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ABSTRACT
Pretreatment of primary sludge, waste activated sludge, and comingled sludges has
become of substantial interest for the improvement of the rate limiting hydrolysis step
during anaerobic digestion. As primary sludges are already easily degraded, waste
activated sludges provide the most noticeable improvements in anaerobic digestion (AD)
as a result of sludge pretreatment (SPT). A vast literature and theory review was
conducted to establish high-potential treatment and result ranges. The average wastewater
compositions for total chemical oxygen demand (COD) and total solids (TS) were 16-43
and 13-40 g/L, respectively. Sludge pretreatment percent solids solubilisation ranges for
all common SPT technologies were 13-42% for both particulate COD and total
suspended solids (TSS). Subsequent anaerobic digestion enhancement ranges were
percent reductions in total COD and TS of 24-55 and 22-46%, respectively, as well as
biogas production increases of 9-43%. The ranges shown here were fairly representative
of those observed for all SPTs. Additional SPT technology information for full-scale
design was also gathered.

A MS Excel spreadsheet wastewater treatment plant model (referred to herein as
PretrAD) capable of comparing control and SPT incorporation scenarios was created. The
PretrAD output was verified against a third party commercial model. PretrAD allows the
user to input data on performance of all unit processes found in a typical biotreatment
wastewater treatment plant (WWTP). Various return flow paths and other attributes of a
WWTP can be specified and provide versatility and comprehensiveness. A database of
typical performance data for all unit processes was compiled and used in PretrAD and for
comparing performance of WWTPs with and without SPT.

The stirred ball mill, high pressure homogenizer, and ultrasound technologies
were mechanical processes with sufficient comparable data for inclusion in PretrAD.
Conventional heating and microwave heating technologies were included as thermal
processes. Alkaline and ozone technologies were included as chemical processes. Finally,
the common conventional heating + alkaline (thermochemical) technology was also
included alongside a purely financial assessment of a proposed microwave heating +

alkaline technology incorporation scenarios.
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PretrAD was then used to evaluate treatment benefits by varying a number of
performance parameters with and without SPT. Operating parameters that were changed
were normal and low heat recoveries at the anaerobic digester, normal and doubled
sludge disposal distances, low-peak influent flow regimes, and low to high SPT energy
demands (evaluated with identical solubilisation results). Control and SPT scenarios were
performed for all variables and both mesophilic and thermophilic AD.

Overall net WWTP treatment costs based on energy inputs and recoveries along
with chemical inputs were compared for the various scenarios. It was found that an all
average influent flow regime represented (within 5%) all annual flow regime
combinations of low, average, and high flows and their associated quality variations.
Following the basic comparisons of control and SPT scenarios, additional runs were
conducted with increases of 25 and 50% for the energy demands of each SPT.

Mesophilic AD scenarios always had lower final costs than thermophilic AD
scenarios under identical treatment parameters. Practical (cost-effective) and impractical
(higher than control costs) scenarios were found for all SPTs except thermal and
thermochemical processes. Thermal and thermochemical processes were always practical
and always impractical, respectively, when compared to control scenarios using identical
conditions. When different scenario conditions were compared, both thermal SPTs were
deemed impractical when high cost results were compared to low cost results.

Solids loadings and heat recoveries were the most cost-influential variables of
PretrAD. Other important qualitative results were not incorporated into the evaluation.
They include but are not limited to dewatering improvements, pathogen reduction,
anaerobic digester vessel size reduction, and hydraulic residence time reductions for the
anaerobic digester. Inclusion of these parameters could render some SPTs practical for
scenarios where they were deemed impractical on a pure cost of treatment basis.
Furthermore, full-scale incorporation drawbacks such as additional unit costs, operation
and maintenance demands, and actual throughput capacities could render some practical
scenarios impractical.

The constructed PretrAD model has been proven effective for the rapid
determination of treatment plant costs related to SPT incorporation. A tool such as this is

vital for the site-specific analysis of SPT technologies.
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CHAPTER 1

Introduction

1.0 PROBLEM DEFINITION

Municipal wastewater treatment plants (WWTPs) using anaerobic digestion (AD)
processes to treat primary and secondary/waste activated sludges (PS, WAS) are
common-place. Advantages to AD use in place of aerobic digestion are well known and
include waste conversion to methane, low nutrient needs, and no oxygen requirement.
Production of methane, a valuable fuel, benefits sludge handling/disposal by solids
reduction and energy demands by cogeneration. As populations grow and sludge land-use
policies become more stringent WWTPs can experience difficulties performing within

environmental and financial constraints.

Hydrolysis of organic matter is considered to be the rate-limiting step in WAS
degradation. Sludge pretreatment (SPT) incorporation may thus be a suitable process
upgrade for WWTPs experiencing disproportionately high sludge handling/disposal costs,
treating wastes of low biodegradability, and/or generating minimal daily biogas. Sludge
pretreatment processes include mechanical, thermal, chemical, biological treatments, and
combinations of these. Their use further hydrolyses the sludge feed. Firstly, improved
sludge digestibility in turn increases the rate of and overall biogas production (i.e.,
increased energy production). Secondly, residual solids which must be ultimately
disposed in a landfill are reduced. Thirdly, a smaller AD vessel or treatment of additional
comingled sludge may be possible due to the improvement in the AD rate. Sludge
pretreatment does not render nondegradable solids degradable but only accelerates the
rate at which degradable solids will be digested. Since there is potential to achieve
identical treatment guidelines within a shorter AD residence time, there will be an

optimal vessel size to maximize overall benefits.
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These benefits must however, be weighed against a number of cost and/or energy
inputs for the SPT. Operational and maintenance (O&M) costs of all SPTs likely include
additional pumping, mixing, and/or chemical costs. The vessel requirement and energetic
input for hydrolysis by each SPT type must also be considered. Since the efficacy of SPT
tends to rise with the feed sludge solids concentration, various means and costs of

concentrating the sludge must be evaluated.

A comprehensive analysis of all ramifications of SPT prior to and following AD
is the goal of this thesis. The compilation of all available literature results for SPT
working ranges and subsequent treatment improvements ranges was performed. The
creation of a conventional WWTP model including optional SPT incorporation based in
Microsoft Excel was deemed necessary to perform the proposed task. Though many
variables affect SPT and AD performances and few full-scale results are available, a tool
such as this could guide designers through comparison and/or demonstrate feasibility of

SPT through environmental/financial impacts, all of which will be reported in US dollars.

1.1 RESEARCH OBJECTIVES AND SCOPE

The primary objective of this research was to assess the full-scale suitability of SPTs to
conventional WWTPs using mesophilic or thermophilic AD (MTAD). Suitability of SPT
incorporation was based on energy and financial demands for their use. More than 150
studies pertinent to this research were available and the creation of a model to efficiently

analyse SPT using these results was immediately the most desirable approach.

Once the model (referred to herein as PretrAD) was complete, permutations of
unit operations excluding SPT (i.e., control scenarios/results/costs/demands) were
performed. These results were then compared to those obtained using identical feeds and
treatment specifications in Plan-It STOAT (a third party commercial software package
advertised as “A planning tool for rapid evaluation of wastewater treatment plant design
and configuration options”). PretrAD performed satisfactorily and permutations including
SPT (i.e., SPT scenarios/results/costs/demands) were initiated. Raw feed (RF) settings

were varied to assess the impacts of low to peak flows and low to high solids loadings.
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Scenarios with SPT incorporation were varied to compare low to high energy uses for
individual SPTs and obtain overall suitability scenarios for them. PretrAD was built to
provide key output tables and plots for the user. These and other comparative plots were

generated for the purposes of this research.

1.2 THESIS ORGANIZATION

This study evaluated energy and financial impacts of SPT incorporation in conventional

MTAD WWTPs to assess their full-scale suitability.

Chapter 2 is composed of a thorough summary of the literature gathered for this
research. The focus is on SPT treatment settings as well as qualitative and quantitative
control and SPT AD results. Full-scale facility results are given alongside an evaluation
performed by the US EPA. Summary tables for WW compositions tested, SPT working
and results ranges, and AD treatment improvement ranges were given for all SPTs. These

ranges were applied to PretrAD for the evaluation of SPT incorporation.

Chapter 3 presents equipment theory for the conceptualization and actual full-
scale design of SPTs where sufficient information was found. The approach to design

equations provided in PretrAD for certain SPTs follows in the next Chapter.

Chapter 4 provides the model walkthrough, design, and equations. PretrAD is
successfully compared to Plan-It STOAT for flow and solids handling validations.

Chapter 5 shows the control and SPT scenario results. Trends and working ranges

are discussed. Optimal conditions and preferred processes are listed.

The final chapter of this research, Chapter 6, presents conclusions on the
established results and recommendations are made for future runs and PretrAD

improvements.

Appendix A contains the referenced low-high default values provided to the user
in PretrAD. Appendix B contains the additional and necessary Plan-It STOAT design,
explanations, and equations used for PretrAD validation. Appendix C contains a guide to

all raw data and PretrAD output files that are available electronically.
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CHAPTER 2
Literature Review and Full-Scale Facilities

2.0 INTRODUCTION

Anaerobic digestion (AD) has long been used for waste stabilization. The biodegradable
matter in the waste is primarily converted to insoluble methane and carbon dioxide [20].
Methane is a useful end product that can be utilized for the WWTP or elsewhere as an
energy source [20]. Reductions in sludge mass, no oxygen requirement, low nutrient
requirements, and an improvement in dewatering properties are other main benefits of
AD [4, 20]. Drawbacks to AD include sensitivity to shock loads and toxic materials [17].
A lengthy hydraulic residence time (HRT or 6) is also needed to complete the four stages
of AD: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Conventional
digesters, as shown in Fig. 2.1a, are typically operated at an HRT of 20-30 d to complete
the degradation [17, 20]. Many layouts, such as an upflow anaerobic sludge blanket
reactor, an anaerobic clarigester, a fluidized bed reactor, and an anaerobic contact

digester are possible [20]. The latter is shown in Fig. 2.1b and provides a shorter HRT.

Mixing Mixing

4 Gas (C:I:;+ C0Oy) v Gas (CH, + CO,) o
Raw Waste Raw Waste
- = =] Effluent - :, Efﬂuen_t’
—-) —
= =) /’T—_SngnR{ycli
ﬁ Waste Sludge \
— fixed Liquor —
Figure 2.1a Conventional digester Figure 2.1b Anaerobic contact digester

A reduction in AD HRT can be achieved by selecting an optimal PS:WAS ratio,
although this is difficult to achieve [20]. The HRT can also be reduced by operating
under thermophilic conditions [thermophilic AD (TAD)] [20]. Average TAD temperature
is 55°C compared to 35°C for mesophilic AD (MAD). Methane production is typically
increased in TAD and the HRT is generally lower because intrinsic cell activities occur at
an improved rate [20]. Lower energy revquirements and a better process are however

benefits to MAD [20]. For either operating condition (MTAD), organic matter hydrolysis
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is identified as the rate-limiting stage in WAS degradation [1-4]. Sludge pretreatments
can be utilized to ameliorate AD performance by lysing sludge cells and releasing
extracellular and intracellular matter [2, 3]. This matter is now more accessible to the
anaerobic microorganism consortium [1, 2]. Mechanical (grinding, pulverizing, and
cavitation), thermal, chemical, biological, and combinations of these processes make up
the five SPT categories. Under optimal conditions each process demonstrates a seemingly
worthwhile improvement in solids reductions and rate of biogas production [1-20]. While
dewaterability may be improved, methane content in the biogas is typically not improved

[1-20].

In the papers reviewed herein, lab-scale reactors (LSRs) are responsible for
almost all results obtained. Some pilot-scale reactor (PSR) studies were found. For both
types it is often underlined that more extensive research is needed to ascertain the level of
benefit that would be gained by applying the results under full-scale conditions [3, 9, 14].
Benefits such as increased methane production that can serve as an energy source and
reduced power requirements can be negligible or nullified by drawbacks present in full-
scale reactors (FSR) [3, 9, 14, 17]. Also losses in energy capture or delivery of energy
captured are significant reductions associated with improved biogas yields. The goal of
this thesis is to determine the likely full-scale observable benefits and drawbacks to many

of the SPT processes.

General observations from LSR, PSR, and FSR facilities are made in the
respective SPT sections below. They consist of particulate matter disintegration,
digestion improvements, and common or atypical trends as observed by the authors.
Following the mechanical, thermal, chemical, and thermochemical sections, a
quantitative summary is provided and the data which were deemed to be sufficiently
comparable for all SPT processes are tabulated. A qualitative results summary for all
SPTs (those where sufficient studies were found) is given in Section 2.8. As will be
shown, insufficient enzymatic SPT processes were available and a summary is not
provided for the biological process section. Studies evaluating shear gap homogenization

and lysate centrifugation were also insufficient and summaries are not given.
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2.0 DATA COLLECTION

Three principal obstacles were responsible for the complexity of the data collection
process. The first being that many of the studies were not conducted in a similar fashion.
That is to say, sample volumes, treatment times, treatment inputs, AD parameters, and
observed optimal scenarios differed. It certainly wasn’t expected that all studies would
have been performed with identical methods, but it was assumed that most would be
performed with the intention of establishing SPT potential beyond a single lab-scale
experiment. The second significant obstacle was that some studies, though thoroughly
informative and having promising results, did not provide sufficient quantitative data
(e.g., wastewater compositions and digestion parameters) to discern the working ranges.
The third time-consuming obstacle was the effort required to discern treatment
improvements based on graphical data and any unit conversions to those listed in the
summary tables of Sections 2.2-6. An attempt was made to ascertain the actual
(experimental) results from the at times difficult to interpret (published literature) results.
This may, however, have lead to some minor discrepancies between values listed herein

and those of the respective authors’ work.

A Microsoft Excel Workbook was created to list all the conditions of each study.
This was done under the assumption that sufficient comparative data were available. The
literature data, however, were not as easily discernable or as analogous as necessary. It
was thus almost immediately observed that direct comparisons could not be made and
that only, where sufficient similar treatment inputs and subsequent improvements were
found, could SPT working ranges be established. This meant that a formulaic analysis
defining fixed digestion improvements based on specific hydrolysis results could not be
made. Working ranges and potential improvements were however, gathered and
subsequently incorporated into PretrAD’s default values worksheet. The comparative
evaluation (tabulated summaries) is shown in Sections 2.2-6 with each SPT having three
tables. The first table describes the referenced (left-most column) WW composition and
SPT input ranges. The second table describes the SPT result ranges and the subsequent

AD improvement ranges.
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Ratios for comingled PS and WAS are not given in the working ranges tables as
they typically varied from 0:100 to 100:0 (PS:WAS) and no conclusive remarks could be
made as to how they relate to SPT effects on subsequent AD improvements (e.g., solids
reductions and enhanced biogas production). It has been shown however, that subjecting
PS, which is already highly biodegradable) to SPT typically yields minimal (as compared
to WAS) or no digestion improvements [5, 7]. It can thus be assumed that regardless of
the PS:WAS ratio evaluated, the WAS fraction led to the most significant improvements
in AD.

2.2 MECHANICAL PROCESSES

One of the benefits of mechanical processes is that chemicals are not required, thus
reducing effluent sludge mass and costs [1]. Mechanical methods include stirred ball
mills (SBMs), high pressure homogenizers (HPHs), ultrasound (ULT), shear gap
homogenizers (SGHs), and lysate centrifuges (LCs).

Steel, ceramic or glass grinding beads can be used in SBMs where agitator discs,
in a cylindrical chamber, create rotational movement that disrupts cell membranes by
shear and pressure stresses. Drawbacks to this process include clogging and erosion in the
chamber as well as friction losses [11, 21]. High pressure homogenization works by
compressing sludge up to pressures of 90 MPa and subsequently directing the sludge
through a homogenising valve [11, 21]. The surrounding pressure thus becomes lower
than the vapour pressure of the sludge and the sludge’s velocity increases significantly
[11, 21]. The cell membranes in the sludge are disrupted by shear, turbulence, and
cavitation stresses as the sludge collides against an impaction ring [11, 21]. Drawbacks to
this process include minimal pathogenic reduction, clogging, and erosion in the pump and
valve [11]. Ultrasonic homogenization provides hydrolysis by cavitation and localized
heating and pressures. A sonotrode is immersed in the sample sludge and only relatively
short contact times (1-25 min) are needed. Drawbacks to this process are energy demand
and fouling. Shear gap homogenization is performed inside a stationary cylindrical casing

in which a rotor spins at speeds up to 24,000 rpm [11, 22]. Cell membranes are disrupted
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by shear stresses [11, 22]. Drawbacks to SGH include low sludge disintegration and

erosion [11, 22].
2.2.1 Stirred Ball Mill

Kopp et al. (1997) studied the effects of mechanical disintegration on AD and
dewaterability by means of a SBM, ultrasound, a HPH, and a SGH [22]. Their goals were
to improve AD as well as reduce the amount of sludge to be disposed. They stated that
sludge dewatering characteristics are affected by particle size distribution, presence of
colloidal particles, surface charges, and volatile suspended solids (VSS) content. It was
also stated that the application of mechanical SPT disrupts cell walls in minutes instead
of days. Soluble chemical oxygen demand (sCOD) increased from 34 to 93% of total
COD (TCOD) using HPH SPT for specific energy (Espec) inputs of 1,000 to 9,000 kJ/kg
suspended solids (SS), respectively. Energy stored divided by the unit mass describes
Espec and is shown in Equation 2.1. This Egyc evaluation can be performed for all
mechanical SPTs and for MWH.

(P-1)

= 2.1
v (V- TS,)

Where: P is péwer input, t is contact/exposure time, V is sample volume, and TSy is -
initial solids concentration

For a Eg. of 1,000 to 12,000 kJ/kg SS, SBM and SGH were capable of
increasing COD solubilisation from 42 and 10%, respectively to 89 and 34%,
respectively. Solubilisation of VSS was also monitored. Immobilized sludge was
evaluated at 4 d MAD HRTSs for SBM and HPH SPTs and compared to the control run (at
34%), they achieved 41 and 57.5% VSS solubilisation, respectively.

Sludge in suspension was also evaluated. Increasing the HRT from 4 to 15 d
increased the VSS solubilisation from 22.5 to 52% and 27 to 54% for control and SBM
runs, respectively. Shear gap homogenization was the only mechanical SPT to not
achieve a high degree of cell disintegration. The HPH was the most effective (90%
disintegration) when energy consumption alone (6,000 kJ/kg SS) is considered. Long

grinding times and high agitator speeds using a SBM were needed to achieve the best
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disintegration results. Ultrasound homogenization required the commonly found Egpec of
approximately 14,000 kJ/kg SS to achieve disintegration of about 90% and equal to that
of SBM SPT at 11,500 kJ/kg SS. An increase up to 5% of the sludge’s SS content
improved the observed disintegration (up to 60%) at low Esyc input (2,000 klJ/kg SS).
Anaerobic digestion using untreated and pretreated sludge was evaluated. The impact of
mechanical SPT on the degree of anaerobic degradation and biosolids dewaterability was
found to be more significant at shorter HRTs. For HRTs above 15 d, similar degrees of
degradation were achieved for control and pretreated samples. It is thus observed that
shorter digestion times can be achieved. Immobilisation was shown to be effective at
minimizing wash out of the anaerobic microorganism consortium when operating at short

MAD retention times.

Dewaterability, as assessed by polymerization and lab-scale centrifugation, was
marked by percent improvement of 1.3% at a 4 d MAD HRT for HPH SPT and by 0.7%
at a 15 d MAD HRT. Polymer demand was increased by 18 and 5% for the runs
conducted at MAD HRTs of 4 and 15 d. The authors point to the floc and colloid
destruction that occurred during SPT as the reason for the polymer demand increase.
Though it was not presented, a rough calculation of energy-consumption and costs was
said to illustrate the viability of SPT incorporation into a WWTP based on the energy

gains from improved biogas production.

A study comparing SBM and a high speed cutting mill was performed by Baier et
al. (1997) [23]. Foregoing SPT restricts the amount of available intracellular material for
AD and thus limits degradation of domestic WAS to approximately 55%. The authors
chose not to evaluate chemical SPT as they suggest its main purpose is to fully stabilize
sludge and does not present itself as an upgrade to an existing WWTP. Distillery slops,
brewery residues, WAS, aerobically digested WAS, and anaerobically digested sludge
were evaluated. The SBM consisted of a 300 mL chamber with revolution speeds set at
2,000, 3,200, and 4,200 rpm. Glass and zirconium balls with diameters of 0.2-0.25 mm
(fine) and 1-1.5 mm (coarse) were used. The fine balls were more effective for
disintegration but only significantly more effective with WAS. Sludge pretreatment runs

were continuous and operated for 9 min on average. Revolution speed and ball diameter
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were found to influence disintegration more than ball composition. Sludge content also
influenced the disintegration. Soluble COD rose by a factor of 10-15 and 3-3.5 for the
WAS containing less COD and dissolved solids and for the thicker sludge, respectively.
The high speed cutting mill with cutting speeds set at 2,000 and 16,000 rpm required a
water cooled chamber. Poor results were obtained with all sludge samples using the
cutting mill. Up to 16% COD solubilisation was obtained for WAS using the cutting mill
but this result was mostly attributed to the relatively high temperatures (60-90°C)
occurring due to milling. The SBM had more significant results. Initial sSCOD contents of
5.5 and 1%, respectively, characterized WAS from aerobic digestion SRTs of 5 and 7 d,
respectively. Improvements to 17 and 13% were observed for the WAS with 5 and 7 d
SRTs, respectively. Aerobically digested sludge, combined (PS+WAS) thickened sludge,
and non-thickened anaerobically digested sludges had sCOD contents of around 6.5, 3,
and 1%, respectively. For the same sequence as above, the initial sSCOD content was 1.8,
0.5 and 2%. Brewery and distillery sCOD contents improved from 46 and 41% to 60 and
77%, respectively. Incorporation of mechanical SPT led to a 10% increase in biogas
production for WAS in 1 L MAD reactors for an HRT of 20 d. The related volatile solids
(VS) reduction for WAS in the LSRs improved from 40 to 60%. A rough estimate of SPT
energy consumption was found to be 1-1.25 kW/m® sludge/d. The authors stated that FSR

verifications of this estimate need to be performed.
2.2.2 High Pressure Homogenizer

Mechanical, thermal, and oxidative SPT processes were compared by Camacho et al.
(2002). Kady Biolysis " is introduced as a return activated sludge mechanical SPT which
promotes cell lysis. A HPH was used at pressures of 30, 50, and 70 MPa for 1, 2, 5, and
10 passes. The authors found that SPT for more than 2 passes was necessary for cell
disruption. Soluble COD for a sludge sample containing 1-1.5 g total suspended solids
(TSS)/L increased from about 17 to 49% for Ep. of 1,000 to 15,000 kJ/kg TSS,
respectively. A sludge sample containing 41 g TSS/L had sCOD improve from 15 to 28%
of TCOD for Egpec of 50 to 250 kJ/kg TSS, respectively. In regards to power consumption

and the solubilisation effect of SPT without subsequent AD, mechanical SPT was found

10
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more suitable than thermal SPT. It was underlined that incorporation of the SPTs into a

WWTP is necessary to prove the observed benefits.

Camacho et al. (2002) continued their previous work with a feasibility study
incorporating HPH SPT for WAS into an aerobic digestion PSR [25]. For the purpose of
this project only the SPT results are considered. Sludge treatment and disposal is said to
account for up to 60% of operating costs. As such, disintegration at pressures of 30 and
70 MPa was performed to evaluate the alleviation of these costs in terms of increased
particulate COD (pCOD) solubilisation and AD stabilization. Sludge pretreatment
improved pCOD solubilisation linearly with respect to the number of passes in the HPH.
For 7 passes at 30 and 70 MPa, pCOD solubilisation reached 18 and 33%, respectively. A
limiting value of 60% pCOD solubilisation was found for 10 passes at either 50 or 70
MPa.

A HPH SPT was evaluated by Machnicka et al. (2005) for the purposes of AD
improvement by pretreated WAS and/or foam addition [37]. The unit performed at 10
MPa and a 3 min contact time to treat 25 L of WAS through a 1.2 mm nozzle. Overall
contact times of 15, 30, and 60 minutes were chosen and as such, 5, 10, and 20 passes
were performed. An AD HRT of 14 d for WAS digestion at 30°C was observed.
Concentrations of sCOD were improved by 200 to 300% for contact times of 15 and 60
min, respectively. An 81% improvement in biogas production was obtained when 20%
pretreated sludge was digested with the WAS for an HRT of 14 d. When 20 and 40%
foam additions were also considered, biogas percent improvements were 460-610%.
Ultrasound SPT was also evaluated. Little information was given but it was said that
organic matter and phosphate release (610% improvement) from SPT cell lysis was
improved with this technology. The authors state that hydrolysis disintegrates the poly-P
phosphate storage of the cells and it enters the liquid as depolymerised phosphates (POS)

[37].

Wook Nah et al. (2000) tested HPH technology in PSRs with a 2 m’ mesophilic
anaerobic digester at 15 d HRT [51]. The HRT was reduced to 6 d with SPT and no

significant negative process efficiency and effluent quality effects were observed.
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Thickened WAS (TWAS) was pretreated at 5 MPa with a 2.5 mm nozzle and stored in a
1 m® tank to promote continuous AD operation. An agitator was used to maintain the
completely mixed status of the pretreated TWAS. The characteristics of the sludge prior
to SPT were 14-18 g/L. TS and 10-12 g/LL VS. The process schematic is shown in Fig. 2.2.
The TWAS was sieved (1) for a size of 2.5 mm, stored (2), and added to the SPT unit (5).
The pretreated TWAS was again stored (8) and fed to the continuous MAD unit (10).

The quantitative effects on sCOD, soluble protein, and SS concentrations are
shown in Fig. 2.4 (as adapted from [51]). It is clear that particulate matter is reduced (SS
by 5%) and sCOD concentrations are increased from 250 to 750 mg/L. An increase in
total dissolved solids and a decrease in pCOD are observed because, though minor
mineralization may occur, there is no significant loss of matter during the

homogenization process.

13
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Figure 2.2 HPH process incorporation schematic (adapted: [S51])

Homogenization results are depicted by microphotographs (magnification x 400)

in Fig. 2.3 (as adapted from [51]).
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Figure 2.3  Microphotograph (magnification x 400) of TWAS prior to (left) and
following SPT (right) (adapted: [51])
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Figure 2.4  Particulate matter solubilisation and intracellular matter lysis (adapted:

[51D)

Organic carbon and sCOD availability increased by 500-700%. Soluble proteins
were increased by about 250%. Alkalinity, NH3-N and total phosphorous (TP) increased
by about 20%. The alkalinity results primarily from the presence of hydroxides,
carbonates, and bicarbonates due to calcium, magnesium, and ammonia. Phosphates can
also contribute to alkalinity and thus, the additional releases of both NH3-N and TP
improve alkalinity which in turn, helps stabilize the digestion process. The study did not
evaluate a control run and instead compared VS reductions and biogas productions to
those expected for AD HRTs of 20-30 d. This comparison showed an improvement of 6
and 34% for VS reduction and biogas production, respectively. The authors did note a
slight increase in VFA concentrations at shorter HRTs but no dramatic pH changes were

observed [51].

Controlled hydrodynamic cavitation (CHC) was, as far as could be understood,

quite similar to HPH and is thus described here from a study by Nicholas et al. (2008)
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[113]. The process was described as seeking to promote sufficient cavitation whilst also
harnessing the kinetic energy input. It was listed as being successfully implemented for
over 17 years for the treatment of cooling water based on its bacteria eradication effect.

The unit is depicted in Fig. 2.5 (as adapted from [113]).

Treated Water

Pressure
Equalization
Chamber

Pressure
Equalization
Chamber

Cavitation
inlet Water Chamber iniet Water

Figure 2.5 CHC unit showing collisions at high pressures (adapted: [113])

A close-up graphical layout of the process is shown in Fig. 2.6 As the process
closely resembles HPH and ULT in terms of cavitation, the formation and collapse of

bubbles will not be explained here.

Small changes in TCOD were observed due to minimal oxidation occurrence.
Increases in sCOD by 160 and 360% after 15 and 50 passes, respectively, were observed.
Reductions (17%) in TSS were observed and particle size averages lowered from 60 to 20
microns. An 80% improvement in size uniformity was noted. Finally, dewatering was

listed as being improved by a 20-40% decrease of water in the cake solids.

Flow From
&— Opposite Nozzle

Zone of
Decreasing
Pressure,
Bubble
Formation
Begins

Zone of

CDLLIBION Increasing
NG Pressure,

— Bubbles
Collapse
\Flow From
Opposite Nozzle

Figure 2.6  Cavitation process as a result of bubble formation and violent collapse
(adapted: [113])

VACUUM ZONE

A technical study was performed for HPH by Onyeche (2004) at full-scale and is

explained in the section on those facilities [101]. Two MicroSludgeTM studies were
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available and represent the combination of HPH and CM SPTs. They are also described
in the full-scale facilities section (Section 2.7) and again in the brief SPT equipment

theory of Chapter 3 [83, 101, 153].
2.2.3 Ultrasound

Ultrasonic treatment is said to not only improve methane generation but also to allow
reduction in HRT [2]. Ultrasound frequency and Ep. have typically been studied for
their effect on COD solubilisation and biogas production. Low frequencies (<100 kHz)
are thought to promote mechanical and physical degradation while high frequencies
promote sonochemical effects [1]. TAD conditions are said to enhance the biogas and
methane production rates compared to MAD conditions and were therefore selected for

enhanced organic matter removal following ULT SPT [1].

Ultrasonic SPT was evaluated by Benabdallah El-Hadj et al. (2007) for the
specific removal of naphthalene and pyrene under MTAD conditions [1]. They found that
frequencies in the range of 20-40 kHz are optimal for the promotion of mechanical
degradation. Higher frequencies however, promote disintegration of particulate matter
into smaller more soluble matter which benefits the stabilization of WAS. Certain
polycyclic aromatic hydrocarbons, such as naphthalene, are primarily hydrophobic but
are rendered water soluble by ultrasonication. Biogas production was improved when
Egpec Was increased from O to 11,000 ki/kg TS. However, increasing from 11,000 to
15,000 kJ/kg TS did not significantly improve biogas yield. Also, biogas production and
COD removal were improved under both MAD and TAD with SPT. Improvement values
under MAD were almost double those under TAD. Methane content in the biogas was the
same for both conditions. The authors summarized their study by selecting an optimal
Espec of 11,000 kJ/kg TS under both MTAD. They also specified that TAD, being highly
efficient, does not benefit as noticeably from ULT SPT.

Benabdallah El-Hadj et al. (2007) and Bougrier et al. (2005) found that Egp.
inputs lower than 3,000 kJ/kg TS did not impact biogas production from the particulate
fraction of the sludge even though the solids concentration decreased [1, 2]. The latter

authors also observed the biogas production from the soluble fraction of the sludge
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increased with an increase in Egpec. A minimum increase of 25% in biogas production was
observed with ULT SPT. It was also found that particulate matter was 97% responsible
for biogas production in untreated sludge and only 60% responsible in pretreated sludge.
Ultrasound thus effectively converts the particulate matter to soluble species which now
contribute to approximately 40% of the biogas production. The soluble fraction was also
observed to be three times higher in pretreated sludge at 7,000 kJ/kg TS. The authors
observed that at 3,000 kJ/kg TS the biogas volume produced was of the same order of
magnitude for both the particulate and soluble fractions. Organic matter, pCOD, and
nitrogen solubilisation are all said to increase with an increase in Ege.. Though unverified,
the method used brought the conclusion that at <1,000 kJ/kg TS, floc size is reduced and
that an increase in Egyec would then “break” flocs or cells. In contrast to Benabdallah El-
Hadj et al. (2007), a supplied energy higher than 7,000 kJ/kg TS is not recommended

because it yielded no further improvement in biogas production.

One study by Stuckey et al. (1984), as outlined in the introduction to this article
by Climent et al. (2007), found that biogas and methane production are higher under
MAD conditions for both untreated and treated sludges [3]. Valo et al. (2004) found
improved COD solubilisation by 25 and 60% for WAS pretreated at temperatures of 130
and 170°C, respectively [10]. The authors also reported increments of 21 and 45% in
biogas production for 130 and 170°C pretreated samples, respectively. Ultrasound SPT
was studied alongside high and low temperature thermal SPTs and microwave SPT for
WAS used under TAD. Temperature in the SPT unit as well as contact time was varied
for optimality. Results for other SPTs are handled in their respective sections. Ultrasound
SPT using a 300 W ultrasonic homogenizer was applied for treatment times of 10-987 s
to obtain Egpe values in the range of 1,000 to 100,000 kJ/kg TS. Although the authors
also found that the degree of disintegration is greater with Eg,.c below 20,000 kl/kg TS
they selected 40,000 kJ/kg TS for optimal SPT of WAS. It is stated that Tiehm et al.
(1997) lowered treatment time to 64 s by using a high performance ultrasound at 3.6 kW.
The authors did not observe an increase in biogas production with ULT SPT. In fact, only
low temperature thermal SPT was responsible for an increase in biogas production. It was

hypothesized that TAD conditions accelerate the hydrolysis step to a point where SPT
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effects are concealed. Low temperature thermal SPT is also said to enhance the activity
of thermophilic bacteria. Climent et al. (2007) conclude with the comment that an
accurate economic study including all the factors implied in FSR operation (e.g., thermal
inertia, maintenance of digester temperature, and possible uses of residual heat) to

balance all the possible benefits and drawbacks of SPT should be performed.

Kim et al. (2003) evaluated the effects of thermal, chemical, ultrasonic (discussed
herein), and thermochemical SPTs on WAS [4]. As in the previous works, the methane
fraction (~70%) of the biogas remained constant while the amount of biogas produced
increased. Ultrasonic SPT was responsible for an approximate increase of 20% in biogas
production from MAD as evaluated using a gas sampling port affixed to the 1 L LSR. All
SPTs are said to reduce the impact of the rate-limiting step and thus, WAS AD was

improved.
2.2.4 Shear Gap Homogenizer and Lysate Centrifuge

These two technologies show low but similar potential to improve AD by sludge
hydrolysis as all other SPTs. Insufficient literature information was found however, on

either technology.

Shear gap homogenization was reviewed by Kopp et al. (1997) alongside ULT,
SBM, and HPH [22]. For SBM, ULT, and SGH, contact times of 1-60 min were
employed for Egec ranging from 8,000-20,000 kJ/kg SS. The SPT comparison in terms of
disintegration (solubilisation) and Ejp.. is shown in Fig. 2.7. Higher disintegration rates as
compared to ULT for similar Ege. are shown for HPH and SBM. Comparable results
were however, not found in the literature. Additional HPH and SBM studies used WW
working ranges and obtained solubilisation results that were similar to those for ULT
evaluations. The established ranges used in PretrAD are shown in Tables 2.1-6. It is clear
that higher energy inputs are needed with SGH to achieve similar pCOD solubilisations.
It is also likely that this research illustrated low SGH potential and was from this point
forward of significantly less interest. Based on energy input and solubilisation results, the

authors pursued AD with only HPH and SBM SPTs.
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Figure 2.7 Degree of solubilisation by HPH, SBM, ULT (UH), and SGH (SH)
A single article investigating lysate centrifugation in a LSR was found in the
literature review. Insufficient information was listed for discussion here. Three full-scale

facilities employing this process were evaluated and the discussion is found in Section

2.17.
2.2.5 Mechanical SPT Summary

Energy demands for desired hydrolysis by SBM and HPH were found to be relatively
similar. Though ULT seems to require higher Eg. for equivalent disintegration,
subsequent digestion improvements were, in almost every study, found to be lower when
SBM and HPH were used. As such, ULT was typically the preferred process prescribed
by the authors. Shear gap homogenization was not found in the literature to a sufficient
extent to warrant further evaluation. Though FSR LC studies are investigated in Section

2.7, both it and SGH cannot be summarized adequately.

Wastewater composition ranges, SPT working ranges, SPT results, and AD
improvement ranges are listed below for ULT, SBM, and HPH in the same manner as
they will be listed for each of the thermal, chemical, and thermochemical SPT
summaries. It is clear that not all rows of the summary tables are complete for all
references. These data, though they may be available, could not be determined from the
referenced study. A minor margin of error must be assumed for any of the data that were

represented graphically. The data here are intended for use as a full-scale design guide
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with the model constructed for this research. An average and potentially low primary
energy input value was selected for all SPTs and used in Runs 1-4 to be described in
~ Chapter 5. Runs la to 2b were then conducted with reasonable (within the working
ranges established) 25 and 50% energy input for SPT increases. It is important to note
that some references that were excluded from the summary tables due to insufficient
overall information were still considered in the establishment of certain ranges (e.g., WW
composition but not AD improvements). For instance, though Table 2.1 lists 2 values
below 15 g/L, the TCOD range for WW composition of ULT studies was selected as 15-
45 g/L. The established ranges describe the average and likely results that exclude
potential outlier observations. The ranges are listed directly below the summary tables

and a table listing all excluded references is also given below the all summary tables.

At times, sufficient VSS data were not available and are thus not shown in the
summary tables. The logical reduction from TSS values according to VSS/TSS
relationships (0.6-0.9) for PS and WAS has been made to provide ranges (below the

summary tables) for all variables evaluated in the literature [160].

The AD improvements are given for control and SPT incorporation conditions.
The terminology used throughout this thesis to represent WWTP runs with and without
SPT will now be described. Runs without SPT are labelled ‘Control’. Incorporation runs
(with SPT) are labelled ‘SPT’. This was done to clearly define the control (i.e., initial)

results and/or costs from the SPT (i.e., incorporation scheme) results and/or costs.
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CHAPTER 2

2.3 THERMAL PROCESSES

Temperatures required for thermal SPTs typically range from 60-180°C [3]. Sludge
pretreatments heating sludges to less than 100°C are considered to be low temperature [3].
Over 100°C temperatures are considered high and are induced by either heat exchangers
or steam injection [3]. These thermal SPTs are known as conventional heating (CH) or
microwave heating (MWH) processes. An increase in energy demand is said to be
balanced by higher sludge biodegradability and by the use of sludge residual heat to
maintain the temperature in the digester [3]. Dewaterability and pathogen reduction are
also increased and result in reduced sludge disposal costs and signify improved sludge

stabilization {4].
2.3.1 Conventional Heating

Gavala et al. (2003) sought to determine the optimal SPT duration and temperature under
CH for both MAD and TAD of PS and WAS separately [8]. They found that optimizing
these two variables depends on the ratio of PS to WAS. A SPT temperature setting of
70°C and an AD HRT of 20 d were used. Methane production rates for MAD decreased
by 10 to 18% when PS was first subjected to SPT at contact times of 1, 2, 4, and 7 d.
When WAS was used under identical MAD and SPT conditions, methane production
rates increased from 43-145% for the same SPT durations. The SPT period of 4 d showed
the lowest and highest methane production rates for both PS and WAS, respectively.
Thermophilic AD methane production rates for PS were found to increase by 64-77% for
1 and 2 d SPT periods and increase by 33-50% for 4 and 7 d SPT periods. For WAS, an
increase was observed in TAD methane production rates from 4-58% for the 1, 2, 4, and
7 d SPT contact times. This can be explained by the beneficial influence of WAS
hydrolysis compared to PS hydrolysis. The hydrolysis yields for different sludge types
following CH SPT are shown in Fig. 2.8 (as adapted from [33]). Shorter biotreatment
(BT) SRTs provided improved hydrolysis yields because longer SRTs already degrade
(by lipids and carbohydrates release) the sludge extensively [44].
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Figure 2.8 Hydrolysis influence on different sludge types (adapted: [33])

The following is a further evaluation of the aforementioned Climent et al. (2007)
study [3]. High temperature, low temperature, and MWH SPT results will now be
discussed. Duration and temperature were altered for both high and low scenarios.
Optimal conditions were found for high temperature SPT at 134°C and 90 min with a
biogas production of 0.030 L/d. Low temperature SPT conditions were set at 70°C and 9
h and provided a subsequent biogas production of 0.027 L/d. These conditions were
deemed optimal. An optimal Eg,. (40,000 kJ/kg SS) for MWH was found and
subsequently biogas production improved by 50% (compared to the control) and was
observed at 0.030 L/d. It was also determined that the low temperature scenario was the

only scenario in which biogas production was increased under thermophilic conditions.

A PSR CH feasibility study was performed by Pérez-Elvira et al. (2008) [100]. A
pilot-scale plant at a WWTP in Spain was used to determine the scale-up feasibility.
Three runs were conducted with identical volumes (10 L) of PS, WAS, and a mixture of
both. Sludge pretreatment was set at 170°C by steam injection for a 0.5 h contact time.
The highest percent VS reductions were observed when WAS hydrolysis provided a 64%
disintegration of particulate matter. A short energy analysis was performed and showed
that at a SPT WAS feed of 3% TS and with biogas recovery, 61 kWh/ton sludge would
be required to achieve enhanced AD. As done in PretrAD, energy integration (recovery)
was needed. Though some data are given on unit (boiler and steam engine) efficiencies,
they will not be listed here because they are highly variable. Furthermore, their study’s
energy balance is highly specific to their treatment conditions and parameters
incorporated into their analysis. Also, daily sludge volumes treated significantly impact

energy considerations. The main point here is to grasp the pilot-scale feasibility and full-
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scale potential. Thicker (7-8% TS) sludges could be anaerobically digested largely due to
the favourable viscosity. More biogas (40%) was produced during an almost 50%
reduction in AD HRT. A 246 kW energy surplus (based on ~1.7 g COD/g VSS and
~0.225 m> CHy/kg VSS) was noted with respect to conventional processes. Finally, Class
A biosolids could be achieved and only 42% of the initial biosolids production was

observed after incorporation of SPT [100].

A CH (CAMBI) simulation using a developed BioWin™ toolkit for full-scale
design was explored by Wett et al. (2009) [143]. The constructed toolkit permits cost
calculations for AD and CH to be performed in the context of a complete advanced
wastewater treatment plant (AWTP). The Blue Plains AWTP in Washington, DC is said
to be the largest AWTP in the world. It separates the treatment of sludges (PS, WAS,
nitrification, and blended). The results shown in the study were conducted in accordance
with the sludge characteristics of that facility. They were conducted at pilot-scale with 2
MAD reactors operating at 15 and 20 d HRTs. A feed volume of 1 L influent sludge was
replaced with hydrolysed sludge and the impacts were simulated with the BioWin™
ASDM model. Solubilisation rate was altered to achieve 30-40% sCOD following
hydrolysis. The proposed incorporation schematic developed for the toolkit is shown in

Fig. 2.9 (as adapted from [143]).

RAW

SEc AS Control digester Control sludge
= T > 3 Y
NIT WAS

Cambi pretreatment Cambi digester Cambi siudge

Figure 2.9 Integration and control schematics including AD units (adapted: [143])

As mentioned by the authors, a series of tests and pilots cannot definitively asses
the full-scale effect of CAMBI CH incorporation. Their results proved the importance of
the holistic approach used in this thesis for the addition of SPT into a WWTP where large

changes in liquid and solids flows are observed. Results were not compared to control
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status but both HRTs were compared. With identical sSCOD percentages being fed to the
2 digesters, the HRT of 15 d provided a 22% biogas production improvement. Strangely,
a 4.5% decrease in solids reduction (in terms of COD) was observed. An appropriate

explanation for this observation was not provided [143].
2.3.2 Microwave Heating

Microwave heating (MWH) has been studied as an alternative to CH. Energy
requirements, reaction times, and methane yield are all said to improve under MWH [5].
Microwave irradiation corresponds to 1x107-1 m wavelengths in the electromagnetic
spectrum with equivalent frequencies of 300-3x10° MHz, respectively [S]. For the
heating or drying of thin substances, frequencies of 2,450 MHz with correspondingly
short wavelengths (0.12 m) are adequate. If deep penetration into materials is required,
frequencies of 900 MHz with correspondingly long wavelengths (0.37 m) and energy
outputs of up to 100 kW are used [5]. MWH is thought to not only lyse cells by the
thermal effect (as in CH) — heat generated by the rotation of dipole molecules under the
oscillating electrical field of a microwave — but also by the “athermal effect” — possible
breakage of hydrogen bonds due to the polarized components of the macromolecules re-
aligning with the poles of the electromagnetic field [5]. This effect is thought to explain
cell lysis that has been observed to occur at temperatures lower than the cell thermal
death point [5]. However, contradicting studies have found both improved and
unimproved lysis following MWH. Factors affecting MWH are sludge density and
viscosity [5]. Sludge boiling point is the limit for the Espec applied. It is thus important to

consider hot spots and consequently, limit Egyec [3, 5].

Eskicioglu et al. (2007) utilized thickened WAS (TWAS) and mimicked heating
rates of CH up to temperatures of 50, 75, and 96°C to evaluate the presence and
significance of athermal effects [S]. The SPT step was followed by MAD. It was found
that identical heating profiles generated similar sCOD/TCOD ratios for both heating
methods at each SPT temperature. Slower heating rates and consequently longer heating
times increased the SCOD/TCOD ratios for both heating methods. Under MWH and CH

NH3;-N concentrations increased in the samples at each SPT temperature. This occurrence
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was assumed to be a result of improved hydrolysis of substrate containing organic
nitrogen. Results show that with acclimated and non-acclimated inoculums, biogas
production for MWH compared to CH is 6 and 5% higher, respectively. The occurrence
of athermal effects was thus validated by biogas production but not by WAS

solubilisation.

A study by Woo et al. (2000) found no improvement in cell lysis or destruction
using MWH in place of CH. The use of MWH is stipulated here to increase the
susceptibility of cells to lysis when undergoing AD. Biochemical methane potential
(BMP) tests illustrated typical methane content ranges of 55-73% and 61-73% for
acclimated and non-acclimated inoculums, respectively. As in other SPT studies, the
methane (CH4) yield from the batch mesophilic digester was within the range of 0.49-
0.75 L CH4/g VS removed.

In a previous study by Eskicioglu et al. (2006) where apparent molecular weight
(AMW) and size distribution were the primary objectives, sCOD values were found to
increase by approximately 361, and 143% with CH and MWH, respectively [7]. As is
typically found when MWH is not ramped up to produce temperature increases similar to
CH temperature increase rates, greater WAS solubilisation is observed with CH. The
conclusion is that the longer heating time needed to reach the desired temperature causes
superior solubilisation. Biogas production, as assessed by BMP test, increased by
approximately 475 and 211% for CH and MWH, respectively. The authors also
concluded by suggesting that the SPT of supernatants containing both particulate and
soluble fractions can lead to a reduction in required digester volume and an increase in
waste stabilization. Thermal SPT can thus potentially render the sludge safe for use as

fertilizer.

Park et al. (2004) found that increasing microwave irradiation resulted in up to a
22% increase in sCOD [9]. Mesophilic conditions were used for tests at HRTs of 8, 10,
12, and 15 d. Average daily biogas production decreased from approximately 240 mL/L/d
to 117 ml/L/d for the HRT sequence. Methane production and COD removal were 79
and 64% higher than without MWH SPT, respectively. The authors maintain that
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technical and economical aspects to SPT selection for full-scale conventional digestion
processes must be considered. A qualitative analysis of capital and operation and
maintenance (O&M) costs was given which compares mechanical, thermal, chemical,
and microwave SPT processes. They specify that applying any of the SPTs to a WWTP is
only cost-effective if the WWTP is experiencing over-loaded digesters, low sludge
biodegradability, and/or high disposal costs. Microwave irradiation is directly compared
to ultrasonication where 120 min are needed with double the Egp.. to obtain equivalent
disintegration after only 7 min of MWH irradiation. The MAD HRT was reduced from
15 to 8 d without hindering the AD process.

2.3.3 Thermal SPT Summary

Subjecting a portion of the sludge ultimately sent to the digester to a hydrolysis process
by heating mimics temperature-phased AD. Overall rate of hydrolysis is improved and
heat can be recovered. The AD HRT required was thus observed to be reduced and
digestion improvements included important increases in biogas production. As a result of
high heat exposures, both CH and MWH can provide greater pathogen reduction but also
cause undesirable odours. Time required to reach these elevated temperatures and then
maintain them may constrain hydrolysis levels and the fraction of sludge that can be
pretreated. Most of these drawbacks might however be mitigated, thus making SPT

feasible. This is further explained by the full-scale SPT facilities review in Section 2.7.
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Wastewater composition ranges and SPT working ranges for CH are shown in

Table 2.8.

Table 2.8 CH WW composition and working ranges

WW Composition (d and g/L) Energy Use
Ref: BTO, TCOD TS VS  TSS  VSS Temp.(°C)  t(h) V(L)
[3] 38-49 28-38 36-46 28-36 110-134 0.33-1.5 0.5
[3] 38-49  28-38 36-46 28-36 70 9-72 0.5
4] 27.7 38 26 121 0.5
[6] 45 80-121 1.0
7] 5 60-81 59 41 96 1.0
(8] 70 24-168 0.04
[10] 17 17 12 130-170 0.5-1.0 0.0007
[13] 121 0.5
[15] 56 31 140 0.5 03
[16] 9 6.6 5.7 130 0.08
[28] 121 1.0
[58] 61 38 31 90 24
[6l1] ) 56 39 37 90-200 0.33-0.66 0.3
[70] | 11 10 7 9 7 130-170 0.017
[74] 10 9 5 70 48 0.5
[78] 15 7.5 175 0.66 230
[102] 140-200 0.66-1
[126] 30 27 21 50-65 48 0.6

TCOD (15-55 g/L), TS (15-50 /L), VS (12-45 g/L), TSS (10-40 g/L), VSS (8-35 g/L)
CH temperature (70-140 °C), t (0.017-1 h), V (0.05-0.5 L)

Conventional heating hydrolysis result ranges and subsequent AD improvements
are outlined in Table 2.9. Some authors noted optimal SPT working range settings. A
negative to a positive range is sometimes shown for the biogas improvement (right-most
column). In these cases, the authors found percent reductions and improvements in biogas

production.
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CHAPTER 2

2.4 CHEMICAL PROCESSES

Acids and minerals, alkaline, and ozone SPTs can be used to degrade complex organic
compounds [11]. Acids and alkali both work at low temperatures [11]. Alkaline (CM)
SPT is performed by increasing the sludge pH to 12 and sustaining it for duration of up to
24 h [11]. Complex organics such as polycyclic aromatic hydrocarbons, lipids, and
proteins are hydrolysed into smaller and more soluble compounds [11]. Alkaline
hydrolysis requires low energy input, solubilises COD effectively, and provides good
sludge dewaterability [11, 18]. Desired bacteria can be harmed however and chemical
addition speeds up equipment corrosion and fouling [11]. Also, some of the soluble
compounds that are formed are not biodegradable [11, 18]. Ozone (O3) can be used in
place of alkali and requires no salt or chemical additions [11, 14, 17]. During ozone SPT
(0Z), it is important to only partly hydrolyse the complex organics to avoid the formation
of non-degradable compounds [11]. Dewaterability is improved but the energy input is

high and metal impurities need to be removed [11, 14, 17].

2.4.1 Acid

Pilot-scale peroxidation of sewage sludge was investigated by Neyens et al. (2003) [29].
Anaerobic digestion of pretreated sludge was not evaluated. The oxidation process uses
hydrogen peroxide (H;O;) and ferrous iron (Fe**) in a well-known reaction dubbed
Fenton’s reagent. Iron catalyses H,O, dissociation which in turn produces reactive
hydroxyl radicals. Ferric ions are also produced via Fe®* and hydroxyl interactions and
these proceed to dissociate H,O, and HO;’ radicals. Finally, organics can be oxidised
through the abstraction of protons and these organic radicals can again be oxidised. With
no reagent limitations, organics can be entirely converted to CO,, water, and salts. It is
mentioned that though Fenton’s reagent is well known, a complete correlation to
enhanced sludge properties for digestion is not yet established. The SPT schematic is
shown in Fig. 2.10 (as adapted from [29]).
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Figure 2.10 Fenton’s peroxidation SPT setup (adapted: [29])

Various emulsion polyelectrolytes as shown by the PE box were tested to enhance
the flocculation of treated sludge. Untreated sludge was fed to the SPT unit at a dried
solids content of 6% and subjected to H,SO4 (pH adjustment to 3), Fe?* in the form of
FeSO,4, and H>O,. Ambient temperatures and pressures are maintained along with 100
rpm agitation. Gaseous CO; and small organic molecules are emitted and the contact time
was stopped when gases were no longer emitted (1-1.5 h). The pH is adjusted to neutral

(6-8) after treatment with Ca(OH,).

Optimal SPT parameters were found to be 5 g HyOx/kg DS with 1.67 g Fe?*
ions/kg DS at a pH of 3 (by 145 g H,SO4/kg DS) and a contact time of 1 h. A chemical
feed of 55.6 g Ca(OH),/kg DS was needed to neutralise the pH. The most promising
polyelectrolyte was ‘K 111 L’ (an acrylamide/adame-quat with 30% cationic and 100%
branching strengths). A 30% reduction and 30% increase were then observed for sludge
volume and percent DS content in the dewatered cake, respectively. This was described
as a reduction in drying energy, on a per inhabitant equivalent (IE) basis, from 457
kIME-d to 88.4 KJ/IE-d for 90% cake solids. Higher nitrogen concentrations and
unfortunately, higher heavy metal releases were observed. With a WWTP serving
300,000 IE, fixed, equipment, and maintenance costs were estimated at $73,000/yr,

$58,000/yr, and $15,000/yr, respectively. With savings at the dewatering stage, a net gain
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of $1,380,000/yr or $200/ton DS was calculated. Peroxidation incorporation was deemed
beneficial [29, 30, 991.

Lu et al. (2003) evaluated Fenton’s reagent impact on dewaterability of WAS
| [48]. Digestion was not considered in this study but as in the previous one by Neyen et al.
(2003), dewaterability was improved. The addition of 6 g/L Fe** and 3 g/L H,O, to a
WAS of 8.3 g SS/L at an initial pH of 6.14 resulted in a subsequent 10% increase in cake
solids content. Beakers (0.5 L) were used with 0.1 L sludge samples at a contact time of

0.5 h. Organic carbon in the cake solids was not significantly affected [48].

Cacho Rivero et al. (2006) studied CH, acid, and a combined CH-acid process for
the enhancement of MAD by WAS hydrolysis [58]. Their second reactor configuration
consisted of single-stage digestion with a 30 d HRT and the use of 2 g H,O,/g VSS. To
minimize foaming and improve contact time (up to 24 h) in the SPT vessel, a 6 h
peroxide addition was employed for the SPT of 30 g VSS/L WAS. Removals of VSS for
the control and acid incorporation treatments were 48 and 63%, respectively. This
resulted in a 65% biogas production improvement. An 11% pCOD solubilisation and a
reduction in fecal coliforms from 3.6x10* to 6.8x10° MPN/g DS were achieved. The
MPN method is a statistical analysis that provides the Most Probable Number value for
fecal coliforms. Class B biosolids designation (less than 2,000 MPN/g DS) was awarded
to both the control and the SPT sludge [58]. Biosolids classifications are discussed in

Section 2.7.
2.4.2 Alkaline

Lin et al. (1997) completed a study on the alkaline solubilisation of WAS for the
enhancement of AD [18]. A single-stage, high-rate, semi-continuous LSR at MAD
conditions was used and the HRT was lowered from 20-7.5 d. It was stated that chemical
SPT is more efficient and cost-effective at ambient temperature as compared to thermal
and thermochemical SPTs. A summary of improvements in digester performances was
given and illustrates the percent increases for the 20, 13, 10, and 7.5 d HRT. At 20, 10,
and 7.5 d , reactor D, which was pretreated with 20 meq/ L NaOH for a feed containing

2% TS, showed the most significant improvements. The higher percent increase in VS

36



CHAPTER 2

and COD reductions, as well as gas production was more evident after 7.5 d. After 20 d,

the overall improvement in performance was less noticeable. For 20 and 7.5 d the

respective percent increases in VS and COD removals as well as gas production were 29, .

20, and 98% and 133, 123, and 286%, respectively. For an AD HRT of 13 d, COD and
VS removals were lower for reactor D than they were for the control test with no*SPT.
No explanation was given. Dewaterability was also tested and the pretreated sludge

improved by up to 200% in capillary suction time (CST) filterability tests.

Moeller-Chavez et al. (2002) evaluated both alkaline and thermal SPTs separately
for PS hydrolysis [28]. A subsequent addition of 0.0-0.2% yeast extract for the
enhancement of AD was also tested. The results shown below will be for alkaline
treatment alone. Mesophilic AD with a 30 d HRT was used to observe COD, TSS, and
VSS removals. Biogas productions were computed with the BMP test. The CM process
consisted of a NaOH concentration maintained at 40 g/L to reach a pH of 10 duringalh
contact time. Hydrochloric acid (HCI) was used to neutralise the pH. A decrease in COD,
TSS, and VSS removals was actually observed with SPT incorporation compared to the
control runs. Strangely, a 25% improvement in biogas productions was also observed.
The authors suggest the significant initial degradability of PS as being responsible for:
low additional solids reductions but provide no explanation with respect to biogas
improvements. Results were not deemed to be statistically significant with respect to

either performance decreases or increases [28].

Alkaline and acid SPTs were studied by Chen et al. (2007) [43]. Results for the
CM treatment will be discussed but in some cases, also compared to acidification. WAS
characteristics were 14, 11, 13, and 0.04 g/L for TSS, VSS, TCOD, and sCOD,
respectively. Proteins and carbohydrates were said to account for 90% of the VSS.
Sludge pretreatment was conducted at ambient temperatures in 13.5 L reactors that were
stirred at speeds of 80 rpm. The pH was altered from 6.8 to ranges of 4-11 by adding 80
g/L. NaOH or 71 g/L. HCI. Alkaline SPT showed the highest solubilisation results (8 g/L
sCOD) at >a pH of 11 as compared to 1.9 g/LL at a pH of 4. Acidification did increase
sCOD by approximately 0.6 g/L. The protein concentrations at higher pH and for the

control runs were 1.75 and 0.25 g/L, respectively. Phosphorous and nitrogen (PO,-P
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and NH*-N) were substantially released into the soluble phase and removal was now
deemed simplified by means of phosphorous precipitation and ammonia stripping.
Acidification solubilised phosphorous and nitrogen to an even greater extent.
Concentrations of these after CM and a 14 d AD HRT were 300% higher than control

values. Biogas productions were highest without SPT incorporation [43].

2.4.3 Ozone

The impact of OZ on AD for the enhancement of biogas production and sludge reduction
was investigated by Bougrier et al. (2007) [14]. Settling, odour, and viscosity improved
following SPT with ozone. Dosage should be evaluated based on the purposes of the
process but when dosage was elevated to 0.5 g Os/g TS, 20% COD mineralization can
occur. Different doses were used in their tests and it was found that a dose of 0.15 g Os/g
TS resulted in the highest percent increase (37%) in pCOD solubilisation. Biogas
production at this ozone dosage was approximately 244% higher than that of the WAS
without SPT. The authors explain that at slightly higher ozone dosage (0.18 g Os/g TS)
biogas production is only increased by 191% due to the formation of refractory
compounds or more acidic conditions. They conclude that OZ should be economically
compared to biogas production and other SPTs to effectively optimize performance and

costs in a full-scale facility.

Ozone was used as SPT for AD of an unspecified mixture of PS and WAS [17].
Weemaes et al. (2000) found that ozonation was optimal at a dosage of 0.10 g Os/g COD
and that it led to sludge oxidation and solubilisation of 38 and 29%, respectively. Higher
dosages were found to have a less pronounced effect. Methane production was increased
by 180%. In this study, ozonation was found to have a negative effect on the
dewaterability of the sludge prior to AD. Following AD, the impact was nullified. The
authors emphasize that their results stem from non-adapted microbial communities in
static batch tests. They then underline that continuous digestion tests with microbial
communities adapted to oxidized sludge as a feed substrate need to be performed to

obtain more realistic and reproducible results.
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2.4.4 Chemical SPT Summary

Acid, alkaline and ozone hydrolysis have been evaluated in the literature. All processes
are capable of hydrolysis to different extents. Both CM and OZ provide desirable LSR
digestion improvements and CST test dewaterability impacts. Drawbacks to CM include
SPT contact time, chemical costs, pH correction costs (to return to desirable digestion
values after hydrolysis), and increases in sludge due to chemical addition. Drawbacks to
OZ include high energy demands for O3 generation and the potential to degrade sludges
by ozonation to undesirable levels. Too few articles were found with regards to acid SPT
to validate its inclusion in PretrAD. The same was found for LC and will be shown for
the enzymatic (ENZ) SPT. From this point forward, CM will be used to solely represent
alkaline SPT.

Wastewater composition ranges and SPT working ranges for CM are shown in
Table 2.13. Chemical (alkaline) hydrolysis result ranges and subsequent AD
improvements are outlined in Table 2.14. A negative to a positive range is sometimes
shown for the biogas improvement (right-most column). In these cases, the authors found

percent reductions and improvements in biogas production.

Table 2.13 CM WW composition and working ranges

WW Composition (d and g/L) Energy Use
Ref:. BT6, TCOD TS VS TSS VSS Dose (kg/m’) t (h) VL)
[4] 2777 38 26 0-21
[10] 17 17 12 1.7-3.7
[13] 7
[15] 56 31 0-26.1
[16] 9 66 5.7
[18] 3 0.8-1.6 241
[28] 40.0 1
[43] 13.4 13.8 10.8 48-480
[61] 56 39 37 260 0.5

TCOD (15-50 g/L), TS (15-40 g/L), VS (12-35 g/L), TSS (10-25 g/L), VSS (8-20 g/L)
CM dose (1-5 kg/m3), t (0.05-1 h), V (0.5-1 L), pH adjustment (10-12)

39



ov

(1/2 S1-8) SSA ‘(T8 0Z-01) SS.L ‘(13 02-8) SA “(1/8 ST-01) SL ‘(T1/8 $T-01) AOD.L

Sl €1 01°'1-6¢°0 9 01 8 [L1]
€0  SLOLTOO £C0 ¥l 91 81 (1]
(DA CR! (;w/3) ssoq SSA SSL SA SL dodol *plg ¥d
as() ASxouy ("1/8 pue p) uonisoduio) A M

soguex 3uryiom pue uonisodwod M ZO S1°C JIqel

"G1°Z 9[qBL Ul umoys 218 ZQ 10J saduel Juriom JJS pue saduel uorisodurod I191emalseps

(90¢-S) 1wouraaoxdwr uononpoid se3org

(909-ST Pu® %(09-S7) suonoNpa1 SA “(%09-ST PUB %09-67) Suononpar S, “(%09-0¢ PU %(09-0¢) suoNoNpaI JODL IdS Pue [01U0)
(%0€-01) uonesyIqn|os SSA “(%0€-0T) uonesIIgnos SS.1, ((%0-§1) uomesiiqnjos qOJd

0T er-9¢  [ev]

4 ¢r9¢ eyl

0¢ 99 L 19 L9 S 99 [82]
06 97-61 61 8¢ 1T 99 SL 1s-0¢  [81]
9¢ w9 S¢ Ly 6¢ ¢ 0T 16-0¢  [81]
8T+T1- 09-8s  [s1]
0 o 0T 9 6¢-L  lo1]

€1 0¢ 1T (44 S LE L st [yl

IdS [onuo) JdS [onuo) IdS  [onuo)
“1dury 9 SA SL aool L S 09 ggA  SSL  qodd  jed
*poag sedorg (%) suoyonpay Q. PueP) AVIIN (%) uonesiqnjog

syuawaAoxdwl (Ty pue saduel J[nsal SISA[0IPAY JND #1°C 219BL

CYdLAVHD



8%

[Ly1llozllsT] 70
log)l62] WD

SQUIIPY

21BP 9[qBUISOSIP IO J[qereduIod JUIIOLINS INOYIM SAPNMIS TS [BOIWAY) LT AqeL

*L1°C 91qe L, Ul PAISI] 918 SI[qe) 2A0qE ) MOJ2q UMOYS JUSWIYSI[qLISd SOFULI 27} IO PAISPISUOD SI9M JBY) SOOUINJIY

(9%08-07) Wuawaaoidu uorgonpoid sedorg
(%8S-ST PUB 90G-07) SUONINPAI SA (%SS-ST PUB %06-0T) Suononpar S, (%SS-ST PUe %05-0¢) suononpal qOO.L LS pue [onuo)
(%55-07) uonesiIqn[os SSA (%S$S-0¢) uonesifiqnios S, (%$5-07) uonesiignios qoDd

0TI-0L vo-Ly  9€ €€ 0 L9 6 8 [L1]
PYI-pT Ly o [l
LdS [onuo) I1dS [onuo) JIdS [onuo)
“duwry 9 SA SL aoolL I sy om0y ggA  §SI @ood  ped
"po1g sedoig (%) suoponpay Q. PUBP) AVIIN (%) uopesiqniog

SJUSWISAOIWI (T PUB S9FURI }[NSAI SISA[OIPAY ZO 91°C dIqe.l

"91°Z J[qR.L Ul pauIpIno are sjuswasoidurn (v Juanbasqns pue saguei jnsai sisA[0IpAYy suozQ

(T1-S°0) A ‘(U I-L10°0) 3 ‘(W/3Y 01-G°C) 350P ZO

CYALAVHD



CHAPTER 2

2.5 BIOLOGICAL PROCESS

Biological SPT could be labelled hydrolysis enhancement and be performed using excess
optimal aerobic and acidogenic bacteria [13]. The bacteria are thought to secrete
extracellular enzymes such as proteases and amylases that improve solubilisation [11]. It
could also be performed using enzymes to catalyze cell degradation [6]. Enzymes are of
particular interest as they can be found within the intracellular matrix which can be easily
released through the use of other SPT processes [11]. Drawbacks to enzymatic SPT

include high cost and strong odours.

2.5.1 Enzyme

Barjenbruch et al. (2003) evaluated the effects of enzymatic, mechanical, and thermal
SPT on foaming within the digester, reload of sludge liquor, sanitization, and
dewaterability [32]. The disintegration achieved by SPT is known to benefit the WW
treatment train by, among others, improving settling performance of both the bulking and
floating sludge as well as by reducing foaming. Hydrophobicity of the sludge is thought
to contribute to foaming but by employing the BATH test (material adhesion to
hydrocarbons), the authors found that no correlation could in fact be made. Foaming was
found to decrease minimally by enzymatic, mechanical, and low-temperature (90°C)
thermal SPT. High-temperature (121°C) thermal SPT was responsible for a complete
reduction of foaming. It was concluded that foam production depends on the ratio of exo-
polymer substances as opposed to the filament structure of the sludge. Enzyme SPT
improved VSS removal (1.5%) and biogas production (12.5%) the least compared to the
other SPTs. Dewaterability was improved most significantly by enzymatic SPT. A 26%
decrease in CST was observed. High-temperature thermal and HPH SPTs increased CST
by 10% each whereas low-temperature thermal SPT decreased suction time by 6%. The
authors suggested that the trend signified that dewatering is enhanced with sludges
containing a smaller ratio of fine particles. Sanitization was markedly improved with
regards to Escherichia coli reductions following SPT. The 20 d AD HRT provided
negligible improvement in these reductions and thus it was assumed that the positive

impact on sanitization is outweighed by the PS:WAS ratio (40:60). The authors
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concluded by justifying the further evaluation of enzymatic SPT based on simple

handling and its positive effect on AD.

Park et al. (2005) studied thermochemical and biological hydrolysis and their
ability to enhance AD [13]. Two three-staged LSR digestion systems were used. The first,
second, and third stage consisted of SPT hydrolysis, the acidogenic process, and the
methanogenic process, respectively. To perform the biological hydrolysis, a 5 L reactor
was used in which WAS is agitated at a speed of 150 rpm and hydrolyzed at 30°C by
aerobic bacteria (Cellulomonas uda KCCM 12156 and C. biazotea KCCM 40760). In the
acidogenic process, Clostridium butyricum KCCM 35433 was utilized to promote the
production of volatile fatty acids (VFA). This process was performed in a 10 L reactor
agitated at a speed of 100 rpm and maintained at a temperature of 37°C. The
methanogenic process was performed in a 20 L reactor agitated at a speed of 50 rpm and
maintained at a temperature of 41°C. Rumen microorganisms were used to promote
methane production. The retention times for the first, second, and third stages were 3, 6,
and 12 d, respectively. Solubilisation of pCOD increased from 8% in the control to 88%

“and 24% in the thermochemical and biologicial SPT runs, respectively. Volatile solids
(VS) reduction increased from 32.3% in the control run to 77.5% and 75% in the
thermochemical and biologicial SPT runs, respectively. Biogas production was observed
at 0.29, 0.52, and 0.43 L/g VS for the control, thermochemical, and biological runs,
respectively. Following the same sequence, methane content in the biogas was found to
be 70.2, 79.5, and 75.3%, respectively. Although thermochemical hydrolysis was a
quicker and more efficient SPT than biological hydrolysis, the latter was concluded to
involve lower maintenance costs. When treating a small quantity of WAS quickly,
thermochemical SPT was recommended. When treating WAS on a large-scale and cost is

of importance, biological SPT was recommended.

2.5.2 Biological SPT Summary

Incorporation of ENZ in PretrAD was not justified by the potential improvement results
for the 2 studies discussed above. These results varied significantly and no direct

comparison could be made with the other ENZ studies evaluated.
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2.6 COMBINED PROCESSES

Joining SPT processes together can yield the benefits of each process [11]. One example
of thermochemical SPT is the acidification (to a pH of 1-2) of the sludge after thickening
followed by high temperature hydrolysis (140°C, 30-40 min) [11]. This is known as the
Krepro-process and the sludge is solubilised up to 40% [11]. This sludge solution’s pH is
corrected upwards (from a pH of 1-2 to a pH of 3) with ferric salts and alkali and is

centrifuged to separate out the dissolved heavy metals and organic fibrous particles [11].
2.6.1 Thermochemical

The following is the continuance of the earlier discussion on the study by Kim et al.
(2003) [4]. The chemical and thermochemical SPT results will now be evaluated. For the
chemical SPT, sodium hydroxide (NaOH), potassium hydroxide (KOH), magnesium
hydroxide (Mg(OH);), and calcium hydroxide (Ca(OH),) were used at ambient
temperature and pCOD solubilisation results were 39.8, 36.6, 10.8, and 15.3%,
respectively. The results for thermochemical SPT, involving the same sequence of
alkaline agents with optimal temperature and duration of 121°C for 30 min, were 51.8,
47.8, 18.3, and 17.1%, respectively. These results marked an improvement from the
control where only 8% pCOD solubilisation was observed. An optimal agent and dosage
was also selected as NaOH at 7 g/L.. Reductions in VS and increases in biogas production
after MAD for 7 d were 30 and 46% as well as 13.4 and 37.8% increases for chemical
‘and thermochemical SPTs, respectively. Biogas production and VS reduction for the

control after MAD for 7 d were 2,500 L/m> WAS and 20%, respectively.

Valo et al. (2004) conducted a study on thermal, chemical, and thermochemical
SPT followed by continuous AD [10]. The most beneficial SPT observed in terms of
biogas production was thermochemical. At treatment temperatures of either 170°C with a
pH of 12 or at 130°C with a pH of 10 which were found to be optimal, pCOD
solubilisation reached 83 and 58%, respectively. Variations in temperature, not pH, were
found to more strongly affect their results. These solubilisations were higher than the

thermal SPT observations of approximately 60 and 31%, respectively. Potassium
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hydroxide was selected as the optimal alkaline agent as the authors found from previous
studies that it is more efficient in AD than NaOH. To increase the pH to 10 and 12,
dosages of 1.68 and 3.65 g KOH/L were used. For the complete trial (SPT and AD), the
optimal temperature of 130°C was selected with a pH of 10. The increases in COD
removal and biogas production were 37 and 92%, respectively. The authors concluded
that in terms of full-scale operation, thermal SPT would clearly be the more advantageous

process as no chemicals are needed and the WAS is more significantly reduced.

A study on the hydrolysis kinetics and solubilisation of WAS as a result of
thermal-alkaline SPT was performed by Vlyssides et al. (2004) [12]. Low temperatures
were used (50-90°C) with increased pH in the range of 8-11. It was found that hydrolysis
can be categorized into two stages. The first stage was noted as the rapid hydrolysis stage
where VSS solubilisation represents 64-85% of the total VSS solubilisation observed
after a 10 h SPT contact time. The first stage lasted 1 and 8 h for pH adjustments to 8 or 9
and 10 or 11, respectively. Solubilisation was thus, most improved at a pH of 11 and a
temperature of 90°C. Methane production when SPT was incorporated prior to TAD was
recorded at 0.28 L CHukg VSS. No further information (control values or digestion

parameters) was given.

Park et al. (2005) investigated the efficiency of thermochemical and biological
hydrolysis [13]. The former will be evaluated herein and showed the most significant
improvements. Reductions of COD and VS were measured at 88.9 and 77.5%,
respectively. Methane yield was found to be 0.52 m’/kg VS (520 L CHykg VS). A three-
stage continuous digester was utilized for the tests. The first stage of the digester handled
the hydrolysis step and the second and third stages handled the acidogenic and
methanogenic steps, respectively. This digester was found to be preferable when results
were compared to those of single and two-stage continuous digesters. Mention of costs
was made in the conclusion whereby thermochemical is preferred over biological SPT for
its efficacy and speed of treatment. Costs however, are higher due to the chemicals and
heat required. Biological hydrolysis was promoted for FSR treatment based on lowest

overall costs.
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In this study by Penaud et al. (1999), pH was said to be the primary contributor to
improved COD solubilisation and VS reduction [15]. Thermochemical SPT was found to
be optimal at 140°C for 30 min whereby heating thus enhanced the effects of NaOH
addition. A dosage past 5 g Na/L. did not increase pCOD solubilisation without the
additional incorporation of thermal SPT. Including thermal SPT, a dosage of 26.1 g Na/LL
led to 85% solubilised pCOD, whereby 5 g Na/L led to 80% solubilised pCOD. Other
alkaline agents were tested [KOH, Mg(OH),, and Ca(OH),] and showed similar pCOD

solubilisation results.
2.6.2 Thermochemical SPT Summary

Studies for both CM and CH have been classified as TC. To incorporate both
SPTs,energy and cost demands are, in essence, doubled. Where authors have briefly
evaluated cost impacts of the incorporation of a single SPT unit (e.g., ULT, MWH or OZ),
subsequent improvements were at times insufficient. As such, subsequent improvements
would also need to be doubled to recover the demands of two SPT uses. Conventional
heating however, conceptually replaces a portion of the heating that would otherwiée be
performed in the digester. Thus, improvements as a result of TC incorporation need be

higher than a single SPT unit but may not necessarily need to be doubled.

As shown in the literature review, both CH and CM can be strong hydrolysis
processes. Since the pretreated sludge can either only reach certain hydrolysis levels or
must not reach specific levels due to undesirable effects (e.g., increased foaming and/or
sludge boiling), limits to SPT use exist. These limits translate to the minimal increases in

subsequent improvements when TC is compared to CH.

Literature values for TC (i.e., CH+CM) SPTs are listed below. Wastewater
compositions and working ranges are those for CH and CM separately and can thus be
found by following the noted references of Tables 2.18 and correlating them to the tables
for CH and CM SPTs. A cost analysis of MWH+CM was conducted using PretrAD. For
all instances of TC labelling however, only CH+CM are being referenced. In Chapter 5,
TCMWH) reflects a MWH+CM SPT and cost combination.

46



Ly

[Lz1)(61] ‘[21] oL

SAURIRJY

BIEP 9[QRUIISIP IO d[qeredwod JUSIOIIINS INOYIM SAPMIS | S paUIquIo) 61°7 2[qel

"61°C 91qe L Ul PRISI] I8 SI[qB) 2A0GE Y} MO[2q UMOYS JUIWYSI[GRIS SaFueI oY) J0J PIIIPISUOD dIoM JBY) SOOUIJY

(909-57) Wawasoxduwi uoronpoid sedorg
(%05-ST PUB %G¢-GT) SUonINpaI SA (%0€-ST PUB %Qg-G1) SUoNonpa1 S, “(%09-ST PUB 9 6G-G7) suononpal ODL 1dS Pue [onuo)
(9%05-07) uonesIIqn[os SSA (%09-$T) uonesIIgnios SS.I. “(9%09-5¢) uonesiqnios qOOd

S0 ‘0p1 oL [19]
786 so 1< 8 9z 0z £ 9 8 0s 8 ¢s  orl
002 6  6¢ g8 € 7S (43 £ 8 8 0s  8p TS (14
8E+61- $ 'S0 ‘Ov1 ST vgcL [Tl
8L 68 95 g8 eI
08 09 S§ 9 L 09 v o3 0C  L'€'T°0€l er-0z  [o1]
8¢ o 1T 19 ss LE L OL'S0°IT g5 [¥]
IdS [0DU0D IdS [omuo)  IdS  [omuo)
aduwy 9 SA SL aool 1 Mg ©™p  gI3ymM  SSA SSI  qodd Y
poxd s3umeg
seSorgy (%) suononpay Q. PUEP) AVIN  pumdo, (%) uonesmqnyog

sjuawaAoldut (T pue saguel 3 nsax SISA[0IpAY D], 81°C J[qel

"R1°C 2[qeL, Ul paulpino are sjuswaaoxdun (v Juanbasqns pue saue 1nsax sisA[0IpAY (JAD+HD) [8OTWOYOOTLIAY

CdHLdVHD



CHAPTER 2

2.7 FULL-SCALE FACILITIES

Assessments for SPT incorporation into full-scale facilities were found. A dozen studies
highlighted the use of mechanical, thermal, chemical, and combined processes. The
following is a discussion of their experiences with respect to benefits and drawbacks of
SPT use. Some results will be outlined but the focus herein is to provide an overview of
primarily qualitative effects. This was done because the variability of operational
characteristics at each full-scale facility was very high, cannot be adequately compared,
and SPT operation with respect to each WWTP and lab-scale methodologies was

significantly altered to achieve beneficial use.

Kepp et al. (2000) reported on a 5-year CAMBI CH facility, as will be mentioned
below based on the US EPA fact sheets, that was first attempted in Norway [33].
Dewatered sludge (PS:WAS:Dewatered solids = 33:33:33, 10-12% DS) is heated by
steam and as a result, 50% of the digester volume is no longer required, 60% stabilisation
is achieved (based on COD to CHy4 conversion), and pathogen reduction is 100%. The
pressure differences created by the elevated SPT temperatures sterilize and lyse the cells.
This study remarks on the Porteous process (a CH technology) that was incorporated at
many sites worldwide and has since been virtually eliminated due to odour and economic
concerns. The CAMBI process heats sludge to 130-180°C for a 0.5 h contact time. Cell
lysis reduces particle size which in turn was noted as a positive change in viscosity such
that 12% DS can be digested as effectively as PS with 5-6% DS. The authors mention
that a higher sludge concentration can now be fed to the digester and that buffering
capacity and digestion stability are improved. Dewaterability using the Porteous process
showed 20-25% increases in percent cake DS while 60-80% increases are reported for the
CAMBI process. Optimums are mentioned at 150-165°C with 10 min contact times. A
contact time of 30 min had insignificantly better results. As the steam is internally
recycled, the patented process is said to produce no localized overheating and
substantially avoid scaling. Odour problems are minimized by the closed system
combining SPT and MAD. The MAD HRT was reduced from 20 to 17 d, solids
reductions improved from 30 to 46%, and sludge disposal was thus decreased from 9%10°

to 4.37x10° kg. Electricity production was increased by 20%. Stabilized biosolids
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nutrient levels were 10 and 20% higher for nitrogen and phosphorous, respectively. A
schematic of the CAMBI process at the Norway WWTP is shown in Fig. 2.11 (as adapted
from [33]).

. Dewatering
Dewatering 30-40% DS

15-20% DS

Thermal Hydrolysis Digestion
Figure 2.11 CAMBI treatment incorporation train (adapted: [33])

Incorporation of ULT SPT was demonstrated at a Singapore water reclamation
plant and evaluated by Xie et al. (2007) [36]. The facility includes two 5,000 m’ egg-
shaped digesters receiving commingled sludge at a PS:TWAS ratio of 33:66. Solids
concentrations for PS and TWAS are solids of 1-2 and 2-4%, respectively. Biogas
production as a result of SPT use increased by up to 45% and VSS reduction was thus
assumed to be improved by up to 30% when optimal conditions were used. Almost
negligible solubilisation levels were achieved with the use of 5x6 kW sonotrodes treating
8.33 m’ sludge/h at contact times of 1.5 s. Biogas production was however, observed to
be consistently more than 200 m’/d above that of the control digester and reflects a 15-
58% improvement after a 30 d MAD HRT. Biosolids nutrient levels were not affected. A
brief energy analysis was conducted and showed that 288 kWh/d would be required to
provide a 2.2 kWh/m’ gain from biogas conversion. The 288 kWh/d value is substantially
lower than that found in the runs that were made for this thesis. The specific run inputs
and results are given in Chapter 4 and 5. Hydrolysis contact time and the 25% difference
in treated flows explain the large discrepancy. PretrAD found an average 4.2 kWh/m’
gain from biogas conversion. Insufficient information is listed in the paper to evaluate the
difference between these findings. Regardless, if potential gains from biogas conversions

are lower than those established, ULT use would simply hold less potential. This will be
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discussed further in the Chapter 5 [36]. The plant logistics and energy conversion for

ultrasonication for the Singapore facility is shown in Fig. 2.12 (as adapted from [36]).

{Converts DC into the
required frequency)

mechanical vibration of the
requirement frequency)

Sludge Equalization 3 Sludge > Ultrasound Egg Shaped
Source Tank Pump Reactor - Digester
Generator Transducer Sonotrode
(Converts electric energy into (Varies in configuration and

emits ultrasound to the
surrounding medium)

Figure 2.12 ULT incorporation and ultrasound generation from direct current electricity
(adapted: [36])

Zabranskd et al. (2006) evaluated the integration of lysate centrifugation
technology in 3 WWTPs [49]. Biogas productions and COD reductions were found to
range from 15-26 and 48-49%, respectively. Sludgé disintegration (i.e., solubilisation) is
achieved by the disintegrating gear mounted at the end of the TWAS flow. Centrate
quality is therefore unaffected and high throughputs can be achieved. As mentioned in
many studies, higher solubilisations occur with younger WAS (shorter aerobic digestion
SRTs) and improved AD results are found with shorter AD HRTs. As was found in this
research, “sometimes certain data (required for the economic and energetic balance
evaluation) are not accessible in sufficient quantity and reliability”. One full-scale plant
listed 2 mesophilic digesters with 4,400 m® capacities and 40 d MAD HRT treat the WW
from the 100,000 IE Liberec, Czech Republic. An SPT throughput of 39 m’h and
rotational speed of 3,140 rpm was used. Solubilisations of pCOD (9-18%) and biogas
production improvements of 26% were observed. Positive effects on viscosity were again
seen and resulted in the ability to thicken WAS to 9-11% TS as opposed to 6% TS
without clogging of pumps. A significantly smaller WWTP (70,000 IE) in Germany with
2 digesters of 1,800 m® and 35 d MAD HRTs incorporated LC at a throughput of 12 m’/h
and rotational speed of 2,250 rpm. Solubilisations of 9-11% and biogas production
improvements of 15% were observed. A plant serving 650,000 IE in Aachen-Soers,
Germany showed a 15% improvement in biogas production and a subsequent 2,410
kWh/d energy gain from the 1,128 m’ biogas/d. This reflects another 2.13 kWh/m’ biogas

conversion value and effectively represents a 7,691 kJ/m® heating or electrical value.
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Results from this thesis, shown in Chapters 4 and 5, found a different but commonly used
33-35,000 kJ/m’ methane heating value that was adjusted for losses due to conversion
efficiencies. For heating and electrical conversions they were 25,575 and 11,935 kJ/m>
(75% and 35% efficiencies), respectively. Thus, both the above studies seem to have used

meagre ~7,700 kJ/m’ biogas conversion values. Explanations were not provided [49].

Ozonation was studied at a full-scale facility for 2 years and explained by Yasui et
al. (2005) [77]. This small facility employs 2x1,125 m’ mesophilic anaerobic digesters
and produced 10,000 ton/y dewatered sludge cake. Ozone dosage was set at 24 kg Os/d
for low throughputs of 22-44 m’/d. An 88% VSS reduction was noted alongside a 30%
improvement in biogas production with a positive impact on sludge cake dewaterability
(20 to 32% solids). Biosolids productions were reduced by 51-82%. The high VSS
reductions were said to also contribute to lower drying and incineration costs during
sludge handling. The schematic for OZ incorporation at this facility is shown in Fig. 2.13
(as adapted from {77]).

Municipal sludge 25 m3;‘day —>

Anaerobic
digestion tank
1,125 m’
2244 m3/day o ’
Qzonation)e

Figure 2.13 OZ incorporation for digested sludge treatment (adapted: [77])

Centrifuge (solid/liquid separation) Supernatant

l Inorganic-rich digested sludge
{Withdrawaly

V88-rich return sludge

A WWTP serving 1,000,000 IE was selected for the scenarios evaluated by
PretrAD and the entire WAS flow was subjected to SPT. As such, more than 650% of the
WAS pretreated in the study by Yasui et al. (2005) was pretreated in the model. The
potential to incorporate substantial treatment by SPT is thus shown to be limited.
Digestion improvements however, may be sufficient without significant WAS SPT.
PretrAD allows the user to specify TSS and VSS reductions in the digester and for the
runs conducted, a 15% reduction in biosolids production was observed. If this were
increased as it was observed at the full-scale facility with OZ SPT, OZ incorporation
potential would become more positive. More is shown on OZ incorporation potential in

Chapter 5. |
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Three facilities were investigated in a study by Winter (2002) [90]. At all three
WWTPs biogas productions and solids reductions were improved by approximately 20%.
The first two pilot-scale facilities incorporated SBM to treat TWAS. The first was noted
as treating TSS and VSS concentrations of 25 and 17 g/L. The mesophilic anaerobic
digester had a 17-18 d HRT. Storage tanks were included to ensure continuous feed of
pretreated TWAS (12-30 m’/d). The SBM operates at a motor rating of 37 kW, speed of
15 m/s, grinding chamber void volume of about 15% (the remainder was occupied by
various grinding beads). Certain parameters were varied to find optimal conditions.
Sludge flows (0.45-1.3 m>/h), TSS concentrations (5-25 g/L), and bead diameters (150-
250 and 600-800 um) were varied. Lower sludge flows increase contact times and
subsequently Egpec inputs. Higher solubilisations are achieved. SBM efficiency was also
noted to improve with smaller diameter beads. Solubilisations of pCOD were observed as
25% (low Egpec) and 60% (higher Egpec). The third facility incorporated OZ and was run as
a batch process with doses of 0.06 kg Os/kg SS. Average pCOD solubilisations of 30%
were observed. For the SBM facilities, polymer demand and dewaterability were not
significantly affected. Gains that included disposal costs reductions (35-79%), thermal
energy recoveries, and electrical energy recoveries were calculated and were found to
~ meet incorporation demands exactly. Additional results for the OZ facility were not yet
available. The incorporation schematic alongside the control treatment schematic is

shown in Fig. 2.14 (as adapted from [90]).

gravity thickener
excess sludge primary settling tank

pite e
storage tank

storage tank 1 disintegration storage tank 2

Figure 2.14 Control and SPT incorporation schematics for the SBM pilot facility
(adapted: [90])

High pressure homogenization was incorporated into a WWTP in Germany

handling WW from a population of 30-40,000 IE. Its impacts were reported by Onyeche
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(2004) [101]. The plant produces 60 m’/d of sludge which was concentrated to 40 g/L
from an initial 18 g/L. Digested TWAS from the two-stage MAD process is then
macerated to prevent clogging of the homogeniser valve. A throughput of 2.7 m’/h was
used with a pressure of 15 MPa. Biogas production was measured separately by LSRs to
avoid the biogas contributions of untreated PS and WAS. A graphical energy balance was
also provided to depict break-even energy use over a 9 week period but these results were
unclear. An average energy consumption of 0.2 kWh/kg sludge produced was however
noted. The schematic describing the operation is shown in Fig. 2.15 (as adapted from

[101]).

waste bloas
activated
sludge
stabilised sludge
. sludge sludge disposal
primary P dewatering b
sludge
L 4 1
‘_sludg? sludge water
1 thickening 1+ (filtrate, centrate)

back to wastewater

Figure 2.15 HPH integration for two-phase digested TWAS SPT (adapted: [101])

Optimal results were found at low pressures (15-20 MPa) where 30% more
energy could be gained from the additional biogas production. Biosolids were reduced by
23%. These were said to promote digester cost investment reductions (lower volume

requirements) and operational time and energy for digested sludge dewatering [101].
Full-scale MicroSludgeTM (HPH and CM) facilities are discussed below and in the
Chapter 3 when SPT equipment theory is given [83, 153].
2.7.1 US EPA Fact Sheets and Biosolids Classifications

The US EPA performed an evaluation on emerging technologies for biosolids
management [167]. It is shown here to outline some of the full-scale technologies
available and to establish the level of current and common information regarding SPTs.

More stringent sludge handling and disposal regulations in both the US and EU have
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promoted SPT research as a means of attaining directive targets. Those of the EU are
fairly similar to those of the US and biosolids disposal was projected to resemble that of

the US by 2005 [69, 111]. As such, only the US regulations will be discussed below.

Technologies have been classified as established, innovative, and embryonic. An
established technology was defined as a widely used technology (more than 25 facilities
in the US). Innovative refers to a technology that meets 1 of 4 criteria: tested at full-scale
in the US, implemented in the US for less than 5 yrs, have some level of beneficial use or
established overseas with some level of beneficial use in the US. Embryonic technologies
were those that were solely in the lab-scale developmental stage in the US (whether or
not they’ve reached the pilot or full-scale stage overseas). For example, as shown in Fig.
2.16 (as adapted from ‘Table 2.1° of the review), chemical and heat conditioning, two
common-place technologies are deemed established whereas enzyme conditioning is

deemed embryonic.

. Established | hnovatve | Embyonic |
Chemical Conditioning | Cell Destruction Cell Destruction
Heat Conditioning = Chemical (MicroSludge™) | = Biological (BIODIET®)

s Ultrasonic Electrocoagulation
Enzyme Conditioning

Figure 2.16 State of development of conditioning technologies (adapted: [167])

Their study stated that ‘comparative criteria are general attributes that the
technology may possess relative to the attributes of established technologies’. Such
criteria included impacts on other processes, complexity, emissions, beneficial uses,

energy demand, and environmental footprint.

Potential benefits of the innovative and embryonic technologies are given and
compared to established technologies in Fig. 2.17 (as adapted from ‘Fig. 1.1’ of the
review). Though the US EPA separated the Microsludge™, ULT, and ENZ processes
from the CAMBI CH process, they are both considered in the review as technologies
with the primary incorporation benefits of enhanced AD by sludge hydrolysis. As shown,
Microsludge™, ULT, and the CAMBI processes are thought to be of relatively low cost
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when compared to the established thermal and alkaline conditioning methods. Solids

reduction is an improvement all processes share. Based on pathogen reduction, the

CAMBI process also produces Class A biosolids.

Chapter 2 Conditionig

Innovative

Celf Destruction
Chemical (Microsludge™) ® ®
Uitrasonic ™ @

Embryonic
Enzyme Conditioning ‘ ®
Chapter 4 Stabilization
Established
. Alkalire Stabilization

Innovative

Anaerobic Digestion
Thermal Hydrolysis (CAMBI Process) ® @ @ &

Figure 2.17 Summary and comparison f biosolids technologies to established processes
(adapted: [167])

For all innovative and embryonic technologies listed in the review (regardless of
US EPA Chapter classification), a 1-2 page report was given. The report outlined the
primary technology objectives, state of development, full-scale example, sample costs,
and vendor(s) name(s). The ULT, MicrosiudgeTM, ENZ, and CAMBI processes are

summarized here based on those reports.

Ultrasound technology objectives were listed as including the increased rate of
AD by sludge hydrolysis, sludge settling improvement, denitrification facilitation, and

biogas production ameliorations. Two full-scale examples include the sewage works
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plant in Sweden (2002) and the Mangere WWTP in New Zealand (2005). Available cost
information is based on a 19,000-30,000 m’/d treatment facility where only 30% of the
sludge is subjected to SPT. Capital costs were reported as $265,000. Costs for O&M
were reported as $10-20,000/yr and include labour, parts, and power consumptions. The

listed vendor was EIMCO® Water Technologies.

MicroSludgeTM is explained in Chapter 3 and as such, objectives, development
status, and treatment process will not be explained here. Available cost information and
vendor name are discussed. For the handling of 190 m’/d of WAS the MicroSludge™
System 50 has approximate capital and O&M costs of $1.7x10°-2x10° and $68-119/dry
ton treated, respectively. Electrical, chemical, and maintenance demands were considered
in the O&M costs and were reasoned for the processing of WAS to a range of 4-7% total
solids. Electricity and chemicals were assumed to be purchased at $0.07/kWh and
$0.46/kg, respectively. The former was listed as the largest O&M cost contributor with
power consumptions of 500-1,000 kWh/ton dry solids. Paradigm Environmental

Technologies, Inc. was the reported vendor.

Objectives for ENZ hydrolysis included organic material degradation for
dewaterability enhancement, odour reduction, and in some cases, AD ameliorations.
Development status lies primarily in the meat industry where fats and oils breakdown
was deemed promising. Studies were found, as they were in this literature review,
revolving around COD in biosolids digesters. Some research was also listed as having
shown significant increases in cake percent solids from conventional dewatering units.
Limited cost information was listed. The approximate capital cost was stated as $68/kg of
enzyme solution with 2.2 kg needed for 1-5 tons of sludge and 4.4 kg needed for 6-25

tons. The noted vendor was Eco-Cure, Inc.

Thermal hydrolysis can be conducted by the patented CAMBI process. Biosolids
reductions and biogas production improvements are its major objectives. This process is
deemed innovative and was first incorporated at a full-scale facility in 2002 in Scotland.
Further installations have been made across Europe, Australia, and Japan. CAMBI

involves the dewatering (15-20% solids) of the sludge prior to hydrolysis by high
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temperatures (160°C) and pressures (690 kPa). An approximate 65% solids reduction is
achieved and pathogen reduction is high. Odours are however, an ﬁnportant downfall.
When compared to the similar Zimpro Wet Air Oxidation process, it was found to result
in more biogas. The approximate capital and O&M costs were $6x10° and $360/dry ton
treated, respectively. The O&M costs include WWTP operation, biosolids disposal,
labour, overhead, depreciation, and interest. All costs are based on the 19,000 m’/d

Hamar WWTP in Norway. The listed vendor was RDP Technologies, Inc.

Finally, the review evaluated the innovative conditioning and thickening
technologies. As adapted from ‘Fig. 2.1’ and ‘Fig. 4.1°, Fig. 2.18 shows the state of
development, applicability, potential benefits, and positive/negative comparative criteria
with respect to established technologies. Applicability is industry wide for all but the
CAMBI process where usefulness seems to be reserved to larger plants. Operational and
maintenance savings alongside sludge volume reductions have been named as
incorporation benefits. The comparative criteria show both positive and negative impacts

for each technology.
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Figure 2.18 Qualitative innovative technologies evaluation (adapted: [167])

Sludge handling and disposal is explained further in Chapter 3. Biosolids and
their classifications by the US EPA will be addressed here. The goal of this brief
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discussion is to establish the necessary treatment requirements and the potential financial

benefit of SPT incorporation if more desirable biosolids designations can be obtained.

A few disposal and reuse pathways exist for the biosolids produced in a WWTP.
Landfilling, incineration, and land application are predominant as shown in Fig. 2.19 (as
adapted from °‘Fig. 1.1’ of the review). Where land application is preferred (based on
availability, accessibility, costs, and ability to meet federal regulations), biosolids can be

sold as soil, dried pellets, liquid or compost.

Application

%

Figure 2.19 WW solids management in the US in 1999 (adapted: [167])

The US EPA created the 40-CFR Part 503 Rule for biosolids categorization and
thus, Class A, B or EQ (exceptional quality) requirements. These requirements are based
on the presence and quantity of pathogenic organisms in the stabilized sludge. Another
concept used in the classification of biosolids is vector attraction reduction. It relates to
the biosolids potential for spreading infectious disease agents by vectors such as flies,

birds, and rodents [182].

Class B biosolids contain low allowable bacteria levels and require less stringent
treatment. This class still requires that pathogen levels are below those that could cause
public and environmental health concerns. Some restrictions on public and animal contact
apply to Class B. Heating, composting or digestion (or alkaline stabilization) are required
as part of the treatment train Class B designation of biosolids. As these biosolids will be
applied to agricultural lands, some further environmental stabilization (i.e., natural
attenuation) is permitted in place of in-situ care as long as it rapidly becomes free of

pathogens [182].

58



CHAPTER 2

Class A biosolids contain finite bacteria levels that cannot be detected. The same
treatment train as that used for Class B designation is employed. Certain technologies can
also be applied to pelletize these biosolids. No environmental stabilization is permitted.

Heavy metals concentration requirements are identical for both classes [182].

Exceptional quality biosolids have the same pathogen reduction targets as for

Class A but metals concentrations targets are lower [182].

The potential value of typical anaerobically digested biosolids to be applied to
soils after dewatering is shown in Table 2.20 (as adapted from [165]). Values incorporate

the need for 12.4-24.7 ton biosolids/hectare.

Table 2.20 Land application values per acre based on nutrients

Nutrient kg/hectare applied  Value/hectare ($)

Nitrogen 168.5 74
Phosphorous 168.5 74
Potassium 11.0 3

Copper 7.9 35
Zinc 11.0 31
Sulfur 22.5 25
Lime 2,471.0 69
Spreading - 37
Total value' 347

'Organic matter value is in addition to the total value

Exceptional quality biosolids can be applied to public parks, plant nurseries,
roadsides, golf course, lawns, and home gardens provided contaminant concentration
levels are met. These products have sold in bulk for up to $190/ton with sufficiently
desirable nitrogen levels. The WWTP in Tampa, Florida markets 10-15% of their
biosolids and sells them at $85-120/dry ton. It is clear that if SPT incorporation
ameliorates designation achievement then biosolids can be “reused” and costs be reduced.
It was found that sludge handling and disposal costs range from 20-60% of overall plant
costs [13, 162, 163, 165]. This reflects the opinion of numerous authors who stated that
the global potential of SPT incorporation lies where WWTPs have especially difficult to
treat sludges and/or high sludge handling and disposal costs [13].
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2.7.2 Full-Scale SPT Facilities Summary

Incorporation of SPT at full-scale facilities has primarily been successful. Though
inadequate cost information was provided, all studies stated concluding remarks in favour
of incorporation. Of the studies evaluated, CH processes achieved the most overall
benefits in terms of sludge solubilisation, AD solids reductions, and biogas
improvements. Ultrasound and OZ technologies were not shown to provide especially
high hydrolysis levels but still reported significant AD improvements. These

improvements were minimal in the case of LC.

The most significant results in comparison to LSR studies were the important
positive dewaterability impacts and viscosity effects. In almost all cases dewaterability
was enhanced by 20 and up to 80%. Though most LSR studies state improvements by
CST tests (some state negative results), upgrading these results to full-scale dewatering
units was not proven. These full-scale results suggest that dewaterability is in fact
strongly and positively affected. Digestion was primarily improved by the higher feed
solids concentration enabled by sludge vi-scosity improvements. Finally, dewatered cake
solids were produced in 20-50% lower daily quantities. With the incentives to optimize
WWTPs and “reuse” biosolids through various pathways, these reductions certainly

promote SPT incorporation.

Sludge pretreatments were however noted as typically being incapable of
providing continuous feed or treating substantial WAS loads. Thus, such important
results may not necessarily be reproducible for larger facilities as current SPT
technologies limit unit size and treatment capacities. A look at SPT equipment theory and
current technologies is provided in Chapter 3 and results in the conclusion that perhaps
achieving required Egp. levels for solubilisation and subsequent digestion improvements

may not in fact be reasonable.

2.8 QUALITATIVE EVALUATION

Remarks on process complexity, operation, drawbacks, and benefits are useful to the

designer as they provide an outlook as to what to expect from SPT incorporation. A
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handful of SPT review papers is available. In this section an attempt was thus made to
gather all potential qualitative observations and list them only where sufficient
information (many studies in agreement) was found. A note on whether or not
contradictory information was found in the literature review was made and is addressed
by footnotes of Tables 2.21-23. The SPTs that were considered in PretrAD to evaluate the
efficacy of SPTs are included in this analysis. Low (L), medium (M), and high (H)
evaluations were made relative to all SPTs. That is to say, although pathogen reduction
could be high for a certain process, it may not be as high as for another SPT and would be
annotated “M”. Four score columns are shown. The first three makeup the results from
three SPT reviews performed by Marjoleine et al. (1998), Miiller (2001, 2003), and
Pérez-Elvira et al. (2006) [11, 21, 50, 52]. The fourth column shows the score given from
the review conducted by this thesis with consideration for the assessments given in the

reviews.

Odour and pathogen reduction are jointly considered in Table 2.21. Their results
were found to be identical when separate and were joined for simplicity. No link is being
proposed between these two observations. The table should be read, for example, as SBM

having a low overall score for both odour generation and pathogen reduction.

Table 2.21 Qualitative results summary: odour and pathogen reduction

Odour Generation or Pathogen Reduction

[11] [21] [50] Thesis & Overall
SBM L L L
HPH L L L
ULT L L L
CH H H H g
MWH H
CM L M L?
0Z M M
TC H H

'0dorous compounds generation during digestion could be relatively lower when digestion of
pretreated WAS is used in place of untreated WAS

*Insignificant CM odour remarks were found

Dewaterability results are listed in Table 2.22 and energy input results are listed in

Table 2.23. Again, all specific SPT results have been made relative to all other SPTs.
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Table 2.22 Qualitative results summary: dewaterability

Dewaterability
[11] [21] [50] Thesis & Overall
SBM M L L
HPH M L L
ULT M L L
CH H M H
MWH H
CM M M M?
0z M L M
TC H

'ULT was typically found to insignificantly, if not negatively affect, dewaterability
“Dewaterability results varied between M and H

*Full-scale OZ studies showed good dewaterability improvements

Table 2.23 Qualitative results summary: energy input

Energy Input
[11] [21] [50] Thesis & Overall
SBM M M M M
HPH L L M
ULT H H H
CH H H H H
MWH M
CM L M H M!
oz H H M M
TC H H H

'Overall score for CM is based on more than chemicals cost as shown by ‘L’ score in [11]

A comparison of SPT technologies as adapted from two of the above mentioned
review papers [11, 21] is given in Table 2.24. The authors conducted an extensive review
of SPT processes and those which have been reviewed in this thesis are included in Table
2.24. Tt is clear that performing a review which attempts to compare SPTs is not easily
done with respect to specifying probable treatment. The study by Marjoleine et al. (1998)
presented highest observed improvements (shown by the second value in the % solids
reduction column) and potential treatment costs (shown by the right-most column).
Sludge characteristics ranges in their study varied from 2-8% DS and 0.83-1.16% DS for
PS and WAS, respectively. The study by Pérez-Elvira et al. (2006) chose average
improvement ranges for average energy inputs. This study’s results are given in columns

1-5. The first column lists sSCOD as a function of the control values observed. The result
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is for example, a sSCOD concentration that is 15 (SBM) or 18-20 (HPH) times higher than
the control concentration, respectively. Influence of SPTs on pathogen reduction and
dewatering were also given. It is important to note that the cost evaluation was based on
operation costs with 1 kWh = $0.083 and under the assumption that total costs equal
operation costs in addition to capital investment (listed as ~2 times operation costs).
These costs (right-most column) were established in 1998 and were converted from Euros

to US dollars for this thesis. A correction for inflation was not applied.

Table 2.24 Comparison of sludge pretreatment technologies

SPT sCOD Solids Redu.  Biogas Prod. = Pathogen  Dewatering Cost

(# x Control)  [11],[21] (%) (% Impr.) Redu. Influence ($/ton DY)
SBM 15 40-60, 90 10 No High 455-2,750
HPH 18-20 23-64, 85 Up to 300 Low High 46-161
ULT 6 40-70, 100 10-60 Low High 9,163
CH 10-20 60-80, 30 Up to 400 Total Very High 209
CM - - - - High -
074 5 36 8 - High -
TC - -, 15-60 - - - -

It is clear that average results span large ranges and are not stated as ensuing from
specific scenarios, whether they are unique or common. Specific costs were also not
incorporated in the reviews and have not been found in other works. There is a lack of
economic comparison among these processes. An economic analysis and model of
available SPT processes tying results to their specified conditions would be a valuable

tool for designers and operators in the WW treatment field.

Additional observations from the literature review conducted for this work have
been gathered and are included in Table 2.25 [significantly adapted from the study by
Marjoleine et al. (1998)].
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Table 2.25 Primary benefits and drawbacks to SPTs retained for further evaluation

Benefits

Drawbacks

SBM

HPH

ULT

CH

MWH

CM

074

TC

High efficiency, simple design, scalable

High efficiency, known MicroSludge™
process, low energy

Complete WAS solubilisation,
moderate heat recovery

Known CAMBI and MicroSludge™
processes, complete pathogen
reduction, dewaterability
improvements, heat recovery

High efficiency, low to average energy
demands, complete pathogen reduction,
high heat recovery

Known MicroSludge™ process,
potential dewaterability improvements,
potential pathogen reduction

High efficiency, FS results,
dewaterability improvements, pathogen
reduction

Simple design, FS results, phosphate
generation

Energy intensive, clogging, erosion

Energy intensive, clogging, erosion

Energy intensive, erosion

Energy intensive, odour problems,
fouling

Complexity, odour problems,
scalability

Chemical costs, corrosion, HCL
neutralisation, odour

Potential heavy metals solubilisation,
potential solids mineralization

Corrosion, odour, HCL neutralisation,
energy intensive
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CHAPTER 3

Prior Treatment/Post SPT Impacts and SPT Equipment

3.0 PRIOR TREATMENT IMPACTS

Conventional WWTPs using MTAD consist of a preliminary treatment phase in which
bulky solids (e.g., solid wastes, plastics, branches, and rocks), both inorganic and organic,
are removed by bar racks and grit chambers. After preliminary treatment, the WW
continues to flow to the primary sedimentation (primary clarifier or PC) unit. Solids are

permitted to settle and the clarified effluent flows to the biotreatment (BT) unit.

Aerobic biotreatment occurs rapidly by the addition of excess oxygen for a chosen
SRT (1-7 d). This step’s clarified effluent is directed to the secondary sedimentation
(secondary clarifier or SC) unit. It functions in the same manner as PC. Its underflow
(WAS) however, is split and typically the larger fraction is recycled to the BT unit to
maintain a high solids concentration in the mixed liquor (MLTSS or MLVSS). The BT
and SC units make up the secondary treatment phase. The clarified effluent is disinfected

in a fourth treatment phase (explained below).

The portion of underflow from the secondary clarifier which is not recycled is
diverted to the thickening unit (TH). In the third phase (sludge treatment), TH can treat
either or both the WAS and the PS underflow. With or without commingled thickening,
both sludges enter the digester. An HRT of 13-30 d is maintained in the anaerobic

digester to achieve solids reductions, pathogen diminutions, and methane generation.

Anaerobic digestion is the key to the methane generation and follows the well-
known pathway of hydrolysis, acidogenesis, acetogenesis, and methanogenesis. As
mentioned earlier, the hydrolysis stage is deemed to be the rate-limiting step. The
limiting nature of this step is reduced by SPT incorporation. Thus, if SPT were to be
incorporated, it would necessarily be to treat the WAS stream entering the digester.
Mesophilic AD is more widely used and requires lower amounts of energy while

providing higher stability. Thermophilic AD however, could be considered where thermal
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SPTs are used as the heat energy input associated with them can be recovered to a higher

extent to sustain the elevated digestion temperature.

Following the MTAD unit, the biosolids are handled by a dewatering (DE) unit.
Solids drying will also typically occur and a final solids concentration of 40-60% is
attained. Supernatants from TH, MTAD, and DE units are recycled back to the PC and/or
the BT unit. A ‘fourth phase known as advanced treatment includes nitrogen and
phosphorous removal alongside disinfection prior to the treated WW entering a

neighbouring water body. Fig. 3.1 shows the treatment train for a conventional WWTP

T 2
Rrirnary : . Secondaty

clarifier

Bar rack

Grit chanber clarifier Air Air

Influent
e

Disinfection

|

basin

Rewm
A sludge

Thickener

Waste
= sludge

Figure 3.1 Conventional WWTP with MTAD. Numbers 1, 2, and 3 in the upper right
corners of the three delineated portions refer to primary, secondary, and
sludge treatments, respectively

A few major SPT impacts on various treatment processes were listed in Chapter 2;
all are explained below. It has been largely observed that the effect of SPT hydrolysis on
PS provides no real improvement in AD as the PS is already easily degraded. Primary
sludge may still be thickened prior to AD but if SPT incorporation is considered, it
should not likely be commingled with WAS at the SPT unit. The SRT of the BT unit
which, produces the WAS, has a significant impact on further WAS biodegradability.
Certainly, if an older sludge age is used and therefore WAS has been degraded to a

greater extent, the SPT unit provides more substantial initial AD improvements with
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regards to the rates of degradation and biogas production. Improved overall solids
reductions for an unchanged HRT would thus be observed. As expected it was also
observed that SPT efficiency is improved with more concentrated sludges. That is to say,
if the WAS can feasibly be thickened to 5-7% instead of the typical 2-4%, SPT energy

demands will be reduced.

3.1 BASIC PRETREATMENT EQUIPMENT THEORY

Literature and industry contacts provided the data on energy requirements and
efficiencies for the SPT equipment and chemical costs for CM SPT. Heat and mass
transfer balances were completed alongside basic accounting calculations to fully assess
the economic viability of incorporating any of the SPT processes. This work was done in

the following chapters using a conventional WWTP spreadsheet model.

All SPT processes evaluated require additional appurtenances such as chemical
feed systems, heat exchangers, grinding mills, as well as the necessary pumps and piping.
Materials selection for the design of any unit demands that many factors be considered.
Those factdrs include availability, mechanical properties, strength-to-weight ratios,
physical properties, electrical properties, corrosion properties, and cost [159]. The
purpose of this section is to provide a physical and visual understanding of each SPT

technology.

3.1.1 Mechanical Processes

3.1.1.1 Stirred Ball Mill

Steel, ceramic or glass grinding beads can be used in SBMs where agitator discs, in a
cylindrical chamber, create rotational movement that disrupts cell membranes by shear
and pressure stresses. A horizontal and a vertical industrial SBM (photographs are not to

scale) are shown in Fig. 3.2.

The three above mentioned grinding beads that were listed by authors in the

literature review are shown in Fig. 3.3.

67



CHAPTER 3

Figure 3.2  Industrial SBMs (adapted: [190, 191])

Figure 3.3  Glass, ceramic, and stz:l grinding l;ads (adg;téd: [191]{

Drawbacks to this SPT process include clogging and erosion in the chamber as
well as friction losses [11, 21]. Variables such as agitator speed, feed rate, bead diameter,
solids concentration in the feed, and pretreatment contact time affect the efficacy of
SBMs [176]. Sludge exposure to milling can be improved with a high feed rate and up to
10 passes through the mill [176]. The size of a mill can vary from 1 to 1,000 L and the
mill can have a power capacity of up to 320 kW [176]. These values will likely increase

as industrial unit technologies evolve.

Insufficient information was found to adequately assess the efficiency of power
“input for hydrolysis by SBMs. The efficiency in the energy input demand, if this
information is available, can however be incorporated into PretrAD by increasing the

Espec setting.

As a full-scale design including capital costs that vary by region and chosen
manufacturer is not the objective of this study, additional and highly variable information

will not be gathered in regards to industrial capacities. Evaluating energy inputs and
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outputs associated with incorporating SPT along with ancillary operational costs such as

sludge dewatering and disposal into a WWTP is the primary objective of the work.
3.1.1.2 High Pressure Homogenizer

High pressure homogenizers work by compressing sludge with pressures up to 90 MPa
and subsequently directing the sludge through a homogenising valve [11, 21]. The
surrounding pressure decreases and as a result, the sludge’s velocity increases
significantly [11, 21]. The cell membranes in the sludge are disrupted by shear,
turbulence, and cavitation stresses as they collide against an impaction ring [11, 21]. One
resource showed HPH models having throughputs of 0.1-50 m*/h and pressures of 10 to
150 MPa. Their power consumption was stated as ranging from 5.5 - 315 kW [192].

A lab-scale HPH schematic of its operation is shown in Fig. 3.4. Again, and for

all upcoming SPT unit and process depiction figures, images are not to scale.
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Figure 3.4 HPH effect sketch and lab-scale HPH photo (adapted: [193])

Drawbacks to this SPT process include minimal pathogen reduction (as compared
to thermal SPTs), clogging, and erosion in the pump and valve [11]. Though some HPHs
are not designed with an impaction ring, those that have one are more effective. The
efficiency of any HPH depends on the pressure, temperature, the number of passes, and
the flow rate, as well as the valve and impaction ring designs [170]. Cell disruption
occurs at a rate which is approximately proportional to the turbulent velocity cubed
[(m/s)’] of the fluid passing through the homogenizer [170]. The turbulent velocity is

itself proportional to the applied pressure and it is clear that an increase in pressure

69



CHAPTER 3

improves cell disruption for each pass [170]. An increase in pressure will reduce the
required number of passes as cell disruption will be improved. High pressure
homogenizers capable of 69 MPa can disrupt cells on the first, second, and third pass up
to 40, 60, and 85%, respectively [170]. Continuous HPHs can generally handle up to
4,500 L/h with cell concentrations of 10-17% w/v [170]. Coupling a heat exchanger to
the outlet port is essential as a substantial amount of heat is generated [170]. The average

temperature increase could not be found in the literature.

Insufficient information was found to adequately assess the efficiency of power
input for hydrolysis by HPHs. As for SBM, the efficiency can however, be incorporated
by altering the Egpec value set by the user in PretrAD. This holds for all mechanical SPTs
and MWH.

3.1.1.3 Ultrasound

Ultrasonic treatment is said to not only improve methane generation but also reduce
required HRT in the digester [21]. Ultrasound frequency and Egpe. are the main factors
affecting pCOD solubilisation and biogas production. Low frequencies (<100 kHz) are
thought to promote mechanical and physical degradation while high frequencies promote
sonochemical effects [11].v For ultrasonic SPT, TAD conditions are said to Aenhance the
rate of biogas and methane production compared to MAD and TAD should therefore
enhance the rate of organic matter removal [11]. The sound waves of the ultrasonicator
propagate through the sludge and cause high and low pressure cycles (~20,000 cycles/s)
[196]. The low pressure cycle leads to the creation of high intensity vacuum bubbles
during the attainment of liquid vapour pressure. The bubbles implode during the high
pressure cycle creating localized high speed liquid phase “jets”. These jets provide
additional hydrolysis through collisions with neighbouring particles. A significant
advantage to ULT is the low number of moving parts which reduces wear and down-time.
In its design, oscillation amplitudes (1-200 pm) and pressures (0-3.4 MPa) can be varied
to extremes and thus provide low to high extents of hydrolysis. Under constant

operational parameters sonication results remain consistent and scale-up is quantifiable.
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Industrial ultrasonic homogenizers, when clustered to meet throughput demands, have

capacities of 0.2-32 m’/h. These capacities applied to 4x16 kW ultrasonicators [195].

A lab-scale and two industrial-scale ultrasonic homogenizers are shown in Fig.
3.5. The first industrial scale photograph (center image) depicts a cluster of seven

sonotrodes and the second (right most) shows a single 16 kW unit.

Figure 3.5 Lab and industrial scale ultrasonic homogenizers (adapted: [194, 195])
3.1.2 Thermal Processes

3.1.2.1 Conventional Heating

Temperatures required for thermal SPT typically range from 60-180°C [3]. They are
induced by either heat exchangers or steam injection [3]. Biogas production
improvements, enhanced dewaterability, and complete pathogen reduction promote the
incorporation of thermal SPTs. Sludge disposal costs and improved sludge stabilization
are generally observed [4]. A vertical and a horizontal autoclave are shown in Fig. 3.6.
The sample volume is added to the autoclave which is then sealed. The pressure and
temperature of the vessel can be manipulated. Since time must pass before the treatment

temperature is reached, the sample is also subjected to lower temperatures.

Heat exchangers used in CH are limited by the heat transfer rate of the receiving
WW [4, 14]. This rate is determined by the WW’s thermal conductivity, density,
viscosity, and specific heat [176, 173]. During CH the surface of the material is subjected

to the heat and heating to the depth of the material is time-consuming [173].
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Figure 3.7  Vertical and horizontal heat exchangers (adapted: [197, 198]).

Steam boilers can also be used in place of heat exchangers. Industrial systems
with capacities up to 4,000 kg steam/h at working pressures of 0.1-2 MPa are available.

These systems have 85-95% efficiencies. Horizontal steam boilers are shown in Fig. 3.8.

Figure 3.8  Horizontal steam boilers (adapted: [199, 200}).

Energy is lost in the heating process and the efficiency can be manipulated in
PretrAD by varying the specific heat constant and heat recovery application efficiency.

Heating time and required heating area are higher than for MWH [173].
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3.1.2.2. Microwave Heating

Microwave irradiation has been studied as an alternative to CH. Microwave heating can
be up to 50% more energy efficient than CH methods [173]. Microwave units also
experience less fouling because their surfaces are not brought to the same high
temperatures as the surfaces in CH [173]. Warming or cooling the unit as in CH is not
required and energy is conserved because microwaves can be instantly activated or
deactivated [173]. A lab-scale MARS 5 microwave unit and an industrial scale conveyor-

type microwave system are shown in Fig. 3.9,

Figure 3.9 Lab and industrial scale microwave units (adapted: [201, 202])

Perry’s Chemical Engineer’s Handbook (1997) states that heating by microwaves
has an approximate 50% conversion of “at-the-wall” (power obtained from the utility line)
power to microwaves. A manufacturer of industrial microwave systems, L.M.S., stated
that units which operate at a frequency of 915 MHz have a conversion efficiency of 85%
[173]. Once the electricity is converted to microwaves, up to 95% of the energy is
transferred into the material as heat [173]. For units operating at 2,450 MHz, overall
efficiency, including at-the-wall conversion and useful heat transfer, ranges between 55-
70% [173]. In 1980, MWH costs were about $2,500/kW, $500/kW, and $0.06/h for
vacuum tubes (travelling wave tubes, klystrons, gyrotrons, and magnetrons), microwave
energy applicators, and vacuum tube replacement costs, respectively [173] Magnetrons
available for industrial purposes can provide from 1-30 kW for frequencies of 2,450 MHz
and up to 100 kW for frequencies of 915 MHz [173]. They can be scaled up from 50 kg/h
throughput to multiples of 1,000 kg/h.
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3.1.3 Chemical Processes

3.1.3.1 Alkaline

Substantial solubilisation of WAS at ambient temperatures can be achieved [18] with
alkaline SPT. The aim of this SPT is to raise and maintain an elevated pH (10-12) for a
chosen contact time (0.15-24 h). As the pH has been increased and additional solids have
been added, a major drawback to chemical processes includes chemical requirements
(typically HCI) to reduce the pH to 6-8 for AD and the added sludge handling costs based
on increased amounts of solids. With adequate mixing, chemical dispersion is improved
and contact between the alkali and the sludge is enhanced. This promotes an increase in

the rate of hydrolysis in the SPT unit.

Insufficient information on the experimental apparatus used for CM SPT was
found. It is well known however, that chemical mixing typically occurs in a batch reactor
consisting of a corrosion resistant material and an agitator. One such study used a 1 L
batch reactor with a magnetic stirrer and maintained contact (WAS and NaOH) under
anoxic conditions for 24 h [18]. An in-line flash mixer and a chemical agitator are shown
in Fig. 3.10. The principle difference is that no mechanical agitation requiring energy
input is needed in the flash mixer. The forward flow collides with a plate, the chemical '
diffusion ports, and a static mixing device to create a mixed flow regime powered only by
the hydraulic pumping force already being employed. Other advantages to this mixer are
the touted low head loss, its ability to treat highly turbid waters, and high diffusion
efficiency [203].

Figure 3.10 In-line flash mixer schematic and photograph and a chemical agitator
(adapted: [203, 204, 205])
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3.1.3.2 Ozone

Ozonation is a well-established water disinfection technique. Ozone is a volatile reagent
that will quickly dissociate and in doing so, react with unsaturated bonds in organic
matter in the sludge and generate radicals that oxidize organic matter [173]. As with most
other SPTs, particle sizes are decreased and particulate matter is solubilised as cell
membranes are lysed. It was observed, however, that the more easily oxidized and
already soluble substances also interact with O; and delay particulate matter
solubilisation. Mineralization of the desirable organic matter by CO; formation was also

observed at higher O doses.

Ozone dosages were commonly prepared by an ozone generator (ozonator) and
applied in a bubble column. Though O3 can be generated by different means (e.g., with
pure O, air, or application of UV), an industrial ozonator was found to have a production
capacity of 6.25 kg Os/h at a cost of $1.20/kg and an energy demand of 10-20 kWh/kg O3
produced. Past demands of 40-100 kWh/kg O; with an additional 5%107-10x107
kWh/kg O3 for mixing were common [157, 208]. The reduction in energy requirements

listed above promotes the potential scalability of O3 processes for conventional WWTPs.

O4 Destructor

i

Valve

Hydrolysis of Long
Chai cules

Bubble Column
Figure 3.11 Ozone effect diagram and industrial ozone generator (adapted: [206, 207])

3.1.4 Biological Processes

3.1.4.1 Enzyme

As shown in the literature review, some enzymatic processes have been observed to

improve hydrolysis and thus, AD. At this time however, there is insufficient information
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with regards to obtaining average treatment conditions and required hydrolysis

equipment. The full-scale potential and setup could not be ascertained.

3.1.5 Combined Processes

Combining certain SPT processes will likely yield benefits from each process and
improved results with respect to sludge solubilisation, biogas production, and biosolids
handling. However, each process will consume energy and together they may exceed the
energy gains. A showcase of one such patented treatment is presented below. This
process consists of chemical and mechanical SPTs. A TC combination, on the other hand,

can more easily be understood as a combination of the thermal and alkaline SPTs.

A patented combined process called MicroSludge™ has been demonstrated in
2004 and 2005 in Canada and the US, respectively, but neither full-scale demonstration
was in operation as of 2006 [167]. The process first chemically hydrolyzes thickened
WAS (TWAS) from the secondary clarifier in a central unit using NaOH. A retention
time of 1 h is maintained to lyse the cell membranes and lower the sludge viscosity. High
pressure homogenization at 83 MPa is then employed to further disintegrate the sludge as
it flows at a rate of 300 m/s through the homogenizing valve to impinge on an impaction
ring within 2 ps. As a result of the treatment a 25°C increase in temperature is observed
and this waste heat can be recovered. Pretreated sludge is then combined with PS and
transferred to the anaerobic digester. The simplified process schematic is shown in Fig.

3.12 [83].

MICROSLUDOE PROCESS

HRMEERALS

CELL DISRUPTION MICROSLUDGE ANAERCRIC
PACCESSEDWAS DHGESTER

L
THICKENED WAS CHEMSCAL PRE-TAEATMENT

Figure 3.12 Simplified process schematic for the MicroSludge process (adapted: [83])
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The additional unit requirements based on combined SPT use are outlined in Fig.
3.13. They are specific to MicroSludge™ but it provides a glance at appurtenance

incorporation requirements and complexity.

Hydrolysis of the TWAS (5-6% solids content) at the L.A. County Sanitation
Districts’ Joint Water Pollution Control Plant achieved a 100% improvement in the
sCOD concentration. Enhanced solubilisation and viscosity improvements led to a VS
reduction of 51% (compared to 28% for the control) in the MAD unit for a 19 d HRT.
This represents an 80% increase in VS reduction and was stated as being significantly
lower than the 200% increase observed at the Chilliwack WWTP, in BC, Canada. An
increase (31%) in CHy4 production as assessed by BMP tests was commensurate with a
reduction in biosolids to be disposed (35% less). Dewaterability was not improved (or

worsened) and the increase in soluble heavy metals was insignificant.

COURSE

CHEMICAL GASAIOUD
CONDITIONING  SEPARATOR
TANK :

% " ‘ CELL BISRUPTER

T ANAEROBIC
DIGESTER

HIGH SHEAR MIXER

CHEMICAL Y LOBE PUNP
FEED PUMP ROTARY LOBE P

Figure 3.13 MicroSludge™ process trail (adapated: [83])

The vendor, Paradigm Environmental Technologies, Inc., located in Vancouver,
BC, provided the US EPA with approximate capital and O&M costs in 2006 of $1.7-2
million and $68-199/dry ton of activated sludge, respectively. These costs reflect a unit
which can process 190 m®> TWAS/d. Installation costs are not included in the
approximations and it is also stated that scaling-up lowers the daily sludge processing
cost. The O&M cost approximation includes electricity, chemicals, and maintenance for
WAS processing having a total solids content range of 4-7%. It should be noted that the
assumed costs of electricity and chemicals were $0.07/kWh and $0.46/kg, respectively.
Power consumption lies in the range of 500-1,000 kWh/ton dry solids.
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3.2 POST SPT IMPACTS AND DEMANDS

Sludge pretreatment influences on subsequent AD results have already been described
and summarized in Chapter 2. They consist of biosolids reductions, biogas
improvements, potential dewatering improvements (though insufficient data have been
found), improved biosolids classifications for land application, and all of the associated
energy and financial gains. The additional SPT demands (typically, in terms of added
costs) based on current industrial electricity prices, chemical costs, sludge handling costs,

and energy conversion potentials are considered here.

Most authors have observed that SPT can lower the required anaerobic digester
volume and/or the HRT. Insufficient information has been found to correlate quantitative
SPT hydrolysis results to specific AD HRT reductions (in terms of days gained) and
MTAD volumes. Certainly, this qualitative observation does imply that a lower digestion
capacity would be needed for the construction of a new WWTP and would thus translate
to further financial gains and improved ability to treat influent WWs, Financial gains and
treatment capacity would also be gained through shorter HRT demands at an existing

facility.

3.2.1 Historical Electricity Prices

The historical price of electricity in North America was researched to ascertain a trend
that could be used for different runs of the spreadsheet model. The trends observed will
enable the user to not only determine if SPT is economically viable based on electricity
prices and delivery rates at the date of running PretrAD but also predict viability up to a
specified future date. It must be noted however, that price predictions based on historical
trends that are dependent on numerous political, economical, and geographical variables
can only serve as a rough guide. PretrAD will thus be capable of accepting current, user-
input prices at their respective WWTP, regardless of historical electricity prices. At the
date of usage, a more accurate estimate of future prices will presumably be available to
the user and can also be input. Official energy statistics for the US are conducted by the
Energy Information Administration [210]. Industrial electricity prices from the year 1960
to 2006 are shown in Fig. 3.14 [210]. They have been adapted from their 2006 Annual
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Energy Review, publicly available as of June 2007 [210] The price of electricity could be
made ‘real’ (reflective of changes in purchasing power of the US dollar) by dividing
‘nominal’ price (reflective of buying power in the year of the transaction) with the gross
domestic product implicit price deflator available in ‘Table D.1’ of the review [210]
‘Nominal’ prices are considered to better compare with the electricity prices found for the

EU.
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Figure 3.14 Cents per kWh charged to industrial concerns between the years 1960-2006
(adapted: EIA Annual Energy Review, 2007)

Electricity prices for the EU were collected from publicly available data on
energy compiled by Eurostat (2007). The historical trend in electricity prices for the
industrial sector for the years 1996-2006 is shown in Fig. 3.15. Since the prices are
averaged among 15 EU countries, Fig. 3.16 is also included to better reflect the
significant variation in prices between countries such as the United Kingdom (7.99

Eurocents/kWh in 2006) and France (5.33 Eurocents/kWh in 2006) [211].

3
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Figure 3.15 Averaged Eurocents per kWh charged to industrial concerns between the
years 1996-2006 (adapted: Eurostat energy tables, 2007)

Electricity price variations for Canada could not be found. Runs of the model with

varying electricity prices will be conducted using typical US prices. For simplicity and to
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minimize permutation variables, no other country’s electricity prices will be considered

in the assessment of SPT viability.

| ' Eurocents per kilowatt-hour
B 409-520

4 6.53-7.53

53-8.45

45-11.11

ata not available

Minimum vaiue: 4,10

Maximum value: 11,11

: Average (25 EU countries): 7,55
: Average (15 EU countries). 7 66

Flgure 3.16 Averaged Eurocents per kWh charged to industrial concerns for individual
EU countries in 2006 (adapted: Eurostat Energy Tables, 2007)

3.2.2 Chemical Costs

Operation and maintenance costs will increase with chemical usage. Uses of chemicals
include alkaline or acid hydrolysis SPT, necessary pH modifications following chemical
and other SPT processes and agents used for sludge dewatering. The acetogenesis stage,
where acids are produced, is regulated by the organics loading. Improved hydrolysis will
thus require more alkalinity to balance the system pH as the additional carbohydrates are
consumed. Chemical use results in additional sludge production and can result in
increased equipment corrosion. Prices for NaOH, sodium carbonate (Na;COj3), KOH,
calcium oxide (CaO), and calcium hydroxide [Ca(OH),] are considered herein. It is
important to note that although list prices may not vary significantly by region, the actual
purchase price of industrial chemicals regularly varies due to contract discounts,
purchasing history, current market conditions, and bulk purchasing. Various runs of
PretrAD will be performed using found prices and PretrAD will be capable of accepting

user-input chemical prices.

List prices in for NaOH, Na,CO3;, KOH, CaO, and Ca(OH), between 2005 and
2007 are shown in Tables 3.1-4. Purity, unit cost, packaging, package cost, and an

approximate discount cost are included. An approximate discount cost based on bulk
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purchasing and contract details was assumed at 15%. The list prices for caustic soda
(NaOH) and caustic potash (KOH) from reference [174] include a $20 hazardous
materials charge as well as a $10 packaging cost to meet US Department of
Transportation regulations. List prices for NaOH, KOH from reference [175] as well as
all the list prices for quick lime (Ca0O), hydrated lime [Ca(OH);], soda ash (Na,CO3), do

not note these charges.

Table 3.1 List prices for caustic soda

Chemical and Purity  Unit Cost Packagin Package Discount

Form % ($/kg) ENZ  Cost % Cost ($)
NaOH beads' 99.12 2.82 22.7 kg bag 94.00 79.90
NaOH flakes' 90.00 2.93 249kgbag  103.15 87.68
NaOH liquid® N/A 0.31 907.2 kg 282.50 240.13
NaOH liquid®® N/A 0.33 907.2 kg 291.44 247.72
NaOH liquid* N/A 0.35 907.2 kg 325.00 276.25

1 —reference [174)
2 —reference [175]
a —updated 2007 prices, otherwise 2006 prices are listed

Table 3.2 List prices for soda ash

Chemical and Purity  Unit Cost Packagin Package Discount
Form % ($/kg) BME  Cost($)  Cost ($)

Na,CO;' N/A 1.32 22.7 kg bag 30.00 25.50

Na,COsdense®®  N/A 0.15° 1,016.1 kg 150.00 127.50

1 —reference [174]
2 —reference [175]
a —updated 2007 prices, otherwise 2006 prices are listed

b —the unit cost was not found but calculated using the packaging and package cost

Table 3.3  List prices for caustic potash

Chemical Purity  Unit Cost Packagin Package Discount

and Form % ($/kg) gng Cost($) Cost (9)
KOH flakes' 90.00 3.35 24.9 kg bag 135.60 115.26
KOH flakes>  90.00 0.97°  18l4kgdmum  44.00 37.40
KOH liquid>  45.00 0.33° 45.4 kg tank 14.63 12.44

1 —reference [174]
2 —reference [175]

b —the unit cost was not found but calculated using the packaging and package cost
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Table 3.4 List prices for quicklime and hydrated lime

Chemical and Purity Unit Cost Package Discount

Form % ($hkg) T2k o @)  Cost ()
CaO pebble” N/A 0.07° 907.2 kg 61.00 51.85
CaO pebble? N/A 0.07° 1,016.1kg  70.00 59.50

Ca(OH), hydrated> N/A 0.07° 1,016.1kg  69.50 59.08

2 —reference [175]

b —the unit cost was not found but calculated using the packaging and package cost
3.2.3 Sludge Handling Costs

Sludge pretreatment processes are capable of contributing to the overall stabilisation and
dewatering of sludge and thus sludge handling costs will be affected. Gains might be
made if the treated biosolids can be used for land application. Disposal fees include
tipping and permits. Tipping fees vary monthly and geographically. Disposal costs
include labour and transportation. Transportation costs include distance travelled, fuel
consumption, and depreciation. Fuel prices vary significantly on a daily basis. Due to the
large variation in yearly average prices in the regions that were briefly researched and the
significance of numerous factors affecting those prices, no trends were established for

fuel prices.

PretrAD runs were conducted for different scenarios which were specific to
Eastern Ontario, where prices were easily obtainable. PretrAD will be capable of
accepting user-input variables for sludge handling under current conditions. A cost
comparison with the incorporation of a SPT can then be quickly made by altering the
percent solids content and flow of biosolids as a result of the chosen process. The
variables that the user is capable of inputting are illustrated in Fig. 3.17. Those values
which were used are outlined in Chapter 5. Only landfilling was considered for ultimate
sludge disposal in the runs by varying related landfill costs. Although a few values were
found for the evaluation of incineration and land application, more detailed information
would be needed to establish realistic costs. For instance, available incineration data
showed only that a substantial energy input, of unknown range, would be required but
that the input was recoverable by 33-50% through the use of heat exchangers. It was also

found that incineration costs decrease with higher percent feed solids concentration. For 5
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to 25% solids, the energy input decreases from 65,000 to 7,000 kJ/kg VS [164]. For land
application, Class A biosolids were found to be sold at prices of $40-100/ton or $120-
200/ton including delivery [163, 164, 165].

Permits

Tipping

Additional

Saolids % - Solids % Agriculture
Flow Flow |_cains_ | Compost
Capacity
Labour
m Transportation ————— Distance

Belt-Filter Press Fuel o
Centrifuge Depreciation

Drying
Figure 3.17 User-inputted variables prior to SPT

3.2.4 Energy Conversion

Methane generation is the key to AD and SPT incorporation potential. If CH, generation
can be improved, gains are made as the CHy is directed to different energy recovery
pathways. Those pathways that were considered in PretrAD are shown in Fig. 3.18. The
CH,, which is a fraction (50-80%) of the produced biogas can be flared (at a cost),
returned to any portion of the WWTP in the form of heat energy or electricity, or it can

be sold to the electrical grid (at a gain).

Flare (% Qcp,) ——— Flare Cost {$/m3)

! Heat Ret % Q i 3
Methane Energy eat Return (% CH4) —* Heating Value (kJ/m>)

—_— ;
@ CHy m3/dy | Conversion

Electrical Use (% Qgp,) — Electrical Value (kJ/m3)
Grid Input (% QcH,) —— Sell Price ($/kWh)
Figure 3.18 Energy conversion pathways available in the constructed model

The user can direct the CHy produced to one or more of the pathways. Flare cost
and grid sell price could not be found with sufficient consistency to establish average
values. Heating and electrical methane conversion values were found [160, 161]. With an
initial energy value of 34,093 kJ/m’ CH,4, 70-90% of the methane can be converted to
heat or electricity. Conversion to electrical energy again reduces the overall energy value
to a low 30-45% of its initial potential energy. The heating and electrical values were thus
considered to be 75% (25,575 kJ/m’) and 35% (11,935 kJ/m’) of the initial value,
respectively. Efficiencies have thus been included in the conversion values within

PretrAD.
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CHAPTER 4

Model, Functionality, Equations, and Validation

4.0 MODEL CONCEPTION AND PURPOSE

A large interest in SPTs as a means to improve MTAD and subsequent treatment steps is
evident in literature. Most of the studies are lab-scale and many of those studies are not
comparable. All of the available SPT parameters and results were compiled and are listed
in Chapter 2. A model was needed to concretely assess SPT potential in terms of energy
costs and biogas improvements. More specifically, a model, capable of handling various
raw WW feed characteristics and treatment settings, was needed for an efficient and
comprehensive comparison of all SPTs and possible WWTP schemes. Other advantages
to creating a model consist of the generation of tabulated and graphical result reports, the
ease of changing run parameters and outputs, and the potential market value of the only

WWTP model that considers SPT technologies.

To serve as a reminder, the terminology used throughout this thesis to represent
WWTP runs with and without SPT will again be described. Runs without SPT are
labelled ‘control’. Incorporation runs (with SPT) are labelled ‘SPT’. This was done to

clearly define the control costs from the SPT (i.e., incorporation scheme) costs.

4.1 FUNCTIONALITY AND BRIEF WALKTHROUGH

The model was created using Microsoft Excel and is thus composed of a Workbook
containing various Worksheets. These worksheets and the built-in commands are
explained in Sections 4.1.1-7. Print-screens of PretrAD are shown in Figs 4.1-4 and in
some cases the nomenclature used does not entirely match that of the finalized
nomenclature used in this thesis. A guide to the abbreviations for the few cases of initial

nomenclature is provided in Appendix C.

A user may install the file to the directory of their choice. Endless copies of the
file can be made, thus providing the user with infinite multiples of the 4 runs that are

defaults in PretrAD. Users select the run which they want to operate and either input their
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own settings or import the default literature values provided. The Excel Visual Basic
interface shows a conventional WWTP where the user can input their data. The user may
however choose to work in the basic Excel spreadsheets specific to each run. At any point,
the PretrAD Output worksheet, which is continually updated, can be accessed for a 10
page report consisting of important tabulated data and pre-made figures. A concise 1 page

report listing a single user-chosen run may also be viewed. All data are easily printed.

4.1.1 Welcome Form and Run Selection
Users are greeted by a sign-in welcome form that functions when macros are enabled.
Within this form the user can enter a username and/or select a run. The selection of a run
must be completed before the form can be closed. The purpose for the mandatory run
selection is to enable the subsequent Excel Visual Basic ‘Forms’ to load and save data in
and from the appropriate Run Condition worksheets. A Run Condition worksheet exists

for each of the 4 runs.

4.1.2 Worksheet: WWTP Interface

A WWTP layout was selected for the user interface. It shows a conventional and
common layout scheme for WWTPs. Also shown are the important flows and solids
concentrations that are updated continuously as the user progresses through PretrAD (if

macros are enabled).

The first sheet was named ‘WWTP Interface’. It can be used only by users who
have enabled Excel to handle macros. It functions in the same way as the following 4
Run Condition sheets. It permits users to enter their RF characteristics, subsequent
treatment settings, and energy and cost information. The additional benefits to working
directly from the WWTP Interface are both functional and aesthetic. The coded interface
is simplistic and demonstrative. Users can also easily load or import values located on the
Default Values sheet or in any of the Run Condition sheets. Values entered in the WWTP
Interface sheet are copied into the user selected Run Condition sheet and are therefore
saved when the Workbook is saved. A print screen of the WWTP Interface is shown in
Fig. 4.1. All WWTP units are shown in grey. Values shaded in yellow are the stream
characteristics flowing into and out of each unit. The flows, COD, BODs and solids are

shown until the SC unit, after which only the flows and solids are listed. The SPT unit is
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shown in blue and is not employed for control runs (from which this print screen was

created).

The bottom of the figure reveals primary commands available to the user. Data
from any run can be accessed and showcased in the interface using the ‘Run Selection’
command. The second command enables the user to hide or show the worksheets for runs
that are not currently being employed. Data can be loaded from the currently selected
(active) run, from the Default Values worksheet or imported from any of the three
unselected (passive) runs. The WWTP Interface may be cleared of values (this does not
affect the Run Condition data) and the Output worksheet can be quickly accessed via the

final command button.

4.1.3 Worksheets: Run Condition 1,2,3,4
The second, third, fourth, and fifth sheets were named ‘Run Condition 1°, ‘Run Condition
2’, ‘Run Condition 3’, and ‘Run Condition 4°, respectively. The user can choose to work
from any of these sheets. Information entered on any of these sheets is saved when the
Workbook is saved. Checks and balances are provided to the right of the workable
section. These are also hardcoded in the WWTP Interface sheet and benefit the user by
highlighting correct, incorrect, or impossible to handle user defined values (UDVs). A
user who has not enabled macros must manually copy and paste information from other
sheets to perform the hardcoded load or import function. A print screen of the Run
Condition 1 worksheet is shown in Fig. 4.2. All runs have identical worksheets. At the
top right of the worksheet is a command that enables the user to “simplify” the worksheet

by hiding the checks and balances section (shown to the right of the vertical dotted line).

The workable section can be printed as a mass balance report for all units and the
Output need not be used. Important comparative table and graphs are however, only
provided in the output. By default, the data from all units print onto a single page and the

entire input and output section (left of the vertical dotted line) prints onto 8 separate
pages.

Run Condition sheets serve two purposes. They were provided to serve as a bare-
bones interface for users who do not enable macros and they also serve as a record and

report for UDVs entered using the WWTP Interface.
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The user may progress through PretrAD solely within the Run Condition
worksheet and can easily copy and paste values from other runs or from the Default

Values worksheet.

4.1.4 Worksheet: Default Values
The sixth sheet was named ‘Default Values’. These values were gathered from literature
sources. These values are provided along with a column for referenced sources in
Appendix A. They were provided to reference UDVs and to promote quick and simple
run generations from low to high values. With or without macros, the user can easily load
‘LOW’, ‘AVERAGE’, ‘HIGH’, and ‘USER’ values into the work section. The term
‘USER’ refers to user defined default values and was included to allow for minor to
major variations of the LOW-HIGH default values. Some equations were also provided
to determine the suitability and range of UDVs for PC settling efficiencies, PC sludge

production, specific gravity, and MTAD heat flow coefficients.

Whether users have macros enabled or not, they can easily alternate between the
four default value types (i.e., LOW, AVERAGE, HIGH, and USER). Since this
worksheet is similar in design to the Run Condition worksheets it can be used to provide
a report identical to the Run Condition worksheets. The Output worksheet however, is
not linked to default values; it is linked to values entered into the Run Condition
worksheets. To vary the output in accordance with default values, those values must be

copied and pasted in any of the Run Condition worksheets.

A print screen of the Default Values worksheet is shown in Fig. 4.3. Both the
workable section (left of vertical dotted line) and the default values section (right of
vertical dotted line) are shown. When values are loaded into the Run Condition
worksheets, values from the working section (shaded in light blue) are those that are
copied when the load or import functions are used. The user alters the working section by
altering the cells that, in this case (Fig. 4.3), are shown as ‘LOW’ and ‘USER’ after the
fifth and sixth numbered information points in the Input and Selection section. The fifth
numbered point refers to RF settings and as such the header for the first set of default
values has conditional formatting applied to the ‘LOW” cell. It is encased by a border and
shaded light blue to identify that its values are being accessed by the working section.
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The same principle applies to the treatment settings as selected by the sixth numbered
point. Below these numbered points the LOW-HIGH and USER values are listed. Those
shaded in green are UDVs and those that aren’t were taken from literature. Equations 1-4
of Fig. 4.3 are secondary checks to ensure that UDVs and the subsequent outputs match

with known literature ranges. They are explained in Appendix A.

No default values were specified for the energy and cost considerations as almost

all of these UDVs are highly specific or they are to be assigned as user desired values.

4.1.5 Worksheet: Output — All Runs
An output consisting of comparative data for all 4 runs is provided. On the left a working
section is provided with access to energy and cost considerations for each step shown.
The data presented in this region are for only 1 run. Users can select the run for which
they desire to have a more concise, 1 page output. The print screen of the single page
printout that is also available on the Output worksheet is shown in Fig. 4.4. The run
(currently Run 1) that is showcased by values for SPT, MTAD, DE, SD, and EC can be
changed. Control and SPT results are given and since the print screens are all based on
the control run, no SPT results are listed. The user can also easily update energy values
previously entered when working in the WWTP Interface or in the Run Condition

worksheets by selecting any of the ‘Energy Editor’ commands (macros must be enabled).

The Output is continually updated as the user progresses through PretrAD and can
be viewed at any time. To the right of the workable section are the comparative tables
and graphs for an improved 10 page visual report that highlights a chosen run and also
compares all runs. Users who have macros enabled can choose to compare any runs (e.g.,
1,2,3,40r1,2,4 or 2, 3). The results are separated by WWTP units [SPT, MTAD, DE,
sludge disposal (SD), and energy conversion (EC)]. Among the figures of interest are
TSS/Mr1ss evolutions (solids quantities throughout the WWTP) and cost and gain

comparisons for each unit.
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CHAPTER 4

OUTPUT USER INFO

E. L. Bordeleau - All Runs

1. Currently, the selected run for the results shown in the output below is: Runit
2. Siudge Pre-Treatment use and/or type selected for the chosen run jis: - No SP-T |
SP-T
Eser / Kwh/d
Ey / Kwh/d
Ee ) Kwhid T
D ! kg/m? y , N
v‘ B Energy Editor "
ENERGY . o COST
"Esen ] RWhid . > Totalcost 7 37d
L OSS Without SP-7 A LOSS With SP-T
£ 423 kwwh/d L / Kwhid
BIOGAS Without SP-T
Eco ] KWhid
M/TAD Without SP-T Eno 123535  RWAhid
Eee 275 Kwhid Eco 0 KWhfd
Eemi 29,089  kwhrd Savings 4,941 $id
Ewi 84,761  KAhid N
Total cost 1.3 $id M/T ANAEROBIC ENERGY CONVERSION
-> DIGESTION et aos
M/TAD With SP-T 3 Energy Editor |
Eep) / KeVh/d " Energy Editor
EMI / Kvwh/d BIOGAS With SP-T
Ew / Kvhid Eo 7 Kvhid
Total cost ! $1d Eno / kwwhid
Eco / KWhfd
Savings I $id
DE Without 5P-7 |  DEWATERING DE With SP-T
Total cost 45 $id § Total cost ! $id
Energy Editor %
SD Without SP.T | SLUDGEDISPOSAL | gp With SP-T
Total cost 7.991 $id 3 Total cost f $id
Energy Editor i

Figure 4.4  Print screen of the one page report from the Output worksheet

4.1.6 WWTP Functions

Forms for each unit in the treatment train can be accessed by selecting the ‘SETTINGS’

button for each unit.
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Raw feed characteristics and treatment settings for all other steps can be altered
within these forms. Typical treatment settings include settling efficiencies, COD, BODs,
and TSS removals, effluent concentrations, recycling decisions, and treatment

efficiencies.

An ‘Energy Editor’ button was provided to access important considerations for
thickening (TH), SPT, MTAD, DE, SD, and EC within the WWTP Interface. This button

can also be found on the Output worksheet.

4.1.7 Energy and Cost Functions
Forms for energy and cost considerations can be accessed by selecting the ‘Energy
Editor’ button found on the ‘SETTINGS’ form for each unit. They can also be accessed

in the output sheet by selecting the ‘Energy Editor’ button for each unit.

These forms have been created to assess the energy and cost demands and gains
for TH, SPT, MTAD, DE, SD, and EC. Energy and cost considerations for TH and SPT
are found within the same form. All other WWTP process units have their own form with

regards to energy and cost considerations.

Users can alter electrical demands such as pumping, mixing, and treatment power
use. Heating requirements and recoveries can also be varied. Biogas dedication (to a
specific use/energy conversion pathway) and subsequent cost or gain can also be

determined.

4.2 TREATMENT EQUATIONS

This section details the equations and the average UDVs employed to generate the typical
WWTP output. Low and high flow WWTP outputs were also generated using the same

equations. The change in UDVs and in results can be found in Chapter 5.

A graphical model overview is provided in Fig. 4.5. The streams for the entire
WWTP are shown. Recycle streams may be conceptually added (i.e., solids and flows are
not subsequently added to the directed inputs). The possible paths indicated by the *1 and
*2 denoted guidelines below the figure. The recycle streams were neglected to avoid

circular references in Excel, these flows are conceptually directed to either the PC or the
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biotreatment (BT) unit. It will be shown in Section 4.4, when validity is assessed by
comparison to the Plan-It STOAT model, that neglecting recycle flows that are relatively
negligible (not including SC;) does not significantly alter unit or overall influent and
effluent flows and solids concentrations. The *3 and *4 flow paths enable the bypassing
of PC underflow from the TH and SPT units, respectively. Flow path *5 simply depicts
that not all TWAS is necessarily treated in the SPT unit. Effluent flows clearly become

influent flows to the immediate downstream units.

19
RF QrHeT
QDEBT
Qgre = Qpri
Lagre = opr QMTADBT |
PT | QpTe = Qpg; Qpce $? 9BTi Qgre = Qs agee
N - = P sc
PC :
Qo GrHPC—H} Qscr BT
THr  Qpepc UNDERFLOW UNDERFLOW
QMTADPC Qpeyl +Qscu
™| 3

Quraps QAMTADbIO
QrHe = QspTi Qpeyrb EC
PCu2 L 4—] ’——D

QmrADe = QDEi Qpre = Qep; Qspe
m;’ : DE DEe = “SDi SD ;
Qper

*1 - QrHp Qpey @nd Qpqra DS €an be directed to PC or MTAD
*2 - Qrlp Qpgyr @nd Q1A ps CaN be directed to PC or MTAD
*3 - Qpgy 1 can be split and directed to or bypass TH

*4 - Qpcy,2 can be split and directed to or bypass SPT

*5 - Qgpr;j can be split to treat a fraction or all of the influent

Figure 4.5 Complete WWTP flow schematic

QspTuntreated

Some sections show equations in SI and US units. This was necessary for the

conversion or use of UDV and literature-obtained coefficients.

The user alters the settings shaded in green. Values may also be loaded from the
Default Values worksheet. All UDVs shown in Sections 4.2.1-9 are for the ‘Average’

default values as shown in Appendix A with the reference source.

4.2.1 Raw Feed
Calculations and UDVs, are shown in Table 4.1. No equations are used in the

specification of RF UDVs.
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Table 4.1 Raw feed settings

SETTINGS Units UDV
Inhabitant Equivalents IE 1,000,000
Qrr m’/d 460,000
TCOD kg/m’ 043
TBOD; kg/m’ 0.19
TSS kg/m’ 021
VSS kg/m’ 0.16
TS kg/m® 0.72
TVS kg/m* 036
Feed Temperature, T g °C 15

4.2.2 Preliminary Treatment

Calculations and UDVs for preliminary treatment are shown in Table 4.2 and in the

equations below.

Table 4.2 Preliminary treatment settings

SETTINGS Unit UDV

TSS Reduction % 3.00

One equation is used at this time. The TSS reduction setting is applied to the RF

influent to obtain the PT effluent TSS concentration.

4.1

7SS, = TSS, '(Mj

100

4.2.3 Primary Sedimentation

Calculations and UDVs for PC are shown in Table 4.3 and in the equations below.

Equations for influent to clarified effluent are the same for COD, BODs, and TSS.
The variable X is used to represent all three concentrations in Eq 4.2. Percent removal is

represented by P;.
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Table 4.3 Primary sedimentation settings

SETTINGS Units UDV

TCOD Removal % . 40.0
TBOD; Removal % 350
TSS Removal %o 60.0
Dedicate Underflow to TH %0 Qpcut 0.0
Dedicate Underflow to SPT % Qpcuz 0.0
Underflow TSS Concentration kg/m’ 15.0 |
TBOD:TCOD After PC kg/l00kg  55.0
TCOD:TSS After PC kg/100kg  110.0
Specific Gravity 1.02

X, =X, (MJ 4.2

100
Equations for COD and BODs in the underflow are the same.
o (%)
x, =— 100 43

u Qu
Underflow TSS concentration is set by the user. The effluent and underflow VSS

concentrations are obtained using the ratios shown below.

VSS, =VSS, - 155, 4.4
1SS,
VsS, =VSS, - 755, 4.5
1SS,
Underflow solids Mrss are calculated using PC influent values and percent TSS
removal.
M_.. =TSS.-Q. - E 4.6
TSSu i i 100 :

Flow balances are shown in Fig. 4.6. In the equations below, P4 represents the
UDV for percent dedicated flow. These dedicated flows are user defined at downstream
units. For example, the supernatant flow of the TH unit is recycled to either the PC or BT

unit. As such, in both Figs. 4.6 and 4.7, dedicated flows are listed. If the portion of
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overall flow from the TH is directed (dedicated) to the PC unit, the flow is labelled QTupc
as per the given Flow Nomenclature Legend. To simplify PretrAD and avoid any circular
references and subsequent need for iterations, recycle flows (not including SC;) and
concentrations were neglected. The recycle flows (not including SC,;) and solids
concentrations in them are negligible compared to Qpc; and Qpri and are thus rightfully
ignored. As described earlier, the dedication of flows is purely conceptual. Further

explanations concerning PretrAD validation are given in Section 4.4.

Qpci—— —>Qpce

PC
QrHPC
Qpepc UNDERFLOW

QmTADPC ¢ Qpcul
U
QPCTH ¢ Qpeya

$od

QpcspT  QpCMTAD
Figure 4.6  Primary sedimentation flow schematic

Opci = Crce = Crca 4.7
Orcur = Orern + Creser + Cpenrap = MTSS, /TSS, 4.8
Orcu2 = Crcut = Crern 4.9
F,
= a2 4.10
Orcru = Cpeur (1 OO)
F,
= By 4.11
Opssp-r = Opsus (100]

4.12

QPCMTAD = QPCMZ = QPCSPT

Ratios for TBOD:TCOD and TCOD:TSS following PC are UDVs and apply to
BODs, TCOD, and TSS concentrations at the TH, SPT, MTAD, DE, and SD steps. At
each of those steps the TSS concentrations in the influents and effluents are known and/or
set by the user and thus the BODs and COD concentrations can be obtained.
Concentarions of any of these constituents are a function of all of the incoming streams.

The subscript °j” represents the specific incoming stream.
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1SS .-Q.-TCOD : TSS
cob,,, =Y 2 J 4.13
l Qstep
1SS .-Q, -(TBOD : TCOD -TCOD : TSS
BOD,,, =Y 12 J 4.14
A Qstep

Percent underflow solids is computed in SI and US units as shown below. This
approach to showing SI (Eq #a) and US (Eq #b) unit equations is used throughout
Sections 4.2.1-9.

kg
Mss. d L 1 1m’
%lmdrolidr = 3 NV T (100) 4.15a
o m 1.0 kg S . 1000 L
Orc. -
b
M TSSu ;,‘ gal 1
%undvolidv = : e (100) 4.15b
T 0 gg[ 8.345 b S .
PCu d
4.2.4 Biotreatment

Calculations and UDVs are shown in Table 4.4 and in the equations below.

Table 4.4 Biotreatment settings

SETTINGS Units UDV
TCOD Treatment Efficiency % 85.0
TBOD; Treatment Efficiency % 85.0
Biomass Net Yield, Yo kg TSS/kg BOD:; 0.90
Volume, Vgr m’ 80,000
SRT d 5

Influent TBOD is composed of soluble and particulate fractions. During BT the
influent particulate BOD, pBOD, is partially converted into sBOD. Clarified BT effluent
concentrations of sCOD and sBOD are reported but TCOD and TBOD are not reported in
PretrAD for SC effluent because they are not pertinent to the analysis of SPT
incorporation. Secondary sedimentation clarified effluent TSS is reported. All removals

are computed using the UDVs for treatment efficiencies.
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4.16

100- P,
100

The effluent TSS concentration (also MLTSS from the BT basin) is calculated as

Xe:Xi'(

shown below. To again maintain a simplified model and avoid circular references,
recycle flows and concentrations within them were set by UDVs. The dedicated flows
and solids concentrations are negligible when compared to PC. and SC; and can thus be
neglected without substantial modifications in the treatment equations. The dedicated

flows can however, be included in the effluent.

Qpri—= = - —>Qgre
QrypT Qs

QpegT
QMTADBT

Figure 4.7 Biotreatment flow schematic

Qpri = Opce ' 4.17

Qsr. = Qpr + Gse 4.18
The food to microorganism (F:M) ratio is calculated to verify if the settings the
user has entered provide an F:M ratio that falls within the typical range of 0.2-0.6 g
BODs/d-g MLVSS [160].

MLTSS =155, = 21 (IBOD,, = $B0D,.) Y,y - O 4.19
VBT
MLVSS =VSS, -(TSSQ j 4.20
TSS,
- TBOD.,
F:M= QBTz 5i 491
V. - MLVSS

4.2.5 Secondary Sedimentation

Calculations and UDVs are as shown in Table 4.5 and in the equations below.

The effluent TSS concentration is determined using the UDV for P,.
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4.22

TSS, =TSS., -(IOO_P’)

100

Table 4.5 Secondary sedimentation settings

SETTINGS UDV Units
TSS Settling Efficiency % 99.0
Underflow TSS Concentration kg/m’ 8.0 |
TCOD:TSS After SC kg/100kg  180.0

Effluent and underflow Mygs are defined as shown below. The subscript ‘j’ is

used to represent either stream.
M s =TSS ;- Qs 4.23
Soluble concentrations of COD and BODs are not changed from the influent to
the clarified effluent stream.
X, =X, 4.24

Underflow TSS concentration is a UDV and enables the determination of the

sludge volume index (SVI). It was computed in SI and US units as shown in Eqs 4.25a-b.

_ 1000 mL/L. x 1000 mg/g  10°

VI= mg/L
TSS, kg/m’ /1000 Tss, e 4.25a

u

10° Ib/gal
SVI=—. = 4.26b
TSS, 8.34x10°° mg/L

Underflow TCOD concentration is determined using the UDV as follows.

TSS, - TCOD : TSS

TCOD, = 4.27
“ 100
Flows for the SC unit are labelled and balanced as shown in Fig. 4.8.
Qri——= —>QgTe= Qg — —$Q
i T BT e= Qg sc SCe
QrypT Qscy UNDERFLOW
Qpept a Qg cy
QmrTADBT SCr
Qscw

Figure 4.8  Secondary sedimentation flow schematic
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Eqgs 4.28-34 were used to solve the flows and include the UDVs for Vgr and the

recycle ratio Qgc/Qgri.

Osci = Dsce + Pscu 4.28
Osce = Opr. = Dsau 4.29
OQscu = Oser + Dscw = Psei = Psce 430
0. = [VBT (15S.18,)—(Qyy, - SBOD., )] -
(1SS, —TSS,)
giii ) (ngu /gg;f;e)—l) 100 432
0, =Ver | Opy, 4.33
Ose. = Qs (%] 4.34
4.2.6 Thickening

Calculations and UDVs for TH are shown in Table 4.6 and in the equations below. The
Recycle type refers to the directing of the recycle stream to either the primary clarifier

(PC), the biotreatment unit (BT) or for NO recycle to occur.

Table 4.6 Thickening settings

SETTINGS UDV Units
TSS Capture Efficiency % 85.0
Underflow TSS Concentration kg/m’ 50.0
Chemical Dosage kg/kg TSS ~ 0.0040
Recycle? Type: PC/BT/NO - PC
pCOD % TCOD, 70.0

The concentration of TSS in the underflow stream is a function of the influent

TSS concentration and the UDV for percent capture of influent solids, P..

4.35

TSS, = TSS, -(100“ Pf]

100
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M, =TSS, - Oy, 4.36
The underflow is dictated by the UDVs for effluent TSS concentration and TSS
capture efficiency. Once it is found, the recycle flow can be determined. The TH and SPT

streams balance as shown in Fig. 4.9 and Section 4.1.7.

Orir = Orupc 07 Qrupr 4.37

Orir = Orai — O 4.38

oy = 2 185 (£ 1100) 439
TSS

e

Solids content in the underflow is determined in SI and US units using the TSS

concentration and the density of water, py.

758 (kg/m’)

x 100% 4.40a
p. (1000 kg/m®)"

Solids Content (%) =

7SS (Ib/ gal)
X
p,, (8.34 gal/lb)

The TH recycle and underflow COD and TBODs concentrations are not reported

100% 4.40b

Solids Content (%) =

in PretrAD but can be determined for each step as explained in the Primary
Sedimentation section. Influent TCOD and TBODs concentrations are reported for each
unit process throughout PretrAD. The TH recycle concentrations of TCOD, TBOD:s are
assumed to be the same as in the influent. The TH recycle TSS concentration is computed

as shown below.

Mg, = Mpgg — My, 4.41
M 55, =T8S, - Oy 4.42
rss, = M 4.43

r
r

The UDV for pCOD is used in the SPT section. The chemical dose value used to

improve sludge thickening is considered in Section 4.3.
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4.2.7 Sludge Pretreatment

Calculations and UDVs for SPT are as shown in Table 4.7 and in the equations below.

When SPT is not in use the cells shown remain empty.

The legend needed for the user to enter the appropriate SPT Type is shown in
Table 4.8 and is provided alongside the settings on the Run Condition and Default Values

worksheets. The user enters the SPT type in the green UDV cell.

Table 4.7 Sludge pretreatment settings

SETTINGS Units UDV
SPT Type Type
Percent Flow Treated % ©100.0
pCOD Solubilisation % 60.0
TSS Solubilisation % - 20.0
VSS Solubilisation % 20.0

Table 4.8 Sludge pretreatment settings

SPT Use Type
Ultrasound _ ULT
High Pressure Homogenizer HPH
Stirred Ball Mill SBM
Conventional Heating CH
Microwave Heating “MWH
Chemical M
Ozone 0z
Thermochemical TC

The UDV for pCOD Solubilisation was set at a favourable 60%. The SPT
hydrolysis ranges established in Chapter 2 mostly peak at 45%. Some outlier pCOD
solubilisation values found in the literature were higher than 80%. The ranges were
established to demonstrate the most feasible full-scale results. A 60% value was chosen
to conduct PretrAD cost and energy use scenario results primarily under ideal conditions.
As described in Chapter 5, favourable (Low) SPT energy demands were the first to be
evaluated. If practical (SPT scenario costs lower than control costs) scenarios could not

be found during the initial evaluations, scenarios using less-favourable treatment
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parameters would be unnecessary. The UDV for SPT Type enables the user to pursue
further settings based on energy and costs of that SPT. The option to treat a percent of the
influent flow to the SPT unit was given. A UDV that is lower than 100% can be set to

improve AD while controlling SPT energy requirements.

Solubilisation of pCOD alters the fraction of influent TCOD (pCOD and sCOD).

The variable P represents the percent solubilisation.

4.44

pCOD % pCOD solu. %
sCOD, =TCOD, -TCOD, -| ———— || 1+

100 100

The concentrations of TSS and VSS in the SPT effluent stream are a function of

the influent concentrations and the UDVs for percent capture at the TH unit.

x =x [100-F 4.45
¢ ! 100

M, =T8S, - Qpr. 4.46
The flows balance as shown in Fig. 4.9 below. As mentioned earlier, the PC
underflow can bypass the TH and/or the SPT unit. These streams are listed as per the
flow nomenclature legend [e.g., Qpc(from PC)ry(towards TH)]. If the entire PC
underflow stream were directed to the TH unit than both streams Qpcspr and Qpemrap
would be null. The Qrye flow of course consists of Qpcery and Qscw. The percent flow

treated, P¢ in the SPT unit is set by the user.

RS
[y

TH “PCTH]
¥ el Qgcw

QrHe —_
£ _QpispT QPCMTAD

:2 QMTADl

QSPTtreated
QspTuntreated

Figure 4.9  SPT flow schematic

4.47

QSPTi = QSPTe = QSPTtrealed + QSPTuntreared
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P .
Osprirearea = Dseri [ﬁ} 4 .48
TSS concentration in the portion of underflow from the thickener that was not

sent to SPT is unchanged and it is used to determine the Mryss of the non-SPT treated

underflow if it exists.

MTSSe = TSSz ’ QSPTuntreated 449
4.2.8 Mesophilic/Thermophilic Anaerobic Digestion

Calculations and UDVs are as shown in Table 4.9 and in the equations below. Removal

improvements for TSS and sCOD are left blank when SPT use is not considered.

The concentration of TSS in the sludge stream from the MTAD unit is a function
of the influent TSS concentration and the UDV for percent TSS removal in the MTAD

unit. The calculations are performed for both treated and untreated SPT influents.

TSS, =TSS, - 100-F 4.50
100
M pg5, =TSS, - Qurap. 4.51

For the MTAD unit flows are named and balanced as shown in Fig. 4.10 and by
Eqs 4.52-55 and Eq 4.64. The Recycle type refers to the directing of the recycle stream to

either the primary clarifier (PC), the biotreatment unit (BT) or for NO recycle to occur.
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Table 4.9 Mesophilic/thermophilic anaerobic digestion settings

SETTINGS Units UDV
TSS Removal Efficiency % 50.0
TSS Removal Impr. % 10.0
sCOD Removal Efficiency % 50.0
sCOD Removal Impr. % 10.0
CH, Content % 65.0
Supernatant Flow % QmraDi 15.0
Recycle? PC/BT/NO PC
Biomass Yield, Y kg VSS/kg COD 0.04
Volume, Virap m’ 50,000
Digester Temperature °C 35
HRT d - 20

The MTAD subscript ‘bio’ refers to biogas. The flow Qwmrapbio is that of the

biogas stream which is input to the EC step.

QMTADs QMTADblo
QT e
iy QPCMTAD
?_o
Qurapi | AP
d L,

QS PTtreate

QspTuntreated QmTADU

Figure 4.10 Mesophilic/thermophilic anaerobic digestion flow schematic

QMTADi = QTHe + QPCMTAD = QMTADu + QMTADs 4.52

QTHe = QSPTtreated + QSPTuntreated 4.53

The MTAD supernatant flow and it return flow path are UDVs. Once the

supernatant flow is determined using the percent flow, the MTAD sludge underflow is

found.
Pf
Ovrans = Curavre + Couravsr = Curapi - 100 4.54

QMTADu = QMTADi 4.55

The theoretical biogas flow is found as shown in Fig. 4.11 and by Egs 4.56-64.
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CHaEquiv
VMTADbio

c0'3’|vn';n.l:n—‘f>_{“::OD'V'T“’\De

CODMTA DtoVss
Figure 4.11 Biogas production based on COD removal schematic

CODMTADtoCH <:

COD y1p; = Quyrapi - TCOD, 4.56

100—13,}

100 4.57

COD,ypp, = CODMTADi (

P
CODMTADtoVSS 1.42- Ynet CODMTADi (1—(;6) 4.58

COD MTADwCH 4 — CODMTADi - CODMTADe - CODMTADtoVSS 4.59

The volume of biogas occupied by 1 mole at a given digester temperature can be
determined from the ideal gas law. This volume was pre-calculated for all anaerobic
digester treatment temperatures (35, 55°C or 95, 131°F) and in both SI and US units.

_n-R-T
Vizapsio = T p 4.60

At MAD and TAD temperatures, Vvrapbio Will have different values and these are

shown below, respectively.

Viraoso = 0-02529, 0.02693 m*/mol 4.61a

Viraps, = 0-68, 7.11 gal/mol 4.61b
V

CH 4ppi = gT(f)‘gZ" (m® CH,/kg COD) 4.62a
v

H, . =-Mibhio (951 CH,/Ib COD 4.62b
v =70 1411 (e )

OQuapcna = CH, Equiv COD yrspioch 4 4.63
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0 0 _ 100
MTADbio MTADCH 4 CH4 Content % 4.64

The UDVs for digester volume and HRT are not used at this time.

4.2.9 Dewatering
Calculations and UDVs are as shown in Table 4.10 and in the equations below. The
Recycle type refers to the directing of the recycle stream to either the primary clarifier

(PC), the biotreatment unit (BT) or for NO recycle to occur.

Table 4.10 Dewatering Settings

SETTINGS Units UDVv
TSS Capture Efficiency % 190.0
Solids Content % 20.0
Recycle? Type: PC/BT/NO PC :
Polymer Dosage kg/kg TSS 0.0050

The TSS concentration in the cake stream from dewatered sludge (SD influent) is

determined with the UDV for TSS capture efficiency.

L
M TSSsludge — Mg - (1 00) 4.65
M sludge
TSSsludge = QTSSI = 466
DEsludge

Once the sludge flow from the DE unit is determined using the UDV for percent

capture and solids content, the recycle flow or overflow from the dewatering unit is found.

MTSS. - P
= —< 4.67
Cosuse = Sorids Content -1000
Oper = Pori — Corstudge 4.68

Mass of solids in the recycle is found by the following balance. The recycle TSS

concentration can then be found.

Mg, =My, —M TSSsludge 4.69
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MTSSr

TSS, = 4.70

DEr

Polymer concentration used to dewater the sludge is used in Section 4.3.

4.3 ENERGY AND COST EQUATIONS

4.3.1 Sludge Pretreatment General Parameters
Calculations and general UDVs for all SPTs are shown in Table 4.11a and in the
equations below. Effluent temperature from the SPT process, T depends on the SPT in

use. The specific SPT effluent temperatures are given in Table 5.3, Chapter 5.

Table 4.11a  Sludge pretreatment general treatment settings

SETTINGS Units UDV
TEMPERATURES
Influent Temperature, T°; °C | 15
Effluent Temperature, T®; °C 25
BATCH
Treatment Time h/batch 0.25
Setup/Down Time h/batch 0.08
Daily Batches batch/d 72 |
Total Batch Volume m’/batch 7.3
ENERGY COST
Electricity Price $/kWh 0.04
THICKENING PARAMETERS
Coagulant Change (+) Y% 0.00
Chemical Price $/kg - 0.00
Power Supplied kl/kg TSS 0.00

Daily batches and total batch volume are determined for energy and cost

assessment and basic design values, respectively.

Daily Batches = - 24 - 4.71
Treatment Time + Setup/Down Time

Total Batch Volume = _M@_ 4.72
Daily Batches
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Daily costs with and without SPT incorporation for thickened sludge are

calculated as follows. The UDV for electricity price is represented by EP.

Daily Cost, ;4 .. spr = Power - EP + M .. - Dose - Price

Daily Cost ;, spr =

Power - EP + My, - Dose - (100 + Change)/100 - Price

4.73

4.74

Pumping and mixing settings available to the user for the SPT unit are shown in

Tables 4.11b and 4.11c, respectively.

Table 4.11b  Sludge pretreatment pumping settings

SETTINGS Units UDV
PUMPING - USER DATA
Fluid Density kg/m’® 1,000
Differential Head, Hy m 25:0
Efficiency % 60.0
PUMPING - SUPPLIER DATA _
Capacity m’/d 0.00
Power kKW 0.00
Energy Consumption kWh/d 0.00
Batch Cost $/batch  0.00
Daily Cost $/d *0.00

Energy consumption for pumping can be determined with or without known

supplier data. Pumping energy incorporating user and supplier data is calculated as

shown in Eqgs 4.5-6. Daily costs are the product of daily energy use (kWh/d) and the

UDV for electricity price ($/kWh). Batch costs are found by dividing daily costs with

daily batches.

8" QSPTtreated ’ p ) Hd
3600-1000- (P, /100)

Pumping , =

Pumping, = Power -Setup/Down Time - Daily Batches

Daily Cost = Energy - EP

Daily Cost
Daily Batches

Batch Cost =

4.75

4.76
4.717

4.78
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Energy consumption for mixing, as with pumping, can be determined with or
without known supplier data. Mixing energy with user data for impeller and paddle type

mixers and supplier data is calculated as shown in Eqs 4.79-81.

Table 4.11c  Sludge pretreatment mixing settings

SETTINGS Units UDV
MIXING - USER DATA
Fluid Density kg/m’ 1;000
Impeller »
Revolutions ps 6.0
Impeller Diameter m .- 050
Impeller Power Number 2.00
Paddle Mixer _
Cross-Sect. Paddle Area m’ 0.00
Paddle Tip Speed /s 0.00
Perpendicular Drag Coefficient 0.00
MIXING - SUPPLIER DATA
Power kW -0.00 -
. N,-p-n’ -Dimp5 -(Treatment time - Daily batches)
Mixing ypip, = 4.79
1000
. Cp-A p-(v ’ -0.7)3 -(Treatment time - Daily batches)
Mixing ypg = 4.80
2-1000
Mixingg, = Power - (Treatment time - Daily batches) 4.81

4.3.2 Sludge Pretreatment Specific Parameters

Calculations and UDVs for each SPT are shown in the tables below where each table is
followed by supplementary equations as necessary. Cells shaded light green are
calculated based on UDVs. Insufficient data were available for SGH, ENZ, and LYS
SPTs.

Few full-scale SPT technologies exist and thus, design equations were constructed
for ULT, HPH, SBM, and MWH SPTs. Equations for CH, CM, OZ, and TC were not

provided as design equations for these full-scale technologies are readily available in the

literature and from suppliers. The goal here was to provide an approximation of the full-
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scale SPT unit requirements based on power, throughput, torque, and/or pressure
requirements to achieve the UDVs for percent flow treated (at the SPT unit) and percent

solublisations. An example is given in the following paragraph.

Authors have concluded that between 4,000-20,000 kJ/kg TSS are needed to
sufficiently solubilize sludge for optimal AD and biogas production. The user enters the
desired Egpec and maximum power, pressure, or torque and speed per SPT unit. In this
way, design values can be found for different runs. Since the user selects the quantity of
WAS to be treated and given that a minimal Epe. input must be set, the resultant design
data can help dictate feasibility of an SPT. For instance, the largest ULT sonotrode found
consisted of 4 sonotrodes of 16 kW. For the permutations conducted in this study, 64 kW

would be insufficient, thus making incorporation at those settings not feasible.

The specific SPT settings for all processes included in PretrAD are shown in

Tables 4.12-18.

Table 4.12 Sludge pretreatment specific settings: ULT

SETTINGS Units UDV
Specific Energy kl/kg TSS 8,500
DESIGN
Power kW/ULT 0.00
Total Operating Time h/d 0.00
A - Power Needed kW 0.00
B - Capacity Needed m’’h-ULT  -0.00

Total operating time is found by multiplying the treatment time with the number
of batches per day. Two design values were provided for ULT: the total required power
and capacity based on Egpe. and the single unit power. They are related by the equations

below to achieve the required Egpec.

Total Operating Time = Treatment time - Daily batches 4.82
E_ - -TSS o
P ower Nee de d — spec QSPT treated SPTi 48 3
tTomIOper. -3600
Capacity Needed = w 4.84
spec TS SSPT i
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Energy supplied, Eqyp, is the product of the Mrgs to be treated by SPT and the Egpec.
It is easily found in either kJ/d or kWh/d. Daily and batch costs are found as shown
earlier. Equation 4.85 is used throughout Section 4.3.2 for every SPT excluding CM, OZ,
and TC.

ESup = E spec : QSPTtreated : TSSSPTi 485

Table 4.13 Sludge pretreatment specific settings: HPH

SETTINGS Units UDV
Specific Energy kl/kg TSS 8,500
DESIGN
Pressure MPa/HPH FO.OFO
Total Operating Time h/d 0.00
A - Pressure Needed MPa ‘0.00 "

Assuming the treated flow is composed primarily of water and thus the correlation
of 1 MPa to 1 J/m® holds, Eq 4.86 shows the overall design pressure required to deliver
the UDV for Egpee.

E e " TSS gpr;

spec

1000

Pressure Needed = 4.86

Table 4.14 Sludge pretreatment specific settings: SBM

SETTINGS Units UDV
Specific Energy K/kg TSS 8,500
DESIGN
Torque, © N-m/SBM  0.00
Agitator Speed, n rpm 0.00
Total Operating Time h/d 0.00-
A - Mrss Needed kg/d - 0.00
B - 7:N Needed N-m/min 0.00

Two design values were provided for SBM: The maximum Mrss capacity and the
required torque-speed product based on Egpe, torque, and agitator speed. They are related
by the equations below to achieve the required Egpec.

2-w-7-n-60-24
1000-E

spec

4.87

M ,, Capacity =
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7-n Needed = E‘Ypec ) QSPTfrEated ) TSSSPTi
2.7-1000-60-24
Table 4.15 shows the SPT settings for the CH process. The selected heat transfer

4.88

coefficient, sludge density, and heat loss were gathered from well-established literature

values as described in Appendix A.

Table 4.15 Sludge pretreatment specific settings: CH

SETTINGS Units UDbV
Heat Transfer Coefficient ki/ke°C 420
Sludge Density kg TSS/m’ 1,100
Heat Loss % - 40

Heat requirements and losses were used to determine the Egpec input and Egyp. The

UDV for percentage heat loss is represented by Pyy.

p-C (T, ~T
EHN1 — QSPTtreated 2605 ( el 11) 489
P,
E. =E. .|Z28 4.90
HL1 HN1 (10()}

Total heat input is the sum of heat requirements and losses. This value is found on

a basis of kg TSS treated using Eq 4.91.

— (EHNI + EHLl ) -3600
e QSPTtreated -TSS SPTi

E 4.91

Table 4.16 Sludge pretreatment specific settings: MWH

SETTINGS Units UDV
Specific Energy kJ/kg TSS 8,500
DESIGN _
Microwave Power KWMWH 0.0
Total Operating Time h/d 0.00
A - Power Needed kW 0.00
B - Capacity Needed m/h-MWH  0.00

Two design values were provided for MWH: the total required power and
capacity based on Eg,. and single unit power. They are related by the equations below to
achieve the required Egpec. Solving for each is identical to Eqs 4.87 and 4.88.
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Batch cost and daily cost were obtained using Eqs 4.92 and 4.93.

Table 4.17 Sludge pretreatment specific settings: CM

SETTINGS Units  UDV
NaOH or KOH Concentration kg/m> = 2.5
Price $/kg 2.0
Batch cost = [Dose]‘ Price - Batch volume 4.92
Daily cost = Batch cost - Daily batches 4.93

Table 4.18 Sludge pretreatment specific settings: OZ

SETTINGS Units UDV

O; Concentration kg/m’ 50
Energy Supplied kWh/kg O, 12.5

First the O3 production cost is determined and subsequently the batch cost and

daily costs can be found. Both costs are found as shown in Eqs 4.94 and 4.95.

O, production cost = E_ - EP 4.94
Batch cost = [Dose]- O, prod. cost - Batch volume 4.95

Results for TC are equivalent to the total energy and cost demands for CH+CM.

4.3.3 Mesophilic/Thermophilic Anaerobic Digestion
Calculations and UDVs for MTAD are shown in Tables 4.19a and 4.19b and in the
equations below. Pumping, mixing, and temperature settings required for MTAD are
listed in Table 4.19a. The settings required for anaerobic digester design are listed in

Table 4.19b. The design results are utilized in the heat losses calculations.

Dry solids content is easily determined using Eq 4.96 for both solids having
undergone or not undergone SPT. Equation 4.96 approximates the density of the

incoming solids to that of water at 1,000 kg/m3 .

TSS yrup:
10

The sludge volume determination according to the various UDVs (as shown in

Dry Solids Content (%) = 4.96

Table 4.19a) for a pancake anaerobic digester design is found using Eq 4.97.
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2
. H
Sludge Volume = 7- [(D?J (H,+ Hl.)+[ ;g ﬂ 4.97

Table 4.19a  Operational requirements for MTAD settings

SETTINGS Units UDV
Pumping — Consumption, Egp kJ/kg TSS 12.00
Stirring — Consumption, Egp; kJ/kg TSS.d  20.00
Heat Transfer Coefficient, C, kl/kg-°C 4.2
Sludge Density kg TSS/m’ 1,000
Heat Recovered Application Efficiency % 80.0.
TEMPERATURES
Influent Temperature, T°; °C 15
Ambient Air Temperature °C 18
Surface Material Temperature °C 30

Table 4.19b  Heating requirements for MTAD settings

SETTINGS Units UDV
HEAT FLOW COEFFICIENTS
Floating Cover, C . kKJ/m*d-°C - 108
Ambient Air, Cpamp kJ/m”.d-°C 80
Surface Material, Cpqye kJ/m’.d-°C 82
DIGESTER DESIGN - Cylinder
Inner Diameter, D; m 25.0
Height Exposed, H, m 4.0
Height Insulated, H; m 6.0
Height Below Ground, Hy, m 2.0

Energy use and costs are determined with SPT and without SPT. Differences are
observed where flows and solids are affected by SPT incorporation. Equations in the
previous section were distinguished by ‘a’ and ‘b’ for SI and US units. Instead, equations
are now annotated with ‘i’ or ‘i’ or ‘iii’ or ‘iv’ to represent a sequence of equations
needed to find the total value of a parameter. For example, heat losses occur through the
underground, above ground, and cover portions of the anaerobic digester. Total heat loss
would be found by adding equation ‘1’, ‘ii’, and ‘iii’ for all losses. With SPT

incorporation, equation numbering simply proceeds as in Equations 4.98i and 4.98ii. It is
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total shown in Eq 4.99.

. M TSSMTADi E EPI .
Pumping, E,,, = - 4.98i
ping, L gy, 3600
M roovian: With SPT -E_, pp,
Pumping, E,,, = : R 4.98ii
ping, L gy, 3600
Sludge Volume - E .
MiXing, EEMI - 8 specEMI p 4.98iii
3600
Electrical Total, E, = Ep, + Ep, 4.99

Anaerobic digester design and flow and energy balances are depicted in Figs. 4.12
and 4.13, respectively. They were used to evaluate total heating input and recovery
according to needs and losses based on the UDVs for a cylindrical anaerobic digester

design.

+— Floating Cover
o

Height Exposed {varies)
+ | Height Insulated
I Height Below Ground

Figure 4.12 Anaerobic digester design schematic

E Qp MTAD ) CHL2
HL1 7o
| "RFi
QspTtreated [ Q Q
Qspri Te1 &, “MTADi | MT | “MTADe
T Q T, | AD |Tap | o L DE
i1 SPTuntreated i2 e2 i3
i1
EHR1 EHR2
Erng Ennz

Figure 4.13 Flow and heating energy balance for the SPT unit to the DE unit

Heating energy needs are solved using Eqs 4.100a-101.

pC, - (T,-T
Heating Energy, EHNz — QMTADz p3650( e2 l2)

4.100i
Heating Energy for SPT . ... Eyvosere =
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QSPTtreated ) p ’ Cp ’ (TeZ - Tz2)

4,100ii
3600
Heating Energy for SPTuntreated’ E HN 28PTuntreated =
QSPTumreated P Cp . (]-;_’2 - ]Til ) 4.100111
3600 '
Heating Energy for PC to MTAD,, E s 1rap: =
QPCMTAD P Cp ’ (Tﬂ - TERF) 4.100iv

3600
Total Heating Energy, E v, = E vy sprimeaca + Envasprunreasea T Ennvomraps - 4-101

Heating losses are solved using Eqs 4.102i-103.

DY
Cpfc T (‘21_) : (TeZ - Tamb)

Heating loss by cover, E = 4.1021
g y HL2fe 3600
Heating loss by height exposed, E; ,,, =
D .H ,C T,-T
i*" e™ pamb ( e2 amb ) 410211
3600
Heating loss by height insulated, £, ,,. =
z-D -H -C__-\T,-T
i i psur ( e2 sur) 4102111
3600
Total Heating Loss, Ey;, = Eppp . + Eyrape + Epon 4.103
Finally, the total heat energy input is solved using Eqs 4.104.
Total Heating Input, E,;, = Egpny + Egprs 4.104

Using the UDV for percentage heat recovered application efficiency, Puge, the

amount of heat that can be recovered and subsequently used is shown in Eq 4.105.

P
QMTADi 'p'Cp (T,3 _Tez)‘(l—lgﬁj

3600
When SPT is considered an additional recovery of heat energy is available and

labelled as Eyg;.

4.105

Heating Recovered, E p, =
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P
QSPTi 'p‘Cp (le _Tn)(ﬁ]

3600
Daily and batch costs are found as shown in Eqgs 4.107 and 4.108, respectively.

Heating Recovered, E ,,, = 4.106

Daily Cost = (E,, + E,;, + Ep, ) EP 4.107

Daily Cost
Batch Cost = — 4.108
Daily Batches

4.3.4 Dewatering

Calculations and UDVs for DE are as shown in Table 4.20 and in the equations below.

Table 4.20 Dewatering settings

SETTINGS Units UDV
Influent Temperature °C 15
Power Supplied kJ/kg TSS 0.00 -
Price of Polymer $/kg 0.00

Daily costs are determined for cases where SPTs are and are not considered. The

difference in daily costs is caused by the solids concentration employed.

Power - EP

Daily cost =T8S p; - ( 3600

+ Price- [Dose]j 4.109i

Power - EP

Daily cost =TSS,,.. with SPT -
1y pEi Wi ( 3600

+ Price - [Dose]j 4.109ii

4.3.5 Sludge Disposal
Calculations and UDVs for SD are shown in Tables 4.21a, 4.21b, and in the equations

below. The SD settings that apply to all biosolids use pathways (e.g., landfilling,
incineration) are listed in Table 4.21a. The SD settings that apply to the specific disposal
methods are listed in Table 4.21b.

Pumping energy demands for SD are found as they were for the SPT and MTAD
steps. Similarly, the daily cost calculation for drying is again used and it is now combined
with Eqgs 4.98i and 4.98ii to determine daily incineration costs. The user specifies

whether the sludge cakes are landfilled, incinerated, or reused in land applications.
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The determination of energy supplied for drying the sludge is as shown below.
Differences are found with the underflow solids content percentage of the MTAD step as

aresult of SPT use.

Table 4.21a  General sludge disposal settings

SETTINGS Units UDV
PUMFING 7
Power Supplied kIl/kg TSS  12.00
DRYING
Dried Solids Content % 60.0
LABOUR
Salary $/h-Lbr 20.00
Hours Worked h/d 12.0-
Labourers Required Lbr 40 -

Table 4.21b  Specific sludge disposal settings

SETTINGS Units UDV
TRANSPORTATION
Fuel Cost $/L 1.00 .
Consumption L/km 0.35
Disposal Distance km/Load 160.0
Sludge Cake Density kg/m’ 1,200
Truck Capacity m*/Load 15.0
LANDFILLING ‘
Tipping Fee $/ton 30.00 -
INCINERATION
Power Supplied kJ/kg TSS 0.00
LAND APPLICATION
Sell Price $/ton 0.00

Equp =

. TADu . ..
l:QDEl. ) [MTADuSghds% _ M usoltds% JJ . 1000 . (3650 + 144))
DEeg, 4.9, SDeg, 1.9,

3600

4.1101

Equp with SPT =
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DEe g, yq, SDe g, iy,
3600

Labour costs are the same with or without SPT and apply to all biosolids use

{Q _[MTADuSoM%SPT B MTADu g,y 9,507 )J 1000 - (3650 + 144))
DE;
4.110ii

pathways.

Labour cost = Salary - Hours Worked - Labourers Required 4.111

Transportation costs apply to landfilling, incineration, and land application.
Differences between control and SPT SD costs are found because the influent SD solids
are reduced when SPT is incorporated. For example, total landfilling cost as shown in

PretrAD is the sum of the fuel and tipping costs with and without SPT.

Landfilling fuel cost =
Fuel cost - consumption - distance - .MTSSDE” . 4.112i
Cake Density - Truck Capacity
Landfilling fuel cost with SPT =
M with SPT . -
Fuel cost - consumption - distance - TSS?Ee - - 4.112ii
Cake Density - Truck Capacity

Landfilling tipping cost = Tipping fee-Mrsspee 4.112iii

Landfilling tipping cost with SPT = Tipping fee-Mrsspee with SPT  4.112iv

Total landfilling cost = Fuel cost + Tipping cost 4.113
Agriculture use gains are calculated with and without SPT use. As mentioned in
Chapter 2, the precise potential for SPTs to subsequently enable the achievement of Class
EQ, A or B biosolids for land application could not be determined. It is likely however,
that substantial gains can be made at the SD unit with enhanced pathogen reduction and

the redirected of previously landfilled biosolids.
Daily gain = Sell price - M ;¢ 4.114
Daily gain with SPT = Sell price- M yg,p, with SPT 4.114ii

4.3.6 Energy Conversion

Calculations and UDVs are shown in Table 4.22 and in the equations below. The

selection of the UDVs employed was explained in Chapter 3.

121



CHAPTER 4

The user can split and direct the methane flow to different uses. Costs and gains
are calculated for methane that is flared, returned as heat, used as electricity, and input
into the electrical grid. Calculations are performed with and without SPT. Differences are

observed because the methane flow is greater when SPT is considered.

Flare cost = Flare price- Q.. - Leccnsrure 4.115i
100
Flare cost with SPT = Flare price - Qpcicpr (2%(;%%) 4.115ii

Daily costs for heat return and electrical use are found using Eq 4.77. Heat gain

with and without SPT can be found using Eqs 4.116i-ii.

Table 4.22 Energy conversion settings

SETTINGS Units UDV
CH, Heating Value' kJ/m’ 25,575
CH, Electricity Value' kJ/m’ 11,935
Qeccns Flare % Qgccrsi ‘0‘00 |
Qgccpq Heat Retum % Qeccrai  100.00
Qcccns Electrical Use % Qrccusi 0.00
Qeccns Grid Input % Qeccai 0.00
Flare Cost $/m’ 0.00
Grid Sell Price $/kWh 0.00 .

'UDVs contain efficiency factors as discussed in Section 3.2.4, Chapter 3

CH, Heating Value - O, '(QECCHMMR&M )

Heat gain = 100 4.1161
3600
Heat gain with SPT =
CH |, Heating Value - Qcispr .(QECCH;ggtRetMJ
4.116ii

3600
Electricity gain with and without SPT can be found using Eqs 4.117i-ii.

CH4 Electricity Value - QECi X (QECCH4ElectricalUse j

100 4117

Electricity gain =
vé 3600
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Electricity gain with SPT =

CH, Electricity Value - Qg ior .(QECCH;ggtrithu )

4.117i1
3600
Grid gain with and without SPT can be found using Eqs 4.118i-11.
. . QECCH4Gridlnput
CH, Electricity Value - Q¢ | —————
Dy 100 )
Grid gain = 4.1181
3600
Grid gain with SPT =
CH El s e QECCH4GridInput
o+ Electricity Value - Qpicpr - T
4.118ii

3600
Daily cost reduction for grid input with and without SPT uses Eq 4.77 but the EP

is replaced by the UDV for grid sell price, GSP.

Daily Grid Cost Reduction = Energy-GSP 4.119

4.4 CONTROL WWTP AND PLAN-IT STOAT

The spreadsheet model validity in terms of treatment variable selection, results, and fixed
plant characteristics was assessed by comparison to results obtained using Plan-It

STOAT [209].

Although some aspects of Plan-It STOAT (referred to as Plan-It from this point
forward) resemble the spreadsheet model, design values for vessel sizes (which are not
generally necessary in the spreadsheet model and are therefore not included) had to be
ascertained for Plan-It. They were calculated using well-known treatment unit design
equations that are shown in Appendix B. This work was performed by Kévin Rochelet.
Kévin assisted in PretrAD design, Output worksheet creation, and the PretrAD versus
Plan-It validation. He attended the University of Ottawa during a 4 month exchange from
I’école nationale supérieurs d’ingénieurs de Limoges of the University of Limoges,
France. The UDVs that were used to test agreement between PretrAD and Plan-It are
those for the control ‘Average’ RF and treatment default values. Mesophilic AD was
selected for validation. The RF and treatment default values are both listed in this chapter
(green shaded table cells) and in Appendix A. PretrAD’s output values for average
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conditions (as well as low and high conditions) are stored electronically and can be

accessed as described in Appendix C.

There are 3 UDVs that were changed from the ‘Average’ default values in order
to conduct the PretrAD to Plan-It comparison. The first is the PT ‘TSS Reduction’
setting. It was changed to 0% from 3%. Plan-It does not allow TSS reduction in PT;
therefore this makes the models equivalent in behaviour. The second is the SC
‘TCOD:TSS After SC’ setting in PretrAD. It was set at 210 kg/kg instead of 180 kg/kg.
This was done to compensate for another parameter within Plan-It’s SC COD underflow
calculation sequence which is a different approach from that taken in the PretrAD. The
Plan-It value is based on fixed WAS settleability dictating the fraction of TCOD that is
directed to the clarified effluent and that which is directed to the underflow of the SC
unit. PretrAD is primarily based on mass balances and functions with UDVs that have
been observed within acceptable ranges in the literature (see Appendix A). The usage of
the 210 kg/kg reflects the settleability fractions that are default and were unchanged
within Plan-It. The third is that the DE ‘TSS Capture Efficiency’ setting was set at 95%
instead of 90%. This was deemed acceptable as the vessel sizing process (as shown in
Appendix B) also relies on typical default ranges. The higher Plan-It DE flow values and
thus, effluent Mrss value were correlated to higher throughput efficiencies and a different
recycle to sludge effluent ratio scheme. The change to 95% increased PretrAD’s DE.
flow to compensate for the unchanged Plan-It calculation sequence that dictates DE
recycle and sludge effluent flows and solids concentrations. An acceptable difference

(<10%) between WWTP effluent solids was found.

Once correlations were made and both average RF characteristics and treatment
settings were input, the two outputs were compared. An explanation of treatment models

selected for each unit is given in Appendix B.

The Plan-It interface is shown in Fig. 4.14. The plant layout is on the right
(shaded in light yellow). The left-hand menu (in Fig. 4.14), where the user inputs
variables, has the PC unit showcased. The main inputs are dimensions, operations, and
parameters (shaded green). Similar menus apply to each unit in the WW treatment

operation.
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The flow report generated from Plan-It is shown in Fig. 4.15. The report gives
unit flowrates, mass loadings, and concentrations. Those of interest are COD, BOD, TSS,
and VSS. Again, the various design equations and parameters that were needed in
addition to the PretrAD inputs (Appendix A) and results (Appendix C) required for the

comparison are listed in Appendix B.

The influent, underflow, and effluent of the PC unit are listed in Table 4.23. The
RF and PT stéps are not shown as the values do not vary in either output and thus, no

significant differences between outputs were found.
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125


http://IHu.aH

CHAPTER 4

Table 4.23 Primary sedimentation streams comparison (PretrAD vs Plan-It)

PC; PC, PC,

PretrAD Plan-It PretrAD Plan-It PretrAD Plan-It
Q (m’/d) 460,000 460,800 3,864 4,080 456,136 456,720
TCOD (kg/m3) 043 0.44 28.15 32.20 0.19 0.19
TBOD;s (kg/m3) 0.19 0.19 11.31 13.50 0.10 0.08
TSS (kg/m®) 0.21 0.21 15.00 15.00 0.08 0.09
VSS (kg/m?) 0.16 0.16 11.43 11.30 0.06 0.07
Myss (kg/d) 96,600 96,768 57,960 61,200 38,315 41,105

The influent and effluent of the BT unit are listed in Table 4.24. From this point
forward, unit influents will not be shown since they are equal to the preceding unit’s
effluent. A negligible difference between the models’ solids loadings now occurs (as a
result of recycle which was neglected in the spreadsheet model) and carries forward to all
the treatment units. Also, PretrAD does not track TCOD and TBODs following the BT
unit. Instead, sCOD and sBODs are considered but only in PretrAD’s BT and SC
effluents. As shown in Table 4.3, the sCOD and sBODs values do not differ greatly
between the two outputs. Both models have similar MLTSS values and TSS/VSS ratios.

Table 4.24 Biotreatment streams comparison (PretrAD vs Plan-It)

BT; BT

PretrAD Plan-It PretrAD Plan-It
Q (m’/d) 456,136 456,720 693,388 693,600
TCOD (kg/m?) 0.19 0.19 0.03° 0.03°
TBOD;s (kg/m*)  0.10 0.08 0.02° 0.02°
TSS (kg/m’) 0.08 0.09 3.47 3.60
VSS (kg/m®) 0.06 0.07 261 2.68
Mryss (kg/d) 38,315 41,105 2,406,056 2,496,960

2bThese model outputs are for the clarified BT, sCOD and sBODs, respectively

The recycle, influent, and effluent of the SC unit are listed in Table 4.25.
Insignificant differences are found by comparing flows and only small differences are

found by comparing TSS values.
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Table 4.25 Secondary sedimentation streams comparison (PretrAD vs Plan-It)

SC, SC,, SC,
PretrAD Plan-It PretrAD Plan-It PretrAD Plan-It
Q (m’/d) 237,252 237,600 1,544 1,320 454,592 453,600
TCOD (kg/m®)  22.00 22.10
TSS (kg/m>) 10.00 10.40 10.00 10.40 0.03 0.03
VSS (kg/m’) 8.00 7.71 8.00 7.71 0.02 0.02
Miss (kg/d) 2.37x10° 2.47x10° 15,440 13,728 13,638 13,608

The recycle and effluent of the TH unit are listed in Table 4.26. From this point
forward excluding SPT, TCOD and TBODs were no longer considered in PretrAD as it,
in most cases (i.e., at each treatment step), no longer considers these values and/or does

not output them to the user. No major differences are found at the TH unit.

The influent and underflow to the MAD unit and the recycle of the DE unit are
listed in Table 4.27. The supernatant flow was comparable for both models and is not
shown. The DE unit sludge effluent is given in Table 4.28. No major differences are

found at the MAD treatment step.

Table 4.26 Thickening streams comparison (PretrAD vs Plan-It)

TH, TH

PretrAD Plan-It PretrAD  Plan-It
Q (m’/d) 1,251 1,061 293 259
TSS (kg/m’) 0.62 0.65 50.00 50.00
Mrss (kg/d) 772 689 14,669 12,960
Table 4.27 Mesophilic AD and DE streams comparison (PretrAD vs Plan-It)

MAD; MAD, DE,
PretrAD Plan-It PretrAD Plan-It PretrAD Plan-It

Q (m’/d) 4,157 4,320 4,157 4,320 3,968 3912
sCOD (kg/m®) 15.00 15.00
TSS (kg/m’) 17.47 17.10 9.61 10.70 0.50 0.56
Mrss (kg/d) 72,629 73,872 39,946 46,224 1,997 2,190

Finally, the global Mrgs balance is given in Table 4.28. Showcased are the RF;,
SC,, and DE. streams. Both models intake and output approximately the same daily
solids amounts. Discrepancies listed above are mainly due to the Plan-It BT unit
coefficients for biomass growth/decay, the default and unchanged settleability factors,
and the different SC and DE calculation approaches. Another source of discrepancy
between models is the recycle streams that are neglected in PretrAD and not neglected in
Plan-It. The extent of discrepancy between daily effluent solids at the DE unit is 9.7%. It

should be noted that a further reduction in this discrepancy could be obtained by changes
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to the BT coefficients which involve some complex manipulation. Since treatment and
costs are primarily based on solids reductions and energy requirements based on solids

loadings, PretrAD’s output was deemed valid.

Table 4.28 Global Mrss balance (PretrAD vs Plan-It) Results

RF; SC. DE,

PretrAD Plan-It PretrAD Plan-It PretrAD Plan-It
Mrss (kg/d) 96,600 96,768 13,638 13,608 37,948 42.000
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CHAPTER 5

Results and Discussion

5.0 RUN VARIABLES AND PERMUTATIONS

Over 320 sets of runs were conducted to assess the energy demands and financial
feasibility of SPT incorporation. The variables used (and their permutations) to perform
these runs are described here to provide quick reference to the run labelling system used

and the parameters responsible for the results described in Sections 5.1-4.

The low to high strength RF characteristics that were used in PretrAD are shown
in Table 5.1. These values are identical to those shown with all default values in
Appendix A. The flow and wastewater characteristics were arbitrarily selected for a
population of 10 based on typical North American values for WWTPs handling domestic

and industrial wastewaters [160].

Table 5.1 Raw feed variations

Low Strength  Average Strength  High Strength

Unis  poak Flow)  (Average Flow)  (Low Flow)

Qrr: m’/d 750,000 460,000 240,000
TCOD kg/m’ 0.25 0.43 0.80
TBODs kg/m® 0.11 0.19 0.35
TSS kg/m’ 0.12 0.21 0.40
VSS kg/m’ 0.10 0.16 0.32

TS kg/m’ 0.39 0.72 1.23
TVS kg/m® 0.21 0.36 0.66
Feed Temp. °C 15 15 15

Daily peak flow was estimated using Fig. 5.1 and the inhabitant equivalents value
of 1x10° IE. A peaking factor of 1.7 was applied to the average daily flow and 782,000

m>/d was obtained.

The peak flowrate can also be obtained more precisely. The average daily flow
can be broken down into three components; domestic, commercial, and infiltration

contributions. The US EPA regards these flow rate contributions to be 270,000, 40,000,
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and 150,000 m’/d for a population of 1x10° IE, respectively. The peak daily flow can
therefore be determined as shown below. A final peak flow of 750,000 m’/d was chosen

and deemed to be sufficiently representative.
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Figure 5.1 Peaking factor curve: ratio of peak hourly to average daily flow (adapted:
‘Figure 3-13° Metcalf and Eddy, 4® ed., 2003).

Peak Flow = (270,000x1.7 +40,000x1.5+150,000) m*/d = 669,000 m*/d

The low daily flowrate value is given in literature alongside the average flowrate
[160]. A flow regime breakdown is explained in Section 5.1.4. Diurnal flowrate and
quality variations during a day were not considered because detention times in the
anaerobic digester are considerably longer than one day and diurnal daily variations have

insignificant influence on the behaviour of MTAD.

Benefits or costs of incorporation of SPTs into the control plant scenario were
now systematically investigated based on information presented in earlier chapters
pertaining to energy demands of SPTs and their improvements of MTAD, DE, and SD.
Since the costs and operations of all processes except for MTAD, DE, and SD in the

WWTP do not change as a result of STP they are not included in the cost analyses.

Each SPT was incorporated into the control plant. The energy input/output
characteristics of each SPT along with their effects on other unit processes such as DE

are not definitive in many respects. A range of operating conditions and performance

130



CHAPTER 5

characteristics was thus evaluated to determine the scenarios where an overall benefit is

realized from SPT use.

The initial runs were made incorporating each SPT at ‘Low’ energy demands
(Espee, from Table 5.3 below) determined for the SPT type. Furthermore, heat recovery
potential at the MTAD step and sludge hauling distance at the SD step were varied.in
these initial runs. In the MTAD step, the heat transfer coefficient and heat recovery
application efficiencies were varied from normal heat recoveries (NHR: 4.2 kJ/kg-°C and
80%) to low heat recoveries (LHR: 5.0 kJ/kg-°C and 60%). The heat transfer coefficient
would not in fact vary from 4.2 to 5.0 kJ/kg-°C but the change permits a variation of
heating efficiency that PretrAD has not enabled elsewhere. In the SD step, the disposal
distance increased from a normal sludge transport distance (NSD: 160 km/Load) to a
doubled sludge transport distance (320 km/Load). The values of these parameters are

summarized in Table 5.2.

Table 5.2 MTAD and SD specific permutation variations

Units NHR LHR

MTAD Heat Transfer Coefficient kl/kg°C  4.20 5.00
Heat Recovery Application Eff. %o 80 60

Units NSD DSD

SD Disposal Distance km/Load 160 320

The general breakdown of Runs 1-4 and Runs la-2b is given below. Following
this, a more detailed run labelling system is presented for simple referencing of all

variables responsible for specific results discussed in Sections 5.1-4.

Runs 1-4 are MAD or TAD based and SPT WWTP scenarios with the following
MTAD and SD permutations: Run 1 (NHR-NSD), Run 2 (NHR-DSD), Run 3 (LHR-
NSD), Run 4 (LHR-DSD). These runs were also conducted with Low SPT energy
demand variables (in Table 5.3). Runs 1-4 were also conducted for low to high strength

RF variables (Table 5.1).
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Runs la-b and 2a-b are MAD or TAD based and SPT WWTP scenarios
conducted with the following MTAD and SD permutations: Runs la-b have NHR-NSD
values and Runs 2a-b have LHR-DSD values. The ‘a’ and ‘b’ designations of these runs
refer to use of the following SPT variables: Runs 1a and 2a (Medium = Med SPT energy
demands) and Runs 1b and 2b (High SPT energy demands). Runs lab-2ab were

conducted for average strength RF variables from Table 5.1.

The SPT variables altered for the general breakdown of Runs 1-4, 1a-b, and 2a-b
are listed in Table 5.3.

Table 5.3 Variables specific to each SPT

Runs Runs Runs

Permutation Variable Units 1-4 1a,2a 1b,2b
Espec designation1 Low Med High
ULT/SBM/HPH Espec kJ/kg TSS 8,500 10,625 12,750
T °C 25 25 25
Heat Transfer Coeff. kJ/kg-°C 4.20 5.00 5.00
CH Sludge Density kg/m’ 1,100 1,100 1,100
Heat Loss % 4.00 8.00 8.00
TC%1 °C 80 100 120
MWH Espec kl’kg TSS 8,500 10,625 12,750
TC °C 60 75 90
[NaOH] or [KOH] kg/m’ 2.50 3.13 3.75
M Price $/kg 200 250 3.00
T %1 °C 20 20 20
[O3] Dose kg/m’ 500 625 7.50
0z Eprod kWh/kg O; 1250 1563 1875
T °C 20 20 20
TC CH + CM or MWH + CM variables apply

'Different Eqpec values result in changes in other variable such as T°;.

The visual representation of all runs is given in Fig. 5.2. It is clear that if control
scenarios are evaluated, 0% SPT energy demands and 0% solubilisations were input.
When SPT scenarios were evaluated, Low, Med, and High SPT energy demands and the
percentage solubilisations shown in Chapter 4, Table 4.7 were input. Control and SPT

scenarios were evaluated first with low to high RF strength characteristics for Runs 1-4
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and Runs 1a-2b and second with only average RF strength characteristics and Runs Ia-
2b. The results from the first evaluation showed that fewer permutations of the MTAD
and SD variables were needed and that average flow and RF strength characteristics were
sufficiently representative of costs incurred at all flow regimes (where more realistic

typical flow and WW strength variations from low to high were considered).

Low or Avg or High RF and MTAD Avg RF and MTAD
Control or SPT Control or SPT
1 |
| | | ] [ i [ |
Run1l Run 2 Run3 Run 4 Run la Run1b Run2a Run2b
NHR-NSD NHR-DSD LHR-NSD LHR-DSD NHR-NSD NHR-NSD LHR-DSD LIjR-DSD
Low SPT LowSPT LowSPT LowSPT Med SPT HighSPT Med SPT High SPT

Figure 5.2  Graphical representation of the general run breakdown
The detailed run labelling system is shown in Fig. 5.3

Examples: Run2 Run2b
RM(Hl-DZ-LOW)L RT(Hz-Dz-High)A

Legend:

R (run), M (MAD) or T (TAD)

Hi (NHR = 4.2 kJ/kg’C and 80%) or Hy (LHR =5.0 ki/kg°C and 60%)
D3 (NSD =160 km/Load) or D, (DSD =320 km/Load)

Low, Med or High (SPT energy demand)

Subscripts: L, A or P (low, average or peak flow RF variables)

Figure 5.3  Detailed run labelling system used throughout Chapter 5

5.1 RESULTS AND DISCUSSION

This section details the results obtained from running the numerous permutations of
treatment operations outlined in Section 5.0. These permutations were conducted to
assess the overall impact of SPT incorporation. After a number of observations for the
various flow regimes with various treatment options, it was established that results from
runs under the average flow regime were reflective of SPT energy demand increases or
decreases for the other flow regimes. Therefore only average RF characteristics were

used following Section 5.1.4. An observations and highlights summary is provided in
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Section 5.2. This is followed by the PretrAD outputs using low to high RF characteristics

and their impacts on unit, WWTP, and net costs.

All discussions will use the terms control (without SPT) and SPT scenarios as
described in Section 4.4 of Chapter 4. The other 2 terms that will be commonly used are
‘practical’ and ‘impractical’. The first (practical) refers to cost scenarios that warrant SPT
incorporation. That is to say, if the net daily or annual costs of SPT incorporation are
lower than or closely resemble control costs under identical conditions, then that situation
is deemed practical. The second (impractical) refers to cost scenarios where SPT
incorporation would not be preferred because net daily or annual costs of SPT
incorporation are not sufficiently higher than control costs under identical conditions. As
such, practical and impractical results reflect cost effective and cost burden (SPT

incorporation cannot be recovered by potential cost gains) scenarios.

Energy inputs (translated to costs) and energy gains from CH, conversion (also
translated to costs) have been kept separate. Results will typically represent costs per
treatment unit (heat recoveries are included), WWTP costs (excluding cost gains from
CH4 conversion), and net costs. Net costs were found when the cost gains (i.e., CHy

conversion to energy) were subtracted from WWTP

5.1.1 Control and SPT WWTP with Low Strength RF
Treatment costs are based on current energy prices (UDV of $0.04/kWh) and operational
energy requirements. Highly variable capital costs were not considered. The SPTs

included are listed in Table 5.3.

Separate evaluation of MTAD and SD variables was deemed necessary to
establish the extent at which each variable impacts daily operation costs. This approach,
however, required that an initial evaluation of a set of 4 runs be conducted for the all
possible permutations of NHR-NSD, NHR-DSD, LHR-NSD, and LHR-DSD. As
mentioned above, control and SPT scenarios alongside MAD and TAD were evaluated. A
total of 8 runs were thus needed for each SPT and for the control scenario to establish the

cost breakdown per treatment unit and per AD type. Since only a few variables were

134



CHAPTER 5

altered at once, increases or decreases in costs compared to the control cost rankings were
found to be fairly similar. Therefore not all results are shown graphically. The goal here

is to establish whether practical and impractical scenarios exist for each SPT.

An analysis of the SPT, MTAD, WWTP, and net daily costs for low strength RF
characteristics will now be made. The results of this analysis will provide the basis for the
relative rankings of each SPT (compared to the control scenario) reported throughout

Sections 5.1.1-3.

The results in Fig. 5.4 are for RM(H,-D;-Low)p. The SPTs ULT, SBM, and HPH
are handled together in all cost evaluations because their SPT energy demands are
sufficiently similar (i.e., they were found in literature to have analogous working ranges
and could meet the same subsequent improvements at nearly the same Eg.. values). No
control cost exists (no column is shown in the figure) for the SPT unit as it is not in use
during the control scenario. From Runs 1 to 4 SPT costs remained constant as SPT

energy demands were not varied.

The SPTs CH, MWH, and OZ are observed to have the three lowest costs.
ULT/SBM/HPH as well as CM processes follow and closely match MWH costs for the
SPT unit. Costs for the MTAD unit during SPT scenarios were lower than control costs
for RM(H;-D;-Low)p. This fact is solely due to heat recovery and thus, the T°; as shown
in Table 5.3 dictates the extent to which costs are reduced by SPT incorporation. Net
costs are lower than WWTP costs as a result of energy recoveries attained by CH,
conversion to heat (as set by UDVs for EC). The relative rankings for each SPT as shown
by the WWTP costs and net costs columns are identical. This was observed because the
percent solubilisations achieved as a result of SPT hydrolysis were kept the same for all
SPTs. As shown in Chapter 2 in Tables 2.1-2.18, SPT working ranges for pCOD
solubilisation and AD improvement ranges were fairly similar. The goal here was to
establish net costs for each SPT based on the same amount of pCOD solubilisation and
thus commensurate improvements in MTAD, DE and SD. It should be noted that there is

no direct setting for PretrAD’s SPT unit that prescribes biogas production improvement.
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Instead, all biogas production improvements are a result of enhanced MTAD; sCOD

availability.

Additional energy input costs specific to each SPT varied from $1,000 to 4,000/d
based on energy demands to achieve the same desired level of subsequent treatment
improvements. Costs for the MTAD unit with SPT were found to be similar or lower (as
much as $950/d) than control MTAD costs is shown by WWTP costs (CHy4 conversion
energy gains are excluded). High CH treatment temperatures lead to significant heat
recoveries and WWTP costs were actually reduced. Net daily costs were reduced by

$250-2,000/d for all but TC(CH) and TC(MWH) SPTs.

Results for the DE and SD units are not shown because DE costs were
comparatively very small and SD is not heavily affected by sludge transport distance. The
most significant SD variable is actually the desired dried solids content due to the energy
demand for drying the DE cake. A change in SD variables for this entire evaluation was
not made because regardless of the cost impacts of specific variables, all results are still

heavily reliant on the RF characteristics and WWTP treatment settings.
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Figure 5.4 Lowest daily costs found [RM(H;-D;-Low)p]

The lowest daily costs have been found for the evaluation of Runs 1-4. A
comparison of the lowest [Run 1: RM(H;-D;-Low)p] to highest [Run 4: RT(H,-D>-Low)p]
net costs per influent flowrate will now be made. This comparison effectively provides a

range of net daily costs to be expected.

The results of the comparison are given in Fig. 5.5. The stacked columns
represent the lowest to the highest net costs for control and SPT scenarios. For example,
the lowest net control cost is $0.005/m’ RF; for RM(H;-D;-Low)p. The second lowest net
control cost is $0.006/m> RF; for RT(H;-D;-Low)p (shown by the yellow bar on top of the
blue bar for the control). Net control costs were similar to or surpassed by CM, TC(CH)
and TCOIMWH) scenarios, respectively. Though PretrAD does not directly compute
TC(MWH) costs, the SPT demands for both MWH and CM were added to obtain the
combined SPT unit cost along with the new WWTP and net costs.
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Net control and SPT costs per peak (low strength) flowrates ranged from $0.005-
0.009/m* RF; and $0.0031-0.0098/m> RF;, respectively. Again, these net costs reflect the
sum of all unit costs and/or gains for the SPT, MTAD, DE, SD, and EC units. The control
scenario has no SPT cost. The relative rankings for each SPT scenario compared to the

control scenario are shown in Fig. 5.5.
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Figure 5.5 Net costs per peak flowrate for RM(H;-D;-Low)p, RT(H;-D;-Low)p,
RM(H;-D,-Low)p, and RT(H,-D;-Low)p
5.1.2 Control and SPT WWTP with Average Strength RF
The lowest daily costs have been found for the evaluation of Runs 1-4 when average
strength RF is an input condition. A comparison of the lowest [Run 1: RM(H;-D;-Low)a]
to highest [Run 4: RT(H,-D;-Low)a] net costs per influent flowrate was again made and
the results are shown in Fig. 5.6. This comparison effectively provides a range of net
daily costs to be expected for average strength RF characteristics. No other average flow

(average strength) results are shown as the relative rankings remain unchanged from
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those in Figs. 5.5 and 5.6 and the amounts of the costs per influent flowrate lie in between

peak and low flow scenarios.

Net control and SPT costs per average (average strength) flowrates ranged from
$0.010-0.016/m> RF; and $0.005-0.0018/m’ RF;, respectively. Again, the relative ranking
shown in Fig. 5.6 does not vary from that in Fig. 5.5 but the separations are amplified by

increased solids loadings in the average compared to the peak flow influents.
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Figure 5.6  Net costs per average flowrate for RM(H;-D;-Low)a, RT(H;-Di-Low)a,
RM(H,-D;-Low),, and RT(Hz-Dy-Low)a

5.1.3 Control and SPT WWTP with High Strength RF
High strength RF characteristics (which occur at low flows) necessarily result in the
highest unit and net daily costs and gains found. Since the costs are primarily based on
solids loadings, the increase in solids entering the WWTP upwardly affects operating

COSts.
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The highest daily costs [RT(H;-D,-Low),] occurred for the high strength-low
flow and they are shown in Fig. 5.7. No control cost exists (no column is shown in the

figure) for the SPT unit as it is not in use.

Specific SPT costs varied from $1,300/d to $5,600/d based on energy demands of
each SPT to achieve the same desired level of subsequent treatment improvements.
Mesophilic/thermophilic AD costs were reduced by as much as $1,400/d. Increased
WWTP costs occur for all but CH SPT incorporation. Net SPT costs were reduced by
$100-2,700/d compared to the control results for all but TC(CH) and TC(MWH) SPTs.
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Figure 5.7 Highest daily costs found [RT(H,-D,-Low); ]

The lowest daily costs have been found for the evaluation of Runs 1-4. A
comparison of the lowest [Run 1: RM(H;-D;-Low).] to highest [Run 4: RT(H,-D,-Low); ]
net costs per influent flowrate is given by the results in Fig. 5.8. Net control costs were of
course, similar to or surpassed by CM, TC(CH), and TC(MWH) scenarios, respectively.

This figure highlights the significant amplification of costs due to solids loading under
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low flow (high strength) conditions compared to peak flow (low strength) conditions
shown in Fig. 5.5. Not only are the costs elevated for all runs but the difference in costs

for any run is greater.

Net control and SPT costs per low (high strength) flowrates ranged from $0.020-
0.032/m’ RF; and $0.01-0.0037/m> RF,, respectively.
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Figure 5.8  Net costs per low flowrate (high strength) for RM(H;-D-Low)., RT(H;-D;-
Low)r, RM(H;-D,-Low),, and RT(H,-D»-Low),

To review the increase in costs based primarily on MAD or TAD, Fig. 5.9 was
created. Though only RM(H;-D;-Low)p, RT(H,-D»-Low), are shown, TAD costs were
always higher than MAD costs. It is important to note that the MAD and TAD costs are
for peak (low strength), and low (high strength) influent flowrates, respectively. Thus,
TAD costs can be but are not always as significantly different from MAD costs as shown
in this figure. It was observed that net costs range from $0.020-0.037/m’ RF; [RT(H,-D»-
Low).] at their highest and from $0.03-0.07/m’ RF; at their lowest [RM(H;-D;-Low)p].
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Figure 5.9 Lowest [RM(H,-D;-Low)p] versus highest [RT(H,-D,-Low).] net daily
costs per influent flowrates

It was now deemed important to establish net annual costs under various flow
regimes in order to differentiate between permanent daily conditions (as costs reflect a
day of operation under identical conditions) and the always fluctuating flow conditions

experienced by WWTPs.

5.1.4 Flow Regime Determinations
Prior to establishing possible flow regimes, net costs per flow (peak, average, and low)
were obtained for control and SPT scenarios. All costs per flow and how they increase
from RM(H;-D;-Low)p to RM(H;-D;-Low), and finally to RM(H;-D;-Low), are shown
in Fig. 5.10. For all flow conditions the relative rankings for each SPT compared to
control costs do not change. During peak, average, and low flow occurrences, net costs

range from $0.003-0.007, 0.005-0.013, and 0.010-0.028/m’ RF;, respectively.
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Figure 5.10 Net costs for RM(H;-D;-Low)p, RM(H{-D;-Low)a, and RM(H;-D¢-Low)L

Now the effects of changing heat recovery variables and sludge hauling distance
on costs were examined. For all flow conditions and TAD the relative rankings for SPT
costs compared to the control costs are the same as those shown for MAD in Fig. 5.11;
thus the figure for TAD was not shown. The raw data and both MAD and TAD figures
that were created can be found in the electronic Appendix C. During peak, average, and
low flows, net costs for RT(H;-D;-Low)p, RT(H;-D1-Low)a, and RT(H;-D;-Low), range
from $0.003-0.008, 0.005-0.014, and 0.011-0.030/m’ RF,, respectively. Net costs on an
inﬂuent flowrate basis are only slightly affected when TAD is used in place of MAD.

The relative rankings that have been observed in Fig. 5.10 are again observed in
Fig. 5.11. This figure outlines the net costs per flow for RM(H,-D,-Low)p, RM(H>-D»-
Low)a, and RM(H;-D,-Low),. During peak, average, and low flows, net costs range from

$0.004-0.008, 0.008-0.015, and 0.01 5-0.032/m> RF;, respectively.
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Figure 5.11 Net costs for RM(H;-D;-Low)p, RM(H,-D;-Low), and RM(H,-D;-Low),

For all flow conditions and TAD the relative rankings for SPT costs compared to
the control costs are unchanged from the MAD rankings shown in Fig. 5.11. During peak,
average, and low flows, net costs for RT(H,-D»-Low)p, RT(H;-D,-Low)a, and RT(H;-D5-
Low) range from $0.006-0.010, 0.010-0.018, and 0.020-0.037/m’ RF;, respectively. The
figure for TAD was thus not shown. Net costs on an influent flow basis are more
significantly affected when TAD is used in place of MAD. This magnification of costs is

due almost solely to low values of heat recovery variables.

Flow regimes were now considered since WWTPs do not experience constant
yearly influents of identical characteristics (strength) and magnitudes (flowrates). As
explained in the literature, WWTPs receiving combined sewer flows experience on
average high flow (low strength) conditions over 10% of the time due to system
infiltration as a result of precipitation. Minimum daily flowrates range from 30-70% of

the yearly flows experienced by WWTPs [160]. Thus, by fixing the high flow condition
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at 10% of the time and varying the low flow from 30-70% of the time with average flow
comprising the remainder of the time, an overall average flow occurrence was obtained
and ratios for low/averagé regimes were created. Daily costs could now be estimated for
the year. The days/year values as a function of the low/average ratios for each flow

condition are outlined in Table 5.4. All columns sum to 365 days.

Table 5.4 Days per year for each flow condition and the respective ratio

FLOWS / Days (d)

PEAK 36.5 36.5 36.5 36.5 36.5
AVERAGE 219 182.5 146 1095 73
LOW 109.5 146 1825 219 255.5
Low/Average Ratio 0.5 0.8 1.25 2 3.5

The yearly net costs based on all flow occurrence regime ratios were calculated
for control and each SPT. The control and SPT results shown in Fig. 5.12 are from
RM(H;-D,-Low). The subscript defining flow selection is not shown because flow
conditions comprised of the flow ratios in Table 5.4 were used. A slight increase in costs
from a primarily average flow regime to a primarily low flow regime is observed for
control and SPT scenarios. This same increase (but at higher initial costs) is observed
with RT(H;-D;-Low). Both MAD and TAD (the figure for TAD is not shown) exhibited
a 5-15% difference in net yearly costs based on an all peak, all average or all low flow
regime. A net yearly cost variation of 2.5-3.5% for low/average flow occurrence ratios of
0.5-3.5 was found and a less than 5% difference for yearly cost in an all average regime
versus varied flow regimes was also observed. Thus, average flow results were deemed to
be sufficiently representative of any results for different flow regimes. From this point
forward, only average RF variables would be used in the SPT energy demand increase

permutations (Runs 1a-2b) in Section 5.1.5.
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Figure 5.12 Net yearly costs increases for various flow occurrence ratios from
evaluations of control and SPT RM(H;-D;-Low)

5.1.5 Average Strength RF and Increased SPT Energy Demands
In the section above, results for net yearly costs under average RF scenarios were found
to be sufficiently representative of all regime flows evaluated. Energy demand increases
for the SPT units were now evaluated under only average RF characteristics. All SPTs at
Low, Med, and High energy demands (see Table 5.3) were compared to control costs. At
Low energy demand, all SPTs other than TC(CH) and TC(MWH), were found to have a
net energy gain once incorporated into the WWTP. Practical situations were found and

will be addressed in the Observations and Highlights Summary (Section 5.2).

The first set of Runs 1-4 evaluated the incorporation of SPT at low (labelled Low)
energy demand for SPT (results are shown in Fig. 5.6). Now reasonable increases in SPT
energy demands (25-50% based on literature ranges shown in the summary tables of
Chapter 2) were considered. Many treatment parameters within the plant could also be

varied as conditions are seldom constant, but only heat recoveries and sludge disposal
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distances were again considered along with SPT energy input. It should be noted that the
Low energy demand variables for each SPT were selected to represent a slightly lower
than average energy input to achieve the UDVs for hydrolysis (pCOD solubilisation). In
this analysis the percent solubilisations were not changed for any runs; they may be
difficult to achieve with only energy demands set at the ‘Low’ value. Similarly, with
‘High’ SPT energy demands, increased percent solubilisations may in fact be realised

with further treatment benefits.

The following evaluation (Figs. 5.13-14) compares net daily costs for the lowest
and highest net cost scenarios (Runs 1 and 4) observed earlier. Both figures also show the
newly determined net daily costs for Runs la, 1b, 2a, and 2b. An assessment of
practicality and impracticality can now be made on a basis of increased (Med and High)
SPT energy demands. Although both figures have the control results linked by a line, no
relationship exists between the values indicated by the points. The line is meant to serve
as a visual reference guide for a simplified practical and impractical costs evaluation.
Points above this line reflect net costs that are higher than control costs and the scenarios

that provided these results are thus, impractical.

The results shown in Fig. 5.13 are for RM(H;-D;-Low) (Run 1) and RM(H;-D»-
Low)a (Run 4). The newly determined net daily costs are for RM(H;-D-Med)s, RM(H;-
D;-High)a, RM(H;-D,-Med)a, and RM(H,-D,-High)a, respectively. From Section 5.1.1-
3 with Low SPT energy demands (Runs 1 and 4), net energy gains were obtained for all
but TC(CH) and TC(MWH).

For RM(H;-D;-Med), and RM(H;-D,-High)» ULT/SBM/HPH, CM, TC(CH),
and TC(MWH) scenarios yielded impractical results. Ozone incorporation was found to
have slightly impractical (scenario costs > control costs) results for RM(H,-D>-Med)a
and RM(H;-D,-High),. The CH and MWH SPTs were not found to have impractical

results with MAD for any of the energy input scenarios examined.

The same comparison of Low to High SPT energy demands as was conducted in

Fig. 5.13 is shown in Fig. 5.14 for TAD. Runs 1 and 4 (lowest and highest net cost
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scenarios observed earlier) are the results of RT(H;-D;-Low)a and RT(H,-D;-Low)a. The
TAD Runs la RT(Hi-D{-Med)a, 1b RT(H;-D;-High)s, 2a RT(H,-D;-Med), and 2b
RT(H,-D,-High) are shown.
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Figure 5.13 Net costs for Run 1 RM(H;-D;-Low)s and Run 4 RM(H,-D,-Low)4 as well
as Run la RM(H;-D;-Med)a, Run 1b RM(H;-D;-High)a, Run 2a RM(H,-
D,-Med),, and Run 2b RM(H,-D,-High)a
The relative rankings in Fig. 5.14 are similar to those in Fig. 5.13 but since TAD
requires additional energy input, control costs are higher and TC(CH) had practical
results. The ULT/SBM/HPH and OZ SPTs are practical (or almost practical) with Med
SPT energy demands for all runs. Net daily costs were not impractical for CH and MWH
with TAD.

Scenario costs with SPT have been dutifully compared to control costs using
identical parameters. A thorough comparison of control and SPT scenario costs with

MAD is now presented.
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The results in Fig. 5.15 outline cost differentials for control and SPT MAD
scenarios. The columns are shown in sets of 2 for the comparisons of Run 1 with 4, Run
la with 2a, and Run 1b with 2b. In other words, the columns are stacked in sets for the
following comparisons: RM(H;-Dj-Low)a with RM(H;-D,-Low)s, RM(H;-D;-Med)a
with RM(H,-D,-Med)a, and RM(H,;-D;-High), with RM(H>-D,-High)a.
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Figure 5.14 Net costs for Run 1 RT(H;-D;-Low)a and Run 4 RT(H;-D;-Low)a as well
as Run la RT(H;-D;-Med)s, Run 1b RT(H;-D;-High)a, Run 2a RT(H>-D>-

Med)a, and Run 2b RT(H,-D,-High)a
The control cost columns do not have values for Runs 1a-2b as these involve SPT
energy demand increases that are only reflected in SPT scenarios. It is interesting to note
that net costs per flow for RM(H,-D;-Low), with ULT/SBM/HPH, CH, and MWH
resemble or surpass those of RM(H;-D;-High)s. The reason this trend does not apply to
all SPTs is based on temperatures of the effluent from the SPT. A sufficiently higher than

ambient (+ 7°C) SPT effluent temperature provides a higher reduction in heat energy to
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be supplied for MTAD. This additional heat recovery lowers the impact of SPT energy

demand increases compared to the impact of MTAD and SD variables.

Impractical scenarios are found for ULT/SBM/HPH, CM, TC(CH) and TC(MWH)
for RM(H;-D-Med)s or RM(H;,-D,-Med)s. Additional impractical situations are found
for the preceding list and OZ with RM(H;-D;-High)s or RM(H,-D,-High)s. No
impractical situation is found for CH or MWH. Under MAD, CH and MWH offer the

only SPT scenarios that were always shown to be more cost effective than control.
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Figure 5.15 Net costs per average influent flowrate for the comparisons of Run 1

RM(H;-D¢-Low)a with Run 4 RM(H,-D;,-Low)a, Run 1a RM(H;-D,-Med)a

Run 2a with RM(H;,-D,-Med),, and Run 1b RM(H;-D;-High)s with Run 2b
RM(H;-D,-High)a

As noted above, SPT energy demand increases are not always more important

than MTAD and SD variables. Specifically in the case of TAD (figure not shown) where

energy costs are amplified, an additional SPT (OZ) is added to the list of processes where

energy demand increases are relatively unimportant compared to MTAD and SD
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variables. All SPTs (except for CH) provided both practical and impractical scenarios as
shown in Fig. 5.15. When TAD was used however, not all CH scenarios were deemed

practical as compared to RT(H;-D;-Low)a.

When evaluating treatment costs based on operational energy requirements it is
clear that TAD in control cost scenarios will be costlier than MAD. This was observed
under all flow conditions. Since operational fluctuations exist and treatment parameters
cannot be consistently maintained, heat recovery and energy demands were varied.
Again, with low heat recoveries and higher energy demands, control and SPT scenarios
for TAD were more costly. It was thought however, that if preferable MTAD heat
recoveries (lower heat losses and higher application efficiencies, Table 5.2) could be
maintained at higher rates of recurrence for TAD WWTPs, some SPT TAD scenarios
would be preferred over SPT MAD scenarios. That is to say, if heat recoveries fluctuate
more frequently during SPT scenarios and as a result lead to higher occurrences of
increased daily costs, SPT scenarios with MAD might not be as cost effective. This is
especially the case in regards to thermal SPTs where the energy demand translates to a
significant heat input prior to AD that would be used at the anaerobic digester in every

case. A cost occurrence evaluation was performed and is shown in Figs. 5.21 and 5.22.

An evaluation of control and SPT MAD compared to SPT TAD scenarios is now
presented. Sludge pretreatment scenarios with either MAD or TAD can be compared to
control scenarios with either MAD or TAD. Practicality or impracticality can be assigned

on the basis of AD type and treatment parameters that result in low or high costs.

In a similar manner to Fig. 5.15, the results that are shown in Fig. 5.16 outline
cost differentials for control and SPT MAD and TAD scenarios. The columns are shown
in sets of 2 for the comparisons of Run 1 with 4, Run 1a with 2a, and Run 1b with 2b. In
other words, the columns are stacked in sets for the following comparisons: RM(H;-D;-
Low)a with RT(Hz-Ds-Low)a, RM(H;-D-Med)a with RT(H,-D;-Med)s, and RM(H;-D,-
High)s with RT(H,-D,-High)a.
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The MAD results are identical to those shown in Fig. 5.15. The cost

amplifications based on AD temperatures are shown in Fig. 5.16.

A reversed situation is depicted in Fig. 5.17. Now, the highest cost, control and
SPT MAD scenarios, are compared to the lowest cost, control and SPT TAD scenarios.
In other words, the columns are stacked in sets for the following comparisons: RM(H;-
D,-Low)a with RT(H;-D;-Low)a, RM(H;-D,-Med)a with RT(H;-D1-Med)a, and RM(H,-
D,-High)a with RT(H;-D;-High)a.
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Figure 5.16 Net costs per average influent flowrate for the comparisons of Run 1
RM(H;-D;-Low)a with Run 4 RT(H;-D;-Low)s, Run 1a RM(H;-D-Med)a
with Run 2a RT(H»-D,-Med)a, and Run 1b RM(H;-D;-High)4 with Run 2b
RT(HQ-Dz-High)A

As is easily seen, net costs for control and SPT TAD scenarios are always less
than those for control and SPT MAD scenarios. No matter the SPT energy demand, TAD

scenarios can be more practical than MAD scenarios if preferable heat recoveries occur

and sludge transport distances exist.
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As done in Sections 5.1.1 and 5.1.3, the SPT and MTAD unit costs will again be
evaluated along with WWTP (excluding energy gains) and net (including energy gains)
costs. In Fig. 5.18 columns are now stacked to show the lowest found costs [Run 1
RM(H;-D;-Low),] and the highest found costs [Run 2b RM(H,-D»-High)a] for control
and SPT scenarios with MAD. This provides the likely low to high cost ranges for daily

operations.

Figure 5.18 should be read as per this example: the ULT/SBM/HPH columns are
stacked to compare the lowest to the highest cost MAD scenarios for these SPTs. As such,
RM(H;-D;-Low), is stacked below RM(H,-D,-High), and net daily costs for
ULT/SBM/HPH range from $2,500-3,800/d. A range of net daily operational costs is thus
established for control and SPT scenarios with MAD. The control scenario shows no
columns at the SPT unit because it is not in use. As previously stated, average RF
characteristics on a yearly basis were sufficiently representative of all yearly flow

regimes.
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Figure 5.17 Net costs per average influent flowrate for the comparisons of Run 4
RM(H;-D,-Low)a with Run 1 RT(H;-D;-Low)a, Run 2a RM(H;,-D,-Med)a
with Run la RT(H;-D{-Med),, and Run 2b RM(H;-D,-High)a with Run 1b
RT(H]-DI-High)A

Unit costs for SPT ranged from $1,300-5,100/d and $3,000-9,800/d for RM(H;-

D;-Low)a and RM(H,-D;-High)a, respectively. Costs at the MTAD unit were reduced by

as much as $1,900/d. Increased WWTP costs are shown under all SPT scenarios for run

RM(H;-D,-High)s. Net costs were reduced by $100-2,000/d for all but TC(CH) and

TCMWH) SPTs with RM(H;-D;-Low)a. For RM(H,-D,-High)a, net costs were only

reduced by SPT scenarios incorporating CH or MWH. All other SPT scenarios showed

an increase in net costs ranging from $200-5,500/d.
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Figure 5.18 Lowest and highest net daily cost ranges for control and SPT scenarios with
Run 1 RM(H;-D;-Low), stacked below Run 2b RM(H,-D,-High)a

The same evaluation as that made for MAD scenarios shown in Fig. 5.18 is given
for TAD by the results in Fig. 5.19. For each SPT the result for RT(H;-D;-Low), is
stacked below RT(H,-D,-High)sa. A range of net daily operational costs is thus
established for control and SPT scenarios with TAD.

Units costs for SPT ranged from $1,300-5,100/d and $3,000-9,800/d for RM(H;-
D;-Low)s and RM(H,-D,-High),, respectively. SPT costs do not increase without SPT
energy demand changes. Costs at the MTAD unit were reduced by as much as $1,900/d.
Increased WWTP costs are shown under all SPT scenarios for run RM(H,-D,-High)a.
The relative rankings with TAD are the same as for MAD but the actual costs are
amplified. As shown in Fig. 5.18 however, control costs for RM(H,-D,-High)a were less
than those of ULT/SBM/HPH, CM, TC(CH), and TCIMWH) SPTs for RM(H;-D;-
Low)a. In Fig. 5.19, control costs for RT(H,-D,-High)a are higher than all SPT costs for

RT(H;-D;-Low)a. If low cost treatment parameters (as shown in Tables 5.2-3) were more
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easily maintained as a result of SPT incorporation in a TAD WWTP, a scenario exists
where all SPTs but TC(MWH) are practical. Net costs were reduced by $100-2,400/d for
all but TC(CH) and TC(IMWH) SPTs with RT(H;-D;-Low)a. For RT(H,-D,-High)a, net
costs were only reduced by SPT scenarios incorporating CH or MWH. All other SPT

scenarios showed an increase in net costs ranging from $100-5,100/d.
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Figure 5.19 Lowest and highest net daily cost ranges for control and SPT scenarios with
Run 1 RT(H;-D;-Low)4 stacked below Run 2b RT(H,-D,-High)a

Control and SPT scenarios have been compared using identical run parameters
and different run parameters for both MAD and TAD. Low to high net costs ranges were
established based on normal heat recoveries, a normal sludge hauling distance, and Low
SPT energy demands compared to low heat recoveries, a doubled sludge distance, and
High SPT energy demands. These low to high net costs ranges were established for both
MAD and TAD.

Low to high net costs per influent flowrate ranges will now be used to make a

MAD versus TAD comparison. The results are shown in Fig. 5.20. The relative rankings
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are of course identical to those of the net daily costs shown in Figs. 5.18-19. What is now
found is the net daily costs based on the comparison of low cost parameters to high cost
parameters with MAD and TAD. In other words, the columns are stacked in sets for the
following comparisons: RM(H;-D;-Low)s with RT(H;-D;-Low)s stacked below the
RM(H;-D,-High)s with RT(H>-D,-High)a.

Ranges of net daily operational costs per influent flow are thus established for
control and SPT scenarios with MAD. They are $0.0097-0.0121, 0.0089-0.014, 0.0049-
0.0097, 0.0072-0.0111, 0.0094-0.0019, 0.0066-0.0126, 0.0106-0.0226, 0.0129-
0.00239/m> RF; for control, ULT/SBM/HPH, CH, MWH, CM, OZ, TC(CH), and
TC(MWH), respectively.

The ranges for TAD are shown in Fig. 5.20 and are not listed here. With TAD the
CH and MWH SPTs have net energy gains even with a High SPT energy demand. Based
on a Low SPT energy demand (Table 5.3), ULT/SBM/HPH and OZ also have net energy
gains with TAD. Again, these results heavily rely on energy use and heat recoveries from

SPT effluent.

A cost occurrence regime was created for MAD and TAD scenarios. The cost
occurrence regime was established from 0:1 (lowest:highest) to 1:0. That is to say, at a
cost occurrence ratio of 0.25:0.75, the lowest costs and‘highest costs scenarios have
yearly rates of recurrence of 25 and 75%, respectively. The percentage yearly rate of

recurrence dictates the number of days in a year where low or high costs scenarios occur.

The cost occurrence regime evaluations are shown in Figs. 5.21 and 5.22. Not all
SPTs are shown in these figures because they do not all traverse from practical to break-
even or impractical situations. Only those SPTs that reach or lose practicality based on
cost occurrence regimes are depicted. The relative rankings depicted between control
MAD and TAD scenarios are in fact representative of those of all SPTs, including those

that are not shown.
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Figure 5.20 Net costs ranges per influent flowrate for Run 1 RM(H;-D;-Low)s with
Run 1 RT(H;-D;-Low)4 stacked below the Run 2b RM(H»-D,-High)a with

Run 2b RT(H,-D,-High)a
In Fig. 5.21, control and SPT scenario results (for Runs 1 and 4) are for the lowest

yearly costs found for RM(H;-D;-Low), or RT(H;-D;-Low), to the highest yearly costs
found for RM(H,-D>-Low)a or RT(H-D,-Low)a.

The TC(MWH) SPT has not been shown to be practical on a daily basis in any of
the results seen thus far. It is interesting to note that with MAD and at a cost occurrence
ratio of 0:1 for yearly results TC(MWH) becomes more cost effective (practical) than
control TAD WWTPs. In the case of a cost occurrence ratio that favours low costs (1:0),
ULT/SBM/HPH with TAD is shown to be just as practical as control scenarios with
MAD. Both SPT TAD WWTPs with MWH or OZ were just as practical as control
WWTPs using MAD. That is to say, if TAD were to provide additional qualitative
(pathogen reduction, bulking and foaming reduction) and quantitative benefits (Class A

stabilization for land applications), it would be preferred over the same cost MAD
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scenario. However, numerous other factors would need to be minimal, such as, additional

labour and treatment issues associated with SPT incorporation.
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Figure 5.21 Yearly cost increases as a function of the cost occurrence ratio for the
lowest yearly costs for RM(H;-D;-Low)a or RT(H;-D;-Low)a to the highest
yearly costs for RM(H,-D;-Low) or RT(Hy-D;-Low)a

In Fig. 5.22, control and SPT scenario results (for Runs 1b and 2b) are for the
lowest yearly costs found for RM(H;-D;-High)s or RT(H;-D;-High)s to the highest

yearly costs found for RM(H,-D,-High) or RT(H,-D,-High)a.

The ULT/SBM/HPH with MAD scenarios become practical in comparison to the
control TAD scenario as the cost occurrence ratio moves past 0.75:0.25 (<0.75:>0.25).
The MWH with TAD scenario was only practical or as practical as the control MAD
scenario when the cost occurrence ratio was 1:0 and 0.75:0.25, respectively. Finally, an
impractical scenario for CH with TAD was found when compared to the control MAD

scenario at a cost occurrence ratio of 0:1. Thus, if high cost treatment parameters are
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highly recurrent in the CH with TAD incorporation scenario the control MAD scenario

would actually be preferred.
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Figure 5.22 Yearly cost increases as a function of the cost occurrence ratio for the

lowest yearly costs for RM(H;-D;-High)s or RT(H;i-D;-High)s to the
highest yearly costs for RM(H,-D,-High)s or RT(H,-D»-High)a

5.2 OBSERVATIONS AND HIGHLIGHTS SUMMARY

A summary of results (e.g., costs, regimes, and practical scenarios) is given here. They
are categorized as they were dissected in Section 5.0. In each category relevant figures
and significant rankings along with the reasons they occur are listed. A final optimal

conditions list can be found in Section 5.3 where a single preferred SPT is prescribed.

5.2.1 Low Strength RF (Runs 1-4)
Figure 5.4: Lowest daily costs found [RM(H;-D;-Low)p].

Observations:
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= CH and OZ have lowest SPT costs

= ULT/SBM/HPH, MWH, and CM have similar SPT costs

= MTAD costs always reduced by SPT incorporation

=» TC(CH) and TC(MWH) have higher net costs than control runs

Reasoning: Heat recoveries, effluent SPT temperatures, and SPT energy requirements.

Figure 5.5: Net costs per peak flowrate for RM(H;-D;-Low)p, RT(H;-D;-Low)p, RM(H,-
D,-Low)p, and RT(H,-D,-Low)p.

Observations:
= Control costs are higher than or similar to all SPTs except TC(MWH)
= Control costs range from $0.0054-0.0074/m’ RF;

Overall Highlight:
= All SPTs but TC(MWH) show practical scenarios

5.2.2 Average Strength RF (Runs 1-4)
Figure 5.6: Net costs per average flowrate for RM(H;-D;-Low),, RT(H;-Di-Low)a,

RM(H;-D,-Low),, and RT(H,-Dy-Low)a.
Observations:
= Identical relative rankings to those in Fig. 5.5
= Control costs range from $0.0097-0.0132/m’ RF;
= Lowest cost (CH, Run 1, $0.0020/m> RF; higher than low strength cost)
= Highest cost (TC(MWH), Run 4, + $0.0073/m> RF; from low strength)

Reasoning: Amplified costs for higher strength flow, costs based on solids loadings and
heat recoveries. Since treatment parameters used were identical between SPTs, the

overall relative rankings are identical to those in Fig. 5.5.
Overall Highlights:
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= All SPTs but TC(CH) during Run 4 and TCOIMWH) during Runs 1-4 show practical

scenarios
5.2.3 High Strength RF (Runs 1-4)
Figure 5.7: Highest daily costs found [RT(H,-D,-Low)_].
Observations:
= CH and OZ have the lowest costs
= MWH has similar to control costs whilst CM has slightly higher costs
= TC(CH) and TC(MWH) have the highest costs
= MTAD costs are lower for all SPTs
= ULT/SBM/HPH, CM, and OZ show the least reductions in MTAD costs
Reasoning: Low effluent SPT temperatures provide low heat recoveries.

Figure 5.8: Net costs per low flowrate for RM(H;-D;-Low);, RT(H;-D;-Low)L, RM(H;-
D,-Low), and RT(H-D,-Low)y..

Observations:
= Amplified separations for relative rankings as compared to peak or average flowrates
= Lowest cost (CH,Run 1, + $0.0070/m’ RF, from low strength costs)
= Highest cost (TC(MWH), Run 4, + $0.0239/m’ RF; from low strength costs)
» Control costs range from $0.0198-0.0266/m’ RF;

Reasoning: High strength RF increases solids loading and most energy demands are

solids based

Figure 5.9: Lowest [RM(H;-D;-Low)p] versus highest [RT(H>-D,-Low)_] net daily costs

per influent flowrates.
Observations:
= Lowest costs (MAD, Run 1) range from $0.0029-0.0067/m> RF;
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» Highest costs (TAD, Run 4) range from $0.0198-0.0366/m> RF;

Overall Highlights:

= All SPTs but TC(CH) during Run 4 and TC(MWH) during Runs 1-4 show practical

scenarios
5.2.4 Flow Regimes (Runs 1-4)

Figure 5.10: Net costs for RM(H;-D;-Low)p, RM(H;-D;-Low)s, and RM(H;-D;-Low)y.
Observations:
Costs below are listed as lowest (CH) to highest (TC(MWH)) for all flows

» Peak: $0.0029-0.0067/m’ RF; (increase for TAD is 13.8-6.9%)

= Average: $0.0049-0.0129/m> RF, (increase for TAD is 14.3-6.4%)

= Low: $0.0099-0.0270/m’ RF; (increase for TAD is 13.1-4.4%)

Reasoning: Different percent increases occur with different flows as a result of solids

loadings and influent MTAD flow variations.
Figure 5.11: Net costs for RM(H,-D;-Low)p, RM(H,-D,-Low),a, and RM(H;-D,-Low)..
Observations:
Costs below are listed as lowest (CH) to highest [TC(MWH)] for all flows

= Peak: $0.0042-0.0080/m’ RF; (increase for TAD is 38.0-12.0%)

= Average: $0.0073-0.0152/m’ RF; (increase for TAD is 38.4-18.4%)

* Low: $0.0146-0.0314/m> RF, (increase for TAD is 36.6-16.6%)

Reasoning: Different percent increases are seen with different flows as a result of solids
loadings and influent MTAD flow variations. Percent increases are significantly higher

as low heat recoveries have greater influence on the heat intensive TAD process.

Figure 5.12: Net yearly costs increases for various flow occurrence ratios from

evaluations of control and SPT RM(H;-D;-Low)a.
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Observations:
= 5-15% difference in net yearly costs based on all peak, all average or all low regimes

»* Maximum 5% difference in net yearly costs based on an all average flow regime as

compared to all flow regime ratios evaluated.
®2.3-3.5% increase in costs for MAD, Run 1 from ratios 0.5-3.5, respectively
= 1.8-3.3% increase in costs for TAD, Run 1 from ratios 0.5-3.5, respectively
= 1.7-3.0% increase in costs for MAD, Run 4 from ratios 0.5-3.5, respectively
® 1.6-2.5% increase in costs for MAD, Run 4 from ratios 0.5-3.5, respectively

Reasoning: Peak flows (low strength due to infiltration dilution) represent reduced
solids loadings and result in the lowest costs as overall results are primarily based on
energy demands for influent solids. As average flows make up a significant portion of
all regimes evaluated, average flows on a yearly basis would necessarily be fairly

representative of flow regime costs.

Overall Highlights:
= Overall costs do not increase for TAD by fixed factors when flow regimes are altered
= With NHR,NSD, low flow shows lowest cost increase when switching to TAD

» With LHR,DSD, low flow and peak flow shows lowest cost increase for CH and
TC(MWH), respectively when switching to TAD

= Results based on average flow scenarios are sufficiently representative of results from

all regime flow evaluations

5.2.5 Increased SPT Energy Demands (Runs 1-4 and 1a-2b)
Figure 5.13: Net costs for RM(H;-D;-Low)s and RM(H,-D,-Low), as well as RM(H;-
D;-Med), RM(H;-D;-High) a, RM(H,-D2-Med) s, and RM(H,-D,-High)a.

Observations:

= Runs 1-4: All SPTs but TC(CH) and TC(MWH) are practical
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® Runs la and 2a: CH, MWH, and OZ are practical
= Runs 1b and 2b: CH and MWH are practical, OZ is close to practical

Reasoning: The relative rankings are maintained for TAD conditions. See reasoning for

Fig. 5.14 below.

Figure 5.14: Net costs for RT(H;-D;-Low)a and RT(H,-Ds-Low), as well as RT(H;-D;-
Med)a, RT(H;-D;-High)a, RT(H;-D,-Med)a, and RT(H,-D,-High)a.

Observations:
® Runs 1-4: All SPTs but TC(MWH) are practical

*Runs la and 2a: CH, MWH, and OZ are practical, ULT/SBM/HPH is close to

practical
= Runs 1b and 2b: CH and MWH are practical, OZ is close to practical

Reasoning: Though OZ does not elevate SPT effluent temperature to the same extent as

ULT/SBM/HPH, its energy demands translated into costs are lower.

Figure 5.15: Net costs per average influent flowrate for the comparisons of RM(H;-D;-
Low)a with RM(H;-D,-Low)a, RM(H;-D-Med) with RM(H,-D,-Med)a, and RM(H;-
D;-High)s with RM(H,-D»-High)a.

Observations:
= Costs below are listed as lowest (CH) to highest (TC(MWH))
= Runs 1-4: $0.0049-0.0152/m* RF, (increase for TAD is 13.2-18.1%)
= Runs la-2a: $0.0065-0.0192/m> RF; (increase for TAD is 9.9-14.6%)
» Runs 1b-2b: $0.00715-0.0239/m> RF; (increase for TAD is 9.1-11.7%)
= OZ approaches practicality in scenarios regardless of SPT energy demand increases

= CH and MWH are always practical

Reasoning: Based on potential heat recoveries for thermal SPTs CH and MWH are

practical under identical treatment schemes as the control scenarios.
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Figure 5.16: Net costs per average influent flowrate for the comparisons of RM(H;-D;-
Low)a with RT(H,-D,-Low)a, RM(H;-Di-Med)s with RT(H»-D,-Med)a, and RM(H;-D;-
High)a with RT(H;-D,-High)a.

Observations:
* MAD (Runs 1-1b) as compared to TAD (Runs 4-2b)
= Low SPT energy demands: all costs for MAD lower than with TAD
= Med SPT energy demands: all costs for MAD lower than with TAD

* High SPT energy demands: ULT/SBM/HPH, CH, MWH, and OZ lower than with
TAD

Reasoning: Thermophilic AD energy demand is more significant than SPT energy

demand increases.

Figure 5.17: Net costs per average influent flowrate for the comparisons of RM(H;-D»-
Low)a with RT(H;-Di-Low)a, RM(H;-D,-Med)s with RT(H;-D{-Med)a, and RM(H,-D;-
High)a with RT(H;-D;-High)a.
Observations:

= TAD (Runs 1-1b) as compared to MAD (Runs 4-2b)

= Low SPT energy demands: all costs for TAD are lower than with MAD

= Med SPT energy demands: ULT/SBM/HPH, CH, and MWH costs for TAD are lower
than with MAD

= High SPT energy demands: MWH MAD costs are lower than with TAD

Reasoning: Conventional heating with Low or Med SPT energy demands shows better
results with TAD than with MAD. Microwave heating with High SPT energy demands
shows better results with TAD than with MAD. The increase to High SPT energy
demand for CH demands an energy intensive sludge temperature elevation that

surpasses the High SPT energy demand for MWH.
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Figure 5.18: Lowest and highest net daily cost ranges for control and SPT scenarios with

RM(H;-D;-Low), stacked below RM(H;-D,-High)a.
Observations:
= Run 1: ULT/SBM/HPH, CH, MWH, OZ have lower than control costs (OZ is close)
® Run 2b: Only CH and MWH have lower than control costs
= TC(CH) and TC(MWH) have the highest costs for both runs
= MTAD costs are lower for all SPTs
» ULT/SBM/HPH, CM, and OZ show the least reductions in MTAD costs
Reasoning: Low effluent SPT temperatures provide low heat recoveries.

Figure 5.19: Lowest and highest net daily cost ranges for control and SPT scenarios with

RT(H;-D;-Low), stacked below RT(H,-D,-High)a.
Observations:
= Run 1: ULT/SBM/HPH, CH, MWH, OZ have lower than control costs (OZ. is close)
® Run 2b: Only CH and MWH have lower than control costs
= TC(CH) and TC(MWH) have the highest costs for both runs
= MTAD costs are lower for all SPTs
= ULT/SBM/HPH, CM, and OZ show th¢ least reductions in MTAD costs

Reasoning: Same relative rankings as for MAD because the sole change is the energy

increase for maintaining the higher TAD temperature.

Figure 5.20: Net costs ranges per influent flowrate for RM(H;-D;-Low)s with RT(H;-D;-
Low), stacked below the RM(H,-D,-High)a with RT(H,-D,-High)a.

Observations:
= Lowest costs (MAD, Run 1) range from 0.0049-0.0129 $/m> RF;
= Highest costs (MAD, Run 2b) range from 0.0097-0.0239 $/m* RF;
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= Lowest costs (TAD, Run 1) range from 0.0055-0.0136 $/m’ RF;
= Highest costs (TAD, Run 2b) range from 0.0125-0.0267 $/m’ RF,

Figure 5.21: Yearly cost increases as a function of the cost occurrence ratio for the lowest
yearly costs for RM(H;-D;-Low)s or RT(H;-D;-Low)a to the highest yearly costs for
RM(H;,-D3-Low)a or RT(Hy-Da-Low)a.

Observations:
= Runs 1-4 used as lowest:highest in cost occurrence ratio
= Ratio (1:0): ULT/SBM/HPH with TAD is as practical as control (MAD)

= Ratio (0:1): TCMMWH) with MAD is practical compared to control (TAD). MWH and
OZ with TAD are practical as compared to control (MAD)

Figure 5.22: Yearly cost increases as a function of the cost occurrence ratio for the lowest
yearly costs for RM(H;-D;-High)s or RT(H;-D;-High)a to the highest yearly costs for
RM(Hz—Dz—High)A or RT(Hz-Dz-ngh)A

Observations:

» Runs 1b-2b used as lowest:highest in cost occurrence ratio

= Ratio (0.75:0.25): MWH with TAD is impractical as compared to control MAD.
ULT/SBM/HPH with MAD is practical as compared to control (TAD)

= Ratio (0:1): CH with TAD is impractical as compared to control (MAD)

Reasoning: Impractical thermal SPT scenarios were found when comparing energy
intensive (Runs 1b, 2b with TAD) to low cost parameters with MAD. If preferred
conditions could not be maintained with thermal SPT incorporation in a TAD WWTP, a

control scenario with MAD would be preferred.

Overall Highlights:

= When MAD and TAD are more thoroughly evaluated at different SPT energy demand
levels, impractical scenarios were found for all SPTs (except CH and MWH). Thermal
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SPTs (CH and MWH) will not result in impractical scenarios (due to energy
recoveries) compared to control scenarios using identical run conditions. PretrAD
could be adapted to lower energy recoveries with SPT incorporation compared to a

control scenario if the user has made such an observation.

5.3 IMPACTS OF WWTP OUTPUTS AND VARIABLES

The results of various treatment parameters have been established. Final remarks on
observations, relative rankings, and overall highlights for each series of significant
figures were given. It was mentioned that solids loadings and heat recoveries were the
most important cost affecting variables evaluated. The following tables and discussion
outline only the PretrAD output values that subsequently affect unit costs and how they
were altered based on the various treatment parameters (Section 5.0) used in Section 5.1.
This evaluation demonstrates the solids loadings changes that resulted in the net costs
differences for the control and SPT RM(H;-D;-Low). The subscript defining flow
selection is not shown because all 3 flow conditions were used. The SPT scenario is that

for CH incorporation.

The influent and effluent flows, TSS concentrations, and solids loadings under
low, average, and high strength RFs are shown in Table 5.5. Beginning with the first two
rows, higher influent flows to the plant result in higher BT influents and effluents. Total
suspended solids concentrations are also affected directly by lower flows (decreased
dilution). As the solids loading values are a function of TSS and Q, no explanation for the
change based on flows is required. Though incoming flow conditions vary, certain
parameters must be maintained to ensure proper treatment. The volume of the BT reactor
(Vgr) was altered to achieve the preferred F:M ratio. This was done under the assumption
that existing reactor capacity was available as the WWTP would likely be capable of
adjusting online and offline reactors to compensate for low to peak RF flows. It was used
in conjunction with the underflow TSS concentration at the SC unit to also monitor the
SVI. As given in Chapter 4 and in Appendix A, both the F:M and the SVI are ideally
maintained in the ranges of 0.2-0.6 g BODs/d-g MLyss and 50-150 mL/g, respectively.
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The SVI, which relies on the underflow TSS concentration, was allowed to vary in order
to obtain similar F:M ratios for all RF strengths. As such, the underflow TSS
concentration was altered. The low, average, and high strength flow values for TSS, were
7, 8, and 9 kg/m’, respectively. Costs are not considered at this point and are not taken

into consideration until the TH unit.

Table 5.5 Important PretrAD outputs for the BT unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)

Q BT; 746,502 456,252 263,275
(m’/d) BT, 1,095,777 679,792 343,959
TSS  Influent 0.05 0.08 0.16
(kg/m’)  Effluent 2.27 2.69 2.94
Mrss  Influent 51,019 55,389 53,382
(kg/d)  Effluent 2,485,717 1,831,424 1,010,275
F:M (g BODs/d-g MLVSS)  0.48 0.51 0.48
Volume, Vg (m°) 90,000 80,000 70,000

As mentioned above the important variables at the SC unit are the SVI and
underflow TSS concentration. Considering influent RF strengths, flows and solids
loadings results for peak to low flows are to be expected for influent, recycle, and

effluent flows and TSS concentrations at the SC unit (Table 5.6).

The most significant flow and solids loadings output by PretrAD have been
shown above for the BT and SC units. For the costs analysis, units following SPT are of
interest. The MTAD unit outputs are shown in Table 5.7. The higher recycle and effluent
SC flows that are output during low strength RF occurrences to maintain treatment result
in the lowest MTAD influent flows. This flow is the sum of SPT (treated and untreated
ﬂows) and the underflow from the PC unit. These are not shown as the trend is the same
(low strength feeds have lower flows following the BT unit). Evidently, more of the daily
ldad is collected and maintained in the BT+SC units. The high effluent TSS
concentration following the TH unit is passed to the SPT unit. Effluent SPT flow

however, is relatively low compared to the PC unit underflow and the TSS concentration
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is diluted upon entering the digester. As the SPT reductions (percentage based) apply

wholly to a stream, the SPT decreases in both Mrss values is lower for peak flows.

Table 5.6 Important PretrAD outputs for the SC unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)

o G 1,095,777 679,792 343,959
g SO 349,269 223,540 107,684
m

SC, 743,083 452,387 232,465
Influent 2.27 2.69 2.94
TSS
;. Recycle 7.00 8.00 9.00
(kg/m”)
Effluent 0.02 0.03 0.03
. Influent 2,485,717 1,831,424 1,010,275
. T/ZS) Recycle 2,444,885 1,788,319 969,154
% Etfluent 16,856 12,188 6,828
SVI (mL/g) 143 125 111
Underflow [TSS] (ke/m®)  7.00 8.00 9.00

Chapter 4 describes all PretrAD output equations and cost calculations. The most
important costs as shown in PretrAD by the breakdown of MTAD demands are heating
need (Egnp) and heat recovered (Eyrz). Both values are a result of direct multiplication by
Qwmrapi and as such, MTAD unit costs are lowest for peak flow scenarios. Those control
costs were found to be $1,372/d (SPT $363/d), $1,391/d (SPT $90/d), and $1,393/d (SPT
$-50/d) for peak, average, and low flows, respectively.
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Table 5.7 Important PretrAD outputs for the MTAD unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)
Q MTAD; 3,900 4,274 4,308
(m’/d)  MTAD, 3,900 4,274 4,308
TSS Influent 18.66 19.30 19.74
(kg/m’)  Effluent 9.33 9.65 9.87
Control  Influent 72,759 82,501 85,021
Mrss
(ke/d) Effluent 36,380 42,251 42,510
SPT Mrssi (% Decrease) 5.60 6.37 6.86
SPT Mrsse (% Decrease) 15.04 15.74 16.17
o 4.2 (NHR) 4.2 (NHR) 4.2 (NHR)
Heat Transfer Coeff. (kJ/kg-°C) 5.0 (LHR) 5.0 (LHR) 5.0 (LHR)
80% (NHR) 80% (NHR) 80% (NHR)
Heat Recovery Appl. Eff. (%) 60% (LHR) 60% (LHR) 60% (LHR)

Decreases of 5.6-6.86% and 15.04-16.17% are observed at the influent and the
effluent (underflow) MTAD unit streams, respectively. PretrAD outputs for the DE unit
are shown in Table 5.8. Results show the same flow and TSS concentration trends that
are observed in Table 5.7. It is interesting to note the lowered effect on DE solids
decrease for high strength RF scenarios. Cost variables (i.e., Polymer Dosage, Price of
Polymer, Power Supplied) are listed below the SPT scenario percent decreases to
demonstrate why the DE unit costs were not substantial. Control costs were found to be
$39/d (SPT $33/d), $44/d (SPT $35/d), and $46/d (SPT $38/d), for peak, average, and
low flows, respectively. The decrease in DE unit costs due to SPT incorporation ranges
from 15.4-20.5%. The DE unit was on average responsible for 0.43-0.46% of WWTP

costs for all flows, respectively.
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Table 5.8 Important PretrAD outputs for the DE unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)
DE; 3,900 4,274 4,308
(m% o DE 3,736 4,088 4,116
DE. 164 186 191
TSS Influent 9.33 9.65 9.87
(ke /m3) Recycle 0.97 1.01 1.03
Effluent 200 200 200
Control Influent 36,380 42,251 42,510
Mrss Recycle 3,638 4,125 4,215
(kg/d) Effluent 32,742 37,126 38,259
SPT Mrss, (% Decrease) 15.04 15.73 15.44
SPT Mrsse (% Decrease) 15.04 15.74 16.17
Polymer Dosage (kg/kg TSS)  0.005 0.005 0.005
Price of Polymer ($/kg) 0.070 0.070 0.070
Power Supplied (kJ/kg TSS) 68 68 68

Two tables were constructed for the SD unit output. The first, Table 5.9, depicts
influent flow as well as solids loading for control and SPT scenarios. The sludge
transport distance was among the modified parameters and is shown among two more
significant but unchanged variables. The dried solids content, which was deemed to be an
important constant, was not changed. The tipping fee (a highly variable parameter) was
set at a low value of $30/ton. This parameter could have been modified for a more

significant SD influence on unit and WWTP costs.

Since tipping fee has more influence on total SD unit costs than does the distance
travelled for disposal, Table 5.10 was created to provide an impact breakdown for the two
above mentioned variables (dried solids content and tipping fee). If the tipping fee were
doubled, the control and SPT WWTP costs would be $8,138/d (SPT $7,059/d), $9,099/d
(SPT $7,819/d), and $9,348/d (SPT $7,992/d), for peak, average, and low flows,
respectively. When disposal distance and tipping fees are varied independently under
average flow characteristics, the impact of disposal travel distance remains less than 10%
of the landfilling cost. The percent total decrease (as shown by the final row in Table 5.10)

improves by only 1.26% for peak to low flow conditions.
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Table 5.9 Important PretrAD outputs for the SD unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)

8n3 " SD, 164 186 191
Control (kg/d) 32,742 37,126 38,259
Mossi (ton/d) 33 37 38
SPT Mrss;i (% Decrease) 15.04 15.74 16.17

. . 160 (NSD) 160 (NSD) 160 (NSD)
Disposal Distance (km/Load) 320 (DSD) 320 (DSD) 320 (DSD)
Dried Solids Content (%) 60 60 60
Tipping Fee ($/ton) 30 30 30

Table 5.10 Cost breakdown for the SD unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)

Drying 5,112 5,796 5,973
Control Labour 960 960 960
($/d) Landfilling 1,084 1,229 1,267
Total ($/d) 7,156 7,985 8,200
Drying 4,343 4,884 5,007
SPT Labour 960 960 960
($/d) Landfilling 921 1,035 1,062
Total (% Decr.) 13.02 13.85 14.28

Energy gains translated to costs were found to be $4,554/d (SPT $5,907/d),
$4,941/d (SPT $6,593/d), and $4,901/d (SPT $6,674/d), for peak, average, and low flows,
respectively. The SPT biogas production percentage increase relates directly to the
financial gain. Biogas production was permitted to rely solely on influent sCOD and
since PretrAD regards this value as a function of the TSS following the TH unit, lower

gains are made when peak flows are experienced.
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Table 5.11 Important PretrAD outputs for the EC unit

Low Strength Average Strength  High Strength
(Peak Flow) (Average Flow) (Low Flow)

Control Biogas 24,658 26,752 26,531

Qkci

(m¥d) CH, 16,027 17,389 17,245

SPT Qgc; (% Incr.) 29.71 33.42 36.20

CH, Heating Value (kJ/m®) 25,575 25,575 25,575
5.4 OPTIMAL CONDITIONS

The optimal conditions for which practical scenarios were found for all SPTs are listed in
Tables 5.12-14. It is important to note that these are highly dependent on the numerous
treatment parameters that were unchanged as well as those that were. Endless
permutations could be performed to determine the infinite combinations of practical and
impractical SPT incorporation results. Raw feed strengths, treatment parameters, and
obtainable treatment levels vary widely among WWTPs, however, and the simple
establishment of practical and impractical situations warrants site specific evaluation of
SPT incorporation. Daily costs differences between control and SPT scenarios for some
SPTs approached break-even (costs slightly higher than control cost) situations. The cost
differences were of course magnified when put on a yearly basis and the incorporation of

these SPTs (CM and OZ) was subsequently deemed impractical.

Practicality and impracticality as compared to control costs with identical
treatment parameters is shown in Table 5.12. The SPTs found most often in the practical

column suggests that they are the preferable processes.

Practicality and impracticality as compared to specific control costs with different
treatment parameters are shown in Tables 5.13-14. The results provided in these tables
were given graphically in Figs. 5.21-22. All unmentioned SPTs are either always
impractical or always practical. Tables 5.13-14 should be read as in the following

example: ULT/SBM/HPH scenarios with TAD were made practical as compared to
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control scenarios with MAD when a cost occurrence ratio favouring 100% lowest costs
(treatment parameters that provided the lowest costs) is observed. That is to say,
incorporating ULT/SBM/HPH into a WWTP using TAD would be deemed feasible and
more cost effective than simply maintaining a WWTP with MAD.

Table 5.12 Practical and impractical results for all SPTs with MAD and TAD

Practical Impractical
ULT/SBM/HPH, CH, MWH, TC(CH), TC(MWH)
Run 1 and 4
CM, OZ
Run 1a and 2a CH, MWH, OZ ULT/SBM/HPH, CM,
TC(CH), TC(MWH)
CH, MWH ULT/SBM/HPH, CM, OZ,

Run 1b and 2b TC(CH), TC(IMWH)

The interesting results are the TC(MWH) made practical (Table 5.13) and the
MWH and CH made impractical (Table 5.14).

Table 5.13 Practical and impractical results for specific SPTs with Runs 1 and 4

Practical . Impractical

Cost occurrence ULT/SBM/HPH with TAD
ratio (1:0) as compared to control MAD
Cost occurrence TC(MWH) with MAD as
ratio (0:1) compared to control TAD
MWH and OZ with TAD as
compared to control MAD

Table 5.14 Practical and impractical results for specific SPTs with Runs 1b and 2b

Practical Impractical

Cost occurrence ULT/SBM/HPH with MAD MWH with TAD as compared

ratio (0.75:0.25)  as compared to control TAD to control MAD

Cost occurrence % CH with TAD as compared to
ratio (0:1) control MAD
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CHAPTER 6
Overview, Conclusions, and Recommendations

6.0 SUMMARY

Mechanical, chemical, thermal, biological, and thermochemical SPT technologies have
been extensively studied at the laboratory scale and have been incorporated into a handful
of documented full-scale WWTPs in recent years. Their potential to improve AD by
influencing solids removals, biogas productions, and retention times alongside numerous
other fairly unquantifiable parameters has been established in literature. The question
remained whether the significant SPT energy demand (when translated to costs) would
exceed the financial and possible environmental/political benefits (e.g., attenuation

criteria).

A comprehensive evaluation of available and sufficiently comparable data for all
SPTs was performed to compile their energy demand and performance improvements. An
adaptable multi-variable spreadsheet model of a WWTP (referred to as PretrAD) was
created where incorporation of any SPT and thus, their feasibilities, could be ascertained.
Sludge pretreatment affects not only AD but also other solids treatment and disposal
operations. Once comparable SPT data were linked to potential subsequent treatment
improvements at the MTAD, DE, SD, and EC units, control (WWTP without SPT) and
SPT (WWTP with SPT incorporation) costs could be compared.

PretrAD’s output (based on well established mass balances and energy equations)
was compared with that of Plan-It STOAT under similar treatment parameters and
conditions. No major differences could be found in daily influent and effluent solids to
the unit processes of concern. It was shown that some discrepancies (<10%) take place

where Plan-It’s complex BT parameters and its iterative capacity displace more or fewer
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solids within the WWTP by not neglecting certain recycle streams. However the

discrepancies are relatively minor.

Confidence in PretrAD was also established by the global MTSS balance which
had almost identical daily solids loading rates (+1-9%). Though it is evident that the
Plan-It STOAT software considers additional variances in solids within the WWTP, a
cost and energy evaluation with and without SPT is not influenced by these variances.
Since PretrAD’s primary purpose is to serve as an SPT incorporation tool and uses solids
in most cost evaluations, sufficient similarities were found to validate the use of this

simpler WWTP management model.

Control and SPT scenarios were initially run with varied RF strengths (peak,
average, and low flows), heat recovery alterations (normal and low), and sludge disposal
distance changes (normal and double) for both MAD and TAD. In these initial runs SPT
energy demand were set at the lower values of the ranges reported for each SPT
technology. This portion of the evaluation resulted in the observation that heat recoveries
and solids loadings were responsible for the most important cost fluctuations at each
treatment step. This happens because costs are directly calculated from energy demands
based on current electricity prices and these demands rely on the above-mentioned
parameters. All SPTs were deemed practical [except for TC(CH) and TC(MWH)] 'in
these scenarios. Costs for scenarios using MAD were in all cases lower than those for

scenarios using TAD with identical treatment parameters.

Cost outputs are on a daily and/or batch treatment basis. To establish yearly costs
in terms of the three common RF flows (low, average, and peak), typical ratios of these
flows were created for annual flow regimes. It was shown that an all average regime
accurately reflected costs within 5% for all ratios. As such, only average flows were

considered for the next portion of the PretrAD evaluation.

The third portion of runs consisted of reasonable (according to literature treatment
ranges) SPT energy demand increases of 25-50%. The goal was to now establish

impractical situations for all SPTs. The energy demand increase was used to observe the
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change in SPT practicality by maintaining that, at times, important SPT energy demands
may be required to maintain treatment improvements in downstream processes. Some
formerly practical SPTs were found to be impractical with a 25% increase in SPT energy
consumption and most were deemed impractical with a 50% increase in energy

consumption.

Thermal SPTs, which instil heat energy that would otherwise need to be supplied
at the anaerobic digester, promote heat recoveries that always outweighed their
incorporation costs. They were deemed practical in all cases that involved comparison to
control scenarios with identical parameters. When comparing high cost SPT scenarios
(parameters evaluated that resulted in higher costs) with CH or MWH to low cost control
scenarios (parameters evaluated that resulted in lower costs), impractical situations were
found for both SPTs. This observation along with the low cost MAD versus high cost
TAD and low cost TAD versus high cost MAD findings showed that in those instances,
where minor variations in treatment parameters resulted in significant cost increases, SPT

incorporation for any of the technologies was not practical.

The CH and MWH SPTs could be incorporated successfully under the conditions
evaluated herein. It is quite possible that other SPT specific costs would be encountered
and would render their use impractical. It is also possible that other important costs were
not evaluated for other treatment units and that these would again outweigh the additional
SPT energy demands. Site-specific evaluations are extremely vital and with the fact that
practical and impractical situations were found for a number of conditions, the potential
for thermal SPT incorporation exists. The OZ SPT was another low cost process that
under many scenarios was found to be practical. Once again, it is possible that full-scale
ozone production and application costs outweigh the potential benefits. Regardless,
prescribing a preferred SPT should depend on all available scenarios and CH
incorporation ranks first. Not surprisingly, CH SPT under the trade name CAMBI was

the most prevalent incorporation process at WWTPs across the globe.
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6.1 LIST OF CONCLUSIONS

A bulleted summary of findings and results is presented here under 8 points. The first
lists average ranges representative of all SPT summary tables. The second lists each SPT
and its 2 most important qualitative benefits and drawbacks. The third lists those SPTs
that were included in PretrAD and have been evaluated in full-scale WWTPs. The fourth
and fifth points list practical SPT scenarios found for all runs. If an SPT is not listed it
has been deemed impractical. In this list, practicality is assigned for the SPT scenario as
compared to the control scenario using identical parameters. The sixth and seventh points
show impractical SPT scenarios for all runs under different cost occurrence ratios.

Finally, the eighth point lists several of the more influential PrettAD parameters.

1. Average (for all SPTs) WW compositions, SPT solubilisations, and AD

treatment ranges following SPT use:
« TCOD: 16-43, TS: 13-39, VS: 10-33, TSS: 10-31, and VSS: 7-25 (g/L)
= pCOD: 13-42, TSS: 13-43, and VSS: 12-39 (%)

» TCOD: 24-55, TS: 22-46, VS: 23-54 (% reduction) and biogas production

improvement: 9-43%
2. All SPTs and the 2 most important qualitative benefits and drawbacks:

= SBM benefits: unit efficiency and scalability
drawbacks: energy intensive and unit erosion

= HPH benefits: unit efficiency and energy use
drawbacks: unit clogging and erosion

» ULT benefits: WAS solubilisation and heat generation for recovery
drawbacks: energy intensive and unit erosion

» CH benefits: dewaterability improvement and pathogen reduction
drawbacks: energy intensive and odour generation
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« MWH benefits: dewaterability improvement and pathogen reduction
drawbacks: scalability and complexity

= CM benefits: potential dewaterability improvement and pathogen reduction
drawbacks: chemical costs and odour generation

= OZ benefits: unit efficiency and pathogen reduction
drawbacks: heavy metals solubilisation and mineralization

= TC benefits: dewaterability improvement and pathogen reduction
drawbacks: energy intensive and unit corrosion

3. Full-scale SPTs (location, IE or m>/d) and if given, trade names and vendors:

» SBM (Germany, 17,000 IE), HPH (Germany, 35,000 IE), ULT (Singapore,
310,000 m*/d), OZ (Japan, 1,000,000 IE)

= ULT, unknown, EIMCO® Water Technologies
= CH, CAMBI, RDP Technologies, Inc
*HPH + CM, MicroSludgeTM, Paradigm Environmental Technologies, Inc
4. Practical MTAD scenarios with Low, Average, and Peak RF flows (Runs 1-4):
*RM,T(H, 2-D;2-100). o p: ULT/SBM/HPH, CH, MWH, CM, OZ
5. Practical MTAD scenarios with SPT energy input increases (Runs 1a to 2b):
* RM,T(H; 2-D1,2-125)a: CH, MWH, OZ
*RM,T(H; 2-D,-150)a: CH, MWH
6. Impractical MTAD scenarios with cost occurrence variations (Runs 1-4):

= Cost occurrence ratio (0:1): MWH and OZ with RT(H;-D,-100), compared to
control RM(H;-D,-100)4

7. Impractical MTAD scenarios with cost occurrence variations (Runs 1a to 2b):
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= Cost occurrence ratio (0.75:0.25): MWH with 75% annual occurrence of
RT(H;-D;-150)4 and 25% RT(H;-D,-150)4 compared to 75% annual
occurrence of control RM(H-D-150)4 and 25% RM(H;-D,-150)a

= Cost occurrence ratio (0:1): CH with RT(H;-D,-100)s compared to control
RM(H;-D,-100)a

8. Impact of several influential PretrAD parameters:

» Cost evaluations are most affected by influent solids concentrations, SPT

effluent temperatures, and AD treatment temperatures

= Average flows based on the North American default value ranges gathered

from the literature sufficiently represent all flow regime evaluations

= Cost gains from heat recoveries at the SPT and MTAD units are crucial for

practical SPT scenarios to be obtained

» Tipping fee and dried solids content variables at the SD unit are more

important than the hauling distance variable

» Thermophilic AD energy demands are more significant than SPT energy

demand increases and thus, thermal SPTs are less costly with TAD than MAD

6.2 RECOMMENDATIONS FOR FUTURE WORK

Many interesting unit evaluations can be easily assessed with PretrAD. Additions to the

PretrAD inputs and outputs could involve:
= Solids loading rates
» Nitrogen and phosphorous removals
» Alkalinity observations
= Oxygen requirements

= Unit full-scale design equations

182



CHAPTER 6

= SPT full-scale design equations
» Green house gas emissions analysis and output

Similarly, additions could be made to the ‘Run Condition” and ‘Default Values’

worksheets that include:
® Y, SUbroutine determination based on UDV's
» Additional default values equations for UDVs and model outputs
* Additional default values for model outputs (shown and not shown)
= Additional UDV checks and balances
= SPT batch cost concept could be applied to other treatment units

One change was found that could be made to the way PretrAD handles the UDV

for MTAD sCOD reduction and reduction improvement:

» Currently, the reduction and improvement directs that fraction of sCOD to the
effluent stream and a portion of the remainder is directed to biogas conversion.
The effluent reduction could be partitioned to specific sCOD streams as

depicted in Figure 4.11 of Chapter 4.

183



CHAPTER 7

(1]

[2]

3]

(4]

(5]

[6]

[7]

(8]

[9]

[10]

CHAPTER 7

References

7.0 SCIENTIFIC PAPERS AND PROCEEDINGS

T. Benabdallah El-Hadj, J. Dosta, R. Méarquez-Serrano, and J. Mata-Alvarez.
2007. “Effect of ultrasound pretreatment in mesophilic and thermophilic
anaerobic digestion with emphasis on naphthalene and pyrene removal.” Water
Research 41, (1): 87-94

C. Bougrier, H. Carrere, and J. P. Delgenes. 2005. “Solubilisation of waste-
activated sludge by ultrasonic treatment.” Chemical Engineering Journal 106,
(2): 163-169

M. Climent, I. Ferrer, M. d. M., Baeza, A. Artola, F. Vazquez, and F. Xavier.
2007. “Effects of thermal and mechanical pretreatments of secondary sludge on
biogas production under thermophilic conditions.” Chemical Engineering
Journal 133, (1-3): 335-342

J. Kim, C. Park, T.-H. Kim, M. Lee, S. Kim, S.-W. Kim, and L. Jinwon. 2003.
“Effects of various pretreatments for enhanced anaerobic digestion with waste
activated sludge.” Journal of Bioscience & Bioengineering 95, (3): 271-275

C. Eskicioglu, N. Terzian, K. J. Kennedy, R. L. Droste, and H. Mohamed. 2007.
“Athermal microwave effects for enhancing digestibility of waste activated
sludge.” Water Research 41, (11): 2457-2466

M. Barjenbruch and O. Kopplow. 2003. “Enzymatic, mechanical and thermal
pre-treatment of surplus sludge.” Advances in Environmental Research 7, (3-5):
715-20

C. Eskicioglu, K. J. Kennedy, and R. L. Droste. 2006. “Characterization of
soluble organic matter of waste activated sludge before and after thermal
pretreatment.” Water Research 40, (20-12): 3725-36

H. N. Gavala, Y. Umur, V. S. Ioannis, W. Peter, and K. A. Birgitte. 2003.
“Mesophilic and thermophilic anaerobic digestion of primary and secondary
sludge. effect of pre-treatment at elevated temperature.” Water Research 37, (19-
11): 4561-72

B. Park, J.-H. Ahn, J. Kim, and S. Hwang. 2004. “Use of microwave pre-
treatment for enhanced anaerobiosis of secondary sludge.” Water Science and
Technology 50, (9): 17-23

A. Valo, H. Carrére, and J. P. Delgenes 2004. “Thermal, chemical and thermo-
chemical pre-treatment of waste activated sludge for anaerobic digestion.”
Journal of Chemical Technology & Biotechnology 79: 1197-1203

184



CHAPTER 7

(11]

[12]

[13]

[14]

(15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

[23]

S. I. Pérez-Elvira, P. Nieto Diez, and F. Fdz-Polanco. 2006. “Sludge
minimisation technologies.” Reviews in Environmental Science &
Biotechnology, 5: 375-398 '

A. G. Vlyssides and P. K. Karlis. 2004. “Thermal-alkaline solubilization of
waste activated sludge as a pre-treatment stage for anaerobic digestion.”
Bioresource Technology 91, (2): 201

C. Park, C. Lee, S. Kim, Y. Chen, and H. A. Chase. 2005. “Upgrading of
anaerobic digestion by incorporating two different hydrolysis processes.”
Journal of Bioscience & Bioengineering 100, (2): 164-167

C. Bougrier, A. Battimelli, J.-P. Delgenes, and C. Héléne. 2007. “Combined
Ozone Pretreatment and Anaerobic Digestion for the Reduction of Biological
Sludge Production in Wastewater Treatment.” Ozone: Science & Engineering 29
(3): 201-206

V. Penaud, J.-P. Delgenes, and R. Moletta. 1999. “Thermo-chemical
pretreatment of a microbial biomass: Influence of sodium hydroxide addition on
solubilization and anaerobic biodegradability.” Enzyme and Microbial
Technology 25, (3-5): 258-63

S. Tanaka and K. Kamiyama. 2002. “Thermochemical pretreatment in the
anaerobic digestion of was activated sludge.” Water Science & Technology 46,
(10): 173-179

M. Weemaes, H. Grootaerd, F. Simoens, and W. Verstraete. 2000. “Anaerobic
digestion of ozonized biosolids.” Water Research 34, (8): 2330-2336

J.-G. Lin, C. Cheng-Nan, and C. Shou-Chung. 1997. “Enhancement of anaerobic
digestion of waste activated sludge by alkaline solubilization.” Bioresource
Technology 62, (3): 85-90

S. Sawayama, I. Seiichi, T. Kenichiro, and O. Tomoko. 1996. “Thermochemical
liquidization of anaerobically digested and dewatered sludge and anaerobic
retreatment.” Bioresource Technology 55, (2): 141-144

P.L. McCarty. 1964. “Anaerobic Waste Treatment Fundamentals.” Public Works
95, (9-12): 107-112, 123-126, 91-99

P. J. Marjoleine, M. Weemaes, and W. H. Verstraete. 1998. “Evaluation of
Current Wet Sludge Disintegration Techniques.” Chemical Technology and
Biotechnology 73, (2): 83-92

J. Kopp, M. Johannes, D. Norbert, and S. Jorg. 1997. “Anaerobic digestion and
dewatering characteristics of mechanically disintegrated excess sludge.” Water
Science and Technology 36, (11): 129-36

U. Baier and S. Peter. 1997. “Enhanced anaerobic degradation of mechanically
disintegrated sludge.” Water Science and Technology 36, (11): 137-43.

185



CHAPTER 7

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

(34]

[35]

N.J. Anderson, D.R. Dixon, P.J. Harbour, and P.J. Scales. 2002. “Complete
characterisation of thermally treated sludges.” Water Science and Technology
46, (10): 51-54

S. Deleris, V. Geaugey, P. Camacho, H. Debellefontaine, and E. Paul. 2002.
“Minimization of sludge production in biological processes: an alternative
solution of the problem of sludge disposal.” Water Science and Technology 46,
(10): 63-70

P. Camacho, S. Deleris, V. Geaugey, P. Ginestet, and E. Paul. 2002. “A
comparative study between mechanical, thermal and oxidative disintegration
techniques of waste activated sludge.” Water Science and Technology 46, (10):
79-87

P. Camacho, V. Geaugey, P. Ginestet, and E. Paul. 2002. “Feasibility study of
mechanically disintegrated sludge and recycle in the activated-sludge process.”
Water Science and Technology 46, (10): 97-104

G. Moeller-Chéavez and S. Gonzélez-Martinez. 2002. “Two combined techniques
to enhance anaerobic digestion of sludge.” Water Science and Technology 46,
(10): 167-172

E. Neyens, J. Baeyens, M. Weemaes, and B. De heyder. 2003. “Pilot-scale
peroxidation (H,O,) of sewage sludge.” Journal of Hazardous Materials 98, (1-
3): 91-106

E. Neyens, J. Baeyens, M. Weemaes, and De heyder B. 2003. “Hot acid
hydrolysis as a potential treatment of thickened sewage sludge.” Journal of
Hazardous Materials 98 (1): 275-293

E. Neyens and J. Baeyens. 2003. “A review of thermal sludge pre-treatment
processes to improve dewaterability.” Journal of Hazardous Materials 98, (1-3)
51-67

M. Barjenbruch, H. Hoffmann, O. Kopplow, and J. Tranckner. 2000.
“Minimizing of foaming in digesters by pre-treatment of the surplus-sludge.”
Water Science and Technology 42, (9): 235-241

U. Kepp, I. Machenbach, N. Weisz, and O.E. Solheim. 2000. “Enhanced
stabilisation of sewage sludge through thermal hydrolysis — three years of
experience with full scale plant.” Water Science and Technology 42, (9): 89-96

G. Lehne, A. Miiller, and J. Schwedes. 2001. “Mechanical disintegration of
sewage sludge.” Water Science and Technology 43, (1): 19-26

J. B. van Lier*, A. Tilche, B. K. Ahring, H. Macarie, R. Moletta, M. Dohanyos,
L. W. Hulshoff Pol, P. Lens, and W. Verstraete. 2001. “New perspectives in
anaerobic digestion.” Water Science and Technology 43, (1): 1-18

186



CHAPTER 7

(36]

(37]

[38]

[39]

(40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

R. Xie, Y. Xing, Y. Abdul Ghani, K.-E. Ooi, and S.-W. Ng. 2007. “Full-scale
demonstration of an ultrasonic disintegration technology in enhancing anaerobic
digestion of mixed primary and thickened secondary sewage sludge.” Journal of
Environmental Engineering and Science 6: 533-541

A. Machnicka, J. Suschka, and K. Griibel. 2005. “Intensification of sewage
sludge anaerobic digestion by partial disintegration of surplus activated sludge
and foam.” Polish-Swedish Conference, Krakéw 87-94

J. Miiller, G. Lehne, J. Schwedes, S. Battenberg, R. Néveke, J. Kopp, N. Dichtl,
A. Scheminski, R. Krull, and D. C. Hempel. 1998. “Disintegration of sewage
sludges and influence on anaerobic digestion.” Water Science and Technology
38, (8-9): 425-433

P. Aarne Vesilind and Cheng-Chao Hsu. 1997. “Limits of sludge
dewaterability.” Water Science and Technology 36, (11): 87-91

A. Thiem, K. Nickel, and U. Neis. 1997. “The use of ultrasound to accelerate the
anaerobic digestion of sewage sludge.” Water Science and Technology 36, (11):
121-128

H. Watanabe, T. Kitamura, S. Ochi, and M. Ozaki. 1997. “Inactivation of
pathogenic bacteria under mesophilic and thermophilic conditions.” Water
Science and Technology 36, (6-7): 25-32

Y. Kiyohara, T. Miyahara, O. Mizuno, T. Noike, and K. Ono. “A comparative
study of thermophilic and mesophilic sludge digestion.” Water and. Environment
Journal 14, (2): 150-154 ‘

Y. Chen, S. Jiang, H. Yuan, Q. Zhou, and Guowei Gu. 2007. “Hydrolysis and
acidification of waste activated sludge at different pHs.” Water Research 41, (3):
683-689

Y. Miron, G. Zeeman, J.B. van Lier, and G. Lettinga. 2000. “The role of sludge
retention time in the hydrolysis and acidification of lipids, carbohydrates and
proteins during digestion of primary sludge in CSTR systems.” Water Research
34, (5): 1705-1713

H. Siegrist, D. Vogt, J. L. Garcia-Hera, and W. Gujer. 2002. “Mathematical
model for meso- and thermophilic anaerobic sewage sludge digestion.”
Environmental Science and Technology 36, (5): 1113-1123

X. Q. Cao, L. Liu, H. Ch. Wang, Y. P. Gan, J. Zhou, and Y. Bai. 2007.
“Enhanced sludge decomposition by ultrasound.” Moving forward wastewater
biosolids sustainability: technical, managerial, and public synergy GMSC
Conference: 607-614

E. Neyens, J. Baeyens, and C. Creemers. 2003. “Alkaline thermal sludge
hydrolysis.” Journal of Hazardous Materials 97, (1-3): 295-314

187



CHAPTER 7

M.-C. Lu, C.-J. Lin, C.-H. Liao, R.-Y. Huang, and W.-P. Ting. 2003.
(48]  “Dewatering of activated sludge by Fenton’s reagent.” Advances in
Environmental Research 7, (3): 667-670

J. Zabranskd , M. Dohényos, P. JeniCek, and J. Kutil. 2006. “Disintegration of
[49]  excess activated sludge — evaluation and experience of full-scale applications.”
Water Science and Technology 53, (12): 229-236

[50] J. A. Miiller. 2001. “Prospects and problems of sludge pre-treatment processes.”
Water Science and Technology 44, (10): 121-128

I. Wook Nah, Y. Whan Kang, K.-Y. Hwang, and W.-K. Song. 2000.
[51]  “Mechanical pre-treatment of waste activated sludge for anaerobic digestion
process.” Water Research 34, (8): 2362-2368

[52] J. A. Miiller. 2003. “Comminution of organic material.” Chemical Engineering
Technology 26, (2): 207-217

B. Ormeci and P.A. Vesilind. 2002. “Effect of extracellular polymers on freeze-
[53]  thaw conditioning of activated sludge.” Water Science and Technology 46, (10):
269-279

Stowa — Selected Technologies. 2006. “Sludge disintegration techniques.”
[54] http://www.stowa-
selectedtechnologies.nl/Sheets/Sheets/Sludge. Disintegration.Techniques. html

M. Takashima and Y. Tanaka. 2008. “Comparison of thermo-oxidative
[55]  treatments for the anaerobic digestion of sewage sludge.” Journal of Chemical
Technology and Biotechnology, (early view)

C. L. Rai, J. Mueller, G. Struenkmann, and P. G. Rao. 2008. “Microbial growth

[56] reduction in sewage sludge by stirred ball mill disintegration and estimation by
respirometry.” Journal of Chemical Technology and Biotechnology 83, (3): 269-
278

W. Giao, W. Wang, R. Xun, W. Lu, and K. Yin. 2008. “Sewage sludge
(571 hydrothermal treatment by microwave irradiation combined with alkali
addition.” Journal of Materials Science 43, (7): 2431-2436

J. A. Cacho Rivero, N. Madhavan, M. T. Suidan, P. Ginestet, and J.-M. Audic.

[58] 2006. “Enhancement of anaerobic digestion of excess municipal sludge with
thermal and/or oxidative treatment.” Journal of Environmental Engineering 132,
(6): 638-644

R. Dewil, J. Baeyens, and R. Goutvrind. 2006. “The use of ultrasonics in the
[59]  treatment of waste activated sludge.” Chinese Journal of Chemical Engineering
15, (1): 105-113

C. P. Chu, Bea-Ven Chang, G. S. Liao, D. S. Jean, and D. J. Lee. 2001.
[60]  “Observations on changes in ultrasonically treated waste activated sludge.”
Water Research 35, (4): 1038-1046

188



CHAPTER 7

J.-P. Delgenes, V. Penaud, M. Torrijos, and R. Moletta. 2000. “Investigations on .

[61) the changes in anaerobic biodegradability and biotoxicity of an industrial
microbial biomass induced by a thermochemical pre-treatment.” Water Science
and Technology 41, (3): 137-144

H. Hartmann, I. Angelidaki, and B.K. Ahring. 2000. “Increase of anaerobic
[62] degradation of particulate organic matter in full-scale biogas plants by
mechanical maceration.” Water Science and Technology 41, (3): 145-153

J. E. Kililea, E. Colleran, and C. Scahill. 2000. “Establishing procedures for
{63] design, operation and maintenance of sewage sludge anaerobic treatment plants.”
Water Science and Technology 41, (3): 305-312

F. Wang, M. Ji, and S. Lu. 2006. “Influence of ultrasonic disintegration on the
[64] dewaterability of waste activated sludge.” Environmental Progress 25, (3): 257-
260

R. Dewil, L. Appels, J. Baeyens, and J. Degreve. 2007. “Peroxidation enhances
[65]  the biogas production in the anaerobic digestion of biosolids.” Journal of
Hazardous Materials 146, (3): 577-581

R. Dewil, J. Baeyens, and E. Neyens. 2005. “Fenton peroxidation improves the
(66] drying performance of waste activated sludge.” Journal of Hazardous Materials
117, (2-3): 161-170

E. Neyens, J. Baeyens, R. Dewil, and B. De heyder. 2004. “Advanced sludge
[67]  treatment affects extracellular polymeric substances to improve activated sludge
dewatering.” Journal of Hazardous Materials 106 (2-3): 83-92

Y. Wei, R. T. Van Houtén, A. R. Borger, D. H. Eikelboom, and Y. Fan. 2003.
(68]  “Minimization of excess sludge production for biological wastewater treatment.”
Water Research 37, (18): 4453-4467

J. E. Hall. 1995. “Sewage sludge production, treatment and disposal in the
[69] European Union.” Journal of the Institution of Water and Environmental
Management 9, (4): 335-343

M. Dohanyos, J. Zabranska, P. Jenicek, J. §tépové ,V. Kutil, and J. Horejs. 2000.

(7o T he intensification of sludge digestion by the disintegration of activated sludge
and the thermal conditioning of digested sludge.” Water Science and Technology
42, (9): 57-64

(711 P-B. Clark and I. Nujjoo. 2000. “Ultrasonic sludge pre-treatment for enhanced
sludge digestion.” Water and Environment Journal 14, (1): 66-71

[72] J. A. Miiller. 2000. “Pretreatment processes for the recycling and reuse of
sewage sludge.” Water Science and Technology 42, (9): 167-174

[73] B. E. Logan. 2005. “Simultaneous wastewater treatment and biological
electricity generation.” Water Science and Technology 52, (1-2): 31-37

189



CHAPTER 7

(74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

(85]

[86]

I. V. Skiadas, H. N. Gaval, J. Lu, and B. K. Ahring. 2005. “Thermal pre-
treatment of primary and secondary sludge at 70°C prior to anaerobic digestion.”
Water Science and Technology 52, (1-2): 161-166

I. Angelidaki, K. Boe, and L. Ellegaard. 2005. “Effect of operating conditions
and reactor configuration on efficiency of full-scale biogas plants.” Water
Science and Technology 52, (1-2): 189-194

J. A. Cacho Rivero, N. Madhavan, M. T. Suidan, P. Ginestet, and J.-M. Audic.
2005. “Oxidative and thermo-oxidative co-treatment with anaerobic digestion of
excess municipal sludge.” Water Science and Technology 52, (1-2): 237-244

H. Yasui, K. Komatsu, R. Goel, Y. Y. Lj, and T. Noike. 2005. “Full-scale
application of anaerobic digestion process with partial ozonation of digested
sludge.” Water Science and Technology 52, (1-2): 245-252

S. Graja, J. Chauzy, P. Fernandes, L. Patria, and D. Cretenot. 2005. “Reduction
of sludge production from WWTP using thermal pretreatment and enhanced
anaerobic methanisation.” Water Science and Technology 52, (1-2): 267-273

J. A. Cacho Rivero and M. T. Suidan. 2006. “Effect of H,O, dose on the thermo-
oxidative co-treatment with anaerobic digestion of excess municipal sludge.”
Water Science and Technology 54, (2): 253-259

J. A. Cacho Rivero and M. T. Suidan. 2006. “Anaerobic digestion of thermo-
oxidized excess municipal sludge.” Water Environment Research 78, (5): 510-
521

World Pumps. 2007. “US wastewater treatment plant reaps reward for
environmental respect.” Applications: water and wastewater August 2007.

G. D. Zupan¢i¢ and M. Ros. 2003. “Heat and energy requirements in
thermophilic anaerobic sludge digestion.” Renewable Energy 28: 2255-2267

R. J. Stephenson, S. Laliberte, P. M. Hoy, and D. Britch. 2007. “Full scale and
laboratory scale results from the trial of MicroSludge at the Joint Water
Pollution Control Plant at Los Angeles County.” Paradigm Environmental
Technologies Inc. 739-746

G. F. Parkin and W. F. Owen. 1986. Fundamentals of anaerobic digestion of
wastewater sludge. Journal of Environmental Engineering 112, 5

J. Suhm, M. Méller, and H. Linn. 2003. “New Development for industrial
microwave heating.” International Scientific Colloquim — Modelling for
Electromagnetic Processing Hannover, March 24-26: 131-135

W. Adamski and M. Kitlinski. 2001. “On measurements applied in scientific
researches of microwave heating processes.” Measurement Science Review 1,
(1): 199-203

190



CHAPTER 7

[87]

[88]

[89]

[90]

(91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

A. Gronroos, H. Kyllonen, K. Korpijarvi, P. Pirkonen, T. Paavola, J. Jokela, and
J. Rintala. 2005. “Ultrasound assisted method to increase soluble chemical
oxygen demand (SCOD) of sewage sludge for digestion.” Ultrasonics
Sonochemisty 12: 115-120

A Canales, A. Pareilleux, J. L. Rols, G. Goma, and A. Huyard. 1994. “Decrease
sludge production strategy for domestic wastewater treatment.” Water Science
and Technology 30, (8): 97-106

M. Lundin, M. Olofsson, G. J. Pettersson, and H. Zetterlund. 2004.
“Environmental and economic assessment of sewage sludge handling options.”
Resources, Conservation and Recycling 41: 255-278

A. Winter. 2002. “Minimisation of costs by using disintegration at a full-scale
anaerobic digestion plant” Water Science and Technology 46, (4-5): 405-412

E. W. Low and H. A. Chase. 1999. “The effect of maintenance energy
requirements on biomass production during wastewater treatment.” Water
Research 33, (3): 847-853

P. Zhang, G. Zhang, and W. Wang. 2007. “Ultrasonic treatment of biological
sludge: Floc disintegration, cell lysis and inactivation.” Bioresource Technology
98: 207-210

E. W. Low and H. A. Chase. 1999. “Reducing production of excess biomass
during wastewater treatment.” Water Research 33, (5): 1119-1132

T. Namioka, M. Miyazaki, Y. Morohashi, K. Umeki, and K. Yoshikawa. 2008.
“Modeling and analysis of batch-type thermal sludge pretreatment for optimal
design.” Journal of Environment and Engineering 3, (1): 170-181

K.-S. Shin and H. Kang. 2003. “Electron beam pretreatment of sewage sludge
before anaerobic digestion.” Applied biochemistry and biotechnology 109: 227-
239

M. Dereix, W. Parker, and K. Kennedy. 2006. “Steam-explosion pretreatment
for enhancing anaerobic digestion of municipal wastewater sludge.” Water
Environment Research 78, (5): 474-485

X. Feng, J. Deng, H. Lei, T. Bai, Q. Fan, and Z. Li. 2009. “Dewaterability of
waste activated sludge with ultrasound conditioning.” Bioresource Technology
100: 1074-1081

S. Hasegawa, N. Shiot, K. Katsura, and A. Akashi. 2000. “Solubilization of
organic sludge by thermophilic aerobic bacteria as a pretreatment for anaerobic
digestion.” Water Science and Technology 41, (3): 163-169

R. Dewil, J. Baeyens, and E. Neyens. 2005. “Fenton peroxidation improves the
drying performance of waste activated sludge.” Journal of Hazardous Materials
B117: 161-170

191



CHAPTER 7

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

S. L. Pérez-Elvira, F. Ferndndez-Polanco, M. Fernandez-Polanco, P. Rodriguez,
and P. Rouge. 2008. “Hydrothermal multivariable approach. Full-scale
feasibility study.” Electronic Journal of Biotechnology 11, (4)

T. I. Onyeche. 2004. “Sludge as source of energy and revenue.” Water Science
and Technology 50, (9): 197-204

P. Phothilangka, M. A. Schoen, M. Huber, P. Luchetta, T. Winkler, and B. Wett.
2006. “Prediction of thermal hydrolysis pretreatment on anaerobic digestion of
waste activated sludge.” IWA Publishing, London, UK.

ISWA’s Working Group on Sewage & Waterworks Sludge. 1997. “Sludge
treatment and disposal.” Environmental Issues Series 7

S. K. Dentel, B. Strogen, and P. Chiu. 2004. “Direct generation of electricity
from sludges and other liquid wastes.” Water Science and Technology 50,
(9):161-168

W. H. Rulkens and J. D. Bien. 2004. “Recovery of energy from sludge —
comparison of the various options.” Water Science and Technology 50, (9):213-
221

K. G. Barr, D. O. Solley, D. J. Starrenburg, and R. G. Lewis. 2008. “Evaluation,
selection and initial performance of a large scale centralised biosolids facility at
Oxley Creek Water Reclamation Plant, Brisbane.” Water Science and
Technology 57, (10)

T. Mao, S-Y. Hong, K-Y. Show, J-H. Tay, and D-J. Lee. 2004 “A comparison of
ultrasound treatment on primary and secondary studges.” Water Science and
Technology 50, (9): 91-97

G. Mininni, C. M. Braguglia, R. Ramadori, and M. C. Tomei. 2004. “An
innovative sludge management system based on separation of primary and
secondary sludge treatment.” Water Science and Technology 50, (9): 145-153

A. Buchanan, S. Bungay, K. Chapman, J. Crassweller, L. Barnes, and M. Smyth.
2008. “Fate of phosphorus during anaerobic digestion of sludge form an EBPR
plant.” Water Environment Federation, WEFTEC 2008: 569-590

S. K. Aynur, S. Chatterjee, C. A. Wilson, R. Riffat, J. T. Novak, M. J. Higgins,
M. Abu-Orf, R. Eschborn, S. Le, and S. Murthy. 2008. “Bench scale evaluation
of two enhanced digestion processe: Enhanced enzymic hydrolysis and dual
digestion.” Water Environment Federation, WEFTEC 2008: 591-604

A. G. Werker, M. Carlsson, F. Morgan-Sagastume, M. Son Le, and D. Harrison.
2007. “Full scale demonstration and assessment of enzymic hydrolysis pre-
treatment for mesophilic anaerobic digestion of municipal wastewater treatment
sludge.” Water Environment Federation, WEFTEC 2007: 5406-5423

D. W. Miller. 2003. “Three approaches to producing Class A biosolids.” Water
Environment Federation, WEFTEC 2003

192



CHAPTER 7

[113]

[114]

[115]

[116]

[117]

{118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

D. Nicholas and P. Vella. 2008. “Wastewater digester enhancement and sludge
volume reduction through cell lysis with controlled hydrodynamic cavitation.”
Water Environment Federation, WEFTEC 2008: 2019-2029

S. Basu, M. Abu-Orf, M. Laquidara, and O. Boe. 2004. “High rate anaerobic
digestion with mechanical shear — A case study at the Caldwell, ID WWTP.”
Water Environment Federation, WEFTEC 2004: 2019-2029

B. Robinowitz and R. Stephenson. 2006. “Effect of microsludge on anaerobic
digester performance and residual dewatering at LA County’s JWPCP.” Water
Environment Federation, WEFTEC 2006: 490-505

B. Robinowitz and R. Stephenson. 2005. “Improving anaerobic digester
efficiency by homogenization of waste activated sludge.” Water Environment
Federation, WEFTEC 2005: 2752-2771

C. Eskicioglu, R. L. Droste, and K. J. Kennedy. 2006. “Performance of
continuous flow anaerobic sludge digesters after microwave pretreatment.”
Water Environment Federation, WEFTEC 2006: 526-540

T. Yu, Z. Wei, N. Jun, and S. Bo. 2008. “The characteristics of products from
sewage sludge pyrolysis by microwave.” Water Environment Federation,
WEFTEC 2008: 1955-1963

I. Toreci, C. Eskicioglu, N. Terzian, R. L. Droste, and K. J. Kennedy. 2007.
“Mesophilic anaerobic digestion with high temperature microwave
pretreatment.” Water Environment Federation, WEFTEC 2007: 5367-5378

C. Eskicioglu, R. L. Droste, and K. J. Kennedy. 2005. “Enhancement of waste
activated sludge digestion by microwave pretreatment.” Water Environment
Federation, WEFTEC 2005: 2772-2793

K. Mizuta, M. Shimada, and H. Inoki. 2008. “Performance of sludge
disintegration process by ozonation installed in full-scale municipal WWTPs in
Japan.” Water Environment Federation, WEFTEC 2008: 1979-1995

M. Salerno, H-S. Lee, P. Parameswaran, and B. E. Rittmann. 2008. “Using a
pulsed electric field as a pretreatment for improved biosolids digestion and
methanogenesis.” Water Environment Federation, WEFTEC 2008: 2005-2018

L. Seaman, R. Sherif, W. Parker, K. Kennedy, and P. Seto. 2006. “Pre-treatment
of sludges before aerobic digestion to enhance sludge quality.” Water
Environment Federation, WEFTEC 2006: 3176-3193

J. Lanting. 2003. “Optimization of biological activity for anaerobic sludge
digestion.” Water Environment Federation, WEFTEC 2003

R. Roxburgh, R. Sieger, B. Johnson, B. Rabionwitz, S. Goodwin, G. Crawford,
and G. Daigger. 2006. “Sludge minimization technologies — Doing more to get
less.” Water Environment Federation, WEFTEC 2006: 506-525

193



CHAPTER 7

H. Ge, P. D. Jensen, and D. J. Batstone. 2010. “Pre-treatment mechanisms
[126]  during thermophilic-mesophilic temperature phased anaerobic digestion of
primary sludge.” Water Research 44, (1): 123-130

A. Singh, F. Mosher, A. Lugowski, and O. Ward. 2006. “An advanced biosolids
[127]  treatment process and potential beneficial applications of the processed
biosolids.” Water Environment Federation, WEFTEC 2006: 6886-6901

P. Camacho, W. Ewert, J. Kopp, K. Panter, S. I. Perez-Elvira, and E. Piat. 2008.
“Combined experiences of thermal hydrolysis and anaerobic digestion — Latest

[128]  thinking on thermal hydrolysis of secondary sludge only for optimum
dewatering and digestion.” Water Environment Federation, WEFTEC 2008:
1965-1978

[129] D. Miller, E. Wolfe, and J. Bivens. 2005. “City of Carmel, Indiana Biopasteur
process.” Water Environment Federation, WEFTEC 2005: 2843-2844

K. Abraham and U. Kepp. 2003. “Commissioning and re-design of a ‘Class A’
[130]  thermal hydrolysis facility for pre-treatment of primary and secondary sludge
prior to anaerobic digestion.” Water Environment Federation, WEFTEC 2003

S. Graja, J. Chauzy, P. Fernandes, L. Patria, and D. Cretenot. 2004. “Enhanced
[131]  anaerobic treatment of WWTP sludge: an efficient way towards sludge
minimization.” Water Environment Federation, WEFTEC 2004

J. Chauzy, D. Cretenot, A. Bausseron, and X. Gokelaere. 2007. “Thermal

[132] hydrolysis to increase sludge biodegradability or how to turn mesophilic
anaerobic digestion of biological sludge into an attractive process.” Water
Environment Federation, WEFTEC 2007: 5543-5450

B. Pickworth, I. Cranshaw, K. Abraham, P. Coleman, P. Walley, and O. E.
[133]  Solheim. 2005. “Large scale reality of sewage sludge pasteurisation and thermal
hydrolysis.” Water Environment Federation, WEFTEC 2005: 2794-2802

P. Kianmehr, W. Parker, and J. Challen-Urbanic. 2008. “Development of
[134] protocols for evaluating WAS pre-treatment.” Water Environment Federation,
WEFTEC 2008: 4743-4756

J. Sandino and H. Santha. 2005. “Evaluation of ultrasound pre-conditioning of
[135] WAS to reduce foaming potential in mesophilic digesters.” Water Environment
Federation, WEFTEC 2005: 2826-2842

J. P. Brown, P. Clark, and F. Hogan. 2003. “Ultrasonic sludge treatment for
[136]  enhanced anaerobic digestion at Orange County sanitation district.” Water
Environment Federation, WEFTEC 2003

D. Gary, J. Barry, R. Morton, C.-C. Tang, R. Horvath, and J. F. Stahl. 2005.

[137] “Testing of two ultrasonic sludge treatment systems for conditioning of
thickened waste activated sludge.” Water Environment Federation, WEFTEC
2005: 2803-2817

194



CHAPTER 7

P. M. Sutton, C. Wallis-Lage, O. Schraa, and P. Togna. 2009. “Resource

[138] recovery and municipal wastewater treatment: A new approach combining
biological and physical-chemical processes.” Water Environment Federation,
WEFTEC 2009: 71-90

M. Abu-Orf, C. Pound, R. Sobeck, E. Locke, L. Benson, W. Bailey, C. Peot, M.
Sultan, J. Carr, S. Kharkar, S. Murthy, R. Derminassian, and G. Shih. 2009. “DC

[139]  WASA adopts thermal hydrolysis for anaerobic digestion pretreatment:
Conceptual design details for the largest Cambi™ system.” Water Environment
Federation, WEFTEC 2009: 179-192

S. Aldin, E. Elbeshbishy, G. Nakhla, and M. Ray. 2009. “Viability of
[140]  yltrasonication for pre-treatment of biosolids.” Water Environment Federation,
WEFTEC 2009: 215-225

J. Banerjee, B. Henn, J. Rohrbacher, K. Bilyk, and S. Mehrotra. 2009. “A life
[141]  cycle assessment approach to biosolids management.” Water Environment
Federation, WEFTEC 2009: 402-414 '

I. Lukicheva, K. Pagilla, G. Rohloff, and T. Kunetz. 2009. “To do Class A or
[142]  Not? What to do to enhance sludge processing?” Water Environment Federation,
WEFTEC 2009: 1256-1273

B. Wett, S. N. Murthy, I. Takacs, C. A. Wilson, J. T. Novak, K. Panter, and W.

[143] Bailey. 2009. “Simulation of thermal hydrolysis at the Blue Plains AWT: A new
toolkit developed for full-plant process design.” Water Environment Federation,
WEFTEC 2009: 2688-2698

W. Parker, R. Jones, I. Takacs, H. Zhu, and S. Murthy. 2009. “Integrated
[144]  simulation of wastewater treatment, sludge pre-treatment and anaerobic
digestion.” Water Environment Federation, WEFTEC 2009: 3117-3131

J. Novak, C. Wilson, S. Bandaje, C. Tanneru, S. Murthy, and W. Bailey. 2009.

[145] “A new solids technology train: Can 70% volatile solids reduction and Class A
biosolids be achieved from digestion?” Water Environment Federation,
WEFTEC 2009: 3105-3116

C. Wislon, J. Novak, and S. Murthy. 2009. “Thermal hydrolysis of the lipid and

[146] protein fractions of wastewater sludge: Implications for digester performance
and operational considerations.” Water Environment Federation, WEFTEC
2009: 3918-3922

P. Kianmehr, W. Parker, and P. Seto. 2009. “Characterization of ozone impacts
[147]  on WAS properties and digestibility.” Water Environment Federation, WEFTEC
2009: 3923-3935

S. Murthy, M. Higgins, Y.-C. Chen, J. Novak, C. Wilson, R. Riffat, and S.

[148] Aynur. 2009. “Impacts of enhanced digestion processes on biosolids quality
parameters: Odors and indicators.” Water Environment Federation, WEFTEC
2009: 3936-3943

195



CHAPTER 7

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

J. Musser, W. Parker, and R. Jones. 2009. “Modeling WAS reduction:
Incorporating ultrasonic pretreatment into a whole-plant simulator.” Water
Environment Federation, WEFTEC 2009: 3910-3917

D. Whitlock, P. Burrowes, T. Shea, and Z. Erdal. 2009. “Sustainable energy
management: Augmenting biogas production and biosolids to energy.” Water
Environment Federation, WEFTEC 2009: 6608-6638

Des Moines Wastewater Reclamation Authority. 2008. “Professional
engineering services for wastewater reclamation facility digester improvements.

The City of Des Moines Official Press Release. 2007. “WRA plant turns sewage
into energy.”

2"

B. Robinowitz and R. Stephenson. 2006. “Full-scale demonstration of waste
activated sludge homogenization at the Los Angeles Country Joint Water
Pollution Control Plant.”

J. Novak, C. Park, M. J. Higgins, Y.-C. Chen, R. Morton, D. Gary, R. Forbes,
and Z. Erdal. 2007. “WEREF odor study phase III: Impacts of the MicroSludge
process on odor causing compounds.” Residuals and Biosolids management
Conference 2007

J. Dwyer, D. Starrenburg, S. Tait, K. Barr, D. Batstone, and P. Lant. 2008.
“Decreasing activated sludge thermal hydrolysis temperature reduces product
colour, without decreasing degradability.” Water Research 42: 4699-4709

E.J. Hwang, X. Zhang, Y. O. Lee, H. J. Lee, K. S. Yoo, and Q. T. Jo. 2007.
“Effects of chemical pretreatment on aerobic digestion and fertilizer value.” IWA
Biosolids 2007: 753-758

A. L. Smorodin. 2003. “A new generation of high-frequency ozone generator.”
Chemical and Petroleum Engineering 39, (7-8): 375-380

196



CHAPTER 7

[158]

[159]

[160]

[161]

[162]

[163]
[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

7.1 TEXTBOOKS AND INTERNET ADDRESSES

R. L. Droste. “Theory and Practice of Water and Wastewater Treatment.” John
Wiley & Sons, Inc. 1997.

WEF Manual of Practice 8 — ASCE Manual and Report on Enegineering Practice
No. 76. “Design of Municipal Wastewater Treatment Plants (4" Edition),
Volumes 1-3.” WEF and ASCE. 1998.

Metcalf & Eddy, Inc. “Wastewater Engineering — Treatment and Reuse (4™
Edition).” McGraw Hill. 2003.

S. D. Lin. “Waster and Wastewater Calculations Manual (2™ Edition).” McGraw
Hill. 2007.

Grady, C. P. L. Jr. et al. “Biological Wastewater Treatment.” Marcel Dekker —
CRC Press. 1999.

W. J. Jewell. “Energy, Agriculture and Waste Management.” Ann Arbor Science.
1977. .

W. F. Owen. “Energy in Wastewater Treatment.” Prentice-Hall, Inc. 1982.

L. K. Wang et al. “Biosolids Treatment Processes: Handbook of Environmental
Engineering, Volume 6.” The Humana Press Inc. 2008.

USEPA: Biosolids Technology Fact Sheet. 2000.
http://www.epa.gov/owm/mtb/alkaline_stabilization.pdf

USEPA: Emerging Technologies for Biosolids Management. 2006.
http://www.epa.gov/owm/mtb/epa-biosolids.pdf

GEA: High Pressure Homogenization Technology.
http://www.nirosoavi.com/high-pressure-homogenization-technology.asp
Stowa: Sludge Disintegration Techniques. 2006.

http://www .stowa-selectedtechnologies.nl/Sheets/

PRO Scientific: The Field of Homogenizing. 2009.
http://www.proscientific.com/Homogenizing.shtml

Hielscher: Ultrasound Technology. 2007.

http://www hielscher.com/ultrasonics/

Pollution Engineerings (M) Sdn Bhd: HiWave Dryer. 2009.

http://www pollution-engineering.com.my/product.php?name=microdryer

197


http://www.epa.gov/owm/mtb/alkaline_stabilization.pdf
http://www.epa.gov/owm/mtb/epa-biosolids.pdf
http://www.nirosoavi.com/high-pressure-homogenization-technology.asp
http://www.stowa-selectedtechnologies.nl/Sheets/
http://www.proscientific.com/Homogenizing.shtml
http://www.hielscher.com/ultrasonics/
http://www.pollution-engineering.com.my/product.php?name=microdryer

CHAPTER 7

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

IMS: Frequently Asked Questions. 2002.
http://www.industrialmicrowave.com/fags.htm#one

The Chemistry Store: Chemical Prices. 2009.
http://www.chemistrystore.com

ICIS: Indicative Chemical Prices A-Z. 2009.
http://www.icis.com/StaticPages/a-e.htm

Knovel: Perry’s Chemical Engineer’s Handbook (7™ Edition). 2009.
http://www .knovel.com/

USEPA: Wastewater Technology Fact Sheet Ozone Disinfection. 1999.
http://www.epa.gov/owm/mtb/ozon.pdf

Jo Mueller: Dewatering of Disintegrated Excess Sewage Sludge. 2009.
http://www.jomueller.de/english/Desinteg4engl.html

The Engineering Toolbox: Pump Power Calculator. 2005.
http://www.engineeringtoolbox.com/pumps-power-d_505.html
Springer Link: Mixing (Chapter 3). 2005.
http://www.springerlink.com/content/q4768wl11g1715j65/fulltext.pdf
Scribd: Activated Sludge Process. 2009.
http://www.scribd.com/doc/13489545/Activated-Sludge-Process
Siemens AG: Biosolids — Class A and B. 2009.

http://www.water.siemens.com/en/applications/water_and_wastewater_library/Pa
ges/biosolids_class_a_b.aspx

Patent Storm: US Patent 6783671 — Enhanced Activated Sludge Treatment. 2004.
http://www.patentstorm.us/patents/6783671/description.html

Free Patents Online: US Patent 6491820 — Method for the Molecular Destruction
of Waste-Activated Sludge Using High Electrical Voltage. 2002.

http://www.freepatentsonline.com/6491820.html

Google Books Previews: Organic Waste Recycling: Technology and
Management (3™ Edition). 2009.

http://books.google.ca/s
Google Books Previews: Biosolids Engineering. 2009.

http://books.google.ca/

198


http://www.industrialmicrowave.eom/faqs.htm%23one
http://www.chemistrystore.com
http://www.icis.com/StaticPages/a-e.htm
http://www.knovel.com/
http://www.epa.gov/owm/mtb/ozon.pdf
http://www.jomueller.de/english/Desinteg4engl.html
http://www.engineeringtoolbox.com/pumps-power-d_505.html
http://www
http://springerlink.com/content/q4768wl
http://www.scribd.com/doc/13489545/Activated-Sludge-Process
http://www.water.siemens.com/en/applications/water_and_wastewater_library/Pa
http://www.patentstorm.us/patents/6783671/description.html
http://www.freepatentsonline.com/649
http://books.google.ca/s
http://books.google.ca/

CHAPTER 7

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

Google Books Previews: Wastewater Sludge Processing. 2009.
http://books.google.ca/

Google Books Previews: Handbook Biological Waste water Treatment. 2009.
http://books.google.ca/

Google Books Previews: Handbook of Environmental Engineering Calculations.
2009.

http://books.google.ca/

Shanghai Shibang Machinery: Pictures Center
http://www.unisbm.com/picture/picture.html

Union Process: Wet Grinding Attritors and Grinding Media
http://www.unionprocess.com/

Omni International: Homogenizer
http://www.omni-inc.com/

Pharmainfo.net: Nanoemulsions
http://www.pharmainfo.net/

Made-In-China.com: Ultrasonic Homogenizer

http://www.made-in-china.com/image/2f0j00cvzQJ TmZIWojM/Ultrasonic-
Homogenizer-scientz-1ID-.jpg

Hielscher: Ultrasound Technology

http://www hielscher.com/index.htm

Universal Engineering Works: Horizontal and Vertical Autoclaves
http://www .universalautoclave.com/

Tradeindia.com: Heat Exchanger
http://product-image.tradeindia.com/00198810/b/0/Heat-Exchanger.jpg
Tradeget.com: Shell and Tube Exchanger
http://img1.tradeget.com/vtechindu/NANBTMO11shellandtubeheatexchanger.jpg
Power-technology.com: Steam Boiler
http://www.power-technology.com/

AB&CO - TT Boilers: Steam Boiler
http://www.ttboilers.dk/DJ3D_Hvid.JPG

American Instrument Exchange: MARS 5

http://www.americaninstrument.com/

199


http://books.google.ca/
http://books.google.ca/
http://books.google.ca/
http://www.unisbm.com/picture/picture.html
http://www.unionprocess.com/
http://www.omni-inc.com/
http://Pharmainfo.net
http://www.pharmainfo.net/
http://Made-In-China.com
http://www.made-in-china.com/image/2f0j00cvzQJTmZlWojM/Ultrasonic-
http://www.universalautoclave.com/
http://Tradeindia.com
http://product-image.tradeindia.eom/00198810/b/0/Heat-Exchanger.jpg
http://Tradeget.com
http://imgl.tradeget.com/vtechindu/NANBTM011shellandtubeheatexchanger.jpg
http://Power-technology.com
http://www.power-technology.com/
http://www.ttboilers.dk/DJ3D_Hvid.JPG
http://www.americaninstrument.com/

CHAPTER 7

Tecknotrove Systems: Microwave Heating Technology

[202]
http://tecknotrove-heating.com/

[203] Walker Process Equipment: Flash Mixing
http://www.walker-process.com/

[204] Sung Woo: Flash Mixing
http://www.sww.co.kr/user_img/sw_m3_img25.gif

[205] Indiamart.com: Chemical Agitator
http://imghost.indiamart.com/data/F/9/MY-956586/agigator_250x250.jpg
Directindustry.com: Ozonation Machine

[206] http://img.directindustry.com/images_di/photo-g/ozonation-machine-397397.jpg
Mainstream Water Solutions: Ozone

[207] Mainstream Water Solutions: Ozone Generator
http://www.mainstreamwater.com/

[208] 0O3z0 Max Ltd: Ozone Technology
http://www.ozomax.com/

[200] Water Research Council: Plan-It Stoat

http://www.wrcplc.co.uk/

[210] Energy Information Administration. 2007. “Annual energy review.” Report No.
DOE/EIA-0384(2006)

(211] Eurostat: Electricity prices — industrial users. 2010.

http://ec.europa.eu/eurostat
[212] Pacific Exchange Rate Service: Database retrieval system. 2009.
http://fx.sauder.ubc.ca/data.html

200


http://tecknotrove-heating.com/
http://www.walker-process.com/
http://www.sww.co.kr/user_img/sw_m3_img25.gif
http://Indiamart.com
http://imghost.indiamart.eom/data/F/9/MY-956586/agigator_250x250.jpg
http://Directindustry.com
http://img.directindustry.com/images_di/photo-g/ozonation-machine-397397.jpg
http://www.mainstreamwater.com/
http://ozomax.com/
http://www.wrcplc.co.uk/
http://ec.europa.eu/eurostat
http://fx.sauder.ubc.ca/data.html

APPENDIX A

Appendix A
Default Values

A.0 RAW FEED STRENGTH AND FLOW

Values provided to the user for RF strength according to North American ranges are

shown in Table A.1.

Table A.1 Raw feed strength and flow default values

Units LOW AVERAGE HIGH REF.

Inhabitant Equivs. IE 1,000,000 1,000,000 1,000,000
Qrr/IE m/IEd 075 0.46 0.24 [160]
TCOD kg/m® 0.25 0.43 0.80 [160]
TBODs kg/m® 0.11 0.19 0.35 [160]
TSS kg/m’ 0.12 0.21 0.40 [160]
VSS kg/m® 0.10 0.16 0.32 [160]
TS kg/m® 0.39 0.72 1.23 [160]
TVS kg/m’ 0.21 0.36 0.66 [160]
Feed Temp. °C 10 15 20

A.1 PRELIMINARY TREATMENT

The single default value provided for PT is shown in Table A.2.

Table A.2 Preliminary treatment default value

Units LOW AVERAGE HIGH REF.

TSS Reduction % 2.00 4.00 6.00  [160]

A.2 PRIMARY SEDIMENTATION

The default values provided for PC are shown in Table A.3.
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Table A.3 Primary sedimentation default values

Units LOW AVERAGE HIGH REF.

TCOD Removal % 20.00 30.00 40.00 [160]
TBODs Removal % 20.00 30.00 40.00 [160]
TSS Removal % 40.00 55.00 70.00 [160]
Dedicate Flow TH % Qpcul 0.00 0.00 100.00

Dedicate Flow SPT % Qpcu2 0.00 0.00 100.00

Underflow TSS Conc. kg/m’ 20.00 40.00 80.00 [158]
TBOD:TCOD After PC  kg/100kg  40.00 55.00 70.00 [158]
TCOD:TSS After PC kg/100kg  160.00 185.00 210.00 [158]
Specific Gravity, S, 1.01 1.03 1.05 [160]

A.3 BIOTREATMENT

The default values provided for BT input settings are shown in Table A.4a.

Table A4a  Biotreatment default values for input settings

Units LOW AVERAGE HIGH REF.

TCOD Treatment Eff. % 60.00 70.00 95.00 [158]
TBODs Treatment Eff. % 60.00 70.00 95.00 [158]
. kg TSS/
Biomass Yield, Y e 0.80 0.95 130  [160]
kg BODs
Volume, Vg m’> 70,000 70,000 70,000
SRT D 1 4 7 [160]

Default values are provided to the user for the results that will be obtained at the
BT unit. They serve as a guide to ensure UDVs are appropriate as they should provide
within-range result values. These default values for results obtained from BT are shown

in Table A.4b.
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Table A.4b  Biotreatment default values for results obtained

Units LOW__AVERAGE HIGH REF.

TSS (MLSS) kg/m’ 2 6 15 [160]
. g BODs/
F:M Ratio 0.2 0.4 0.6 [160]
d-g MLVSS

A.4 SECONDARY SEDIMENTATION

The default values provided for SC input settings are shown in Table A.5a.

Table A.5a  Secondary sedimentation default values for input settings

Units LOW AVERAGE HIGH REF.

TSS Settling Eff. % 95.00 97.00 99.00 [158]
Underflow TSS Conc. kg/m’ 5.00 10.00 15.00 [158]
TCOD:TSS After SC~ kg/100kg  140.00 180.00 220.00 [158]

Default values are provided to the user for the results that will be obtained at the
SC unit. They serve as a guide to ensure UDVs are appropriate as they should provide
within-range result values. These default values for results obtained from SC are shown

in Table A.5b.

Table A.5b  Secondary sedimentation default values for results obtained

Units LOW AVERAGE HIGH REF.

Qsc/Qsri % 25.00 50.00 150.00 [160]
Sludge Volume Index  mL/g 50 125 150 [160]
A.5 THICKENING

The default values provided for TH input settings are shown in Table A.6a.

Default values are provided to the user for the results that will be obtained at the
TH unit. They serve as a guide to ensure UDVs are appropriate as they should provide
within-range result values. These default values for results obtained from TH are shown

in Table A.6b.
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Table A.6a  Thickening default values for input settings

Units LOW AVERAGE HIGH REF.

TSS Capture Eff. % 80.00 85.00 95.00 [160]
Effluent TSS Conc. kg/m’ 20.00 50.00 90.00 [158]
Chemical Dosage kg/kg TSS  0.0020 0.0040 0.0060 [160]
Recycle? PC/BT/NO  PC/BT/NO PC PC PC

pCOD % TCOD,  60.00 70.00 80.00  [158]

Table A.6b  Thickening default values for results obtained

Units LOW AVERAGE HIGH REF.

Solids Content % 2 5 9 [160]

A.6 SLUDGE PRETREATMENT

The default values provided for SPT are shown in Table A.7. References are not provided
as these values were compiled from the ranges observed in the literature review summary

tables of Chapter 2.

Table A.7 Sludge pretreatment default values

Units LOW _ AVERAGE HIGH

Percent Flow Treated % 100.00 100.00 100.00

pCOD Solubilisation % 20.00 40.00 60.00
TSS Solubilisation % 10.00 20.00 30.00
VSS Solubilisation % 10.00 20.00 30.00
Biogas Increase % 20.00° 40.00 60.00

A.7 MESOPHILIC/THERMOPHILIC AD

The default values provided for MTAD are shown in Table A.8.
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Table A.8 Mesophilic/Thermophilic AD default values

Units LOW AVERAGE HIGH REF.

TSS Removal Eff. % 40.00 60.00 80.00 [160]
TSS Removal Impr. 5.00 10.00 20.00
sCOD Removal Eff. % 40.00 60.00 85.00 [160]
sCOD Removal Impr. 5.00 10.00 20.00
CH,4 Content % 40.00 65.00 75.00 [158]
Supernatant Flow % QmTADI 10.00 15.00 20.00 [158]
Recycle? PC/BT/NO PC/BT/NO PC PC PC
kg VSS/
Biomass Yield, Yne 0.02 0.04 0.06 [160]
kg COD
Volume, Vurap m’ 80,000 80,000 80,000
Digester Temp. °C 35 35 55
SRT d 15 25 40 [160]
A.8 DEWATERING

The default values provided for DE are shown in Table A.9.

Table A.9 Dewatering default values

Units LOW AVERAGE HIGH REF.

TSS Capture Eff. % 85.00 90.00 95.00 [160]
Solids Content % QpEi 15.00 20.00 25.00 [160]
Recycle? PC/BT/NO  PC/BT/NO PC PC PC

Polymer Dosage kg/kg TSS  0.0020 0.0050 0.0070 [159]

A.9 TREATMENT AND RESULTS EQUATIONS

Some equations were provided in the Default Values section to enable quick estimation
of appropriate treatment settings and results. The user defines the variables shown in the
equations that are not pre-determined by PretrAD. Equations A.1 and A.2 are valid only
for TBODs and TSS influent ranges of 0.1-0.3 kg/m?3 (8.4x107%-2.5x107 Ib/gal) ([161]).
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. T, (h)
TBOD; Settling Eff = Al
0.018 (h)+0.02-T, (h)
, T, ()
TSS Settling Eff = A2

0.0075 (h)+0.014-T, (h)

Equations A.3-5 represent the PS production, specific gravity, and daily biogas
production estimation. Using Eq A.5 to estimate biogas production renders the same
result with and without SPT use because VS is employed and is unchanged during SPT
([161]). A literature value of 0.94 m3/kg VS destroyed for VS4 was used ([161]).

T, (h
PS Production = Q,,, - TSS »y, « 1 A3
0.006767 (h)+0.0152-T, (h)
Specific Gravity,S, =1+0.005-TS (% Total Solids) A4
VS, 3
Owiravio = Quravsioser = 094 VS yrap; - Qrarap: - 100 (m’/d) A5

Equation A.6 was computed in both SI and US units and is used for heat flow

coefficient determinations ([160, 161]).

Heat Flow Coefficient = - - G , A6
Material Thickness (m or in)

Where:
C; is the heat flow coefficient for different materials, kJ -m/m?-d-°C or Btu-in/ft>-d-°F
C; =30.15 (SI), 60.00 (US), uninsulated concrete
C; =70.34 (SI), 134.40 (US), uninsulated steel
C; =3.42 (SI), 6.60 (US), mineral wool insulation
Ci = 55.27 (SI), 108.00 (US), brick
C; =2.01 (SI), 4.08 (US), air space
C; = 246.18 (SI), 480.00 (US), surface material (e.g., earth)
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Appendix B
Plan-It STOAT Design

B.0 PURPOSE OF DESIGN

Plan-It STOAT was used as described in Chapter 4 to validate PretrAD’s solids handling
and flow regimes. If PretrAD were to sufficiently represent the results obtained using
Plan-1It, it would be deemed valid. The financial analysis, which is based on solids and
energy demands, would thus also be valid. This was in fact the case and the sections
below describe the design performed primarily by Kévin Rochelet that was necessary for

the PretrAD versus Plan-It comparison.

PretrAD does not, in most cases, account for WWTP design. Where various unit
sizes are needed, PretrAD does consider them. Though Plan-It performs similarly to
PretrAD with regards to a direct mass balance design, some additional unit design was
needed. For all sections listed below, the unit design was conducted to obtain values that
were within known North American sizing and operating ranges and to obtain similar
effluent results with Plan-It as those that were observed with PretrAD. Calculated design
values will not be given as they reflect specific RF and treatment conditions (that were
purposely varied for different runs) within both Plan-It and PretrAD. What is shown are

the equations required to perform the design.

B.1 PRIMARY SEDIMENTATION

Minor design requirements for the Bar Screen and Grit Trap steps of Plan-It were
performed. These are not provided as they do not pertain to the “paralleling” of PretrAD

and Plan-It influents and effluents.

Required ‘dimensions’, ‘operation’, and ‘parameters’ are listed as they appear in
Plan-It and reflect the data input of the left-hand menu as seen in Figure 4.14 of Chapter
4. The variables needed for input in Plan-It are listed for the PC unit in Table B.1.

Effluent TSS and percent sludge solids were set to obtain effluents observed in PretrAD.
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All items listed in Tables B.1-5 represent required Plan-It design variables. As
mentioned above, they are not given as they reflect specific RF and treatment conditions
that were purposely varied for PretrAD results given in Chapter 5. The methodology by

which they were obtained is given.

Table B.1 Dimensions, operation, and parameters for Plan-It design of the PC unit

Dimensions Operation Parameters
Model (Assume Effluent Conc.)  Sludge Solids (%)  Effluent Solids (mg/L)
Depth (m)
# of Units

Shape (circular)
Diameter (m)

Unit Volume (m?)

With an assumed average overflow rate (OR, within the 30-50 m’/m’d range
[160]) and a chosen no. of units, the area (A) can be found with Eq B.1. By setting the
height (H, within the 3-5 m range [161]) the unit diameter and volume can then be found
with Eqs B.2-3. Finally, Eq B.4 computes the unit detention time and with it, TSS and
TBOD:; settling efficiencies can be estimated using Eqs A.1-A.2 of Appendix A.

_ Qi _
ok~ aln / B.1
p= |4 (4 =Vm® =m B.2
V=—H—'ﬂ-'—D2=m-m2=m3 - B.3
4
24 |4 ( d) B4
P
B.2 BIOTREATMENT

Required dimensions and parameters are given in Table B.2 for BT. Plan-It provides

default parameters and they were not altered.
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Table B.2 Dimensions, operation, and parameters for Plan-It design of the BT unit

Dimensions Operation Parameters
Model (SRT Equation) Aerobic SRT (d) SRT Method (BOD) ,
# of Units MLSS (mg/L) Yield Method (User-defined Net Yield)
Shape (rectangular) Heterotroph and Autotroph growth rates
Length (m) Temperature Coefficients
Width (m) Half-Saturation Coefficients
Depth (m) Heterotroph and Autotroph Yields

Unit Volume (m%)

The total volume (Vo) Was obtained using PretrAD’s effluent values which in
turn depend on the SC underflow, recycle stream flowrates, and SS concentrations. The
Vot Was calculated as shown by Egs 4.19-21 in Chapter 4. The criteria were aerobic
digestion SRT (1-7 d), MLSS concentration, and user-defined net yield. The MLSS
concentration is in turn a function of the approximate 50-150% Qsc/Qgri relationship
[160]. Insufficient data could be obtained from the literature for BT dimensioning (i.e.,
length, L, width, W, and height, H). Because population size and RF characteristics
resembled those of the city of Ottawa, ON, Canada, the design was instead approximated
by the design which currently exists for the Robert O. Pickard Environmental Center
(ROPEC) which is the central WWTP for Ottawa. Again, it is important to note that these
values served the sole purpose of obtaining similar effluents based on influent conditions

and were deemed correct based on established design and operating ranges.

= VToml — m3 B.5S
# of Units
— VTotal — m3 B6

= = =m
(H-W) (m-m)

B.3 SECONDARY SEDIMENTATION

Required dimensions, operation, and parameters are shown in Table B.3. For the
operation of the SC unit, the Qscr (RAS as given in Plan-It) flow was set using PretrAD’s

effluent value. Settleability factors for TCOD were not altered.
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Table B.3 Dimensions, operation, and process for Plan-It design of the SC unit

Dimensions Operation Process
Model (Solids Loading Rate, SLR)  RAS Flow (m*/h) SLR (kg/m*d)
Sludge Wastage
Depth (m) Flow (m® /h)
# of Units Effluent TSS (m’/h)

Shape (circular)
Diameter (m)

Unit Volume (m°)

At this stage, since Plan-It uses an iterative approach to determine influent and
effluent values for both BT and SC (due to WAS recycle), the OR was varied to obtain
similar flows (influent, effluent, underflow, and recycle). Varying the OR changed the
unit sizing until comparable flows were found. Based on the estimated OR (within the
16-40 m’/m’d range [161]) and a selected # of units, the area could be calculated by
rearranging Eq B.1. Unit diameter, volume, and depth (within range of 3.6-4.6 m [161])
could then be found using Egs B.2, B.5, and B.3, respectively.

B.4 THICKENING

Required dimensions and operation are shown in Table B.4 for TH. For the operation of
the TH unit, the loading rate, percent underflow TSS, and solids recovery were set using

the PretrAD inputs.

Using PretrAD’s influent TSS concentration and common WAS density (p, 1,000-
1,200 kg/m3 [160]), the influent solids concentration (within a range of 0.5-1.5 % [160])
was computed with Eq B.7. A solids loading rate was then assumed (within a range of
20-80 kg/ m>d [160]) to compute the unit area, diameter (maximum 20 m [160]), and
depth (3.6-4.6 m [161]). The sizing method is the same as that for the PC unit.
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Table B.4 Dimensions and operation for Plan-It design of the TH unit

Dimensions Operation
Model (WRc) Underflow TSS (%)
# of Units Solids Recovery (%)

Shape (circular)
Diameter (m)
Depth (m)

Unit Volume (m®)

% solids = 155 ><100% = k? x100% = % B.7

N B.5S MESOPHILIC/THERMOPHILIC AD

Required dimensions and operation are shown in Table B.5 for MTAD. For the operation
of the MTAD unit, the loading rate, percent underflow TSS, and solids recovery were set -
using the PretrAD inputs. Knowing the VSS/TSS ratio within PretrAD, both the VSS and.
sCOD removals could be set. Again, as insufficient anaerobic digester design valges were
found, diameter and depth were approximated using ROPEC sizes. The unit volilme can
then be found with Eq B.3. The number of units can subsequently be set to meet
volumetric criteria (0.07-0.11 or 0.11-0.17 m/IE for low rate and high rate AD,
respectively [159]). The Eqs B.8 and B.5 are used for this computation.

Table B.5 Dimensions and operation for Plan-It design of the MTAD unit

Dimensions Operation

Model (Hydraulic Loading)  Hydraulic Retention Time (d)

# of Units VSS Removal (%)
Shape (circular) sCOD Removal (%)
Diameter (m) Digester temperature (°C)
Depth (m)
Unit Volume (m3 )
V..., =Volume criteria- IE = (m3 IE)- IE=m’ B.8
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Appendix C
Model Permutations and Raw Data

C.0 MODEL PERMUTATION FILES

Over 320 runs were conducted for various plant designs and varied RF settings or SPT
treatment values and type of SPT to establish the WWTP operating costs without SPT
(control costs) and with SPT (SPT costs) shown in Chapter 5.

The PretrAD outputs were saved for each set of 4 runs under control and SPT
scenarios for both MAD and TAD. The Windows XP file folder arrangement for the
electronic Appendix C where all permutations can be found is shown in Figure C.1. It is
given to provide a visual nomenclature for the labelling of the 8 files found in each
folder. The first word defines the focus of the run (e.g., Control or CH). The first
parentheses of the first 2 files outlines that they were created for the second evaluation
using Runs 1a-2b. The second parentheses of the first two files contain M or T and A (M
= MAD, T = TAD, and A = Average). The following 6 files do not have the ‘(a,b)’
notation as they were created for the first evaluation using Runs 1-4. All files are labelled

with the heat recovery and disposal distance parameters that were set at normal/low (N,L)

and normal/double (N,D), respectively.

it View Favorites Tools Help

§o :
. | fd Search | [ Folders

C:{Model Permutations\Base{Control)
Folders: - . -~ + 0 Name - »
ContraY{a,b)(M,A)-HeatRecovery(N,L),DisposalDistance(N, D)
Control(a,b)(T,A)-HeatRecovery(N,L),DisposaIDistance(N,D)
Control(M,A)-HeatRecovery{N,L),DisposalDistance(N,D)
Control(M,L)-HeatRecovery(N,L),DisposalDistance(N,D)

£ £ Model Permutations
£ sasé(Control):
23 CH

&

e Yo

2% HPH @Contfol(m ,P)-HeatRecovery(N, L), DisposalDistance(N,D)
£ MwH Control(T,A)-HeatRecavery(N,L),DisposalDistance(N,D)
&3 02 Control(T,L)-HeatRecovery(N,L),DisposalDistance(N,D)
£y 5BM Control(T,P)-HeatRecovery(N,L),DisposalDistance{N,D)
aTc

Caur

Figure C.1 Print screen of model permutations as found in the electronic Appendix C
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C.1 RAW DATA COLLECTION AND GRAPHS

The PretrAD-outputted data was collected in 2 Microsoft Excel files. The first
‘Data,Graphs-Runs1-4’ presents the data and created graphs using results from Runs 1 to
4. The second file ‘Data,Graphs-Runsla-2b’ presents the data and created graphs using
results from Runs 1a to 2b. They are located inside the folder named ‘Raw Data and
Graphs’ and can be found alongside the ‘Model Permutations’ folder in the electronic
Appendix C. The runs were conducted prior to the finalization of the nomenclature that
was used in this thesis. The following abbreviations were used in PretrAD: PS (primary
sedimentation and primary sludge), SS (secondary sedimentation and secondary sludge),
SP-T (sludge pretreatment), and M/TAD (mesophilic or thermophilic anaerobic

digestion). All other nomenclature used in PretrAD is identical to that of this thesis.
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