceeeeeieiiiiiiieeceecccciiiians 55
6.2 Effect of controlled dissolved oxygen concentration in the aerobic tanks on the
ProdUCTION OF N2O ...uuiiiiiiiiieeee e e s et re e e e e e e e e aeeeeeeeeaaaeeaaeeeeaaeas 62
6.3 Effect of controlled ammonia concentration in the last aerobic tank on the production
OF IN2O ettt et e e bt e e s h bttt e sttt e e bbb e e e sabteete e b bt e e e abe e e ebbeeesanreeeenees 66
6.4 Effect of nitrate concentration in the last aerobic tank on the production of N20.....69
7. Conclusion and fULUIE WOTK...........eiiiiiuiiiiiiiie et e e 73
[ o 3R o] o T ] £ P 75
APPENAIXES ..ttt ittt ettt ettt e et e e e e e eeeeeeeeee e e e e a b at e aaa bt bbetebeeaeeteees I
A.  Tables used for the continuity Check.........coooii e s I
B.  Verification tables of the ASM_2NADN .........oooiiiiiiiiicrrre e e e Il
C. Parameter values used in ASM_2NADN.......ccuuiiiiiiiiiiiiieeeeeeeees e scccceiere e reereeeeeeeeeeees \
D. GHG calculation for BSM2 done in Matlab .........ccccooviiiiiiiiiii e Vil
E.  GHG calculations for BSM1 done in Matlab........cc.uvviiieiiiiiiieene e Xl
REFEIENCE [IST ....eieiniiieeiiiii ettt ettt e st e e s sae e e sanee e e sbb et e e saraeeenbeeas XVII

Page 8



1. Introduction

Due to the increased concern on global warming there is more awareness about emissions of
greenhouse gases (GHGs) worldwide. These gases obstruct the radiation of heat from the Earth
back into the atmosphere, resulting in increased temperatures on the Earth’s surface. They are
mainly expressed in kg CO,. For these gases a carbon trade market is being developed that will
control pollution by providing economic incentives for achieving reductions in the emissions of
those gases.

There is considerable interest to determine carbon footprints of Wastewater Treatment Plants
(WWTPs) with respect to greenhouse gas emissions, energy usage, energy production, and
carbon credits. In order to estimate GHG emissions in a WWTP an inventory of all GHGs emitted
has to be conducted and the appropriate global warming potential (GWP) for each gas has to be
applied. The GWP of a GHG is the ratio of heat trapped by one unit mass of the gas compared to
one unit mass of CO, over a specified time period (typically 100 years). The GWP values for some
of the gases are listed in the next table (IPCC, 2001).

Table 1.1. The GWP of GHGs produced in WWTPs

Gas Chemical Name 2001 IPCC GWP
Carbon Dioxide Cco, 1

Methane CH, 23

Nitrous Oxide N,O 296

As shown in the table, the GWP varies significantly, depending on the type of gas. Therefore, a
small quantity of gas emitted with a high GWP has a greater effect on the atmosphere than a
gas with low GWP. For example one kilogram (kg) of N,O emitted will have the same heat
trapping potential as 296 kg of CO,.

There are different types of models available to estimate the GHG emissions. On the one hand
there are empirical static models available ( (Bridle Consulting, 2007), (National Greenhouse Gas
Inventory Committee, 2007) (Monteith, Sahely, MacLean, & Bagley, 2005) ) that estimate the
emissions as an average value for a given period. On the other hand, detailed mechanistic
models that dynamically describe the behavior of activated sludge systems are available (e.g.
Activated Sludge Model 1 (IAWPRC Task Group, 1986)). These models can be extended to
include the GHGs as state variables.

1.1 Boundaries to estimate GHG emissions in a WWTP

There are three Scopes defined by the United Nations to look at emissions of an industrial plant.
Scope 1 includes the direct greenhouse gas emissions, “Direct GHG emissions occur from
sources that are owned or controlled by the company” (The Greenhouse Gas Protocol Initiative,
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2004). The CO, emissions from combustion of biomass are not included in this scope. Scope 2
includes beside the direct GHG emissions from Scope 1 also the GHG emissions that occur from
the use of electricity. By the Greenhouse Gas Protocol Initiative, 2004 the extra emissions are
described as: “GHG emissions from the generation of purchased electricity consumed by the
company”. The purchased electricity is the electricity bought by the plant or brought into the
organizational boundary of the plant. The actual GHG emissions occur during electricity
generation and thus not at the plant. However due to the use of electricity of the plant these
emissions need to be added to the emissions of the plant according to Scope 2. For a WWTP this
would include for example the emissions of the power used for aeration. Scope 3 includes
besides the GHG emissions of Scope 1 and 2, also other indirect GHG’s. This is applicable to
emissions from “sources not owned or controlled by the company” (World Business Council for
Sustainable Development). For WWTP this is for example the GHG emissions that occur during
the production of the chemicals that are used in the WWTP.

To estimate the GHG emissions of the wastewater treatment plants (WWTP) in a comparable
way the considered emissions have to be listed. The selected boundaries are from Scope3 and
are listed below (Bridle Consulting, 2007):

1. CO, and N,0 emissions at biotreatment, endogenous respiration, BOD oxidation
nitrification CO, credit and nitrogen removal

Energy use of plant, for aeration, mixing and pumping which leads to CO, emissions
Sludge digestion, biogas CH, and CO,

Sludge disposal, truck emissions trip to reuse/disposal site, CO, emissions mineralization
Power credit by use of biogas

GHG emissions from chemical use

o v A wWwN

In figure 1 a WWTP is schematically displayed. The different boxes show the treatment
processes. The GHGs that can be released during the treatment processes are given in the
circles. The numbers in the figure correspond with the numbers of the list of boundaries.
Emissions that are not taken into account are indirect emissions from employers that occur
when they travel towards work, thus for example the emissions of the car that is used by an
employee. This is not taken into account as it is very specific for each WWTP and will be small
compared to the other sources.
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1.1. Greenhouse gas emissions of a wastewater treatment plant that are taken into account

Figure

1.2 Nitrous oxide production in wastewater treatment plants

As mentioned before the GWP of N,O is 296 times bigger than for CO,. This is the reason why
processes that generate N,O in a wastewater treatment plant are being investigated in the last
years. The different processes in a WWTP that can produce N,O will be presented in this
chapter.

Nitrogen can occur in different forms in the environment. In figure 1.2 the different forms in
which nitrogen can be formed microbially are shown.

-

N,O NH,

NO,’

116
NO,

Figure 1.2. The microbial nitrogen cycle (Jetten, 2008)
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Process 1 is dinitrogen fixation, process 2 is aerobic ammonium oxidation by bacteria and
archaea, process 3 is aerobic nitrate oxidation, process 4 is the denitrification, process 5 is
anaerobic ammonium oxidation and process 6 is dissimilatory nitrate and nitrite reduction to
ammonium (Jetten, 2008). The main processes used in WWTP for the removal of nitrogen are
aerobic ammonium oxidation in combination with aerobic nitrate oxidation which is also called
nitrification and denitrification. There are different processes in WWTP that can produce N,O,
namely denitrification, nitrification and chemical reactions (Kampschreur, Temmink,
Kleerebezem, Jetten, & van Loosdrecht, 2009)

Production of N,O during denitrification. Denitrification is done by anoxic growth of
heterotrophs. Anoxic growth occurs when there is no oxygen to use as an electron acceptor and
the bacteria are able to use nitrogen instead. Denitrification is a four step process, as
heterotrophic bacteria can us nitrate, nitrite, nitric oxide, and nitrous oxide as an electron
acceptor. The denitrification follows the four steps according to:

NO; - NO, = NO > N,0 > N,

As can be seen N,O is an intermediate in this process. Thus, N,O can be produced and released
to the atmosphere due to incomplete denitrification.

Production of N,O during nitrification. Another way N,0O can be produced in a WWTP is by the
bacteria that perform the nitrification process. During nitrification ammonia reacts to nitrite and
then to nitrate. This is done by two different autotrophic bacteria, nitrite oxidizing and ammonia
oxidizing bacteria. Autotrophic bacteria are bacteria that use a different substrate than carbon
to grow on. The nitrite oxidizing bacteria use free nitrous acid as a substrate and the ammonia
oxidizing bacteria use free ammonia. There are ammonia oxidizing bacteria that can produce
N,O although it is not an intermediate in the nitrification (Colliver, 2000). The process done by
ammonia oxidizing bacteria in which N,0 can occur is called aerobic denitrification. This is the
reverse of the nitrification of the bacteria in which the ammonia is converted into nitrite. The
mechanism of this process is needs further research.

Production of N,O due to chemical reactions. Nitrous oxide can also be produced during a
chemical reaction between nitrite and hydroxylamine, NH,OH (Cleemput, 1998). The
hydroxylamine is an intermediate from the ammonia oxidizing bacteria. It is not know how large
the contribution of this reaction to the total N,O formation is. Therefore this also needs further
research. For the model that should include the N,O production during the biological treatment
only the process of denitrification is included.

The objective of this work is to quantify GHG emissions in WWTPs using model-based
approaches. The static model presented in Bridle Consulting, 2007 is combined with a dynamic
deterministic model that describes N,O production. These models are implemented and used
for two different applications. In the first application the static model is used to quantify GHG
emissions of the Benchmark plant n22 (Jeppsson et al., 2007). In a second application the
deterministic model together with the static model are used to quantify the emissions of the
Benchmark plant n21 (Copp et al., 2002) and to evaluate the effect of different operating
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conditions (i.e. dissolved oxygen levels, different nitrate levels and different ammonia levels) on
the production of GHGs.

In this project first an existing static model to calculate the greenhouse gas emissions will be
examined. The calculation of N,O in that model will be replaced by a mathematical model that
predicts the N,O formation. Different existing models that include a two step nitrification and
four step denitrification are compared for that. After this literature review the static model will
be adjusted. The results of the Benchmark Simulation Model 2 which uses the Activated Sludge
Model 1 and Anaerobic Digestion Model 1 to describe the performance of the WWTP can
replace some of the calculations done in the static model. The estimated GHG production will
then be compared with literature estimations. Then to replace the N,0 production calculation of
the static model, one of the reviewed models with two step nitrification and four step
denitrification will be adjusted. This model will then be checked and verified to ensure the
performance. Finally, the effects of the concentrations of oxygen, ammonia and nitrate on the
production of N,O and the production on the GHG in total will be examined. This way the
optimal conditions for minimizing the production of GHGs can be chosen.
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2. The calculations of the Bridle model for the GHG

production of a WWTP

Different models to calculate the greenhouse gas emissions of WWTP already exists as

mentioned before in the introduction. For this project the model created by Bridle was used as
this model has implemented the GHG according to the boundaries chosen in the chapter 1.1.

Bridle has distinguished five parts where greenhouse gases are emitted, namely the

biotreatment, the sludge treatment, the chemical usage, the power consumption and the biogas

produced (Bridle Consulting, 2007). For each part it calculates the greenhouse gases that are

emitted in the unit kg CO,/day. Here for measured influents and effluents are used, the

performance of a sludge digester is estimated and a large number of parameters to simulate the

biological processes are determined. Then with formulas and conversion factors the amount of

kg CO, emitted per day from a wastewater treatment plant is estimated. The inputs used for this

estimation can be seen in figure 2.1.

Inputs
Influent flow
HRT
SRT

MLVSS conc (reactor)

TKN conc (in, pc eff and out)
TN conc (in, pc eff and out)
BOD conc (in and out)

BOD removal

Calculations

TSS conc (in)

TSS removal

VS % (prim and sec sludge)

Digester/ biogas engine
performance

Fractions sludge disposal

Chemicals

Non aeration power

CO2 biotreatment
N20O biotreatment
Biogas, CH4 and CO?2
Amount of sludge
Sludge reuse

Power for aeration
Chemicals CO2

——> GHG's

Figure 2.1. The schematic overview of the inputs used in the Bridle model to calculate the GHG

according to different processes.

In Fig. 2 the following abbreviations are used:

HRT is the hydraulic retention time
SRT is the sludge retention time

MLVSS are the mixed liquor volatile suspended solids

TKN is the total Kjeldahl nitrogen, which is the ammonia and ammonium together

TN is the total nitrogen which is nitrate, nitrite with the TKN

BOD is the biological oxygen demand

TSS are the total suspended solids
VS are the volatile solids
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Bridle has created an Excel sheet to perform the calculations. In this Excel sheet the calculations
are applied onto three case studies. The sheet has implemented two models to calculate the
emissions, namely the comprehensive model and the WSAA model. The WSAA model is created
by the Water Services Association of Australia and the comprehensive model by Bridle
Consulting. There are two big differences between those models. The first difference is the way
the emissions of the biotreatment are calculated. The WSAA model only takes the N,O
emissions into account and converts it to CO, with the global warming potential. In the
comprehensive model the biotreatment is divided in three processes where GHG production can
take place, namely endogenous biomass decay, BOD oxidation, and nitrogen removal. In those
processes organic matter is oxidized which results in CO, emissions. The other difference
between the models is that the comprehensive model also includes the emissions due to the use
of chemicals. Looking at the boundaries that are chosen for the assessment of the greenhouse
gases in the previous chapter 1.1; the comprehensive model is a better choice to use instead of
the WSAA model. The comprehensive model will be named the Bridle model in the rest of the
thesis.

In the following subchapters the different calculations used by Bridle are explained. It is divided
over 6 subchapters, biotreatment, sludge digestion, sludge reuse, chemical usage, power
consumption and biogas usage. The different subchapters are the processes of a WWTP where
GHG emissions occur.

2.1 GHG calculations of Bridle model process biotreatment

The biotreatment of the wastewater is performed through three processes, namely endogenous
decay, the BOD oxidation and the nitrogen removal, as mentioned before. In these processes
CO,is produced, consumed, and N,O is produced.

The Bridle model calculates the biomass decayed by:

Xdecayed = Qinfluent * HRT * MLVSS * kD

Xgecayed IS the biomass decayed per day [kgVSS/day]
Quinfiuent is the average daily flow [m?/day]
HRT is the hydraulic retention time [days]
MLVSS is the concentration of mixed liquid volatile suspended solids [kg/m’]

ko is the endogenous decay coefficient [1/day]

The average daily flow, hydraulic retention time and the MLVSS are measured. The endogenous
decay coefficient comes from Black & Veatch as included in the Bridle model.

To go from the biomass decayed to the CO, produced the chemical reaction describing the
biomass decay is needed. The elemental composition of biomass is CsH;0,N (Bridle Consulting,
2007).

CsH,O,N +5 0, 25 CO, + 2 H,0 + NH;

The biomass to CO, ratiois 113 : 5*44 which equals 1 : 1.947. This means that for the decay of
one kg of biomass 1.947 kg of CO, is produced.
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cOz,decay = Xdecayed *1,947
Also, during biomass production CO; is emitted. The Bridle model first calculates the observed
biomass yield.

Yobs =Y /(1+ ko * SRT)

Yobs is the observed biomass yield [kg VSS/kg BODemoved]
Y is yield set in the Bridle model [kg VSS/kg BOD emoved]
SRT is the sludge retention time given in [days]

The net biomass produced is calculated from:

- *
Xnet,produced = Yobs BODox

Xnet produced IS the net biomass produced per day [kg VSS/day]
The oxidized BOD is calculated from:

BODox = clinfluent * ((100%'BODrem)/100% * BODianuent _BODefquent )

BOD, is the BOD oxidized by the biomass [kg BOD/day]
BOD,.n is the BOD removal efficiency of the primary clarifier [%]

BODinfiwent is the influent BOD [kg BOD/m’]
BODgiuent is the effluent BOD [kg BOD/m’]

With the net biomass produced the rate of oxygen used can be calculated:

ROZ = BODox / (f) - 1r42 * Xnet,produced

Roz is the rate at which oxygen is used by the biomass [kg O,/day]
fis the BODs;_BOD, ratio, a fraction set in the Bridle model [-]

When the rate of oxygen used is known the amount of CO, produced per day can be calculated.
COZ‘ BODox — Roz * COZfromBODOX

CO,, sopox is the amount of CO, produced per day by BOD oxidation [kg CO,/day]
CO,fromBODox is a conversion factor which comes from the chemical reaction in which

C1oH1903N is the elemental composition of BOD:

2 CyoH;503N +25 0, 220 CO, + 16 H,0 + 2 NH;
The ratio between O, and CO, is then 25 * 32 : 20 * 44 which is 1 : 1.1. Thus for 1 kg of O, 1.1 kg
of CO, is produced.

The last step in the biotreatment part is the nitrogen removal. By removing ammonia, CO, is
consumed leading to a CO, credit. When nitrate is denitrified CO, and N,O are emitted.

The amount of N in the biomass is calculated from the elemental composition. The molar weight
of N is 14 and that of biomass 113 as seen above. Thus the amount of N incorporated in the net
produced biomass is:

N biomass = Xnet,produced * 14/113
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Nbiomass IS the amount of nitrogen in the biomass [kg N/day]
The amount of ammonia oxidized is calculated by the following equation:

NHox = Qinfluent * (TKNp.c. effluent — TKNefquent) - Nbiomass

TKNo .. effiuent 1S the total nitrogen in the effluent of the primary clarifier [kg N/m’]
TKNetruent is the total nitrogen in the effluent [kg N/m?]

The CO, credit from the ammonia that is oxidized is calculated with:

COZ, credit = NHox * COZ, consumed
The CO3, consumed IS set by stoichiometry
20 CO,+ 14 NH," <--> 10 NO; + 4 CsH;0,N + 24H* + 2H,0

The CO, to N ratio is 20 * 44 : 14 * 14 which leads to 4.49 : 1 and thus the amount of CO; consumed
is 4,49 kg per kg of N nitrified.

The amount of CO, formed by biotreatment is calculated by first calculating the amount of
nitrogen removed.

- *
Nremoved = Qinfluent (TNp.c. effluent — TNefquent) - Nbiomass

Nremoved IS the nitrogen removed by the bacteria [kg N/day]
TNp.c. effivent i the total nitrogen in the effluent of the primary clarifier [kg/mg]
TNesruent is the total nitrogen that leaves the plant [kg/mg]

With stoichiometry the amount of CO, that is formed during nitrogen removal can be calculated,
assuming methanol is the carbon source.

6 NO; +5 CH;0H <-->3 N, +5 CO, + 7 H,0 + 6 OH’
The N to CO, ratio is 6 * 14 : 5 * 44, which equals 1 : 2.62. However this is not included in the

calculation because the denitrifiers use BOD as a carbon source. So, the calculation of the CO,
produced is already included in the calculation for BOD oxidation.

The N,O emitted during nitrogen removal is calculated with the following equation:

- * *
Nzoemission = clinfluent TNp.c. effluent RNZO, generation

N, Oemission IS the amount of N,O emitted [kg N,O /day]
Rn20, generation 1S the conversion factor of N in the feed to N,O in kg N,O/ kg N feed, the value

comes from data of Lee Walker as included in the Bridle model. This factor has to be measured
for each wastewater treatment plant.

With the global warming potential as calculated by the IPCC, the CO, equivalent of N,O can be
calculated:

- *
COZ, equivalent = Nzoemission GWI:’NZO
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GWPyy0 is the global warming potential of N,O (IPCC, 2001) [kg CO,/ kg N,0]
CO3equivalent i the equivalent of CO, of the N,O emissions in [kg CO,/day]

The total amount of CO, emissions in kgCO,/day is:

coZ,biotreatment =co2,decay + COZ,BODox = COZ,credit + coz,equivalent.

2.2 GHG calculations of Bridle model process sludge digestion

After the calculation of the CO, produced in the biotreatment during the endogenous decay,
BOD oxidation and nitrogen removal the CO, produced during the sludge treatment is
calculated. The sludge treatment process is divided in two parts, the digestion part which is
explained in this subchapter and the sludge reuse part which will be explained in the next
subchapter.

With the digestion of sludge CO, and CH, are emitted. The Bridle model starts with calculating
the amount of sludge formed in the wastewater treatment plant. The amount of sludge that is
digested can then be calculated and from that the biogas that is formed is calculated. With the
amount of biogas known the production of CO, and CH, can be calculated.

SIl‘lclgeprimary mass — Qinfluent * Tssinfluent * TSSrem

Sludgeprimary mass is the amount of sludge. Primary sludge comes from the particles that are in the

influent of the wastewater treatment plant. [kg sludge/day]
TSSinfivent 1S the amount of total suspended solids that are in the influent of the wastewater
treatment plant [kg/m?]

TSS,em is the fraction of total suspended solids that is removed [-]

The secondary sludge from the biomass formed is then calculated

SIUdgesecondary mass = Xnet,produced /Vssecondary sludge — clinfluent * TSSeffluem: + Tssinfluent * Qinfluent *
(1-TSS;em) * 0.27

SIL‘ldgesecondary mass is the S|Udge [kg/daY]
VSsecondary sudge IS @ parameter describing the VSS fraction in the secondary sludge [-]

TSSetuent IS the amount of total suspended solids in the effluent kg TSS/m’]
0.27 is the fraction of the sludge that is not recycled. [-]

The sludge that goes to the digester, Sludge.. is the primary sludge and the secondary sludge
together. Of the total sludge the VSS present is calculated from:

VScombined sludge = (SIUdgeprimary mass * VSprimary sludge + SIUdgesecondary mass * Vssecondary sludge) /
SIUdgetotal

VScombined siudge 1S the VS present in the sludge expressed as fraction of TS [-]
VSprimary siudge 1S the fraction of VSS in the primary sludge [-]
The VS that goes to the digestion is [kg VS/day]
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Vsdigestion = SIUdgetotal * Vscombined sludge
The fraction of VSgigestion that is destroyed is
Vsdestroyed = Vsdigestion * Vsdestruction

VSgestroyed IS the part of VS that is destroyed [kg/day]
VSgestruction IS the fraction of the VS that is destroyed [-]

The sludge that is digested is calculated

SIUdgedigested = SIl‘ldgetotal - Vsdestroyed

Sludgegigested is the digested sludge [kg/day]
Then the biogas mass can be calculated [kg/day]

BiOgasmass = SIUdgetotal - SIUdgedigested

To go from sludge to biogas a conversion factor should be used. Bridle assumes that 1 kg of
sludge equals 1 kg of biogas.

The methane concentration in mass percentage is then calculated

CoNncCcua biogas = (100 * Biogascua content ¥ MWcya / MV) / (Biogascua content ¥ MWcya / MV +
(100 - Biogascua content) * MWco, / MV)

CoNCcuaviogas IS the mass percentage of methane in the biogas [%]
Biogascha content 1S the volume percentage of methane in the biogas [%]
MW/, is the molar weight of methane [g/mole]
MV is the volume of 1 mole at a temperature of 20 °C [m®/mole]
MW g, is the molar weight of carbon dioxide [g/mole]

With the mass percentage of methane known the amount of methane gas can be calculated

[kg CH./day]
Biogascus = Biogasmass * CONCcua biogas/ 100 %
Then the CO, gas is assumed to be the rest of the biogas, thus
Biogasco; = Biogasass — Biogascus
Biogasco; is the amount of CO, [kg CO,/day]

In the Bridle model a part of the biogas is combusted. Hereby CO, will be emitted as well

COZ combustion = (BiOgasboiler + BiOganlare) * (BiOgaSCOZ + BiOgasCH4 * MWCOZ/MWCH4) /100%

CO, combustion IS the CO, that is produced during combustion [kg CO,/day]
Biogaspier is a percentage of the biogas volume that goes to the boiler [%]
Biogass.re is @ percentage of the biogas volume that goes to the flare [%]
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Another part is going to an engine

CO; engine = BiogaSengine * (Biogasco, + Biogascus * MW o,/ MWy,) /100%

CO3 engine is the amount of CO, that is produced the engine [kg CO,/day]
Bioga