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Bioprocesses transform the components of the material entering single or multiple reactor systems from one 
kind to another without a change in total material exiting the system(s) in the solid, aqueous or gas phases. 
Provided that the correct measurements are made that can quantify the material content of the bioprocess 
products (outputs), the material content of the bioprocess reactants (inputs) can be determined from 
the bioprocess products via stoichiometry. Based on this principle of mass conservation, the augmented 
biomethane (AugBMP) and biosulphide (AugBSP) potential test procedures are proposed, which change the 
BMP from a stand-alone test to a bio-reactor on which a range of additional tests are made to determine the 
composition of biodegradable organics. The AugBSP, which is based on biological sulphate reduction, can 
replace the inaccurate gas measurements in the BMP with the more accurate aqueous sulphate and sulphide 
measurements. The suitability of these two procedures is evaluated from a theoretical and modelling 
perspective. The analytical tests required to determine the composition of influent organics, expressed 
as CxHyOzNaPbSc, are identified. Examples of the calculation procedure from the test results are given. 
It is concluded that the augmented BMP (AugBMP) and BSP (AugBSP) test procedures, supplemented by 
anaerobic digestion dynamic modelling, are as accurate as the analytical measurements for determining the 
composition of biodegradable organics, and also allow the hydrolysis rate of the biodegradable organics and 
the unbiodegradable fraction of the organics to be determined. Knowing these characteristics of organics 
fed to anaerobic digesters is important to predict the anaerobic digester performance and stability.

Integration of complete elemental mass-balanced stoichiometry and aqueous-phase 
chemistry for bioprocess modelling of liquid and solid waste treatment systems −  
Part 3: Measuring the organics composition
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INTRODUCTION

The material content flux of the reactants in the influent for a continuous system, or the initial 
mass of reactants for a batch system, completely specifies the material content of the bioprocess 
products in the effluent of a flow process, or at a point in time for a batch process. The bioprocesses 
transform the components contained in the material entering bioreactor systems from one set of 
chemical components to another, without a change in total material flux exiting the system(s) in 
the solid, aqueous or gas phases. Similarly, in a batch reactor system, the bioprocesses transform the 
components contained in the material content at time zero from one set to another without a change 
in total material content of the products in the aqueous, gaseous or solid phases with time. This means 
that, provided that the correct measurements are made so that the material content of the bioprocess 
products (outputs) can be quantified, the material content of the bioprocess reactants (inputs, e.g., 
biodegradable organics) can be determined from the bioprocess products via stoichiometry. The 
paper presents the characterisation of the influent organics using this principle.

MUNICIPAL WASTEWATER CHARACTERIZATION

Municipal influent wastewater can be fractionated into seven organics groups, distinguished by their 
physical and biodegradable characteristics (Fig. 1).

There are three dissolved groups: volatile fatty acids (VFA) represented by acetate, fermentable 
biodegradable soluble organics (FBSO) and unbiodegradable soluble organics (USO); and four 
particulate groups: biodegradable particulate organics (BPO) and unbiodegradable particulate 
organics (UPO), each of which are subdivided into non-settleable and settleable fractions. A 
stoichiometric composition is assigned to each of these seven organics groups, as x, y, z, a, b and c 
values in CxHyOzNaPbSc. Adding influent free and saline ammonia (FSA) and ortho phosphate (OP), 
the elemental contents of which are known, the wastewater constituents are completely characterized 
for both raw wastewater (all seven constituents), settled wastewater (the three dissolved and two 
non-settleable constituents) and primary sludge (all 5 non-settleable in the water flow plus the two 
concentrated settleable constituents). Then, adding elemental compositions for activated sludge 
(AS) and anaerobic digester (AD) biomass and endogenous residue, as k, l, m, n, p and s values in 
CkHlOmNnPpSs, the seven wastewater organics and FSA and OP, and the products generated from 
them via the biological processes, can be tracked through the water and resource recovery facility 
(WRRF) comprising both aerobic and anaerobic unit operations (Ekama, 2009; Ikumi et al., 2015). 
This approach of characterising the municipal wastewater organics is feasible because Ikumi et al. 
(2014) showed that the influent and endogenously generated unbiodegradable particulate organics, 
as defined by aerobic (AS) conditions, and without anaerobic digester (AD) fed sludge pre-treatment, 
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are also unbiodegradable under anaerobic digester (AD) 
conditions. Details of isolation and composition measurement of 
these organic components will be considered in a future paper.

This approach to characterising the influent organics can also be 
applied to stand-alone bioreactors, such as methanogenic ADs and 
biological sulphate reduction (BSR) systems and can be aligned 
with that of Anaerobic Digestion Model No 1 (ADM1, Batstone et 
al., 2002). The proportion and composition of fats, carbohydrates 
and lipids in each of the FBSO, non-settleable BPO and settleable 
BPO groups can be assigned such that the chemical oxygen 
demand (COD), carbon (C), nitrogen (N), phosphorus (P) and 
sulphur (S) match the CxHyOzNaPbSc composition of the group. 
We adopt the general approach of assigning a single composition 
to each group for characterising the influent organics to ADs in 
plant-wide models or as stand-alone ADs, because (i) it aligns 
with municipal wastewater characterization, (ii) is sufficiently 
general to include industrial wastewater, the organic fraction of 
municipal solid waste (OFMSW) and many other bio-system 
applications, and (iii) employs as many as possible measurement 
methods routinely used at municipal and industrial water and 
resource recovery facilities (WRRF), which are included in 
Standard Methods (1998).

ELECTRON DONOR ORGANICS COMPOSITION

The general organics composition CxHyOzNaPbSc
ch can be written 

in various equivalent forms, e.g.:

C H O N P S H O N P SC
C H O N P Sx y z a b c

ch
f f f f f f

fch≡ / / / / / /12 1 16 14 31 32          (1)
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ch x

b x c x≡ 1 / / /
/

/ /
f                    (2)

where fC, fH, fO, fN, fP and fS are the six mass ratios (g element/g 
component) of the organics (volatile suspended solids, VSS 
if particulate) and the right-hand-side of Eq. 1 gives the 
stoichiometric composition of 1 g of the e− donor organics. The 
organics composition mass balance is given by the sum of its mass 
ratios, viz.:

f f f f f f orC H O N P S  g  g VSS if particulate� � � � � �1       (3)

The mass ratios fC, fH, fO, fN, fP and fS are identical to the αC,i, αH,i, αO,i, 
αN,i and αP,i of Grau et al. (2007) and Volcke et al. (2006), were the i 
refers to the different organic groups. While the formula masses of 
these three different forms of expressing the compositions of each 
organic group are different, the relative masses of the composition 
elements are the same in each form.

For many industrial wastewaters, the charge and composition of 
the e− donor are known because they originate from reasonably 
well-defined industrial processes and operations, e.g., synthesis 
reaction product water (Van Zyl et al., 2008). If the influent 
organics have a charge, this can be detected by pH-titration 
curves over the 4–10 pH range to see if there are additional weak 
acid/base systems present to the usual inorganic carbon (IC), 
volatile fatty acids (VFA), OP, FSA and free (H2S) and saline (HS-) 
sulphide (FSS) (Westergreen et al., 2012).

Aside from the VFA, which are measured separately (by gas 
chromatography or 5-point titration: Moosbrugger et al., 1993; 
Vannecke et al., 2015; see also Part 4 of this series – Ekama et 
al., 2022) and can be represented by acetate, the elemental 
composition of municipal wastewater organics, the organic 
fraction of municipal solid waste (OFMSW) and food waste 
organics are not known and can vary on a daily or feed batch 
basis. The dynamic response of bioprocess systems, like 
methanogenesis, biological sulphate reduction (BSR), and even 
activated sludge (AS), cannot be modelled unless the composition 
of the various most significant organics groups is known. For 
aerated AS open to the atmosphere, knowledge of the elemental 
compositions of the organics groups is not necessary – the mass 
(VSS), COD, N and P content of each are sufficient because 
most CO2 produced from C content of the organics is stripped 
out to the atmosphere by the aeration system. However, closed 
bioreactors, such as methanogenic AD, are profoundly affected by 
varying composition of the feed organics, even where the feed rate 
is constant because varying organics composition affects the gas 
and aqueous phases, and hence the aqueous pH (Brouckaert et al., 
2021b). So, measurement of the organics elemental composition 
before they are fed to AD systems is very important to predict 
the system’s response, the main reason for which is to avoid bio-
system upset or failure. Accordingly, completely mass-balanced, 
three phase (aqueous–solid–gas) plant-wide bioprocess models 
are written in a general way, which requires the composition 
parameters of the various organics groups, including the AD 
biomass, as inputs to the models (Brouckaert et al., 2010; Ikumi et 
al., 2011; Brouckaert et al., 2021b).

Accepting that the charge (ch) of municipal wastewater organics, 
the organic fraction of municipal solid waste (OFMSW) and food 
waste is zero, there are six unknowns in Eqs 1 to 3, either x, y, z, a, 
b and c or fC, fH, fO, fN, fP and fS. So six measurements are required 
to define the composition. This paper proposes measurement 
and calculation methods for determining the composition of the 
different organics groups.

Figure 1. Raw wastewater and settled characterization divides raw wastewater organics into seven organics groups: three physical (dissolved, 
non-settleable and settleable) and two biological (biodegradable and unbiodegradable), each with a CxHyOzNaPbSc

ch composition. While 
settleable and non-settleable UPO may have different compositions, currently it is not possible to measure if such a difference exists, so in plant-
wide models it is assumed that they have the same composition; similarly for BPO.
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CALCULATING ORGANICS AND BIOMASS 
ELEMENTAL COMPOSITIONS

In the bioprocess stoichiometry, the elemental composition of 
all but two components are known, i.e., the organics and the 
biomass. Actually, it is the composition of these two components 
that affect the concentrations of all the other components of 
known composition in the aqueous and gas phases involved in 
the bioprocesses. Therefore, the changes in the aqueous and gas 
phase concentrations caused by these two components can be 
used to determine their composition. Sometimes, for autotrophic 
and anaerobic processes, an approximate biomass composition 
can be assumed (like C1H1.4O0.4N0.2, or the better known C5H7O2N, 
Porges and Hoover, 1952) because the net biomass yield (E) is 
very low, usually <10% of the electron (e−) donating capacity 
(EDC) utilized, but for aerobic processes where the net yield 
is high (>40%), reasonably accurate estimates of the biomass 
composition are required to accurately calculate (with steady state 
or dynamic models) the bioprocess reactants (nitrate and oxygen 
consumption) and products (sludge production).

Ideally, the measurements required to define the composition 
should be the six associated with the six mass ratios because they 
are directly connected to the molar compositions via Eq. 1, i.e., 
the volatile suspended solids (VSS), total organic carbon (TOC), 
total organic hydrogen (TOH), total organic oxygen (TOO), 
total organic nitrogen (TON), total organic phosphorus (TOP) 
and total organic sulphur (TOS). However, these are not equally 
amenable to direct or indirect measurement, and furthermore 
the different organics groups are difficult to isolate and measure 
without the interfering presence of some of the other organics 
groups. So COD is added to the list, where the COD is the electron 
(e−) donating capacity (EDC) of the organics expressed as oxygen 
used if all the donated e− were accepted by oxygen.

Accepting for the moment that the different organics groups can 
be isolated and measured independently, then for particulate 
organics (BPO and UPO), four of the seven parameters can be 
measured with routine wet chemical analysis, i.e., VSS, COD, 
TON and TOP, where TON and TOP are obtained from the total 
Kjeldahl nitrogen (TKN), FSA, total phosphorus (TP) and OP 
tests, i.e., TON = TKN − FSA and TOP = TP − OP. From these 
four measurements (actually six, two each for the TON and TOP), 
the three mass ratios fcv (gCOD/gVSS), fN (gTON/gVSS) and fP 
(gTOP/gVSS) can be determined. The remaining three mass ratios 
can be obtained by elemental analysis, viz., fC, fH and fS (details 
below). This leaves the TOO/VSS (fO), which is replaced by the 
COD/VSS mass ratio (fcv). Also, sometimes one of the mass ratios 
is not measured but calculated from the remaining five measured 
mass ratios and the mass balance (Eq. 3). Therefore, equations are 
required based on mass balance from which the non-measured 
mass ratios (e.g. fO and/or fH) can be calculated from the five 
(or four) measured mass ratios. For dissolved organics, it is not 
possible to do a mass concentration measurement (like VSS for 
particulate). So one of the mass ratios needs to be assumed, e.g.  
fcv gCOD/g or fC gC/g and the mass determined from it and one  
of the COD or TOC concentration measurements.

MASS RATIO EQUATIONS INCLUDING THE COD/
VSS MASS RATIO AND MASS BALANCE

The elemental composition of the e− donor organics (Eqs 1 or 2) 
(and biomass k, l, m, n, p, and s in CkHlOmNnPpSs if this is to be 
determined), requires all six element mass ratios to be known. 
If, for example, fO and fH are not measured and replaced by the 
COD/VSS ratio (fcv) and mass balance, i.e. fH = 1 − fC + fO + fN 

+ fP + fS, then equations for fO and fH can be derived in terms of 
the five measured mass ratios (fcv, fC, fN, fP, fS), by considering the 
element and charge balances for the overall reaction of the COD 

test. Selecting the standard aquatic chemistry components that 
represent the products of the COD test (i.e. CO3

2−, H2O, NH4
+, 

PO4
3−, SO4

2−, which all have an EDC relative to COD of zero as in 
Eqs 10 and 11 in Brouckaert et al., 2021b (Part 2), yields:
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Details of the derivation of Eqs 4 and 5 are given in the Appendix. 
Equations 4 and 5 have been set up to maintain the mass balance 
when one or more of the mass ratios are set to zero. With all 
six mass ratios known (some zero), the molar composition of 
the organics (or biomass) can be determined from Eq. 1. Then 
with Eq. 2, this molar composition for 1 g organics can by scaled 
to any desired molar mass or composition. For example, the 
mass ratios fcv = 1.416 gCOD/gVSS, fC = 0.531 gC/gVSS and fN =  
0.124 gN/gVSS (with fP and fS = 0) yield fO = 0.283 gO/gVSS and fH 

= 0.0619 gH/gVSS from Eqs 4 and 5. Then from Eq. 1 the molar 
composition for 1 gVSS is C0.04425H0.06195O0.01769N0.00886. This can be 
scaled to a C1 basis by multiplying the molar values by 1/0.004425 
= 22.60 gVSS/mol and yields C1.0H1.4O0.4N0.2, which is equivalent 
to the well known C5H7O2N for biomass grown on milk protein 
(casein) first measured by Porges and Hoover (1952).

Equations 4 and 5 are general and apply not only to organics 
but also to any uncharged e− donor, such as H2S, H2S2O3 and 
CH3COOH, provided the appropriate mass ratios are substituted 
into them for the particular e− donor. For example, taking H2S2O3 
for which fC = fN = fP = 0, fcv = 64/114 gCOD/g, fS = 64/114 gS/g, 
then fO = 16/18{1 − 1/8 x 64/114 – 0 – 0 – 0 − 26/32 x 64/114} = 
48/114 and fH = 1/9{1 + 64/114 – 0 + 0 – 0 − 80/32 x 64/114} = 
2/114, which are correct from the known composition of H2S2O3.

The coefficients in Eqs 4 and 5 have been retained in fraction form 
because they conform to specific rules, which are explained in the 
Appendix. These rules reveal a remarkably consistent order – 
there is always much beauty when creation reveals its secrets. This 
order means that Eqs 4 and 5 apply irrespective of the e− donor 
products selected for an e− donor reaction, such as COD (EDC 
of ammonia excluded) or total oxygen demand (TOD, EDC of 
ammonia included) which is demonstrated in the Appendix.

All of the discussion above on the calculation of the composition of 
the organics applies equally to the calculation of the composition 
of the biomass, because in bioprocess stoichiometry the biomass 
is simply a different type of organic compound.

MEASUREMENT ERROR IN ORGANICS 
COMPOSITION DETERMINATION

The advantage of basing the fH and fO mass ratio equations on 
the mass balance is that any of the mass ratios can be set to zero 
if deemed negligibly small (like fP or fS) and maintain the mass 
balance with the remaining non-zero mass ratios. This is useful 
not only for known e− donor substrates like acetate, sulphide or 
ammonia but also for organics. If the P, S or even H content of a 
substrate or biomass are considered low enough to ignore, these 
mass ratios can be set to zero and the remaining mass ratios, 
fC, fO and fN, then represent 100% of the mass of the substrate 
organics or biomass. If these three mass ratios (fC, fO and fN) were 
measured with COD, TOC, TKN and VSS tests and they do not 
add to 1, then the error would need to be spread across all three 
mass ratios in a way reflecting the uncertainty associated with the 
measurements required for the different mass ratios to establish 
the mass balance (Σfi = 1).

From a measurement perspective, replacing the fH mass ratio by 
the mass balance aggregates any error in the measurement of the 
other mass ratios onto the fH. Because fH contributes relatively 
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little (<10%) to the total mass of the organic, even relatively small 
errors in the large contributors to the mass of the organics (fC, 
fcv and fO) can cause fH to become −ve. It is therefore better to 
measure fH and fN also and then distribute the error in the mass 
balance between all the measured mass ratios to establish the 
mass balance. How much of the error to assign to each mass ratio 
depends on the uncertainty (standard deviation) associated with 
the measurements required for the different mass ratios.

MEASUREMENT OF THE ORGANICS COMPOSITION

Biomethane potential (BMP) test procedure

Improved and refined over the years, the biomethane potential 
(BMP) test procedure has long been used to estimate the methane 
that can be potentially generated from an organic material when 
anaerobically digested (Owen et al., 1979; Speece, 1996, 2008). 
The test is conducted by running two AD batch tests in parallel 
for around 15 days, one control (hereafter referred to as Control) 
with AD biomass seed sludge only (and distilled water or filtered 
effluent in place of the organics volume) and one test (hereafter 
referred to as Test) with the same volume and concentration of 
seed sludge plus a measured volume and concentration of organics. 
Daily, the gas (CH4 and CO2) generation by both are measured. The 
difference in the CH4 production between the Test and Control is 
assumed to be due to the utilization of the organics and the COD 
of this CH4 as a ratio of the COD of the organics added to the Test 
is deemed to be the biodegradable fraction of the organics (Lin et 
al., 1999; Moody et al., 2009; Angelidaki et al., 2009).

Augmented BMP test procedure

In this paper, Augmented BMP (AugBMP) and biosulphide 
potential (AugBSP) test procedures are proposed. By measure-
ments on samples withdrawn at regular intervals from the Test 
and Control batch tests of the BMP test, the FSA, OP and H2CO3 
alk (and VFA by 5-point titration, Moosbrugger et al., 1993; 
Vannecke et al., 2015; Part 4 of this series – Ekama et al., 2022) 
and the in-situ pH, the composition mass ratios (fcv, fC, fN, fP) of 
the biomass in the AD sludge seed and the biodegradable organics 
can be determined. This procedure is essentially an extension of 
that proposed by Raposo et al. (2006), Batstone et al. (2009) and 
Jensen et al. (2011). Raposo et al. (2006) proposed adding to the 
BMP test procedure VFA, pH and partial and total alkalinities 
analyses. However, these two alkalinities are not related to the 
H2CO3 alkalinity in mixtures of weak acids/bases and so do not 
correctly characterize the aqueous phase comprising mixed weak 
acid/base systems to accurately recover the C in the biodegradable 
organics. Interestingly, Appels et al. (2011) developed a regression 
model that includes 19 organics compositional variables (such as 

COD, proteins, carbohydrates, S, P, pH) measured in triplicate on 
each of 29 sewage sludge samples from various WRRF and tested 
in the BMP test procedure. They concluded that their regression 
model can predict the ultimate methane production potential of a 
random sludge sample within 1.15%.

From the bioprocess stoichiometry of methanogenesis (Part 
2 – Brouckaert et al., 2021b), in the Control, the C, N and P in 
the biomass endogenously respired (‘lost’) becomes part of 
the gaseous and aqueous products and can be measured there. 
So from the concentration differences in the Control between 
start and end (Cend − Cstart), the COD, VSS, C, N and P of the 
biomass endogenously respired (‘lost’) can be calculated. These 
calculations from a theoretical AugBMP test procedure are shown 
in Tables 1 and 2. From the difference in H2CO3 alk (from which 
the difference in CO3

− is determined), CH4 and CO2 volumes 
generated between the end and start of the Control, the C content 
of the biomass (fC) can be calculated (Table 3). It is important that 
the H2CO3 alk (i.e. the alkalinity of the inorganic carbon and water 
systems only) is correctly identified, which can be done in mixed 
weak acid/base systems with the 5-point titration (Part 4 of this 
series – Ekama et al., 2022). Similarly, the N and P content of the 
biomass (fN, fP) can be calculated from the difference between the 
end and start FSA and OP concentrations. Also, the COD of the 
biomass ‘lost’ (fcv) is given by the difference between the end and 
start methane COD. Finally, the VSS of the biomass ‘lost’ is the 
difference between the end and start VSS concentrations. Provided 
all the necessary measurements can be made accurately enough 
(which is not necessarily the case), it is theoretically possible to 
determine the composition mass ratios of the biomass in the AD 
sludge seed from the control batch of the AugBMP test procedure.

Similarly, in the Test batch, the differences between the end 
and start (Tend − Tstart) concentrations and volumes are products 
generated by both the biomass endogenous respiration and the 
utilization of the organics. Then the differences in concentrations 
between the Test and Control [(Tend − Tstart) − (Cend − Cstart)] are 
deemed to be products generated by the degraded biodegradable 
organics. Again, provided all the necessary measurements can 
be made accurately enough (which is not necessarily the case), it 
is theoretically possible to estimate the composition mass ratios 
of the biodegradable organics from the AugBMP test procedure 
(Tables 1, 2 and 4). So from the difference [(Tend −Tstart) − (Cend 

− Cstart)] in H2CO3 alk (from which the difference in HCO3
- is 

determined), and the C in CH4 and CO2, the C content of the 
organics (fC) can be calculated (Table 4). Similarly, the N and 
P content of the organics (fN, fP) can be calculated from the 
differences of the FSA and OP concentrations [(Tend − Tstart) − 
(Cend − Cstart)]. Also, the COD of the organics utilized (fcv) is given 
by the methane COD difference [(Tend − Tstart) − (Cend − Cstart)].  

Table 1. Sludge seed and organics composition used for AugBMP and AugBSP test procedure structural identifiability modelling

Organics type Sludge seed Organics

Acidogen biomass Acidogen end res Seed UPO Combined BPO (casein) Organics UPO Combined

COD mg/L 500 500 4 000 5 000 4 000 1 000 5 000

% % of COD 10 10 80 100 80 20 100

VSS mgVSS/L 338 338 2 580 3 256 690 2875 3 565

ISS mgISS/L - - - 600 - - 500

TSS mgTSS/L - - - 3 856 - - 4 065

fcv gCOD/gVSS 1.4810 1.4810 1.5500 1.5357 1.3913 1.4500 1.4027

fC gC/Gvss 0.5180 0.5180 0.4800 0.4879 0.5217 0.5000 0.5175

fN gN/gVSS 0.1000 0.1000 0.0500 0.0604 0.1522 0.0500 0.1324

fP gP/gVSS 0.0250 0.0250 0.0150 0.0171 0.0000 0.0250 0.0048

fS gS/Gvss 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Table 2. AugBMP and AugBSP Test and Control start and end results

Parameter Units Test
start

Test
end

Test
end–start

Control  
start

Control  
end

Control
end–start

Change
Test–Control

1COD mg/L 5 000 3 057 −1 943 2 500 2 416 −84 1 859
VSS mg/L 3 410 2 011 −1 399 1 628 1 572 −56 1 342
ISS mg/L 550 550 0 300 300 0 -
TSS mg/L 3 960 2 561 −1 399 1 928 1 872 −56 1 342
Vol L 2.0 2.0 - 2.0 2.0 - -
1TKN mgTKN-N/L 354.3 354.3 0 113.3 113.3 0 0
1TP mgTP-P/L 56.4 56.4 0 40.3 40.3 0 0
SolCOD mgCOD/L 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2TKN mgTKN-N/L 20.0 234.8 214.8 15.0 20.6 5.6 209.1
2FSA mgFSA-N/L 20.0 234.8 214.8 15.0 20.6 5.6 209.1
2TP mgTP-P/L 20.0 19.1 −0.9 12.5 13.9 1.4 −2.33
2OP mgOP-P/L 20.0 19.1 −0.9 12.5 13.9 1.4 −2.33
3Alk mg/L CaCO3 100.0 869.2 769.2 75.0 91.8 16.8 752.4
4CH4 mL at 20°C 0.0 1 459.6 1 459.6 0.0 62.9 62.9 1 396.8
4CO2 mL at 20°C 0.0 725.4 725.4 0.0 38.3 38.3 687.1
%C gC/gTSS 43.35 38.52 41.20 40.88
%H gH/gTSS 6.37 6.29 7.04 7.06
%N gN/gTSS 8.44 4.67 5.10 4.95
5Alk mg/L CaCO3 100.0 3 141.5 3 041.5 75.0 196.9 121.9 2 919.6
6SO4 mgS/L 1 500 528.6 −971.4 1 500 1 458.2 −41.8 −929.6
6FSS mgS/L 0.0 971.4 971.4 0.0 14.8 41.8 929.6
fcv gCOD/gVSS 1.4662 1.5199 1.5357 1.5377
fC gC/gVSS 0.5034 0.4905 0.4879 0.4868
fN gN/gVSS 0.0980 0.0594 0.0604 0.0589
fP gP/gVSS 0.0107 0.0186 0.0171 0.0168
fS gS/gVSS 0.0000 0.0000 0.0000 0.0000

1Unfiltered samples; 2Filtered samples; 3H2CO3 alk in mg/L as CaCO3 for the BMP test; 4mL gas at 20°C. COD of CH4 gas = mL x 273.15/(273.15 + 20)/22.4 x 
64; COD balance for BMP: CODend + COD of CH4 = CODstart; 2 x 3 057 + 3 886 = 2 x 5 000; Carbon in gas = (mL CH4 + mL CO2) 273.15/(273.15 + 20)/22.4 x 12 
mgC; Carbon in H2CO3 alk = H2CO3 alk/50 x 12 x (VS + VB), where VS and VB are volume of substrate organics and volume of AD sludge mass added to batch test  
(1 L each); C balance for BMP: carbonend + C in gas + C in H2CO3 alk = carbonstart; N balance for BMP and BSP: TKNend = TKNstart ;  P balance for BMP and BSP:  
TPend = TPstart ; 5H2CO3 alk in mg/L as CaCO3 for the BSP test; 6FSS and SO4 results for BSP test procedure; COD balance for BSP:CODend + COD of FSS = CODstart; 
2 x 3 057 + 2 x 64/32 x 971.4 = 2 x 5 000; C balance for BSP: carbonend +C in H2CO3 alk = carbonstart ;  S balance for BSP: FSSend + SO4end = FSSstart + SO4start

Table 3. Calculation of biomass mass ratios and molar composition from BMP Control results

1: COD in methane: (62.9)273.15/(273.15 + 20)/22.4 x 64 = 167.4 mgCOD

2: C in gas: (62.9 + 38.3)273.15/(273.15 + 20)/22.4 x 12 = 50.5 mgC

3: C in H2CO3 alk = 16.8/50 x 12 = 4.0 mgC/L 

4: Total C = 50.5 +4.0(1 + 1) = 58.6 mgC 

5: Decrease in VSS mass = 56.5 mgVSS/L x 2 L = 113 mgVSS Molar composition

6: COD/VSS mass ratio fcv = 167.4/113 = 1.481 gCOD/gVSS Measured Theoretical

7: C mass ratio of organics fC = 58.6/113 = 0.518 gC/gVSS k = 1.000 k = 1.000

8: N mass ratio of organics fN = 5.6/56.5 = 0.100 gN/gVSS n = 0.166 n = 0.166

9: P mass ratio of organics fP = 1.4/56.5 = 0.025 gP/gVSS p = 0.019 p = 0.019

10: H mass ratio from Eq. 5: fH = 0.0662 gH/gVSS l = 1.534 l = 1.534

11: O mass ratio from Eq. 4: fO = 0.2908 gO/gVSS m = 0.421 m = 0.421

Table 4. Calculation of organics mass ratios and molar composition from BMP results

1: COD in methane: (1 396.8)273.15/(273.15 + 20)/22.4 x 64 = 3 718.6 mgCOD

2: C in gas: (1 396.8 + 687.1)273.15/(273.15 + 20)/22.4 x 12 = 1 040.2 mgC

3: C in H2CO3 alk = 752.4/50 x 12 x (1 + 1) = 361.2 mgC 

4: Total C = 1 040.2 + 361.2 = 1 401.4 mgC 

5: Decrease in VSS mass = 1 343 mgVSS/L x 2L = 2 686 mgVSS Molar composition

6: COD/VSS mass ratio fcv = 3 718.6/2 686 = 1.3851 gCOD/gVSS Measured Theoretical

7: C mass ratio of organics fC = 1 401.4/2 686 = 0.5217 gC/gVSS 1.0000 1.000

8: N mass ratio of organics fN = 209.2/1 343 = 0.1558 gN/gVSS 0.2558 0.250

9: P mass ratio of organics fP = −2.3/1343 = −0.0017 gP/gVSS −0.0013 0.00

10: H mass ratio from Eq. 5: fH = 0.0652 gH/gVSS 1.4977 1.500

11: O mass ratio from Eq. 4: fO = 0.2588 gO/gVSS 0.3718 0.375
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Finally, the VSS of the organics utilized is given by the VSS 
concentrations difference [(Tend − Tstart) − (Cend − Cstart)]. If the 
biodegradable organics are dissolved, the calculation procedure 
remains the same. However, because a mass measurement like 
VSS for particulate organics cannot be made, one of the mass 
ratios like COD/mass (fcv) has to be assigned an assumed value.

Measurements most prone to error in the AugBMP test procedure 
are the biogas (CH4 + CO2) volume and composition (%CH4) and 
the VSS difference. Also, samples taken during the test reduce 
the liquid volume and decrease the gas production, which is 
complicated to correct for. Gas volumes are difficult to measure 
accurately, more so than aqueous concentrations. The VSS 
difference will be subject to large variation when it is the difference 
between two large concentrations (end minus start). These errors 
will affect the accuracy of all the mass ratios.

Augmented biosulphide potential (AugBSP) test 
procedure

The AugBSP test procedure is proposed to obviate the gas volume 
measurement error and correction problems. Loewenthal et al. (2005) 
showed that the hydrolysis rates of organics under methanogenic 
and sulphidogenic conditions were not significantly different 
provided the sulphide concentration does not increase above 500 
mgH2S-S/L. As discussed in Part 2 (Brouckaert et al., 2021b), very 
little gas is produced by BSR, because the sulphide produced buffers 
the pH at values where the vapour pressures of CO2 and H2S are 
very low (in the absence of a separate source of acidity). The only gas 
production would be by diffusion into the reactor headspace until 
the partial pressures of CO2 and H2S reach saturation. Minimising 
the headspace volume will suppress this almost completely.

The AugBSP test procedure follows the same procedure as the 
AugBMP test procedure, i.e., a Control and a Test batch BSR 
test are run in parallel. Each is done in a completely sealed glass 
reactor fitted with a purpose-built sealed lid with a screw-operated 
plunger and clampable sample withdrawal hose (Fig. 2). pH has to 
be measured in situ with a probe directly in the AugBSP reactor, 
because pH will rise quickly in extracted samples due to loss of 
H2S and CO2. To ensure the AugBSP reactor remains completely 
full with no head space, when a sample is required the sample 
withdrawal hose is unclamped and the screw-operated plunger 
screwed down to force out a sample from the reactor. Two samples 
are collected and treated in the manner outlined by Poinapen et al. 
(2009), viz., one collected in a sample jar with 1 drop 10N NaOH 
and the other in a sample jar without NaOH. The sample with 
the NaOH can be membrane vacuum filtered without loss of H2S 
(and CO2) and the organics and FSS determined via the COD or 
another method. If FSS is measured by another method, then it 
is still necessary to collect the sample into 10N NaOH to avoid 
H2S loss. If inaccurate FSS results are entered into the 5-point 

titration programme, it will yield inaccurate results for the H2CO3 
alk (Poinapen et al., 2009). The filtered sample is analysed for FSA, 
FSS and OP. After centrifugation of the sample collected without 
NaOH, the 5-point titration is done on the supernatant. Moderate 
loss of CO2 and H2S does not affect the H2CO3 alk result from 
the 5-point titration test and companion speciation calculation 
programme. Provided accurate in-situ FSA, FSS and OP 
concentrations are entered into the 5-point titration companion 
calculation programme (obtainable from https://washcentre.
ukzn.ac.za/bio-process-models/), accurate estimates of the H2CO3 
alk will be obtained (Poinapen et al., 2009; Part 4 of this series – 
Ekama et al., 2022). An accurate estimate of the H2CO3 alk allows 
an accurate estimate to be made of the C composition of the AD 
biomass (Control) and biodegradable organics (Test).

The results from a theoretical AugBSP test with the identical inputs 
as the theoretical AugBMP test are given in Tables 1 and 2. From 
the bioprocess stoichiometry of sulphidogenic AD (Brouckaert et 
al., 2021b), in the Control, the C in the biomass endogenously 
respired (‘lost’) becomes aqueous HCO3

- only. So from the (Cend 

− Cstart) difference in H2CO3 alk (from which the difference in 
HCO3

− is determined), the C content of the biomass (fC) can be 
calculated (Table 5). Similarly, the N and P content of the biomass 
(fN, fP) can be calculated from the (Cend − Cstart) difference in FSA 
and OP concentrations. Also, the COD of the biomass ‘lost’ 
(fcv) is given by the (Cend − Cstart) difference in FSS (converted to 
COD, i.e. mgFSS-S/L x 64/32) or SO4

2− (converted to COD, i.e.  
mgSO4-S/L x 64/32) concentrations. Finally, the VSS of the 
biomass ‘lost’ is the (Cend − Cstart) difference in VSS concentrations. 
All these measurements are on aqueous samples which can 
be measured accurately, except possibly the VSS. Hence, it is 
theoretically possible to determine the compositional mass ratios 
of the AD biomass from the AugBSP Control batch (Table 5).

Table 5. Calculation of biomass mass ratios and molar composition from BSP Control results

Calculated results Molar composition
Measured Theoretical

1: COD in FSS: (41.8)/32 x 64 = 83.6 mgCOD/L
2: C in gas: 0 mgC/L
3: C in H2CO3 alk = 121.9/50 x 12 = 29.3 mgC/L 
4: Total C = 0 + 29.3 = 29.3 mgC/L 
5: Decrease in VSS mass = 56.5 mgVSS/L
6: COD/VSS mass ratio fcv = 83.6/56.5 = 1.481 gCOD/gVSS
7: C mass ratio of organics fC = 29.3/56.5 = 0.518 gC/gVSS 1.000 1.000
8: N mass ratio of organics fN = 5.6/56.5 = 0.100 gN/gVSS 0.166 0.166
9: P mass ratio of organics fP = 1.4/56.5 = 0.025 gP/gVSS 0.019 0.019
10: H mass ratio from Eq. 5: fH = 0.0662 gH/gVSS 1.534 1.534
11: O mass ratio from Eq. 4: fO = 0.2908 gO/gVSS 0.421 0.421

 
Figure 2. Augmented biosulphide potential (AugBSP) test equipment

https://washcentre.ukzn.ac.za/bio-process-models/
https://washcentre.ukzn.ac.za/bio-process-models/
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Similarly to the AugBMP, the differences in concentrations 
between the AugBSP Test and Control [(Tend − Tstart) − (Cend − 
Cstart)] are deemed to be products generated by the degraded 
biodegradable organics. So from the difference [(Tend − Tstart) − 
(Cend − Cstart)] in H2CO3 alk (from which the difference in C is 
determined), the C content of the organics (fC) can be calculated 
(Table 6). Similarly, the N and P content of the organics  
(fN, fP) can be calculated from the differences of the FSA and OP 
concentrations [(Tend − Tstart) − (Cend − Cstart)]. Also, the COD 
of the organics utilized (fcv) is given by the sulphide COD or 
sulphate (converted to COD) difference [(Tend − Tstart) − (Cend − 
Cstart)]. Finally, the VSS of the organics utilized is given by the VSS 
concentration difference [(Tend − Tstart) − (Cend − Cstart)]. All these 
measurements are of aqueous-phase concentrations and can be 
measured accurately, except possibly the VSS.

Hence, it is theoretically possible to determine the compositional 
mass ratios of the biodegradable organics from the AugBSP 
test procedure (Table 6). Practically, because all the required 
concentrations are measured in the aqueous phase, decreasing 
the Control and Test volumes due to sampling does not affect the 
results.

STRUCTURAL IDENTIFIABILITY OF THE AugBMP 
AND AugBSP PROCEDURES

The structural ability of the AugBMP and AugBSP test 
procedures to identify the elemental mass ratios of the biomass 
and biodegradable organics was checked with two types of 
methanogenic (MP) and sulphidogenic (BSR) kinetic and 
stoichiometric models – a simplified model with the hydrolysis/
acidogenesis and endogenous respiration bioprocesses yielding 
final MP and BSR products and a complete two-phase (aqueous–
gas) methanogenic and sulphidogenic bioprocess model with 
fully integrated aqueous-phase modelling (PWM_SA_AD_BMP/
BSP, Botha, 2015; Botha et al., 2015), which is an implementation 
of the PWM_SA_AD anaerobic digestion model used by Ghoor 
(2019), which in turn is a sub-model of the PWM_SA plant-wide 
WRRF model (Ikumi et al, 2015).

Organics composition determination with a simplified AD 
model

In the simplified model, a spreadsheet was coded with the COD 
mass-balanced kinetics model based on saturation hydrolysis/
acidogenesis kinetics (Sötemann et al., 2005) for batch test 
conditions and the fully mass balanced CHONPS stoichiometry 
for methanogenesis, one sheet for the Test, an identical parallel 
sheet for the Control and a third sheet for the [(Tend − Tstart) −  
(Cend − Cstart)] concentration differences. The methanogenic 

sludge seed comprised three organics types – acidogen biomass, 
acidogen endogenous residue and unbiodegradable particulate 
organics (UPO seed), and the organics comprised two organics 
types – biodegradable particulate organics (BPO), represented 
by Casein (C1H1.5O0.375N0.250, Table 1, which yields mass ratios 
 fcv = 1.3913 gCOD/gVSS, fC = 0.5217 gC/gVSS, fN = 0.1522 gN/gVSS,  
fP = 0.0000 gP/gVSS) and unbiodegradable particulate organics 
(UPO organics). The COD concentration and mass ratios 
assigned to each of the three groups in the sludge seed and the 
two groups in the organics are shown in Table 1. The combined 
concentrations and mass ratios calculated from the individual 
organics’ values are also shown in Table 1.

For both the AugBMP and AugBSP test procedures, in the 
Control batch, 1 L sludge seed was mixed with 1 L distilled water 
and in the Test batch, 1 L sludge seed was mixed with 1 L organics. 
In the AugBSP Test and Control batches 1 500 mgSO4-S/L was 
added. The start (Cstart, Tstart), end (Cend, Tend) and difference (Cend − 
Cstart, Tend − Tstart) particulate and aqueous concentrations and gas 
volumes of the Control and Test batches are shown in Table 2 for 
both the Test and Control batches of the AugBMP and AugBSP 
procedures. The end particulate and aqueous concentrations and 
gas volumes are the calculated values after 12 d using the saturation 
hydrolysis/acidogenesis kinetics of Sötemann et al. (2005), i.e.  
KM = 5.27 gCOD/(gCOD.d) and KS = 7.98 gCOD/gCOD for primary 
sewage sludge. The acidogen biomass yield (YAD), endogenous 
respiration rate (bAD) and endogenous residue fraction (fAD) were 
0.10 gCOD/gCOD, 0.041 /d and 0.08, respectively. After 12 d, 
99.85% of the biodegradable organics was utilized in the Test batch 
and 36.36% of the acidogen biomass was endogenously respired 
in the Control batch. The methane and sulphide COD production 
rate and cumulative methane and sulphide COD versus time in 
the AugBMP and AugBSP Test and Control batches are shown 
in Fig. 3. The acidogen biomass (ZAD), acidogen endogenous 
residue (ZED), organics unbiodegradable particulate COD (Supi) 
and organics biodegradable particulate COD (Sbp) concentrations 
versus time in the Test and Control AugBMP and AugBSP batches 
are shown in Fig. 4. Similarly, the FSA and OP concentrations 
versus time are shown in Fig. 5, the H2S alkalinity (alk), H3PO4 alk, 
H2CO3 alk and total alk concentrations versus time in Fig. 6 for 
the AugBMP and in Fig. 7 for the AugBSP Test and Control 
batches. The sulphate and sulphide concentrations versus time in 
the AugBSP Test and Control are shown in Fig. 8 and cumulative 
methane, carbon dioxide and total gas volume in mL (at 20°C) 
versus time in the AugBMP Test and Control are shown in Fig. 9.  
The gradual increase in gas (in BMP) and sulphide (in BSP) 
production rate over the first 2 days was obtained by including an 
acidogen activity factor, which increased parabolically from 0 at 
time 0 to 100% after 2 days.

Table 6. Calculation of organics mass ratios and molar composition from BSP results

Calculated results Molar composition

Measured Theoretical

1: COD in FSS: 1 160.6/32 x 64 = 2 321.2 mgCOD

2: C in gas: 0 mgC/L

3: C in H2CO3 alk = 3 645.9/50 x 12 = 874.8 mgC/L 

4: Total C = 874.8 mgC/L 

5: Decrease in VSS mass = 1 676 mgVSS/L

6: COD/VSS mass ratio fcv = 2 321.2/1 676 = 1.3851 gCOD/gVSS

7: C mass ratio of organics fC = 874.8/1 676 = 0.5220 gC/gVSS 1.0000 1.0000

8: N mass ratio of organics fN = 261.2/1 676 = 0.1558 gN/gVSS 0.2558 0.2500

9: P mass ratio of organics fP = −2.95/1676 = −0.0017 gP/gVSS −0.0013 0.0000

10: H mass ratio from Eq. 5: fH = 0.0651 gH/gVSS 1.4977 1.5000

11: O mass ratio from Eq. 4: fO = 0.2588 gO/gVSS 0.3718 0.3750
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Figure 3. Methane in BMP and FSS in BSP COD production rate and cumulative methane and FSS COD versus time in the Test (Fig. 3a left) and 
Control (Cntl; Fig. 3b right) BMP and BSP batches. BMP methane and BSP sulphide COD concentrations are the same so fall on the same lines.

Figure 5. Free and saline ammonia (FSA) and ortho-phosphate (OP) concentrations versus time in the Test (Fig. 5a left) and Control (Cntl, Fig. 5b 
right) BMP and BSP batches. Note difference in concentration scales between Test and Control. BMP and BSP FSA and OP concentrations are the 
same so fall on the same lines.

Figure 4. Acidogen biomass (ZAD), acidogen endogenous residue (ZED), organics unbiodegradable particulate COD (Supi) and organics 
biodegradable particulate COD (Sbp) concentrations versus time in the Test (Fig. 4a left) and Control (Cntl, Fig. 4b right) BMP and BSP batches. 
Note difference in concentration scales between Test and Control. BMP and BSP solids concentrations are the same so fall on the same lines.
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Figure 6. H2S alk, H3PO4 alk, H2CO3 alk and total alk concentrations versus time in the Test (Fig. 6a left) and Control (Cntl, Fig. 6b right) BMP batches

Figure 7. H2S alk, H3PO4 alk, H2CO3 alk and total alk concentrations versus time in the Test (Fig. 7a left) and Control (Cntl, Fig. 7b right) BSP batches. 
Note difference in concentration scales between Test and Control)

Figure 8. Free and saline ammonia (FSA), ortho-phosphate (OP), sulphate (SO4), free and saline sulphide (FSS) and total alkalinity (TAlk) 
concentrations versus time in the BSP Test (Fig. 8a left) and Control (Cntl, Fig. 8b right) batches

Figure 9. Cumulative methane (CH4), carbon dioxide (CO2) and total gas volume in mL versus time in the BMP Test (Fig. 9a left) and Control (Cntl , 
Fig. 9b right) batches (note difference in volume scales between Test and Control)
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Calculating the biomass composition from the AugBMP and 
AugBSP procedure results

Tables 3 and 4 show the calculation of the biomass composition 
that was endogenously respired in the AugBMP and AugBSP 
Control (Cend − Cstart) batches. Both AugBMP and AugBSP 
procedures yield the same composition results for the biomass and 
are exactly the same as the input biomass composition (Table 1).  
This proves the validity of the approach for the Control batch. 
The result is exact because only one bioprocess (endogenous 
respiration) operates in the AugBMP and AugBSP Control 
batches decreasing the acidogen biomass concentration.

Calculating the organics composition from the AugBMP 
and AugBSP procedure results

Tables 5 and 6 show the calculation of the example organics casein 
(milk protein, C1H1.50O0.375N0.25) composition that was utilized in the 
AugBMP and AugBSP Test [(Tend − Tstart) − (Cend − Cstart)] batches. 
The determined composition of the casein is very close but not 
exact. This is because biomass growth and endogenous respiration 
take place in the Test batch and biomass usually has a different 
composition to the biodegradable organics. If the acidogen yield 
is set to zero, then the composition of the organics casein is exact. 
The calculated mass ratios and composition from the AugBMP and 
AugBSP test results for casein organics are fcv = 1.385 gCOD/gVSS,  
fC = 0.5217 gC/gVSS, fN = 0.1558 gN/gVSS and fP = −0.0017 gP/gVSS.  
If fP is set to zero (it cannot be negative, fch and fS also set to 0) 
and fH and fO calculated from Eqs 5a and 4a, then the determined 
composition is C1H1.4875O0.3700N0.2558P0, which is close to the 
theoretical (Table 1). The reason the calculated composition is close 
to the theoretical and not exact is because the AD biomass yield is low 
(YAD = 0.10 gCOD/gCOD). The larger the yield, the larger the error. 
This indicates that while with a simple kinetic and stoichiometric 
model it is structurally not possible to determine the exact organics 
composition with AugBMP and AugBSP tests, the determined 
composition is very close to the theoretical value. Any experimental 
error in actual AugBMP and AugBSP test procedures will result in 
error in the determined organics composition. The significance and 
magnitude of the error in the measurements required to estimate 
the different mass ratios is currently being investigated.

Adding elemental analysis to the AugBMP and AugBSP 
procedures

The organics composition estimate can be improved by adding 
elemental analysis of the solids of the Test and Control start 

and end times. Table 7 shows the theoretical elemental analysis 
results of dried solids samples taken from the Test start and Test 
end conditions taking into account that the %C, %H and %N are 
with respect to dried total suspended solids (TSS) (not volatile 
suspended solids, VSS) and therefore include the inorganic 
suspended solids (ISS). Because the COD-based hydrolysis-
acidogenesis and endogenous respiration kinetic constants 
were the same for the AugBMP and AugBSP Test and Control 
batches, the particulate concentrations and elemental analysis 
results are the same for both. Additional wet chemical laboratory 
measurements, required to determine the composition of the 
organics utilized in the Test batch and the biomass endogenously 
respired in the Control batch, are VSS and TSS, unfiltered COD, 
TKN and TP and filtered COD, TKN, FSA, TP and OP at the start 
and end times. These additional laboratory results are also shown 
in Table 2. The last column of Table 2 shows the difference between 
the Test and Control batches [(Tend − Tstart) − (Cend − Cstart)]. The 
calculation of the COD, C, N and P mass balances for the Test and 
Control batches from the results in Table 2 are set out in Table 8.

The procedure for calculating the composition of a mixture 
of organics from elemental analysis and additional laboratory 
results is shown in Table 7a for the Test start results. In Table 7a, 
the %C, %H and %N are converted to mass concentrations by 
multiplying by the TSS, and the N and P concentrations are given 
by the difference between the unfiltered and filtered TKN and TP 
concentrations (Column 1). Assuming a mass balance on the VSS, 
the O concentration is given by the VSS minus the sum of the C, 
H, N and P concentrations (Column 1). The fC, fH, fO, fN and fP mass 
ratios are calculated from the C, H, O, N, and VSS concentrations 
(Column 2). The x, y, z, a and b molar composition values are 
calculated from the mass ratios with Eqs 1 and 2 (Columns 3 and 4).  
With the x, y, z, a and b molar composition values for 1 gVSS 
known (Column 3), the COD concentration and COD/VSS ratio 
are calculated with Eqs 7 and 8 (Column 1), viz.:

COD � � � � � �8 8 4 2 3 5�s x y z a b( )     gCOD/mol or        (6)

fcv � � � � ��� ��8 4 1 2 3 512 1 16 14 31
f f f f fC H O N P      gCOD for 1 gVSS    (7)

The measured COD/VSS ratio is given by fcv measured = 
(Unfiltered COD − Filtered COD)/VSS = (5 000 − 0)/3410.3 = 
1.4662 gCOD/gVSS (Column 2). Because the ‘experimental’ 
results used in this calculation are exact, the calculated COD =  
fcv x VSS = 1.4662 x 3410.3 = 5 000 mgCOD/L matches exactly the 
measured COD (also 5 000 mgCOD/L).

Table 7. Calculation of mixed organics composition from elemental and laboratory analysis results at (a) Test start, and (b) Test end 

Calculation of concentrations Calculation of mass ratios Comp. for 1 gVSS Comp. for x = 1
(a) Test start

C = %C/100 x TSS = 43.35/100 x 3 960 = 1 716.7 mgC/L fC = C/VSS = 1 716.7/3 410 = 0.5034 x = fc/12 = 0.04195 x = 1.0000

H = %H/100 x TSS = 6.37/100 x 3 960 = 252.4 mgH/L fH = H/VSS = 252.4/3 410 = 0.0740 y = fh/1 = 0.07400 y = 1.7641

N = %N/100 x TSS = 8.44/100 x 3 960 = 334.3 mgN/L fN = N/VSS = 334.3/3 410 = 0.0980 a = fn/14 = 0.00700 a = 0.1669

N = (UnfiltTKN − FiltTKN) = 354.3 − 20.0 = 334.3 mgN/L fN = N/VSS = 334.3/3 410 = 0.0980 a = fn/14 = 0.00700 a = 0.1669

P = (UnfiltTP − FiltTP) = 56.4 − 20.0 = 36.4 mgP/L fP = P/VSS = 36.4/3 410 = 0.0107 b = fp/31 = 0.00034 b = 0.0082

O = VSS − Conc(C + H + N + P) = 3 410.3 – 2 339.7 = 1 070.6 mgO/L fO = O/VSS = 1 070.6/3 410 = 0.3139 z = fo/16 = 0.01962 z = 0.4677

COD from comp. = 8γS = 8(4x + y − 2z − 3a + 5b) x VSS = 5 000 mgCOD/L fcv = 5 000/3 410.3 = 1.4662 fcv = 1.4662 γS = fcv/8 = 0.1833

COD from measurement = 5 000 mgCOD/L Calculated COD = fcv x VSS = 5 000 mgCOD/L

(b) Test end
C = %C/100 x TSS = 38.52/100 x 2 561.4 = 986.7 mgC/L fC = gC/gVSS = 986.7/2 011 = 0.4905 x = fc/12 = 0.04088 x = 1.0000

H = %H/100 x TSS = 6.29/100 x 2 561.4 = 161.2 mgH/L fH = gH/gVSS = 161.2/2 011 = 0.0801 y = fh/1 = 0.08013 y = 1.9601

N = %N/100 x TSS = 4.67/100 x 2 561.4 = 119.5 mgN/L fN = gN/gVSS = 119.5/2 011 = 0.0594 a = fn/14 = 0.00424 a = 0.1038

N = (UnfiltTKN−FiltTKN) = 354.3−234.8 = 119.5 mgN/L fN = gN/gVSS = 119.5/2 011 = 0.0594 a = fn/14 = 0.00424 a = 0.1038

P = (UnfiltTP−FiltTP) = 56.4 − 19.1 = 37.3 mgP/L fP = gP/gVSS = 37.3/2 011 = 0.0186 b = fp/31 = 0.00060 b = 0.0146

O = VSS − Conc(C + H + N + P) = 2 011.4 − 1 304.6 = 706.8 mgO/L fO = gO/gVSS = 706.8/2 011 = 0.3514 z = fo/16 = 0.01962 z = 0.5327

COD from comp. = 8γS = 8(4x + y − 2z − 3a + 5b) x VSS = 3 057 mgCOD/L fcv = gCOD/gVSS = 3 057.1/2 011.4 = 1.5199 fcv = 1.5199 γS = fcv/8 = 0.1900

COD from measurement = 3 057 mgCOD/L Calculated COD = fcv x VSS = 3 057 mgCOD/L
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For actual measurements, the calculated COD will not match 
exactly the measured COD. The calculation procedure is based 
on mass balance because the gO was calculated by difference 
in Table 7a. A mismatch between calculated and measured 
COD means there is error in the measurements from which 
the composition is calculated. Which of the results to change 
to match the calculated and measured COD depends on the 
uncertainty associated with each of the measurements that go 
into the calculation. Results with high uncertainty (high standard 
deviation) are the ones to change. The COD is probably one of 
the most accurate of the measurements and so changing some of 
the other less accurate measurements to reconcile the calculated 
COD with that measured is the best approach. Identifying which 
of the measurements to change to reconcile the calculated COD 
with that measured is currently being investigated. The same 
calculation procedure is applied to the Test end results (Table 7b) 
and for the Control start and end results (not shown).

Once the compositions of Test and Control start and end samples 
have been determined, the composition of the utilized organics is 
determined by subtracting the end concentrations from the start 
concentrations. This is Tstart − Tend for the biodegradable organics 
and Cstart − Cend for the biomass. This calculation is done in Table 8,  
with the calculation method listed below the table. For the biomass, 
Table 8 shows that the determined biomass composition from the 
Control (Column 6) is exact and the same as that obtained from the 
AugBMP and AugBSP procedure results. For the organics (Column 3)  
the determined organics composition from the Test (Column 3) is 
the same as that obtained from the AugBMP and AugBSP procedure 
results and therefore close to the theoretical composition of casein. 

This demonstrates that the analytical and calculation procedure is 
theoretically valid, and the accuracy of the determined compositions 
depends on the error in the experimental measurements.

There are more measurements listed in Table 2 than required to 
calculate the organics and biomass compositions from elemental 
analysis results. As mentioned above, to determine the five 
composition molar values (x, y, z, a, b in CxHyOzNaPb) or mass 
ratios (fC, fH, fO, fN, fP), six measurements are required – essentially, 
the C, H, O, N, P and VSS of the organics and biomass. The C, 
H and N are obtained from the elemental analysis. Because this 
analysis is done on dried solids, additionally the TSS mass needs to 
be measured (which it would be anyway, in the VSS measurement). 
The O is replaced by COD and the P is obtained from the unfiltered 
and filtered TP laboratory results. This means that two additional 
pieces of information are available to reduce error – the laboratory 
TKN and FSA results for the N content, which duplicates the %N 
from the elemental analysis, and mass balance, i.e., fC + fH + fO + 
fN + fP = 1 (fS = 0). So the error on the N content can be reduced 
by taking the average of the N content obtained for the laboratory 
TKN and elemental N analyses in the COD reconciliation 
calculation (Tables 7a and b). The error can also be reduced by 
doing the AugBMP or AugBSP tests in duplicate or triplicate, with 
elemental analysis. While this will increase cost, it will improve the 
organics composition estimate in actual tests.

In practice, reconciling the measurements to obtain the best 
estimate of the organics and biomass compositions also has to take 
into account the relative experimental uncertainties associated 
with the various measurements (Gaszynski, 2020).

Table 8. Procedure for calculating the biodegradable organics and biomass compositions from Test start and end and Control start and end 
elemental and laboratory analysis results  

No. Parameter Units 1 2 3 4 5 6

Test Start Test End Difference Control start Control end Difference

1 fcv gCOD/gVSS 1.4662 1.5199 1.3890 1.5357 1.5377 1.4810

2 fC gC/gVSS 0.5034 0.4905 0.5218 0.4879 0.4868 0.5181

3 fH gH/gVSS 0.0740 0.0801 0.0652 0.0834 0.0840 0.0662

4 fO gO/gVSS 0.3139 0.3514 0.2601 0.3513 0.3534 0.2907

5 fN gN/gVSS 0.0980 0.0594 0.1535 0.0604 0.0589 0.1000

6 fP gP/gVSS 0.0107 0.0186 −0.0007 0.0171 0.0168 0.0250

7 Mass balance ΣRows 2–6 1.000 1.000 1.000 1.000 1.000 1.000

8 MeasCOD mgCOD/L 5 000 3 057 1 943 2 500 2 416 84

9 ThVSS mgVSS/L 3 410 2 011 1 399 1 628 1571 56

10 Carbon mgC/L 1 717 987 730 794 765 29

11 Hydrogen mgH/L 252 161 91 136 132 4

12 Oxygen mgO/L 1 071 707 364 572 557 16

13 OrgN mgN/L 334 119 215 98 92 6

14 OrgP mgP/L 36 37 −1 28 26 2

15 Mass balance ΣRows 10–14 3 410 2 011 1 399 1 628 1 571 57

Columns 1 and 2, Row 1 to 6: Mass ratios from Table 2. fH  and fO calculated from Eqs 5 and 4.

Columns 1 and 2, Row 7: Mass balance: fC + fH + fO + fN + fP = 1.000

Columns 1 and 2, Row 8 and 9: VSS and COD concentrations from Table 2

Columns 1 and 2, Row 10 to 14: Element mass concentrations, e.g., mgC/L = fC x VSS

Columns 1 and 2, Row 15: Mass balance: mgC/L + mgH/L + mgO/L + mgN/L + mgP/L = mgVSS

Column 3, Row 10 to 14: Test Start minus Test End concentrations 

Column 3, Row 8 and 9: Test Start minus Test End VSS and COD concentrations

Column 3, Row 15: Mass balance: mgC/L + mgH/L + mgO/L + mgN/L + mgP/L = mgVSS difference

Column 3, Row 1 to 6: Mass ratios from element concentrations, e.g., fC = (mgC/L)/(mgVSS/L) 

Column 3, Row 7: Mass balance: fC + fH + fO + fN + fP = 1.000 for Test start minus Test end 

Calculation procedure for Control in Columns 4, 5 and 6 is the same as above for Test.
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Organics composition determination with a dynamic 
kinetic AD model

The complete (CHONPS) element mass-balanced bioprocess 
stoichiometry ensures that the material content of the system 
input or batch test start is equal to that of the system output or 
batch test end. For the BMP and BSP tests, this ensures that the 
material content remains constant with time with the reactant 
components representing the material content changing with 
time to product components in the particulate, dissolved and 
gaseous phases.

The AD unit of the PWM_SA_AD model developed by 
Brouckaert et al. (2010) and Ikumi et al. (2011, 2015) was adapted 
to model the BMP test procedure (Botha, 2015; Botha et al., 2015). 
This model runs on the WEST platform (MikebyDHI, 2021), 
which includes sensitivity analysis and parameter estimation 
features. The sensitivity analysis feature allows identification 
of the bioprocess product components that are most strongly 
affected by the different feed organic composition parameters. 
The parameter estimation feature allows determination of the feed 
organics composition characteristics that best fit a set of measured 
bioprocess product results.

Adapting PWM_SA_AD to the BMP (and BSP) test procedure 
required conversion from an influent flow system to a batch 
test system. Also, for the sensitivity analysis and parameter 
estimation, the parameters that specify the characteristics of the 
organics, viz., the composition of the biodegradable organics, the 
unbiodegradable fraction of the organics and the degradation 
(hydrolysis) rate of the biodegradable organics, need to be 
nominated. For the Control batch this is the composition of the 
AD biomass groups, i.e., k, l, m, n, p and s in CkHlOmNnPpSs (the 
same for all four biomass groups), the non-active fraction of 
the AD seed sludge and the endogenous respiration rate of the 
four biomass groups (the same for each). With these parameters 
known from the Control batch, for the Test batch, the parameters 
determined are the composition of the feed organics, i.e., x, y, z, 
a and b in CxHyOzNaPb, the unbiodegradable fraction of the feed 
organics and the hydrolysis rate of the biodegradable organics, 
i.e., Km and Ks in the Monod hydrolysis kinetic rate equation.

Ghoor (2019) extended the PWM_SA_AD model to include the 
biological sulphate reduction (BSR) bioprocess stoichiometry 
and kinetics, as well as the S content parameters for each organic  
(c in CxHyOzNaPbSc) and biomass (s in CkHlOmNnPpSs) group. The 
sulphidogenic and methanogenic bioprocesses co-exist within the 
PWM_SA_AD model base, but the interactions between them 
have not yet been modelled. Thus, either the methanogenic or 
the sulphidogenic bioprocesses can be selected, while the others 
remain dormant in the model. The hydrolysis, acidogenesis and 
acetogenesis bioprocesses are common to both methanogenic 
and sulphidogenic systems and therefore are always active. This 
allows the PWM_SA_AD model to be used for the organics 
characteristics determination from AugBSP tests in the same 
way as for AugBMP tests. The only difference for the AugBSP test 
procedure is that aqueous sulphide and sulphate are measured 
instead of gaseous CO2 and CH4.

The PWM_SA_AD_BMP/BSP model was verified by checking 
that the COD, element (C, H, O, N, P and S) mass and charge 
balance to 100.000% at every time step of the simulation. 
Anaerobic bioprocesses consume water, which means that from 
a complete element mass balance perspective, the AD products 
which include H and O obtain this H and O not only from the 
organics but also from the water. This water consumption (or 
production with aerobic processes) has to be monitored in the 
model to check the H and O mass balances of the bioprocesses. If 
the start and end H and O mass balances are checked, including 
the H and O of the water volume of the batch, errors in the 

bioprocess H and O mass balances will not be detected because 
they are overwhelmed by the vast excess of H and O in the water 
volume compared to that in the organics and biomass (AD seed 
sludge) inputs. The PWM_SA, model keeps track of H and O 
uptake (anaerobic) or release (aerobic) as H2O from and to the 
water volume in the bioprocess stoichiometry mass balance 
continuity checks to avoid this.

To reduce the number of initial concentrations that require 
measurement, the PWM_SA_AD model calculates the pH using 
equilibrium speciation (Part 1 – Brouckaert et al., 2021a,; also Part 
5 of this series – Brouckaert et al., 2022). This method tracks 14 
total ionic component concentrations that are most commonly 
found in wastewater streams, as well as the pH, H2CO3 alkalinity, 
ionic strength (total dissolved solids, TDS or conductivity) and 
temperature. NaCl is added to the simulated solution to achieve 
the measured ionic strength determined from the conductivity. 
The initial ionic composition is used as a reference state, and any 
changes in C, H, O, N, P, S components and charge caused by the 
bioprocesses are tracked and used to calculate the pH as it changes 
with time (Brouckaert et al., 2021b; see also Parts 4 and 5 of this 
series).

Determining the organics composition characteristics with 
parameter estimation (PE)

The PE procedure runs a large number of model simulations 
which calibrates a set of user-selected model parameters. It uses 
the variable values measured at each time step of an AugBMP 
or AugBSP test as a set of variables (selected by the user) and 
compares them with the corresponding variable values generated 
by the model. The set of selected parameter values are changed 
slightly for every simulation until the error between the measured 
variable values and the model-generated variable values is a 
minimum. The variable values selected for the AugBMP test 
procedure (Test and Control batches) are the measured aqueous 
(e.g. soluble COD, H2CO3 alk, VFA, OP, FSA, pH) concentrations 
and CH4 and CO2 production rates (Figs 3 to 6).

In order to optimize the protocol for determining the parameters 
representing the composition of the organics (Test) and biomass 
(Control), a number of procedural calibration tests were 
conducted first. These calibration tests assessed the impact of 
(i) uncertainty in measured variable values, (ii) errors in initial 
simulation start parameter values, (iii) changes in statistical PE 
settings, and (iv) reducing the number of provided variable values 
on the accuracy of the PE-determined parameters. Because no 
AugBMP test data was available for this, PWM_SA_AD_BMP/
BSP model-generated data was used as a basis (Figs 3 to 8). This 
allowed the success of the calibration tests to be compared by 
determining the percentage error (δ) in each parameter, for which 
the actual parameter value (Pact) was known. Since the data were 
generated using basis parameters from literature, Pact could be 
used to calculate δ, the relative error between the actual value of 
the parameter (Pact) and the corresponding estimated parameter 
value (Pest) in terms of a percentage for each parameter via  
δ = 100(Pact − Pest)/Pact.

To determine the best variables to include in the AugBMP test 
procedure, nine variables were selected in the PE calibration tests, 
i.e., methane (CH4) and CO2 gas production rates, OP, FSA, soluble 
COD, H2CO3 alkalinity and VFA concentrations, the partial 
pressure of CO2 (ρCO2) and the pH. These variables were selected 
from literature for their sensitivity to the selected set of parameters 
and from the simplicity of their measurement procedures. The 
set of seven selected parameters representing the characteristics 
of each of the feed organics and biomass were the four elemental 
composition values (y, z, a, b in CxHyOzNaPbSc with x set to 1 and 
the c = 0 for the Test batch and l, m, n, p and s in CkHlOmNnPpSs 
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with k set to 1 and the s = 0), the unbiodegradable particulate 
fraction (UPO, f_U_Inf for the organics in the Test batch and the 
non-biomass part of the AD sludge seed in the Control batch) and 
the two Monod kinetics hydrolysis kinetic rate constants of the 
biodegradable organics (kM_BInf and KS_BInf) for the Test batch 
or the endogenous respiration rate for the biomass.

In the dynamic kinetic model, a biomass activity factor which 
gradually increased from zero to 100% over the first 1 to 2 days 
was not required as in the simple spreadsheet model discussed 
above. This is because the Control batch simulation correctly 
determines the biomass concentrations to start the Test batch 
simulation. This eliminates the interference of the activity factor in 
the determination of the organics hydrolysis kinetic rate constants.

The first calibration runs tested the impact of an error of 5% and 
10% in the initial simulation start parameter value inputs (e.g. 
biomass concentrations), which provides the PE procedure with 
a starting point for the first simulation, after which the selected 
parameters are adjusted automatically until optimized. An 
estimate for the initial parameter values was found to be sufficient 
as an error of 10% in the initial parameter values only produced 
an average error of 0.0311% in the estimated parameter values. 
However, if the initial parameter values can be estimated within a 
narrow confidence interval so that the size of the range in which 
the parameters are allowed to vary can be reduced (from ±50% 
to ±25% of the initial parameter value), then the accuracy of the 
estimated parameter values, from measured variable values with 
an uncertainty of up to ±5%, can be improved from an average 
error of 21.02% to 4.02%.

An increase in the number of time steps (from 1/d for 4 d to 1/d 
for 8 d) at which variable values were measured in a BMP test 
decreased the accuracy of the results from an average error of 4.02% 
to 10.21%. This is because the degradation of the biodegradable 
organics was complete within 4 days, so increasing the simulation 
to 8 days with additional measurements did not add any accuracy 
to the organics characterization values. The factor which had 
the largest impact on the accuracy of the estimated parameter 
values was the uncertainty in the variables (measured) values. An 
uncertainty of up to ±5% in the experimentally measured variable 
concentrations resulted in an average error in the estimated 
parameters of 21.02% and an uncertainty of up to ±10% resulted 
in average errors of 24.34% and 26.18%. However, as mentioned 
above, a reduction in the range in which the parameters are 
allowed to vary can reduce these errors considerably.

Of the nine variables, the OP, FSA and soluble COD values 
were highlighted as critical measurements because FSA and OP 
significantly influenced the accuracy of the N and P content of the 
BPO, respectively (a and b in CxHyOzNaPb), while soluble COD 
had a significant influence on the average accuracy across all the 
parameters. Even though the OP, FSA and soluble COD are the 
three least practical measurements to include in the BMP test 
due to their relatively time-consuming protocols, they are worth 
making because of the increase in accuracy in biodegradable 
organics composition they provide.

A set of six variables, viz. the OP, FSA, soluble COD, CO2 rate, 
CH4 rate and ρCO2, was found to be sufficient for estimating the 
set of seven organics parameters (y, z, a, b, f_U_Inf, kM_BInf 
and KS_BInf) assuming the variable values are 100% accurate. 
Since the accuracy of the estimated parameters decreases with an 
increase in experimental error of measured variable values, the 
use of the full set of nine sensitive variables is recommended in 
the PWM_SA_AD_BMP/BSP model PE protocol.

The same calibration tests were performed using sulphidogenic 
bioprocesses in PWM_SA_AD_BMP/BSP. In the AugBSP 
procedure, the CH4 and CO2 production rates and ρCO2 are 

replaced with aqueous sulphide and sulphate concentrations. The 
BSP calibration produced the same accuracy levels as the BMP 
calibration tests. The advantage of the AugBSP test procedure 
is that aqueous sulphide (and sulphate as an additional variable) 
production rate can be measured more accurately than gaseous 
CH4 and CO2 production rates.

In this investigation, PWM_SA_AD_BMP/BSP included a single 
elemental composition for the influent biodegradable particulate 
organics (BPO). This assumes that the BPO are homogenous with 
a single hydrolysis rate. This reduced the number of parameters 
that needed to be determined by PE to the nine required for just 
one organic group. In reality, the organics may comprise several 
groups that have different compositions and hydrolyse at different 
rates. This may be considered the subject for future extensions 
of the PWM_SA_AD_BMP/BSP model. If sufficiently accurate 
compositions for single homogenous organics can be determined 
with the proposed AugBMP and AugBSP and modelling 
procedures, further research can be conducted into extending the 
model to two or three groups of biodegradable organics in the 
same organic material.

CONCLUSIONS

Bioprocesses transform the components contained in the material 
content flux entering single or multiple reactor systems from one 
kind to another without a change in total material content flux 
exiting the system in the solid, aqueous or gas phases. Based on 
this principle of mass conservation in bioprocess stoichiometry, 
the augmented biomethane (AugBMP) and augmented 
biosulphide (AugBSP) potential test procedures have been 
evaluated. These two test procedures change the BMP from a 
stand-alone test to a bio-reactor on which a range of additional 
tests are made to determine the composition of the biodegradable 
organics. The analytical tests were identified that need to be 
made to quantify the material content of the bioprocess products 
(outputs). This allows the material content of the bioprocess 
reactants (inputs), expressed as CxHyOzNaPbSc, to be determined 
from the measured bioprocess products and examples of the 
calculation procedure to do this were given. The AugBMP and 
AugBSP test procedures, supplemented by anaerobic digestion 
dynamic modelling, is as accurate as the analytical measurements 
for determining the composition of biodegradable organics, and 
also allows the hydrolysis rate of the biodegradable organics and 
the unbiodegradable fraction of the organics to be determined. 
Knowing these characteristics of organics before they are fed 
to anaerobic digesters (AD) is important to predict the AD 
performance and stability when fed the organics.

The BMP test can be criticized for being similar to the century-
old biochemical oxygen demand (BOD) test – except that it is 
anaerobic, and therefore no better than the BOD. The problems 
and deficiencies of the BOD as a wastewater-strength measure for 
modelling aerobic processes such as the activated sludge system 
have been voiced for decades (for example, see Wentzel et al., 
2003). The comparison with the BOD is valid in the sense that 
both use a sludge seed and rely on bioprocesses as opposed to 
more consistent and reproducible chemical reactions. However, 
the criticism that, as a result, the BMP also cannot be used as a 
organics strength measurement for mass-balanced modelling, 
as it yields similarly variable results, is unduly harsh for five  
reasons:

•	 Oxygen is not very soluble in water and so the BOD without 
aeration (as opposed respirometry with aeration) has to be 
done at high dilutions. The BMP test can be done at much 
higher seed and organics concentrations so differences are 
more accurate to measure and this avoids the multiplication 
of error.
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•	 The yield of biomass and the endogenous respiration rate 
under anaerobic conditions are very low, so that practically 
all of the electron-donating capacity of the organics is 
captured in measurable electron acceptors. In contrast, 
the yield of biomass and the endogenous respiration rate 
under aerobic conditions are high, with the result that a 
significant proportion of the electron-donating capacity of 
the organics is captured in unmeasurable unbiodegradable 
material, which precludes the BOD test from being used as 
an organics strength measure for mass-balanced modelling.

•	 There is an international drive to standardize the BMP 
test procedure (Raposo et al., 2011a) and the results from 
an inter-laboratory evaluation show that the ‘influence of 
inocula and experimental factors was nearly insignificant 
with respect to the extents of the anaerobic biodegradation’ 
(Raposo et al., 2011b p. 1 088).

•	 The BOD was regarded a test in itself and not a bio-
reactor on which many tests are done. The BMP is also a 
stand-alone test but the augmented BMP (AugBMP) and 
augmented BSP (Aug BSP) are not – these are bio-reactors 
on which a range of tests are conducted to focus the purpose 
and improve the results.

•	 Bioprocess stoichiometry and dynamic kinetic modelling 
techniques have become well developed over the past 40 
years and generally these have not been applied to the BOD 
to improve its reliability – it was not necessary because it 
was replaced by the much better COD test as a basis for 
mass-balanced modelling-based operation.

Adding bioprocess stoichiometry and dynamic kinetic modelling 
techniques, as in the AugBMP and AugBSP, will significantly 
improve their reliability and reproducibility. It is realized that 
adding modelling and more analysis will be more costly and 
require greater levels of competence. Where such additional 
resources are required in industrial processes, there would be 
little hesitation to acquire them. With the transition from waste 
treatment to resource recovery and recycling in bio-refineries, 
there necessarily will be a need to also adopt new more complex 
approaches if this transition is to be realized.
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ABBREVIATIONS

AD  anaerobic digestion

ADM1  Anaerobic Digestion Model No 1

Alk  alkalinity

AS  activated sludge

AugBMP  augmented biomethane potential test

AugBSP  augmented sulphide potential test

BMP  biomethane potential test

BPO  biodegradable particulate organics

BSP  biosulphide potential test

BSR  biological sulphide reduction

COD  chemical oxygen demand

Cntl  Control

EDC  electron donating capacity

FBSO  fermentable biodegradable soluble organics

FSA  free and saline ammonia

FSS  free and saline sulphide

IC  inorganic carbon

MP  methane producing (methanogenic)

OFMSW  organic fraction of municipal solid waste

OP  ortho phosphate

PE  parameter estimation

TOC  total organic carbon

TOD  total oxygen demand

TOH  total organic hydrogen

TON  total organic nitrogen

TOO  total organic oxygen

TOP  total organic phosphorus

TOS  total organic sulphur

UPO  unbiodegradable particulate organics

USO  unbiodegradable soluble organics

VFA  volatile fatty acids

VSS  volatile suspended solids

WRRF  water and resource recovery facility

SYMBOLS

αC,i carbon to mass ratio of component I  
 (ex Volcke et al. 2006)

αH,i hydrogen carbon to mass ratio of component I  
 (ex Volcke et al. 2006)

αN,i nitrogen to mass ratio of component I  
 (ex Volcke et al. 2006)

αO,i oxygen to mass ratio of component I  
 (ex Volcke et al. 2006)

αP,i phosphorus to mass ratio of component I  
 (ex Volcke et al. 2006)

γS electron donating capacity of the electron donor

γS-COD electron donating capacity with respect to COD

γS-TOD electron donating capacity with respect to TOD

a molar content of nitrogen in CxHyOzNaPbSc
ch  

 electron donor

b molar content of phosphorus in CxHyOzNaPbSc
ch  

 electron donor

B boron

c molar content of sulphur in CxHyOzNaPbSc
ch  

 electron donor

C carbon

ch molar content of carbon in CxHyOzNaPbSc
ch  

 electron donor

Ci coefficient of element i in the EDC (γS) equation.

d molar content of boron in CxHyOzNaPbScBd
ch  

 electron donor if B were included

E net biomass yield gCOD biomass produced/d per  
 gCOD substrate utilized/d, a combined effect of growth 
 and endogenous respiration (Ekama, 2009).
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e− electron

fB boron to mass ratio (gB/mass, gB/gVSS for  
 particulate organics)

fC carbon to mass ratio (gC/mass, gC/gVSS for  
 particulate organics)

fch charge to mass ratio (ch/g molar mass)

fcv COD/mass ratio (COD/VSS mass ratio for  
 particulate organics)

fH  hydrogen to mass ratio (gC/mass, gC/gVSS for   
 particulate organics)

fi mass ratio of element i

fN nitrogen to mass ratio (gC/mass, gC/gVSS for  
 particulate organics)

fO oxygen to mass ratio (gC/mass, gC/gVSS for  
 particulate organics)

fP phosphorus to mass ratio (gC/mass, gC/gVSS for  
 particulate organics)

fS sulphur to mass ratio (gC/mass, gC/gVSS for  
 particulate organics)

ftv TOD/mass ratio (TOD/VSS mass ratio for  
 particulate organics)

H hydrogen

i element i (any of CHONPS)

k molar content of hydrogen in CkHlOmNnPpSs biomass

l molar content of oxygen in CkHlOmNnPpSs biomass

MB atomic mass of the boron (10)

MC atomic mass of the carbon (12)

Med molar mass of the electron donor

MH atomic mass of the hydrogen (1)

Mi atomic mass of element i

MO atomic mass of the oxygen (16)

MN atomic mass of the nitrogen (14)

MP atomic mass of the phosphorus (31)

MS atomic mass of the sulphur (32)

n molar content of nitrogen in CkHlOmNnPpSs biomass

N nitrogen

O oxygen

p molar content of phosphorus in CkHlOmNnPpSs biomass

P phosphorus

s molar content of sulphur in CkHlOmNnPpSs biomass

S sulphur

VB volume of organic substrate added to BMP or BSP  
 batch test

VS volume of sludge seed added to BMP or BSP batch test

x molar content of carbon in CxHyOzNaPbSc
ch  

 electron donor

y molar content of hydrogen in CxHyOzNaPbSc
ch  

 electron donor

z molar content of oxygen in CxHyOzNaPbSc
ch  

 electron donor
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APPENDIX

Derivation of the oxygen (fO ) and hydrogen (fH ) mass 
ratio equations

Equations 4 and 5 were derived using the γS-COD (e−/mol) Eq. 11 in 
Brouckaert et al. (2021b) (Part 2) and the mass balance Eq. 3, i.e.
             γS,COD = 4x + y − 2z − 3a + 5b + 6c − ch e−/mol             (A1)
                on the COD basis (i.e. EDC of N excluded)                       

In Eq. A1, the COD of the e− donor CxHyOzNaPbSc
ch is γS e−/mol 

x 32/4 gO2/e− or γSMO/2, where MO is the atomic mass of oxygen 
(16). The coefficients of x, y, z, a, b and c in Eq. A1 are simply 
the oxidation states of the C, H, O, N, P and S products of the 
COD reaction (viz., CO3

2-, H2O, NH4
+, PO4

3-, SO4
2-) relative to 

their elemental state (Part 2 – Brouckaert et al., 2021b, , Fig. 1), 
where the products themselves have zero EDC relative to the 
COD oxidation reaction. The molecular mass of the e− donor 
CxHyOzNaPbSc

ch (Med, g/mol) is given by

 Med = xMC + yMH + zMO + aMN + bMP + cMS               (A2)

where MC, MH, MO, MN, MP and MS are the atomic masses of C, 
H, O, N, P and S. So the COD/mass ratio fcv = (γS,COD MO)/(2 Med), 
from which γS,COD = 2fcvMed/MO. From Eq. 1, the elemental mass 
ratios are given by fC = xMC/Med, fH = yMH/Med, fO = zMO/Med, fN = 
aMN/Med, fP = bMP/Med and fS = cMS/Med, from which x = fCMed/
MC, y = fHMed/MH, z = fOMed/MO, a = fNMed/MN, b = fPMed/MP and c 
= fS Med/MS and the charge ‘mass’ ratio (charge/g e− donor) is fch = 
ch/Med from which ch = fchMed. Substituting these expressions for 
x, y, z, a, b, c and ch into Eq. A1 for the COD and dividing through 
by Med yields,

           2 4 1 2 3 5 6f
M

f
M

f
M

f
M

f
M

f
M

f
M ch

cv

O

C

C
H
H

O

O

N

N
P
P

S

S
f� � � � � � �       (A3)

Usually the charge (ch) of the unknown organic e− donor is zero 
so fch is set to zero. Equation A3 is linear in which all the terms 
are known except fH and fO. It can be solved simultaneously with 
the mass balance Eq. 3, and if the atomic masses are retained as 
integer values, the fO Eq. 4 and fH Eq. 5 are obtained.

With the charge set as zero (fch = 0), Eqs 4 and 5 can be rewritten 
as:

1 8
12

18
16

17
14

26
31

26
32

1
8� � � � � �f f f f f fC O N P S cv gVSS / gVSS  (A4)

1 44
12

9
1

10
14

71
31

80
32� � � � � �f f f f f fSC H N P cv gVSS / gVSS        (A5)

If Eq. A4 is multiplied by 8 and added to Eq. A5 and the resulting 
equation is divided through by 9, the mass balance for 1 g organics, 
Eq. 3, is obtained.

While Eqs 4 and 5 and the rewritten Eqs A4 and A5 look complex, 
the latter follow a specific rule in their make-up. This rule allows 
the mass ratio equations for fO and fH to be written simply from 
the element atomic masses and the coefficients in the γS,COD  
(e−/mol) equation of the selected elements CHONP or S making 
up the e− donor. Also, this rule also can be applied if other mass 
ratios than fO and fH are to be determined. Moreover, this rule is 
independent of the choice of the e− donor reactants and products 
in the oxidation reaction, e.g., the TOD can also be the basis of 
the EDC.

Rule for fO equation

In Eq. A4 for the oxygen mass ratio fO (in which fH is absent), the 
COD/VSS ratio (fcv) is relative to the selected oxidation products 
of the COD test, i.e., ammonia, phosphate and sulphate. Now in 
Eq. A4, from which Eq. 4 for fO is derived, the denominator of 
the fraction coefficients in front of the mass ratio terms is the 
atomic mass of its corresponding element, i.e., 12 for fC, 14 for 

fN, and so on. The numerator is the atomic mass of the element 
minus (1)/(+1) times the element’s corresponding coefficient in 
the EDC/mol (γs,COD) equation taking due consideration of its 
sign, where the (1) in (1)/(+1) is the atomic mass of H and the 
(+1) is the coefficient of the H in the γS equation (Eq. A1). The 
reason that these values of the H appear here is because the H is 
the other mass ratio (with the O) not measured (i.e. fH is absent 
in Eq. 4). So for γS in terms of the COD (Eq. A1), applying this 
rule, the numerator of the fC term in Eq. A4 is 12 − (1)/(+1) x (+4) 
= +8 and the numerator of the fN term in Eq. A4 is 14 − (1)/(+1) 
x (−3) = +17, where the +4 and −3 are the coefficients in the γS 
Eq. A1 of the C and N elements, respectively. Following this rule, 
the fractions of the fP and fS terms in Eq. A4 are [31 − (1)/(+1) x 
(+5)]/31 = +26/31 and [32 − (1)/(+1) x (+6)]/32 = +26/32. The 
EDC/g γS,COD (= fcv /8 for COD, Eq. 1) also is multiplied by (1)/
(+1) = +1, as Eq. A4 shows. If boron, which has an atomic mass of 
10, were added to the electron donor composition as Bd, then an 
additional term +3d is added to Eq. A1 for the EDC (γS) in terms 
of COD (see Fig. 1 in Part 2 – Brouckaert et al., 2021b,). This is 
obtained by balancing the e− donor reaction of boron in the COD 
test producing its most oxidized state, H3BO3, as the oxidation 
product, i.e. −Bd − 3dH2O + dH3BO3 + 3d(H+ + e−) = 0. So the 
mass ratio term added to the right hand side of Eq. A4 (from 
which then Eq. 4 for fO is obtained) is [10 − (1)/(+1) x (+3)/10] = 
+7/10fB, where fB is the mass ratio of boron (gB/g) in the electron 
donor.

Rule for fH equation

For the hydrogen mass ratio fH (Eq. 5), the rule is the same as that 
for Eq. 4, except that now the atomic mass of O and the coefficient 
of O in the γs Eq. A1 are used in Eq. A5 because fO is absent from 
it. The denominator of the fraction coefficients in front of the 
mass ratio terms again is the atomic mass of its corresponding 
element, i.e., 12 for fC, 14 for fN, and so on. The numerator is the 
atomic mass of the element minus (16)/(−2) times the element’s 
corresponding coefficient in the EDC/mol (γs,COD) equation (Eq. 
A1), taking due consideration of its sign, where the (16) in (16)/
(−2) is the atomic mass of O and the (−2) is the coefficient of O 
in the γS equation (Eq. A1). So for γS in terms of the COD (Eq. 
A1), the numerator of the fC term in Eq. A5 is 12−(16/(−2) x (+4) 
= +44, for the fN term is 14 −(16/(−2) x (−3) = −10 and for the fH 
term is 1−(16)/(−2) x (+1) = 9. Following this rule, the fraction 
coefficients of the fP and fS terms in Eq. A5 are [31 − (16)/(−2) x 
(+5)]/31= +71/31 and [32 − (16/(−2) x (+6)]/32 = +80/32. The 
EDC/g γS (= fcv /8 for COD, Eq. 1), is also multiplied by (16)/ 
( −2)= −8 as Eq. A5 shows. If boron were added to the e− donor, 
then the fraction coefficient of the fB term in Eq. A5 would be  
[10 − (16/(−2) x (+3)]/10 = +34/10.

Generalizing the mass ratio equation

Retaining the atomic masses as integer values in the derivation 
of Eqs 4 and 5 made this rule apparent and allows an overall 
generalization of Eqs A4 and A5 to be made, i.e.

1 1� ��
�

�
�
�

�

�
�
��

�
�

�
�

�

�
�

( )f fM
C i

N
M C

M i
j

j

i i
M j
C j

icv                         (A6)

Mi = atomic mass of element with known (measured)  
 element mass ratio

Ci = coefficient in γS equation of known (measured)  
 element mass ratio

N = number of elements that make up the component

fi = mass ratio of element i

i = the specific element selected.
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Equation A6 shows that when i = j, i.e., the selected element and 
the omitted (non-measured) element are the same, its fraction 
is zero and is the reason it effectively does not appear in the 
equation. Tailoring Eq. A6 to fH, for which Mj = 1 and Cj = +1 and 
to fO for which Mj = 16 and Cj = −2 yields:

                         1 1
1 1

1
1� �� �

��
�
��� �

� � ��( )f fi
N M C

M i
i i

icv                          (A7)

                          1 16
2 1

16
2� �� �

��
�
��� �

� � ��( )f fi
N M C

M i
i i

icv                          (A8)

where fi (i = 1 to N) are the mass ratios of the N elements that make 
up the substrate e− donor (or biomass), e.g., fC, fH, fO, fN, fP and fS. 
Substituting the Mi and Ci values for the individual elements C, 
N, P and S into Eqs A7 and A8 yields Eqs A4 and A5 from which 
Eqs 4 and 5 are obtained. Equation A6 is expanded in Table A1 to 
show the coefficients in the mass ratio equations based on mass 
balance for any two unknown (non-measured) mass ratios of the 
possible seven (six elements CHONPS and COD).

Rule for the fO and fH equations independent of electron 
donor products

The rule (Eq. A6) for the fO (Eq. A4) and fH (Eq. A5) applies 
irrespective of the selection of the e− donor oxidation products of 
the elements. This is because the coefficients in the γS equation and 
the fraction coefficients in the mass ratio equations are related, 
and compensate for one another. A change in γS resulting from 
choosing different e− donor oxidation products is compensated 
for by an equal and opposite change in associated mass ratio 
fraction.

For example, if nitrate is selected as the oxidation product of the 
N element in the e− donor reaction, then the EDC/mol (γS,TOD) is 
given by Eq. 2 in Brouckaert et al. (2021b) (Part 2), i.e.
            γS,TOD = 4x + y − 2z + 5a + 5b + 6c − ch e−/mol             (A9)      
               on the TOD basis (i.e. EDC of N included)

This γS,TOD is +5 − (−3) = 8a e−/mol higher than the γS-COD of Eq. 
A1 with ammonia as the oxidation product for N. Dividing this 
difference ΔγS by the molecular mass of the e− donor (Med) yields 
ΔγʹS = 8a/Med e−/g. This is the EDC of ammonia, i.e., 8a e−/mol or 
equivalently 8gO2/e− x 8a = 64a gO2/mol ammonia oxidized to 
nitrate. Noting that the fcv term in Eq. A4 for fO is multiplied (1)/
(+1) (or Mj  /Cj in Eq. A6), which is implicit in Eq. A4 as +1, and 
that 14a/Med = fN yields ΔγʹS = +8/14 fN. Hence changing the fcv 
term to ftv in Eq. A4 for fO increases it by +8/14 fN. However, the 
change of the coefficient of the N element in the γS equation (from 
COD, fcv/8 to TOD ftv/8) also causes the coefficient of the fN term 
in Eq. A4 to change by the same amount but with opposite sign, 
to keep the fO mass ratio of the e− donor unchanged. From Eq. A7, 
the fraction of the fN term in the fO Eq. A4 for the TOD becomes 
[14 − (1)/(+1) x (+5)]/14 = +9/14. The fraction of the fN term in 
Eq. A4 for fO has therefore changed by (+9/14) − (+17)/14)fN = 
−8/14fN, which is equal but has the opposite sign to the change in 
the fcv term to ftv in Eq. A4.

The same happens in the fH Eq. A5, except the fcv term in Eq. 
A5 for fH changes by (16)/(−2)x 8a/Med e−/g, which yields ΔγʹS = 
−64/14 fN and the fraction of the fN term in the fH Eq. A5 becomes 
[14 − (16)/( −2) x (+5)]/14 = +54/14. This is a change of (+54/14) 
− (−10/14) fN/14 = +64/14fN. This is also an equal but opposite 
sign change in changing the fcv term to ftv in Eq. A5.

The same equal and opposite compensation between the 
coefficients of the γS and fS terms in the fO and fH equations takes 
place if sulphide is selected as the oxidation product of the S 
element in the e− donor reaction, which changes the coefficient in 
the e− donor equation γS from +6 to −2. The coefficients in the fH 
and fO equations for the different e− donor reaction products of the 
N (ammonia and nitrate) and S (sulphate and sulphide) elements 
are given in Table A2.
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Table A2. Coefficients in the EDC (γS), fO and fH mass ratio equations for different e− donor oxidation reaction products

Coefficients of the EDC equation Coefficients of the fo and fh mass ratio equations

Element C H O N P S B C N P S B

Oxidation products x y z A b c D Eq. e− fC fN fP fS fB

Nitrate, sulphate (TOD, Eq. A9) 4 1 −2 5 5 6 3 fO −(fcv) −8/12 −9/14 −26/31 −26/32 −7/10

fH 8(fcv) −44/12 −54/14 −71/31 −80/32 −34/10

Nitrate, sulphide 4 1 −2 5 5 −2 3 fO −(fcv) −8/12 −9/14 −26/31 −34/32 −7/10

fH 8(fcv) −44/12 −54/14 −71/31 −16/32 −34/10

Ammonia, sulphate (COD, Eq. A1) 4 1 −2 −3 5 6 3 fO −(fcv) −8/12 −17/14 −26/31 −26/32 −7/10

fH 8(fcv) −44/12 10/14 −71/31 −80/32 −34/10

Ammonia, sulphide 4 1 −2 −3 5 −2 3 fO −(fcv) −8/12 −17/14 −26/31 −34/32 −7/10

fH 8(fcv) −44/12 10/14 −71/31 −16/32 −34/10


