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Abstract

On the control and automation of a novel membrane electro-bioreactor (MEBR)

Alexandre Bélanger

The membrane electro-bioreactor (MEBR) has demonstrated to be effective in the treatment of
wastewater, where superior quality of the effluent was achieved. The MEBR is a compact hybrid
unit that uses several processes, such as activated sludge, membrane filtration, and electrokinetic
phenomena. The objective of this study was to improve the treatment of wastewater by monitoring
and controlling MEBR processes on-line, which was accomplished by implementing an
automation system. As the complexity of the processes increase in the treatment wastewater, it is
difficult to their guarantee performance; the automation system maintained the wastewater

treatment to satisfactory performance.

Automation of the system was accomplished through control algorithms using on-line
instrumentation of critical parameters such as: dissolved oxygen, aeration, and water levels. The
MEBR system demonstrated removal of carbon and nutrients (phosphorus, and nitrogen) for water
recovery. Automated aeration ensured biological treatment without excessive aeration, fluctuating
low dissolved oxygen concentrations allowed for simultaneous aerobic and anoxic conditions
without inhibiting biological treatment. Automated electrokinetic improved nutrient removal with
reduced energy consumption, also biological treatment was not inhibited. Electrokinetic
demonstrated even lower than previously observed energy consumption. A user interface was
implemented to allow on-site monitoring of the processes as well as allow adjustment of process
parameters. Having a completely automated MEBR allowed this novel wastewater treatment
system to be implemented in a remote location, as a decentralized system, in order to simulate an
effective wastewater treatment system which may be applied to improve the quality of life for the

secluded population of northern Canada and Quebec.
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Chapter 1: Introduction

1.1. Wastewater Treatment

Water is one of the resources essential to sustain life and has long been suspected of being the
source of much human illness. It was not until approximately 150 years ago that definite proof of
disease transmission through water was established (Sawyer et al., 2003). For many years
following, the major consideration was to produce adequate supplies that were hygienically safe.
However, sources of water such as surface water and ground water have become increasingly
contaminated due to increased wastewater discharge from residential, industrial and agricultural

activity.

Wastewater has always constituted a serious problem: with the development of urban areas, it
became necessary, from public health and aesthetic considerations, to provide sewer systems to
carry such wastes wastewaters treatment facilities (WWTP) into lakes and streams. Once WWTP
facilities are operational, constant monitoring is required to maintain economical and satisfactory
performance. Hence, the importance of quantitative measurements is significant. Typically, these
facilities have in-house laboratories where workers perform analytical measurements to determine
and control specific water quality parameters (such as pH, turbidity, dissolved oxygen,
biochemical oxygen demand, etc.). The most common way to measure water quality parameters is
through labour-intensive experiment: acquiring samples to measure given parameter, setting up
the laboratory apparatus with the necessary instruments, calibrating such instruments, and finally
completing the standardized experiment. The experimentation process may take several hours to
perform and thus creates a challenging issue: WWTP are repeatedly lagging behind the parameters
they must control. At the completion of the laboratory experiment, the water, from which the
samples were taken hours before, is now either in a different process or has now left the facility,
1.e. the wastewater reached the receiving waterbody. Fortunately, there is extensive advancement
in automated measurements that allow rapid and accurate online monitoring of crucial water
quality parameters. Furthermore, this innovative technology is gradually finding its way into
WWTP with the objective to control more effectively and economically the water quality by

minimizing the time required to analyse water quality parameters.
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In Canada, WWTP are required to treat wastewater so that the effluent into the environment meets
specific regulatory standards. Throughout the country, most WWTPs are only equipped with
primary or primary and secondary treatment units as shown in Figure 1.1-1 (Municipal Wastewater
Treatment Indicator, 2013). However, a tertiary treatment unit is necessary to remove nutrients
through chemical or biological technologies e.g. biological nutrient removal (BNR). Tertiary
treatment, like BNR, can reduce the level of nutrients such as phosphorus and nitrogen, however,

this is a complex and expensive process.

60%

53%

50%
40%
30%

20% 15%

Percent population ~ Percent population ~ Percent population ~ Percent population
with No treatment with Primary with Secondary with Tertiary
treatment treatment treatment

10%
3%

0%

Figure 1.1-1: Municipal Wastewater Treatment Levels in Canada

1.2.  Wastewater Characteristics
The assessment of the wastewater properties for this study is conducted based on the following
parameters: dissolved oxygen (DO), chemical oxygen demand (COD), phosphorus (TP or POs-P),

ammonia and nitrates.

Almost all life requires the presence of oxygen, and with respect to the aquatic world, oxygen is
in the form of dissolved oxygen (DO). In aquatic systems, degradable material may be oxidized or
decomposed by certain microorganisms (Sawyer et al., 2003). In nature, degradation is typically
carried out by aerobic microorganisms that decompose the material while DO is needed as an
electron acceptor. Dissolved oxygen depletion negatively affects several biota populations
including fish, when the concentration is very low (Davis & Cornwell, 2013). Therefore, it is

important to control the organic matter discharges into waterways.
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The amount of DO needed by microorganisms to oxidize, or breakdown, organic matter, is known
as the biochemical oxygen demand (BOD) (Davis & Cornwell, 2013). BOD is an indirect
measurement of the amount of organic matter in the water because the measured variable is the
amount of oxygen consumed by microorganisms. Generally, the assessment of BOD is conducted
by measuring the difference in DO concentration between the 1* and 5" day of bioassay and is
known as BODs (APHA, 2012). However, there are also some organic matter, and some inorganic,
that cannot be easily oxidized by microorganisms. In such case, a different measure of the oxygen
demand is used — chemical oxygen demand (COD). COD allows to determinate of the oxygen
concentration required for the full oxidation of organic compounds. The COD results are superior

over BOD value assessed for the same wastewater sample. (Sawyer et al., 2003).

Phosphorus and nitrogen compounds are essential nutrients for all forms of life. When discharged
into the environment, these nutrients promote growth of plants and phytoplankton while, strongly
affecting the life of other aquatic organisms. Algae and cyanobacteria, being chlorophyll
organisms, their growth is greatly influenced by excessive amount of phosphorus (TP) in water
(Sawyer et al., 2003). Generally, phosphorus is the limiting nutrient in the growth in
lakes/reservoirs aquatic systems leading to their eutrophication (Davis & Cornwell, 2013).
Although eutrophication is a natural process, the process is accelerated by the release of
phosphorus and nitrogen compounds in wastewater. The excessive growth of phytoplankton can
lead to decreased dissolved oxygen in water. In the presence of light, phytoplankton produce
oxygen using photosynthesis, however, in the absence of light, such as during the night, these
organisms use oxygen — known as respiration (Davis & Cornwell, 2013). Also, when
phytoplankton die, aerobic microorganisms biodegrade them which requires the consumption of
dissolved oxygen. Eutrophication can be prohibited by the control of either nitrogen or phosphorus,
or both. DO is also consumed by ammonia when oxidized to nitrates. Therefore, there is presently
much interest in controlling the amount of phosphorus and nitrogen compounds that discharged in

surface waters.

Nitrates are a common type of compound of nitrogen dissolved in water. Nitrogen content in the
water is predominantly present in the organic form (proteins) and ammonia. The proteins are
processed into ammonia nitrogen and under aerobic conditions, ammonia nitrogen is then oxidized

to nitrite (NO7") and nitrate (NOj3") (Davis & Cornwell, 2013). Although nitrates are essential to all
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life, their presence in excess in water indicates pollution from agriculture, urban and industrial,
and can lead to serious environmental problems, such as eutrophication of water bodies as
mentioned earlier. Furthermore, high concentration of nitrite is toxic to animal life and high
concentration of nitrate in drinking water can cause illness in humans by interacting with

hemoglobin such as methemoglobinemia (Sawyer et al., 2003).

1.3. Motivation

To overcome the problems associated with conventional WWTP and to meet the future regulation
of the quality of effluent being discharged into the environment while also being economically
viable, innovative technologies are being developed. A particularly widespread and interesting

technology is the membrane bioreactor (MBR).

The MBR combines an activated sludge (AS) reactor and membrane filtration into a single process
to treat wastewater. However, instead of separating treated water and activated sludge through
gravity sedimentation by using a secondary clarifier, the membrane filtration is used for the
separation. Advantages of the MBR technology are that it produces very high-quality treated water
however, it is unable to remove nutrients (Park et al. , 2015; Radjenovi¢ et al., 2008). In addition,
membrane filtration in the MBR processes eliminates the need for gravity sedimentation tanks,

which results in a smaller footprint than CAS processes (Park et al., 2015).

Nevertheless, the MBR processes on their own have limitations in terms of nutrient removal of
phosphorus and nitrogen compounds. Membranes are also vulnerable to be fouled by organic and
inorganic bioreactor constituents during the filtration process (Hasan, 2011; Judd, 2006; Park et
al., 2015). Membrane fouling causes a decrease of the filtration, and increase transmembrane
pressure. Therefore, controlling membrane fouling is essential for stable MBR operation. Various

approaches have been developed to mitigate membrane fouling problems.

To overcome the above mentioned MBR disadvantages, a submerged membrane electro-bioreactor
(SMEBR) was designed to improve the quality of discharged effluent discharged with respect to
nutrient removal and reducing membrane fouling (Bani-Melhem & Elektorowicz, 2010; Bani-
Melhem et al., 2009). The SMEBR has successfully completed a pilot test at the L'Assomption
wastewater treatment plant located east of Montreal, where it was operated and optimized

manually (Hasan et al., 2014). However, a different avenue has been investigated: a self-contained
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membrane module (side-stream) instead of a submerged membrane as well as having completely
automated processes (aeration, EK, pumps). This system is known as the membrane electro-
bioreactor (MEBR). The hypothesis is that the system will provide superior effluent quality by

adjusting the system’s processes (aeration and EK) to varying influent conditions.

Adequate control strategies for automation purposes are required with the aim of improving the
biodegradation of waste materials in addition to reducing energy consumption. Specifically, the
development of an automation system will enable control the aeration and EK processes. This
would be especially beneficial for WWTP found in Quebec with aeration processes, DO is the
most important parameter since it affects directly both the biological treatment of wastewater as
well as the energy consumption, which the latter is directly associated with the high running cost
of aeration processes (Judd, 2006). By having the aeration process automated, DO would be
controlled to ensure adequate treatment without excessive aeration, while also adapting to varying
influent conditions. Also, having control over the EK process will enable more adequate nutrient
removal, with a reduction in energy consumption, and prevent any adverse effect on the bacterial

activity. Therefore, the MEBR is ready for its further development: control and automation.

1.4. Objective

The main objective of this study is to improve the treatment of wastewater by monitoring and
adjusting on-line individual processes using instrumentation and control systems. Another crucial
objective is to simulate a completely functional wastewater treatment facility installed in a shed
beside L’ Assomption’s WWTP, which could potentially be implemented for a household used in
remote locations, as a decentralized system, such as secluded regions of northern Canada and
Quebec since it is common to not have access to a sewer network: 14% of the Canadian population
use septic tanks (Households and the Environment, 2011). Furthermore, this study will
demonstrate the steps taken in designing and implementing a control system, so that it may be
applied to other processes. As the complexity of processes increase, it is difficult to guarantee their
satisfactory performance; thus, this study will show how to successfully integrate a control system

to ensure satisfactory performance.

Detailed objectives are:
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1. Instrumentation to measure on-line process variables DO, temperature, aeration, water

levels, and current density.

Modeling MEBR dynamic processes such as electrokinetic process.

3. Designing control algorithm by determining appropriate control strategy for each process

based on specific criteria that yield satisfactory performance.

Automation implementation: installation of programmable controller, electronic and

electrical devices (wiring, connectors, relays, breakers, fuses, etc.).

5. Process automation by creating a software that allows satisfactory operation of the system:

a
b.
C.
d.

c.

Measurement of process variables from sensors.

Ensure safe operation.

Data acquisition, so that process variables can be analysed over time.
Controlling automatically DO concentration and current density.

Build proper alarms to detect improper process behaviour.

6. Design a user interface was implemented to allow monitoring of MEBR through visual

representation (buttons, touch panel display, switches, etc.), as well as allow the adjustment

of process parameters.

The structure of this thesis follow the requirements of the project supported by NSERC “Idea to

Innovation” Grant built based on the patented system (Ibeid, Elektorowicz, Oleszkiewicz, 2012).
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Chapter 2: Wastewater Treatment

2.1. Conventional removal of carbon, phosphorous and nitrogen vs electro-biological

Carbon Removal - Activated Sludge Process

The activated sludge process (ASP) is a biological wastewater treatment technique in which a
water mixture containing biomass (or microorganisms), which is agitated and aerated for the
biological removal of organics. In this process, wastewater is mixed thoroughly under conditions
that stimulate microorganism growth through the use of organic matter (carbon), inorganic matter
(nutrients), and other micro-nutrients (Radjenovi¢ et al., 2008). Under aerobic conditions, oxygen
serves as an electron acceptor where organic and inorganic matter are oxidized by microorganisms.
Organic matter is generally measured as biochemical or chemical oxygen demand (BOD and COD,
respectively), which are indirect measurements of organic matter concentration since both refer to
the amount of oxygen utilised for oxidation of the organics (APHA, 2012; Sawyer et al., 2003).
The oxygen level in aerobic process should be kept above 4 mg/L in conventional treatment

facilities.

As the microorganisms grow and are mixed thoroughly due to the aeration (or mechanical motion),
the individual microorganisms bundle together (flocculate) to form an active biomass, called
activated sludge (AS). Activated sludge is subsequently separated from the water through
membrane filtration to leave a relatively clean effluent, and its concentration within the MBR is
controlled by wasting (or removing) a portion of the biomass in order to maintain an appropriate
number of microorganisms to efficiently degrade organic compounds. Wasted biomass is called
waste activated sludge (WAS). An equilibrium is then achieved between the growth of new
biomass and their removal by wasting. The characteristics of the biomass found in membrane
bioreactor (MBR) are slightly different from CAS mainly due to long sludge retention time (SRT)
in MBR operation. Long SRT generates conditions where slow-growing microorganisms are
favourably maintained compared with the relatively shorter SRT of CAS (Park et al., 2015).
Maintaining slow-growing microorganisms is advantageous to degrade problematic organic
compounds biologically (Park et al., 2015). Also, the addition of an electrokinetic process has
resulted in improved COD removal through electrocoagulation (Bani-Melhem & Elektorowicz,

2010; Hasan et al., 2014), as it is described in details in section 2.2.
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In MBR applications, the factors that affect the performance of an activated sludge process are:
temperature, amount of dissolved oxygen (DO) available, number of organic compounds available,
pH, aeration time and rate, SRT (solid retention time), HRT (hydraulic retention time), mixed
liquor suspended solids (MLSS), WAS, and wastewater toxicity. This project proposes a control
system for the satisfactory operation of ASP by controlling aeration time, aeration rate, SRT, HRT,

and WAS while in-situ monitoring the DO concentration and temperature.

Phosphorus Removal

In conventional activated sludge (CAS) systems, a particular biomass is responsible for biological
phosphorus removal - phosphorus accumulating organisms (PAO) (Davis & Cornwell, 2013).
PAO accomplish this removal of phosphorus by storing the phosphorus found in the wastewater
into their cell mass. This phenomenon occurs when the biomass is moved from an anaerobic to an
aerobic environment. Finally, the phosphorus contained in the biomass is removed from the
process with wasted activated sludge (WAS). However, the longer SRT in MBR operation, makes
the removal of phosphorus limited as there is limited sludge removal (Park et al., 2015; Zuthi et
al., 2013). Therefore, MBR systems generally employ chemical removal of phosphorus, known as
chemical coagulation (CC). Alum or ferric salts are common chemicals used for CC. In CC, an
optimal dosage is difficult and a periodic laboratory experiments are required to validate such
dosage. Cations from the chemicals (Al** or Fe**) and orthophosphates (PO4>~ or POs-P), known
as soluble reactive phosphorus (SRP), react to form insoluble aluminium phosphates leading to its

removal from the supernatant:

Alum: A3* + P03~ — ALPO, | (1)
Ferric Chloride: Fe®* + P03~ — FeP0, | (2)

An alternative to chemical removal of phosphorus is electrocoagulation (EC) through the
electrokinetic phenomena (EK) (refer to section 2.2). With EC, coagulating agents are generated
in-situ through electrochemical reactions. EC provides high and stable effects for contaminants
removal (Bektas et al., 2004). EC is able to produce flocs over a wider range of pH values relevant
to water treatment and apparently at a more rapid rate, compared to CC (Harif et al., 2012).
Furthermore, Hasan et al. (2014) suggest that another mechanism of phosphorus removal in EC is
electrodeposition of the non-active inorganic fractions of phosphorus, which are remaining in the

wastewater instead of being absorbed by biomass. The results of the EC application into the
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SMEBR (submerged membrane electro-bioreactor) have shown that its high ability of
phosphorous removal (98-99%) (Bani-Melhem & Elektorowicz, 2010; Hasan et al., 2014).
Moreover, EC does not use any chemical reagents and makes the process of phosphorus removal
in wastewater treatment simple to automate when compared to CC. This project proposes a method
of controlling and automating the EC process by manipulating current density (CD) with in-situ

monitoring of applied current within the bioreactor.

Classical Nitrogen Removal — Nitrification & Denitrification

Nitrogen compounds in the wastewater is predominantly present in the organic form (urea and
fecal matter) and the first step in removal of nitrogen in wastewater involve oxidative degradation
of organic matter, known as ammonification (Ward, 2013). Through hydrolysis, organic nitrogen
compounds are converted to ammonium and/or ammonia. Ammonium is the ionic form of

ammonia in water, where the ratio of ammonium to ammonia depends on the pH and temperature.

The second step in removal of nitrogen in wastewater is known as nitrification and it involves the
biological conversion of ammonium to nitrate. The nitrification is a two-step process. Bacteria
called ammonia-oxidising bacteria (AOB) convert ammonia and ammonium to nitrite (NO2),
while nitrite-oxidising bacteria (NOB) oxidize nitrite (NO2") into nitrate (NO3"). The nitrifying
microorganisms that are frequently detected in MBR plants: Nitrosomonas and Nitrosospira are
the two common AOB genus, while Nitrobacter and Nitrospira are the two common NOB genus
(Park et al., 2015). The reactions are generally coupled and proceed rapidly to the nitrate form;
therefore, nitrite levels are usually low. These nitrifying bacteria are known as nitrifiers and they
are strict aerobic bacteria, meaning they must have free dissolved oxygen to perform their work;
therefore; the nitrification occurs under aerobic conditions; where the DO concentration usually
needs to be 1.0-1.5 mg/L in suspended growth systems for their survival (Judd, 2006). The
following are the stoichiometric equations for the nitrification process, neglecting the biomass

production (Judd, 2006):

AOB:NH} + 1.50, » 2H* + 2H,0 + NO; 3)
NOB: NOj + 0.50, - NO; (4)
Nitrification: NHf + 20, > NO3 + H,0 + 2H* (5)
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The third and final step in removal of nitrogen in wastewater involves the biological conversion
of nitrate to nitrogen gas (N2) and this is known as denitrification. Nitrate is not only a nutrient,
but the substrate for the bacterial process of denitrification, by which nitrate is reduced to nitrogen
gas, N> (Ward, 2013). Unlike nitrification, denitrification takes place when facultative
heterotrophic bacteria, which normally remove BOD under aerobic conditions, are able to convert
nitrates to nitrogen gas under anoxic conditions. Facultative heterotrophic bacteria, known as
denitrifiers, need a carbon source and nitrate molecules. Therefore, denitrification requires a
sufficient carbon source for the heterotrophic bacteria, which might be assured by adding raw,
containing carbon, wastewater, then, denitrification will occur when oxygen levels are depleted
resulting in nitrate becoming the primary oxygen source for microorganisms. Denitrification
proceeds through a sequential reduction process involving nitrite, nitric oxide (NO), and dinitrogen

oxide (NO3), which results in the conversion of nitrate to nitrogen gas (Park et al., 2015):
NO3; - NO; - NO - NO, — N,(g) (6)

The following is the complete stoichiometric equation for the entire denitrification process (Judd,

2006):
C10H1005N + 10NO5 - 5N, + 10C0, + 3H,0 + NH; + 100H™ (7)

Where C10H1903N represents the wastewater, i.e. carbon source. Typically, in tertiary treatment,
nitrification and denitrification is achieved by having two separate tanks: an aerobic tank where
nitrification occurs, and an anoxic tank where denitrification take place. By combining a
nitrification with activated sludge and recirculate activated sludge content to denitrification tank,
nitrogen can be removed from the wastewater. In such case the secondary clarifier can be replaced

by membrane filtration process.

Novel Nitrogen Removal - Anammox

In 1999, it was discovered that some autotrophic bacteria were responsible for amaerobic
ammonium oxidation, called anammox bacteria (Park et al., 2015, Elektorowicz et al. 2016). This
novel process is able to reduce nitrite directly into nitrogen gas, without using carbon sources for

denitrification and without additional supply of air for nitrification:

Anammox: NHf + NO; - N, + 2H,0 (8)
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Nevertheless, the process requires nitrite as the electron acceptor, in which case the nitrite is
derived either from aerobic ammonium oxidation, from AOB, or partial denitrification, where
nitrate is converted to nitrite. For this study, a combination of aerobic nitrification and anaerobic
anammox conversion is used to improve nitrogen removal. Under oxygen limitation, aerobic
nitrification and anammox reactions will occur simultaneously as demonstrated at lab scale and

pilot scale in this project (Elektorowicz et al., 2017).

2.2.  Electrokinetic

The electrokinetic phenomena (EK) represent a family of various processes where electrical field
is applied to colloidal matrix. One of these processes related to this work is electrocoagulation.
Electrocoagulation (EC) is an electrochemical process that involves the generation of coagulants
in situ by dissolving electrically ions from electrodes, usually made of either aluminium or iron
(Chen, 2004). The mechanisms involved in EC include coagulation, adsorption, settling or

flotation.

The main reaction occurs at the anode when current is applied to the electrodes: electrolysis
reactions produces cations (Fe?*, AI**), depending on electrode material, and these act as coagulants
(Bani-Melhem & Elektorowicz, 2010; Vasudevan et al., 2008). The release of these cations causes
flocculation, or clumping, of particulates by destabilising them. The destabilisation is achieved
through charge neutralisation, reduction of absolute value of zeta potential, which results in greater

settling rate (Larue et al., 2003).

Additionally, there are secondary reactions involved in the process. The oxidation of water
molecules produces hydrogen ion (H") and oxygen gas (O>) at the anode whereas hydrogen gas
(H2) and hydrogen oxide (OH"), from water reduction, are generated at the cathode (Bani-Melhem
& Elektorowicz, 2011; Chen et al., 2000). Chlorine may also be produced and as a strong oxidant
it can oxidize some organic compounds present in wastewater (Chen, 2004). Moreover, if the
potential applied to the anode is sufficiently high, direct oxidation of organic compounds is also

possible (Chen et al., 2000).

EC has been applied successfully to: potable water (Matteson et al., 1995; Vasudevan et al., 2008),
food and restaurant wastewater (Chen et al., 2000), urban wastewater (Pouet, 1995), municipal

wastewater for phosphorus removal (Bani-Melhem & Elektorowicz, 2011; Hasan et al., 2014),
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sludge treatment (Elektorowicz et al., 2006; Elektorowicz & Oleszkiewicz, 2012; Ibeid et al.,
2015), and membrane fouling control (Ibeid et al., 2013Db).

The most frequent referred parameter, besides voltage potential and current, is current density
(CD), the current per unit area of electrode, which determines the rate of EC. The CD applied to
the electrodes determines the number of cations (Fe*" or AI*) released from the respective
electrodes. The amount of metal dissolved depends on the quantity of electricity passed through
the solution. A simple relationship between current density and the amount of electrode dissolved
can be derived from Faraday’s law (Mollah et al., 2004):

_ixtxM

- ®

Where w is the quantity of electrode material dissolved (g of M/cm?), i is the current density
(A/ecm?), t is the electrical exposure time (seconds), M is the relative molar mass of the electrode
(g of M/mole), n is the number of electrons in oxidation/reduction reaction, and F'is the Faraday’s
constant (96,500 A*sec/mole of electrons). The electrochemical reactions may be summarized as

follows (Bani-Melhem & Elektorowicz, 2010; Chen, 2004):

For aluminium anode:

Al —3e™ - A3t (10)
In acidic conditions:
A3t + 3H,0 - AL(OH)3; + 3H* (11)
In alkaline conditions:
At + 30H™ - Al(OH), (12)
While for iron anode:
Fe —2e~ — Fe?* (13)
In acidic conditions:
Fe?t + 0, + 2H,0 — 4Fe3* + 40H~ (14)
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In alkaline conditions:
Fe?* +30H™ - Fe(OH), (15)

Additionally, electrolysis of water produces oxygen and hydrogen gas, resulting from

oxidation/reduction reaction of water.
H,0 — 4e~ - 0, + 4H* (anode) (16)
H,0 + 2e~ - H, + 20H™ (cathode) (17)

The EC process is intrinsically associated with another important electrokinetic process, known as
electro-floatation (EF) (Chen, 2004). Electro-flotation is a simple process that floats flocs to the

surface of water by gas motion produced by water electrolysis.

A MBR system that combined electrokinetic processes, known as SMEBR, has been successfully
used to enhance the removal of phosphorus and COD (Bani-Melhem & Elektorowicz, 2010;
Elektorowicz & Oleszkiewicz, 2012; Hasan et al., 2014). Many factors influence electrokinetic,
such as wastewater quality (conductivity, pH, concentration of components), temperature,
electrode material and shape, electrode arrangement, flow rate, current density, charge loading and
application of intermittent current (time on and off). For the SMEBR, these parameters have been
investigated in previous studies, and optimal selection has been identified (Arian, 2014; Bani-
Melhem & Elektorowicz, 2010; Gao, 2014; Hasan, 2011; Ibeid, 2011; Ibeid et al., 2013b). This
work proposes a control system for the satisfactory and automatic operation of the electrokinetic

system.

The electrokinetic (EK), previously applied to the SMEBR, enhanced organic matter and nutrient
removal. Essential parameters for EK operation is current density (CD, A/m?), exposure time to
DC electric field (time on and off), and electrode material. EC as an EK phenomenon has been
applied for the phosphate removal in drinking water. The results showed that the maximum
phosphate removal efficiency of 98% was achieved at a CD of 5A/m? and exposure time of 20
minutes for a batch cell using mild steel as the anode and stainless steel as the cathode (Vasudevan
et al., 2008). For SMEBR operation, Hasan (2014) investigated EK operation with current density
of 12 A/m?, applied intermittently with exposure time of 5 minutes on and 10 minutes off. In that

study, SMEBR achieved a reduction in membrane fouling and high removal efficiencies of
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ammonia, phosphorus, and COD: 99%, 99%, and 92%, respectively. Arian (2014) similarly
achieved high removal efficiencies using CD of 22 A/m? with exposure time of Sminutes on and
15minutes off. Ibeid et al. (2013a) investigated that a current density between 15 and 20 A/m? and
electrical exposure times 5 minutes on and 15 minutes off, and 5 minutes on and 20 minutes off
can adequately modify activated sludge characteristics in order to reduce membrane fouling.
Further investigation verified membrane fouling reduction and improved removal efficiencies
using that a current density of 15 A/m? and electrical exposure time 5 minutes on and 20 minutes
off (Ibeid et al., 2013b). It was found that in SMEBR operation, the current density (CD) should
be kept below 25 A/m? and applied at an intermittent exposure as to not significantly affect

bacterial viability (Wei et al., 2011).

Consequently, the development of an effective control system for EK is essential for superior
removal efficiencies, ensuring bacterial viability and contributing to the reduction of membrane
fouling. The proposed control system ensures an efficient operation as to avoid over or under
estimating EK by controlling CD, along with exposure time, which lead to improvement of

treatment and reduction of the energy consumption.

2.3.  Aecration & Dissolved Oxygen

Aeration is another essential parameter for biological wastewater treatment as it maintains
sufficient DO concentration for microbial activity. In submerged membrane application, aeration
is also used for reducing membrane fouling, which is known as air scouring, and is defined by the
aeration intensity and the cross-flow velocity (CFV). In general, air scouring aeration is typically
applied near the membranes, as well as within the bioreactor. Coarse bubble (>2 mm) aeration is
generally applied for air scouring of the biomass attached to the membrane surface (De
Temmerman et al., 2015). The injection of the air bubbles induces shear stress on the sludge
accumulated at the membrane and resulting in prevention in surface fouling (Bohm et al. , 2012;

Psoch & Schiewer, 2005).

In contrast, fine bubble (< 2 mm) aeration in the bioreactor is meant to maintain a sufficient DO
concentration for organic matter (BOD/COD) removal and nitrification; even though membrane
fouling increases with fine bubble aeration (De Temmerman et al., 2015). While both aeration
types induce shear stress on sludge, beneficial impact has only been carefully investigated for

coarse bubble aeration (Bohm et al., 2012). Aeration is a major energy consumer, often exceeding
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50% of total energy consumption, with a minimum of 35% for air scouring (Judd, 2006, 2008).
The significance of air scouring motivates the need for an effective control system that could lead

to reduced membrane fouling and energy consumption.

As mentioned previously, aeration is essential for maintaining the acceptable DO concentration
for the biological treatment process (refer to section 2.1). Making oxygen transfer from gas to
liquid phase (DO) is a very energy intensive activity, a too high level of aeration is unwanted since
it is costly and procures no beneficial treatment effect. At any time, the DO concentration depends
on the equilibrium between oxygen transfer rate (OTR), the oxygen transferred, and oxygen uptake
rate (OUR), the oxygen used by microbial activity. Accurate and precise in-situ measurements of
the DO concentration are therefore of great importance to support meaningful wastewater
treatment. Investigation of optimal DO concentration in SMEBR by Arian (2014) was determined
to be 3 mg/L, while Hasan (2011) determined a required minimum concentration of at least 2
mg/L. However, it was demonstrated (Ibeid 2011, Elektrowicz et al. 2016) that maintaining a DO
between 0.2 to 0.8 mg/L, would allow the simultaneous aerobic and anoxic nitrogen removal
(nitrification and denitrification with anammox). Maintaining an adequate DO concentration is a
great challenge for the control of aeration systems. Therefore, it is important to develop an
effective aeration control system to avoid over- or under-estimating of aeration which could lead

to excessive energy costs, or alternatively, to incomplete treatment.
2.4. Operational Parameters for Activated Sludge Process

Hydraulic Retention Time

Hydraulic retention time (HRT) is associated with the load and is expressed as the reactor volume
divided by the influent flow rate. A low HRT results in a higher organic loading and higher biomass
concentration (mixed liquor suspended solids, MLSS), therefore, increasing a potential for
membrane fouling (Hasan, 2011). Generally, the biodegradation of organics in the influent
becomes more stable as the HRT increases (Park et al., 2015). Food to microorganism ratio (F/M)
is expressed as the ratio of food per biomass, which is directly related to HRT (Park et al., 2015):

F Qx5 S,

Z = 1
M VX 0+X (18)
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0= (19)

%4
g
Where Q is the influent flow rate (m?/day), S, is the influent substrate concentration (kg BOD/m?),
Vis the bioreactor volume (m?), € is the HRT (day), and X is the biomass concentration (kg MLSS/
m?). Therefore, F/M ratio decreases as the HRT increases, which results in direct changes in
microbial characteristics because the biomass growth rate strongly depends on the F/M ratio (Park
et al., 2015). A low F/M ratio means that less substrate is available for the microorganisms
(biomass), and results in a lower sludge production. However, a low F/M ratio also results in high
MLSS concentration that can promote membrane fouling and reduce aeration efficiency, which
the latter is a significant problem in terms of maintenance at high MLSS concentrations
(Radjenovi¢ et al., 2008; Trussell et al., 2007). Consequently, HRT affects membrane fouling
indirectly via the change in microbial characteristics. Nevertheless, with a low F/M ratio, there is
a significant decrease of sludge production which reduces the cost of excess sludge handling.

Carbon dosing may be used to vary the F/M ratio.

Solid Retention Time

Solids retention time (SRT), or sludge age, is associated with the time the sludge solids, or biomass,
remain in the system. In the MBR systems, SRT is independent of HRT as a result of membrane
separation, and therefore, SRT is expressed as the reactor volume divided by the solid, or sludge,

wastage rate:

SRT = v (20)
Q

w

Where ¥ is the bioreactor volume (m?), and Q. is the solid (or sludge) wastage rate (m>/day).
Increasing SRT is results in higher MLSS concentration, enhanced biodegradation and lower
sludge production (Bouhabila et al., 2001). However, as mentioned previously, high MLSS is as
an important microbial factor affecting membrane fouling. Consequently, similarly to HRT, SRT

affects membrane fouling indirectly via the change in biomass characteristics.

Previous studies on SMEBR applied SRT and HRT of 10 days and 11 hours, respectively (Hasan
et al., 2014). Later, it was concluded that the SMEBR could operate at any selected HRT (between

6 and 15 hours) depending on the objective the system is trying to achieve (water quality,
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membrane fouling or sludge properties). Nevertheless, superior results were achieved with
increased HRT through which authors believed that the bacterial recovery occurred and
contributed to the organic matter and nutrient removal efficiencies (Ibeid et al., 2012; Wei et al.,
2011). Furthermore, longer HRT allowed longer exposure time of the wastewater to the electrical
field thus increasing the positive impact of electrokinetic on the removal efficiency (Hasan et al.,
2014). In recent investigations, SMEBR operated using a HRT of 12 hours and SRT of 15 days
also demonstrated successful removal of COD and nutrients (Elektorowicz et al. 2014, Arian,
2014). The significance of SRT and HRT on process behaviour motivates the need for an effective

control system that could lead to reduced membrane fouling and enhanced biological treatment.
2.5. MBR

Membrane Filtration

Membrane filtration is the process in which a membrane acts as a semi-permeable barrier that
separates substances when a driving force, or pressure difference, is applied across the membrane
(Hai & Yamamoto, 2011). The membrane has miniscule pores that allow only very small particles,
such as water and solutes, to permeate through the membrane while retaining (or rejecting) larger
particles inside the bioreactor. Therefore, the primary mechanism of membrane filtration is size
exclusion. Membrane filtration processes are categorized into four categories based on particle

size: Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF) and Reverse Osmosis (RO).

Microfiltration can separate small particles from 0.1 to 10um in size such as suspended solids and
bacteria. Ultrafiltration (UF) can separate smaller particles like viruses and endotoxin that range
in size from 0.01 to 0.1pm. Nanofiltration can be used to remove small particles that range in size
from 0.001 to 0.01um like pesticides and herbicides. Finally, reverse osmosis can separate the
smallest particles, size less than 0.001um like metal ions and acids (Hai & Yamamoto, 2011;
Zhang et al., 2012). Unlike microfiltration, UF or smaller membranes do not have an absolute
micron rating because all pores are not the same size. Instead, they use a nominal molecular weight
cut-offs that are a measure of the pore size distribution across the membrane surface, typically the
unit is in kilodaltons (kD). In spite of solids separations, MBR are not capable of retaining
phosphorus and nitrogen compounds. Additional technologies have to be applied to remove

nutrients in MBR system:s.

30



Membrane: Material, Modules & Configuration

There are mainly two different types of membrane material: organic (polymers such as
polyvinylidene difluoride (PVDF), polyethylsulphone (PES), polyethylene (PE), polypropylene
(PP) and inorganic (ceramic) (Judd, 2006; Zhang et al., 2012). Organic membranes are more
commonly used in water and wastewater treatment because they have good chemical, mechanical
and thermal stability as well as being more flexible and providing higher surface area per volume
(Hasan, 2011). However, current polymer membranes suffer from the low fouling resistance due
to the intrinsic hydrophobic property of the polymers (Judd, 2006). Membrane modules come in
two different modules: side-stream, or self-contained, and open immersion. Side-stream modules
have an external housing around the membrane, where the feed water must be circulated
continuously while the permeate exits by passing through the membrane — these are used
externally, or as a side-stream, of a bioreactor. Open immersion membranes are submerged in the
bioreactor with the membrane exposed to the feed water. There are three main type of membrane
configuration found in MBR applications: plate and frame, tubular and hollow fibers (Hasan, 2011;

Judd, 2006).

Plate and frame membrane consists of two flat sheets of membrane material, typically an organic
polymer, stretched across a thin frame. Several plates may be arranged in a stack formation, which are
immersed in the feed water. The driving force needed for filtration is provided by placing the inner
membrane sheets under vacuum. Tubular membrane consists of an outer and inner tube: the outer
tube is the housing and the inner tube is the membrane. Tubular membranes are typically made of
inorganic materials like ceramic. Unlike the previous two types, the driving force is not based on
the vacuum since the materials are separated at high velocity under pressure causing a transverse
force to drive the water through the membrane while rejecting the large particles. These types of
membranes can be arranged in either feed water flow direction: from the inside to the outside, or
vice versa. This configuration is typically used in self-contained modules. Hollow fibers
membrane consists of long strands of hollow extruded membrane, typically made of organic
polymers. One side of the fibers are mounted on a supporting structure, which serves as a manifold
for the permeate. The other side of the fiber is not fixed; by having a free end, the membrane is
able to move freely around which reduces membrane fouling. This type of profile may be used in
a self-contained or open immersion module. For this profile, the driving force needed for filtration

is provided by placing the supporting structure, and therefore the inner hollow membrane, under
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vacuum. To conclude this section, MEBR achieves membrane filtration by using tubular membrane

operating as a side-stream.

Membrane Operational Parameters

The key parameters in any membrane operation are the transmembrane pressure (TMP), permeate
flux (J), critical flux (Jc), total resistance (R:), permeability (K), and specific aeration demand
(SAD) (Field, Wu, Howell, & Gupta, 1995; Hasan, 2011; Judd, 2006). TMP is defined as the
pressure difference across the membrane: the difference in pressure on the feed water side and
permeate side, and is considered as a driving force behind the filtration process. Critical flux is
defined as the flux below which a decline of flux with time does not occur and above it, fouling is
observed (Field et al., 1995). Permeability is calculated as permeate flux per unit of TMP. The
permeate flux is defined as the permeate volumetric flow rate per unite area and may be described

by:

_ TMP
uxR,

(21)

Where J is the permeate flux, p is the dynamic viscosity of the permeate, and R; is the total
resistance. The general approach to describing the total resistance is given by (Chang et al., 2002;

Hasan, 2011; Radjenovi¢ et al., 2008):
R; =Ry +R.+R; (22)

Where Ry, is the intrinsic membrane resistance, R. is the resistance from the cake layer, and Ry is
the fouling resistance. It is necessary to clean the membrane unit in an MBR by removing solids
from the membrane surface. Cleaning achieved by scouring, or scrubbing by aeration, the
membrane, which is supplied using coarse bubble diffusers. Specific aeration demand (SAD) is
the air flow necessary for the cleaning of the membrane and it may be represented either as the
ratio of air flow to membrane unit area (SADm) or to permeate unit volume (SAD;) (Judd, 2006).
Membrane aeration values are typically based on suppliers’ recommendation for aeration rate or
based experimentally. SAD is an essential parameter for the design and operation of submerged
MBR because it allows optimal permeate flux by reducing membrane fouling, while also being a

key contributing factor to energy demand in submerged systems (Judd, 2006).
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Fouling

Membrane fouling (MF) is a major problem encountered during MBR operation in water and
wastewater treatment. Undesired deposition and accumulation of foulants (microorganisms,
colloids, and solutes) onto a membrane surface or into the membrane pores impairs the proper
functioning of the filtration process — this phenomenon is known as membrane fouling. MF causes
a decrease of the permeation through a membrane. MF is affected by many factors such as the feed
water quality, membrane characteristics, MBR operational conditions, and membrane cleaning
methods. Therefore, the success of MBR operation is largely dependent upon how to manage or

control MF (Flemming, Schaule, Griebe, Schmitt, & Tamachkiarowa, 1997; Park et al., 2015).

MF causes an increase in the resistance to filtration process and may be perceived as a decrease in
permeate flux or an increase in TMP, and therefore leads to greater energy demand while also
accelerating membrane deterioration. Given that MF represents the main limitation to membrane
process operation, it is unsurprising that the majority of membrane research and development
conducted is dedicated to understanding membrane fouling and its reduction (Judd, 2006; Meng
etal.,2009; Oh et al., 2012). MF may occur due to the following mechanisms: adsorption of solutes
and/or colloids within/on membrane, deposition of sludge flocs onto membrane surface, formation
of a cake layer on the membrane surface, detachment of foulants attributed mainly to shear forces,
and spatial and temporal changes of the foulant composition during long-term operation (changes

in bacterial community and components in cake layer) (Meng et al., 2009).

Reliable operation of MBR systems requires careful management of MF and recent developments
in fouling control technologies have led to improved membrane lifespan and significantly reduced
overall maintenance and operational costs. Fouling control includes all kinds of implementation
strategies to maintain the flux as high as the design requirement. Fouling can be classified into
three groups: reversible, irreversible, and irrecoverable (Judd, 2006; Park et al., 2015). Reversible
fouling can be removed by physical cleaning, such as air scouring, back flushing or MBR
relaxation. Irreversible fouling cannot be removed by physical cleaning but can be removed using
chemical cleaning. Irrecoverable cannot be removed with either physical or chemical cleaning,

membrane replacement is necessary (Meng et al., 2009).

There are numerous methods of fouling control that have are practiced in MBR: applying

appropriate pre-treatment to the feed water, employing appropriate physical or chemical cleaning,

33



reducing flux, increasing air scouring, chemically or biochemically modifying the mixed liquor,

or others (membrane and module development) (Hasan, 2011; Judd, 2006).

Pre-treatment helps reduce MF by removing coarse particles in size (typically >1mm) that are
susceptible to foul membrane, such has hair which combine and clog both the membrane pores
and aeration outlets (Judd, 2006). Chemically cleaning membranes certainly restores membrane
filtration performance. Strong acids and/or oxidizing agents recover the membrane’s deteriorated
performance nearly completely. However, chemical cleaning incurs operational downtime and
cannot avoid secondary contamination, which is the generated waste chemicals that require further
treatment and eventual disposal. Moreover, safety regulations for the transport, storage, and usage
of chemicals have become stringent nowadays, so that alternative cleaning options are encouraged
instead of chemical cleaning. Physical cleaning methods are preferred and recommended as they
do not produce secondary contaminants that require further treatment. Physical cleaning refers to
backwashing, air scouring and membrane relaxation. However, frequent backwashing leads
membrane damage, backwashing incurs operational downtime. Air scouring, such as coarse

bubble aeration, is widely practiced in submerged MBR systems but is an energy intensive process.

Most operation and maintenance (O&M) costs in MBR plants are attributed to the electrical energy
consumption of the blower supplying coarse air to the membrane surfaces. Reducing the flux to
the critical flux always reduces fouling but obviously then impacts directly on capital cost through
larger membrane area or additional MBR systems (Judd, 2006). Critical flux is defined as the flux
below which a decline of flux with time does not occur and above it, fouling is observed (Field et
al., 1995). Modifying mixed liquor generally refers to the addition of chemicals: coagulant agents.
Coagulant agents such as ferric chloride and aluminium sulphate (alum) have both been studied to
improve membrane fouling because these agents increase flocculation and hence the settling rate
of flocs formed. As an alternative of adding coagulants from chemical solutions,
electrocoagulation (EC) is an innovative technology used for the generation of coagulants in-situ
by dissolving electrically ions from electrodes, usually made of either aluminium or iron (Chen,

2004).
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Many factors affect membrane fouling: membrane properties, sludge properties and operating

conditions have significant impacts on membrane fouling (Figure 2.5-1) (Zhang et al., 2012).

Membrane Characteristics
Physical Parameters:

¢ Pore Size

¢ Surface roughness

¢ Configuration

Chemical Parameters:

e Material

¢ Hydrophobicity

1 ]

Membrane
Fouling

Sludge Characteristics MBR Operating Characteristics

e Nature of feed water and concentration e Hydraulic retention time (HRT)

e Mixed liquor suspended solids (MLSS) concentration e Solids retention time (SRT)

e Microbial community e Food to Microorganism (F/M) Ratio

e Soluble microbial products (SMP) _ e Aeration and scouring

e Extracellular polymeric substances (EPS) e Dissolved oxygen (DO) concentration
e Hydrophobicity * pH

e Particle and floc size ¢ Flux

e Viscosity

Figure 2.5-1: Membrane Fouling Factors

MBR process parameters such as solid retention time (SRT), hydraulic retention time (HRT),
dissolved oxygen (DO) concentration and food to microorganism ratio (F/M) have no direct impact
on membrane fouling; but they determine the sludge characteristics and the variation of those
parameters can modify the characteristic of activated sludge; thus, indirectly impacting membrane
fouling (Meng et al., 2009). An accurate control of electrokinetic electrical parameters will allow
to influence wastewater properties and decrease membrane fouling (Hasan et al., 2012; Ibeid et

al., 2013a, 2015; Wei et al., 2011)
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Chapter 3: Process Control

3.1. Introduction to Process Control

Control in process industries refers to the automatic control of all aspects of a process. A process,
as used in process control, is a method of transforming an input into a desired output; all processes
have at least one input and one output, known as single input single output (SISO) system, while
more complex systems may have multiple inputs and multiple outputs (MIMO system). For
example, a SISO system may be a water heater tank where the input is a voltage applied to the
heating element and the output is the resulting water heating. This type of control is known as
open-loop control. Open-loop control is useful when it is not critical to have strict control over the

output.

In the case where tight control of the process is necessary (i.e. a specific temperature), it becomes
necessary to introduce feedback by measuring the output parameter (or process variable). The term
feedback refers to a situation in which two (or more) dynamical systems are connected together
such that each system influences the other and their dynamics are thus strongly coupled (Astrom
& Murray, 2012). Thus, the output and process are interconnected in a cycle and this is known as
closed-loop control. By introducing feedback, the process may be set at a specific set-point, as
long as the process remains constant and there are no external disturbances. However, in reality,
dynamic processes do not remain constant and there are always disturbances that affect the
system’s response. Therefore, in the event of disturbances, some sort of compensation is necessary

to keep the process at the set-point.

In order to compensate for external disturbances or changes in system’s behavior, automatic closed
loop control is essential. Automatic control is achieved by the addition of a controller algorithm.
The controller monitors the operation of a system by measuring the process variable (PV) that
needs to be controlled, compares the output against the desired set-point (SP), computes corrective
actions and actuates the process to successfully get the desired PV (Figure 3.1-1). This basic
feedback loop of sensing, computation and actuation is the central concept in control (Astrom &
Murray, 2012). The main advantages of an automatic closed-loop control system are its ability to
reduce a system’s sensitivity to external disturbances and increase the system responsiveness or

performance; thus, allowing control on the system as any changes in the feedback signal will result
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in compensation by the controller. Consequently, the objective becomes how to successfully

design a control system to meet satisfactory results.

Disturbance
Input: + Controller gy Output:
Set-Point _ Algorithm Process +7 Process Variable

Sensor
Feedback

Figure 3.1-1: Automatic Closed-Loop Control

A control system is the framework which guarantees a process will meet specific requirements
with respect performance and safety. The effective design of a control system can be divided into
4 essential elements: process modeling, system identification, controller design, and

implementation.

3.2.  Process Modeling

Modeling of physical system is a key element in the design and analysis of control systems. A
model is a precise mathematical representation of a system’s dynamics describing how it will
behave. The dynamic behaviour of a system is generally described by differential equations which
are obtained by applying physical laws that are known to govern the behaviour of the system (Dorf
& Bishop., 2011). By analyzing the relationship between the system variable: inputs and outputs
variables, a mathematical model of may be defined. The model can be defined in continuous time
(CT) through differential equations and transformed into the Laplace domain (reduces differential
equations into an algebraic equations). The system may also be defined in discrete time (DT) using

difference equations or Z-transform.

In practice, the complexity of systems and the ignorance of all the relevant factors necessitate the
introduction of assumptions concerning the system operation (Dorf & Bishop., 2011). After
defining the mathematical model, a solution may be obtained describing the operation of the
system. To guarantee a satisfactory model has been developed, model validation is necessary and
can be performed by comparing the actual system with the model under identical inputs.
Mathematical models can be solved using popular software packages like MathWorks (MATLAB

and Simulink) or Microsoft Office (Excel). For certain systems, it may prove to be difficult or time
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consuming to define an adequate mathematical model. As an alternative, it may be suitable to

define a model based on the actual system, known as system identification.

3.3.  System Identification

System identification is an experimental procedure and is used to determine particular models for
systems based on observed inputs and outputs (Garnier & Wang, 2008; Johnson & Moradi, 2005;
Liu & Gao, 2012). This is particularly useful for modest systems (controlling a motor, a pump,
etc.); however, for more complex systems, a satisfactory model may be defined through
approximation. A model approximation may be achieved by representing a system using only first
or second order plus dead time (FOPDT or SOPDT) models (Liu & Gao, 2012). A FOPDT is
similar to the plant transfer developed previously except that it includes the concept of ‘dead time’:
any delay in measuring, controller action or system response, and has the following form where L

represents the delay:

K
FOPDT(S) = e_L*Sm (23)

The problem is now to find the optimal parameters: K, 7, and L that best fit the response of the
system. A simple method to generate experimental data may be using the open loop response, i.e.
no feedback or controller, of the system with zero initial conditions to a step input of magnitude U
and output response Y. Typically, this data is generated as discrete time (DT) system, the sampling
rate may be fast enough to be approximated by a continuous time (CT) system. Applying the Z-
Transform to the FOPDT model results in the following discrete form, where 7 is the sampling

period:

FOPDT(z) = - 7 T *2 Ts (24)
1—e 7zt

T
Y(2) z—1*Z{F0PDT(s)}_K<1_e T)Z L
Z S

The difference equation may be derived from the discrete form:
I T\ L
Y(2) (1—3 rz—l)zU(z)K(l—e r>*z Ts (25)

y(n) = e_%y(n —-1+K (1 - e_%>u (n -1- %) (26)

N
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Where n represents the sample number of the data. An optimization problem may be defined by

expressing a predictor, parameter vector, and predictor error (Garnier & Wang, 2008):

Predictor: y(t,0) = G,(t,U,0) (27)

Parameter vector: 0 = [K T L]" (28)

Minimize (ouput error)? = arg min £ = arg min(y — )2 (29)
6€[0,00) 6€[0,00)

Solving optimization problems is tedious; however, various software packages offer mathematical
solvers that implement known optimization algorithms: MATLAB (Interior-point, Quasi-Newton
Method), and EXCEL (GRG Nonlinear). The problem may also be solved through linear least-
square (LS) estimation if the delay term can be determined experimentally or is deemed
unnecessary (i.e. no observable delays or neglecting it). A complex method exists to solve the LS
problem with the delay term by using a two stage LS (Garnier & Wang, 2008). For the moment,
the optimization problem may be defined into a linear LS estimation by removing delay term and

rewriting the difference equation into matrix form:

Linear system:Y = X0 - y(n) =[y(n—1) u(n—1)] gl] (30)

TS TS T
Parameter vector: 6 = [0; 6,]T = [e_? K (1 - e_?>] (31)

Where matrix X represents the previous states of the output ¥ and input U, and vector Y represents
the current states of the output. Solving for the parameter vector may be done directly through

matrix manipulation, the result is known as the normal equations:

Y=X0->XTY =X"X0 - (XTX)"1XTY = (XTX)"'XTX0 =9 (32)
0 =XTX)"1xTy (33)
Th K= %2 = s (34)

erefore: K = 1+61,T = n8.)

For cases where matrix X is singular, LS can be solved using Moore-Penrose pseudoinverse.
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3.4. Control Strategy — PID Control

Mathematical models allow the understanding of a system and make predictions about how a
system will behave. With this knowledge, a control algorithm may be designed to take advantage
of the system’s dynamics to enhance performance, provide stability to the process, and ensure safe
operations. The physical unit of a controller will be discussed in the implementation section: from
physical implementation, measuring the process variable, to computing corrective actions and
actuating the process. The control algorithm is the logic of the controller and the most popular
control strategy is the Proportional-Integral-Derivative (PID) controller, approximately 95% of all
control loops in the world (Astrdm & Higglund, 2005). Essentially, PID controller compares the
set-point (SP) with the process variable (PV), known as the error signal, and computes a controller

output based on the following equation:

Error = e(t) = SP(t) — PV(t) (35)
PID Controller Output = u(t) = Kp <e(t) + le e(t)dt + T, d;it)) (36)

This controller algorithm is called a PID controller in standard form because it contains a
Proportional, an Integral and Derivative term represented by K, Ti, and Tp. The logic for the
proportional term is in essence the following: it applies an effort, or signal, in proportion to how
far the set-point is from the process variable: the larger the error, the larger the controller output
and vice versa. For the integral term, a controller considers the history of the error, essentially how
long and how far has the output been from the set-point over time. The integral term is especially
useful to eliminate error when the system is in steady-state. The derivative term gives a controller
additional control action when the error changes constantly. In many situations, the derivative term
will include a low-pass filter in order to eliminate high frequency noise amplification, caused by

differentiation, known as derivative kick (Johnson & Moradi, 2005).

The design of a PID controller requires an adequate selection of the parameters Kp, T1, and Tp. A
common method to designing any controller is to define satisfactory performance specifications
such as settling time, rise time, overshoot. A sample step response is shown in Figure 3.4-1. The
steady-state value (yss) of a step response is the final level of the output, assuming it converges.

Settling time (Ts) is the time required for the response to reach and stay within a range of certain
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percentage (usually 2%) of the final steady-state value, rise time (Tr) is the time required for the
response to rise from 10% to 90% of its final steady-state value and the overshoot (M,) is the
percentage of the final value by which the response initially rises above the final value (Astrom &

Murray, 2012).

il Rise time, T. Steady-stave value, y., |

Settling time, T, 7

1 1 1
o 5 10 15 20 25
Time (seconds)

Figure 3.4-1: Performance Parameters in Step Response

With the selection of satisfactory performance specifications, a controller may be designed using
one of the several methods (frequency domain methods, pole-placement, Ziegler—Nichols tuning
method, Astrom-Higglund, Skogestad, optimization tuning, etc.) (Astrém & Higglund, 2005;
Chen, 2006; Ziegler & Nichols, 1942). Ziegler and Nichols were pioneers in the field of control
theory for their significant contributions. They presented the Ziegler-Nichols tuning method which
proved to be a simple and elegant method for adjusting PID parameters by approximating the
response of a system. Skogestad (2001) and Astrom-Higglund (2005) present another
experimental method for tuning PI controllers and is compared to the standard method: Ziegler-
Nichols. The method demonstrated to result in improved stability and robustness over Ziegler-
Nichols’ method. It would be interesting to investigate this method as they are relatively simple to
design and implement. Once the controller has been designed, further manual tuning on the
physical system may be performed to precisely adjust the controller, particularly when the system

model is an approximation and doesn’t capture all system’s dynamics.

3.5. Implementation

The first part of implementing a control system is related to the hardware, from measuring the
process variable to actuating the process. A wide range of sensors are available to measure process
variables: flow meter for a pump, level gauge for a tank, etc. Sensors have various parameters that
must be selected carefully in order to accurately measure and capture the process variables, here

are the main parameters: range, accuracy, and precision, resolution and response time. The range
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of a sensor is the maximum and minimum values of process variables that can be measured. The
accuracy is the maximum difference that will exist between the actual value and the indicated
value of the sensor. Precision refers to the degree of reproducibility of a measurement. Resolution
refers to the smallest detectable incremental change of a process variable that can be detected by
the sensor. Finally, response time refers to the time taken by a sensor to approach its true output.
Other important parameters must also be wisely chosen such as sensor output (digital or analog),
operating environmental conditions, material selection, calibration frequency, etc. After that, the
controller need to be able to modify the input to the process by using an actuator: pump, motor,
control valves, etc. Typically, actuators receive an input from the controller and are programmed
to respond according to the input. A controller is physically integrated into a digital computer,
which in process control is normally a programmable logic controller (PLC) or programmable
automation controller (PAC). A touch panel (in the control jargon it is referred to as a human
machine interface (HMI)), may be implemented to provide graphical user interface that allows an
operator to observe and modify process parameters. The controller algorithm is programmed inside
the PLC/PAC memory, the sensors’ measurement outputs are connected to the PLC/PAC inputs,
and actuators inputs are connected to the PLC/PAC outputs (Figure 3.5-1).

Input: o Output:
. — PLC Actuator Process .
Set-Point ) ¢ > Process Variable

Sensor

Feedback ‘

Figure 3.5-1: Hardware Implementation

The second part of implementing a controller is the digital implementation: developing the
software algorithm to perform the control action. The PID control structure shown below is

considered to be continuous-time: the error and output signal are changing continuously.

(37)

de(t)
i)

PID = u(t) = Kp (e(t) + %f e(t)dt + Ty

l

However, digital computers are not continuous systems but rather discrete systems. The difference

between the two systems are that discrete systems have finite states at specific intervals, or
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sampling period; therefore, a discrete system may approximate a continuous system by having an

infinitely small sampling period (Figure 3.5-2).

.
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Figure 3.5-2: Continuous vs Discrete Systems (sampling at 1s)

Conversely, a continuous-time system may be represented by a discrete-time system through

discretization. For a PID controller, discretization can be performed with the application of Euler’s

method (Franklin et al., 1997). A discrete PID controller in standard form using Euler’s forward

method has the following form (Franklin et al., 1997):

PIDgiserece = uln] = uln — 11+ K, (1 + ; + %) eln] - K, (1+ ZTE) eln— 1] + K, (E) e[n — 2] (38)
i s S Ts

Where T is the sampling period, and the index # refers to the sample number. In discrete form, the

PID controller may easily be implemented to any digital computer with pseudocode in Figure 3.5-
3.

Initialize:

en-1=0

en2=0

Loop:

YVinput = Set-point

YVourpur = read measurement from sensor
€n = Vinput — Youtput

un = tn-1 + Kp (1+ Ty/Ti + Ta/Ts)en - Ky (1+ 2Ta/Ts)en-1 + Kp(Ta/Ts)en-2
en2=enl

en-1=en

Send un to actuator

Repeat Loop

Figure 3.5-3: Software Implementation — Discrete PID (Pseudocode)
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The information provided in this work describes the fundamentals steps to designing a successful
automatic control system. It is important to understand the behaviour of the system so that a
controller may be designed to meet satisfactory performance specifications. Finally, the controller
may be implemented with appropriate sensors and actuators to allow satisfactory control of the
process. An essential step in implementing a PID controller is the selection of the sampling rate
and understanding its impact on the system’s response. A digital PID algorithm requires an amount
of time to perform the computations and, in most cases, other tasks need to be completed in
conjunction by the programmable controller, such as controlling pumps. Therefore, it is important
to leave an interval of time, known as the sampling period, between PID computations for these

other tasks. By definition, the sampling rate is the number of sampling periods per second.
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Chapter 4: Automation of the MEBR

4.1. Automation Overview

By definition, automation is allowing a system to operate without the intervention of a person.
Automation is typically achieved by integrating computer electronics with electrical and
mechanical devices that are controlled by predefined control logic. The automation of MEBR can

be viewed as followed:

Pumps

User Inputs & .
Touch Panel Control System Aeration

Electrokinetic

Figure 4.1-1: MEBR Automation

Where ‘User Inputs & Touch Panel’ controls and displays the settings for the parameters, ‘Control
System’ refers to how the inputs interact with various processes, and ‘Pumps’, ‘Aeration’ and
‘Electrokinetic’ refers to the processes used in the MEBR (Figure 4.1-1). This chapter will first

outline the MEBR processes, and then demonstrate the automation of each processes.

4.2. MEBR System Overview

The fundamental MEBR design was based on a patent by Elektorowicz et al (2015). One of the
objectives of this project is to simulate a completely functional and automated wastewater
treatment for a household that could potentially be used in remote locations; therefore, the system
had to fit in a convenient facility: a common shed (10ftx8ftx8ft). The general guidelines for the

system were the following:

e Continuously treat 2000L of wastewater per day (HRT of 12h, SRT of 20days).

e 1000L MEBR tank (830L effective) and 100L feed tank.

e 4 pairs of electrodes: 80cm by 60cm, with 40%-hole perforation. Material for anode is
aluminum and cathode is stainless steel, distance between electrodes of S5cm.

¢ 4 membrane modules in series with a cross flow velocity of 3-4m/s. Based on membrane

module diameter, this resulted in:
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©)

©)

Circulation loop flow rate required is 10,000L/h.
Circulation feed flow rate required is 1,000L/h.

e Instrumentation:

o

(@]

©)

©)

Water levels (feed and MEBR).
DO and temperature.
Aeration and air flow control.

EK power supply and current measurement.

e Automated system:

©)

o

Filling of both feed and MEBR tanks, using water level sensors in combination
with MEBR and feed pumps, with observable and adjustable levels from HMI.
Automatic circulation feed and circulation pumps based on level in bioreactor.
Adjustable aeration & air compressor purging based on DO.

Electrokinetic: control for current density with adjustable exposure time, as of now
it is Sminutes on time and 15minutes off time.

Data acquisition of current density, DO, temperature, and air flow rate at desired
intervals (10sec or 1min).

Safety verifications (short circuits, power, clogged pumps).

The system overview is shown in Figure 4.2-1, it shows the flow of wastewater in MEBR system,

no control panels and wiring are shown here beside electrodes connection.
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The wastewater is pumped into the feed tank using a submerged pump, known as the feed pump.
The feed pump is located within one of the two pre-treatment channels inside L’ Assomption
WWTP. The pump is located directly after screening but before grit removal; therefore, besides
screening, no other treatments are performed on the wastewater pumped to the feed tank. The
reason for installing the feed pump after screening is because no screening system is available on

the market for a project this size and for a reasonable price. It was attempted to install the feed
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Figure 4.2-1: MEBR System Overview



pump before screening; however, the feed pump was clogged in a matter of minutes because of

large debris like toilet paper.

The wastewater is pumped into the feed tank that has a screen filter to remove debris that may
have passed screening. Without this filter, the rest of the pumps would be clogged within half a
day. The wastewater is then pumped in the MEBR using the MEBR pump. Inside the MEBR, air
is injected through fine bubble diffusers located at the bottom of the tank. After the MEBR,
wastewater enters the circulation loop for the membrane filtration process. Another screen filter is
used at the beginning of the circulation loop as a safety precaution to protect the circulation pumps,
this filter might be removed in the future. The circulation feed pump flow rate is set to 1000L/h,
by using a ball valve and mechanical flow meter. The circulation loop flowrate is 10,000L/h to
ensure the cross-flow velocity of 3-4m/s inside the membrane modules. After the membranes,
1/10"™ of the flow (1000L/h) returns to the bioreactor and the remaining (9000L/h) is returned in
the circulation loop. Water permeating through the membrane, the effluent, is returned to the
WWTP. The effluent flow rate is set by ball valve. By-pass valves were added as a precaution of

fouling occurring in the mechanical flowmeters.

4.3. Instrumentation
In order to have a completely automated system, it is important to measure process variables in

real time. In the case of the MEBR, the following instruments are required:

o Water level sensors
o DO and temperature probes
o Aeration and air flow control

o EK power supply and current measurement

Water Level Sensors

There are many different types of water level sensors available: mechanical floats, ultrasonic,
optical or magnetic switches. An ultrasonic level transmitter was selected because it may be easily
programmed for any desired levels and tank shapes. As there is no physical interaction unlike
floats or switches, this means effectively no maintenance is required. Furthermore, the
accumulation of foam could be an issue for the other types of sensors, and for this project, there is

foam being produced. The selected ultrasonic sensor is the Omega LVCN414, which is simply a
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rebranded Flowline Echopod DL14. It has the following specifications (“LVCN414 Level Sensor,”
2017):

e Range: 0-1.25m

e Accuracy: £3mm.

e Resolution: £0.5mm.

e Dead band: Scm.

e Water level signal output: 4-20mA (loop powered and selectable range).
e Loop fail-safety.

e 4 SPST relays rated at 1A with relay fail safety.

e Automatic temperature compensation: -35-60°C.

e PVDF Housing material.

e Programmed via free PC software.

Dissolved Oxygen & Temperature

Monitoring of dissolved oxygen is critical for the activated sludge process, especially for the
MEBR. It is critical to ensure that there is sufficient DO in the bioreactor for the biological activity
to take place in order to ensure waste biodegradation. Insufficient oxygen will slow down or kill
off the very aerobic organisms the bioreactor is designed to cultivate. On the other hand, if DO
levels are too high, it can result in excessive power consumption (increased operating costs).
Generally, there are two types of in-situ, or on-line, probes for DO measurement: galvanic

membrane or optical probes (Kiser, 2012).

Galvanic membrane probes essentially consist of an electrochemical cell with a DO-selective
membrane, which allows oxygen to migrate to the cell. By doing so, the probe measures the electric
current created as oxygen is being reduced. Membrane probes are less expensive than optical
probes; however, they are known for measurement error due to the contamination of the membrane
or due to the depletion of oxygen at the membrane, they also require frequent membrane
replacement (Kiser, 2012; Sawyer et al., 2003). Optical probes were developed to overcome these
issues. Optical probes are fundamentally based on luminescence (Figure4.3-1). The probe has a
luminescent coating located on its surface. Blue light emitted from a light emitting diode (LED) is

transmitted to the surface which excites the coating. As this coating relaxes, it emits red light. The
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time from when the blue light was sent and the red light is emitted correlates to the oxygen
concentration. The more oxygen present, the shorter the time it takes for the red light to be emitted.
To ensure repeatability, an internal red LED is used as an internal reference between flashes of

blue light (HACH, 2011; Kiser, 2012).

Reference LED
T

0,
Photodiode !

Receiver \I / Lummescent coating

. / 0,

Measurmg, LED
Figure 4.3-1: Luminescent Dissolved Oxygen working principle

For this work, various luminescent dissolved oxygen (LDO) probes were assessed. Many available
LDO probes have similar specifications in terms of resolution, range, response time and sizes;
however, all available sensors, except for one, had their housing made of stainless steel and this
was considered a major concern. The sensor would be immersed near electrodes and stainless steel
may have corroded too fast. Therefore, the choice of the LDO sensor was limited to the HACH
LDO 2 Saltwater, where the housing is made of Noryl, which has excellent corrosion resistance.
Another advantage of the HACH LDO 2 sensor is that it has higher accuracy then other sensors in
low DO concentration. The HACH LDO 2 also includes a temperature probe. Here are the
important specifications (“HACH LDO 2,” 2017):

e Accuracy:
o +0.05mg/L below 1mg/L
o =*0.1mg/L below 5mg/L
o =+ 0.2mg/L above Smg/L
e Range: 0 to 20.00mg/L
e Resolution: + 0.01mg/L
e Repeatability: + 0.1mg/L
e Integrated temperature and correction: +£0.2°Celsius
e Temperature range: -5 to 55°Celsius.

e Response time, tos < 60seconds.
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Like most LDO probes, the HACH LDO requires a controller to calibrate the instrument, view and
transmit the data. The SC200 Controller was chosen so that two sensors can be used with this unit,
even though only the LDO is used at the moment. An additional probe could always be added later
in the project (pH, ORP, conductivity or Ammonia). Other benefits of using this controller is that
the data (DO and temperature) may be transmitted on analog signals (4-20mA). Also, direct data

acquisition is possible using an SD card.

Aeration & Air Flow Control

With DO concentration being measured in real time, a mass flow controller (MFC) is necessary to
measure and control the aeration within the bioreactor. An MFC allows the simultaneous
measurement and control of the air flow rate integrated into one instrument. Various MFC are
available in the market with similar specifications. The final choice was the Sierra SmartTrak 50
as it met all design specifications, while also being in the most economical. Here are the important

specifications (“Sierra SmartTrak 50,” 2017):

e Accuracy: £ 1% full scale. Full scale is 200sLPM: + 2sL.PM.
e Range: 0-200sLPM.

e Repeatability: + 0.25%.

e Response time, too = 0.3s.

e Set-point signal: 4-20mA (sourcing).

e Process variable signal: 4-20mA (sourcing).

e Inlet max pressure: 150psi.

e Differential pressure requirement: 30psi.

To supply the aeration process, a quiet and capable air compressor was required. As this project
was being setup inside a small shed, noise was a major concern. Similarly, to reduce maintenance,
an oil-less air compressor was chosen. The final choice was the California Air Tools 4620A, which

has the following specifications.

e 180sLPM max (non-continuous) air flow rate at 40psi.
e Outlet pressure can be regulated from 70kPa (10psi) to 620kPa (90psi).
e Only 70 decibels with a 2hp motor.
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e 20Litre air tank. This allows the motor to turn off when the tank pressure is between 620
and 820kPa (90 and 120psi).
e Low start amp draw: 14Amps. For a 2hp motor, this was critical because it is connected on

a standard 15A/20A outlet (common household outlets in Canada).

Another concern with air compressors is that they need to be purged frequently when used during
extended periods of time because of water build-up in the air tank, which may cause premature
corrosion. Therefore, the original manual purge valve was removed and replaced with a solenoid
valve that is connected to the main control system. The control system purges the air tank every

30 minutes with a sequence of two 2 seconds on-off purges.

EK Power Supply and Current Measurement

The EK process is operated with a programmable AC-DC power supply with a current transducer
as a feedback sensor. The power supply used for this project is the XP Power HDS1500PS24, and
the HDS series is truly exceptional for the price and specifications (“HDS1500 Datasheet,” 2017):

e Output power = 1500W, 24Volts at 62.5Amps.

e High efficiency = 91%.

e Power density = 9.7W/in>.

e Programmable output voltage and current: 0 to 105% of rated values (24V, and 62.5A).
Fully programmable output voltage and current.

e Zero minimum load, 1%-line regulation and 1% peak-peak ripple and noise.

¢ Rise time of 120ms maximum at full load.

e Overvoltage, overload, and over temperature protection.

e Short circuit protection with auto recovery.

e Remote sense is available, can be used to compensate for losses in transmission cables.

e Easy to scale up to 5 units can be current shared (in parallel) for a total power of 7500W.

For current measurement, AcuAMP DCT current transducer was chosen. It has the following

specification (“AcuAMP DCT,” 2017):

e Fixed core transducer with 0-50, 0-75, or 0-100A jumper-selectable input ranges.
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e Accuracy: + 1% full scale, at the moment the selected input range is 0-50A resulting in an
absolute accuracy of £0.5A.

e Repeatability: £ 1% full scale.

e Response time, too: 0.02seconds.

e Output signal: 4-20mA (sourcing).

It may seem strange at first to use a current transducer when the power supply can control both the
voltage and current. This project requires constant current, one way it could have been achieved is
by setting the power supply is constant current mode. A reason why this is not desirable is that
there is no feedback information on applied voltage, which means there is no way to know the
actual power used. This could have been resolved by purchasing a voltage transducer. However,
from a safety perspective, this is not ideal as there is no way to detect a short circuit. Fortunately,
this power supply has short circuit protection with auto recovery, but if a short circuit exists, the
power supply will continuously loop in short circuit and auto recovery. Instead, it is preferred to

have a true current feedback from a current transducer:

e Actual short circuit detection.
e More accurate current measurements.

e Easier to calibrate power supply voltage output, as opposed to current output.

For additional short circuit protection, each anode of the EK process are fused with 30A fuses.
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4.4. Prototyping & Arduino

Prototyping

An important stage in developing in any projects is assessing the requirements, which is no easy
feats in automation as there is a long journey between the concept and the actual building of a
control system. In many cases, the requirements of a project may not be well known in the early
stages of a project and it may not be evident on which approach works best. Consequently,
prototyping resolve these issues early in the development. It also provides a better understanding
of the problem, allows one to gather more accurate and additional requirements, and it is relatively
inexpensive. Therefore, building prototypes was considered a must especially since it was possible

to start controlling different aspects of the project early on.

Arduino

To implement a control logic that can interact with the real world, electronic components must be
used. Arduino is an open-source electronic platform that seamlessly integrates hardware and
software in order to make electronics more accessible for anyone to interact with both the digital
and physical world, which is ideal for prototyping. Arduino have established a trend in the
electronic world for low-cost microcontroller and several companies now offer similar
microcontrollers for various price ranges. A microcontroller (MCU or pC) is essentially a small
computer than can interact with the real world with various inputs and outputs, whether be digital
(switches/buttons, displays) or analog (sensors). The greatest advantage with the Arduino
environment is the open source nature, where users around the world share pieces of codes
(libraries, algorithms) to interact with many peripherals (i.e. LCD display), which greatly reduces
prototyping time and errors in programming. Additionally, the programming language for
microcontrollers is C and/or C++, which is very popular and vast amount of information is
available online. Two controller prototypes were built to assess the requirements for controlling
the entire MEBR: a prototype controller for the pumps, and a prototype controller for EK. These

prototypes were implemented and tested from September to December 2016.

54



Prototype 1 — Pump Control System

The first prototype built was for controlling the pumps (Figure 4.4-1). This allowed to get the
system running automatically, enabling the bacteria to stabilise before applying EK. The pump
controller prototype was built upon the Arduino Nano board which uses the popular Atmega328p
microcontroller. This board was selected for its small size and number of inputs and outputs (I/O)

available: digital I/O pins = 14, analog I/O pins = 8.
The controller prototype performed the following task:

¢ Read input for manual or automatic mode.

e Acquire wastewater levels from ultrasonic sensors.

e Control four pumps accordingly.

e Control two LED indicators (green and red) for pump controller status.

¢ Display information to LCD (water levels). Also, displays errors if they occur.

e Emergency stop button (turns off all four pumps through by-passing pump controller).

In Figure 4.4-1 is a picture of the front and interior panel for the pump controller. Note that the
circulation and circulation feed pump relays are not located in this control panel, instead in the

prototype 2.

Figure 4.4-1: Pump Controller Prototype I — Front & Interior Panel
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Prototype 2 — EK Control System
The pump controller prototype was built upon the Arduino Mega2560 board which uses the
Atmega 2560 microcontroller (Figure 4.4-2). This board was selected for its large number of inputs

and outputs (I/O) available: digital I/O pins = 54, analog 1/O pins = 16.
The controller prototype performed the following task:

e Control CD through PI controller, and allow different CD, and ON and OFF times.
e Acquire measurements: CD, applied voltage, DO, temperature and time, which where

logged to an SD card. Time was provided using a real-time clock module.
e Purge the air compressor at desired intervals through solenoid valve.
e Display information to LCD (CD, V, DO, Temp and time). Also, displays errors.
e Emergency stop button (turns off power supply).

In Figure 4.4-2 is a picture of the front and interior panel for the EK controller. Note that the

circulation and circulation feed pump relays are located in this control panel.

Figure 4.4-2: EK Controller Prototype 2 — Front & Interior Panel

A manually tuned PI controller algorithm has been implemented to simply assess how to get started
in controlling CD. The PI controller was able to achieve acceptable performances: reasonably fast
settling time: <10sec, little to no observable overshoot, and no steady state errors. The reason why
it was possible to manually tune the PI controller is due to the direct relationship between voltage
applied by the power supply and current density. However, as will be discussed in a later section,

a proper PI controller will be designed.
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Arduino Software Implementation

Using the Arduino platform, the programming language used to implement the controller
algorithm is C++, which is an object-oriented programming language. Therefore, the first step was
to develop the appropriate classes, or objects, that would be used in the software. Next was

developing the necessary control algorithms.

4.5. Industrial Automation

Arduino is a great platform for prototyping for the reasons enumerated previously; however, they
are not adequate for industrial automation. Industrial automation requires more robust solution due
to harsh environments, and typical automation requires safe, reliable and continuous operations.
Industrial automation is commonly achieved using programmable controllers, -either
programmable logic controllers (PLC) or more recently programmable automation controllers
(PAC). The PAC can be thought of an improved PLC: allowing more advanced communications
(Ethernet), advanced control algorithms, better data handling, and multitasking operations.
PLC/PAC may be programmed based on the IEC 61131-3 standard, which defines 5 programming

languages:

e Ladder diagram (LD)

e Function block diagram (FDB)
e Structured text (ST)

e Instruction list (IL)

e Sequential function chart (SFC)

The programming language supported on a specific PLC/PAC is vendor specific but most of them,
if not all, support LD. LD, sometimes referred as ladder logic, is the preferred language in many
cases because it’s a graphical (as opposed to text based) language and electricians/technicians are
typically learn it and are quite familiar with it, therefore greatly simplifies code maintenance when

1SSU€es occurs.
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Programmable Controller
After successful prototyping, an industrial programmable controller was necessary to ensure robust
automation. For this purpose, the Productivity 2000 (P2000) from AutomationDirect was selected

for the following reasons:

e Powerful CPU: sub-millisecond scan times

e Vast communication possibilities: RS232, RS485, Modbus RTU, Modbus TCP/IP,
Ethernet/IP, and TCP/UDP

e Tag name database that can be directly exported to an HMI

¢ Remote monitoring and programming

¢ Built-in data logging, with remote connectivity to access data logs

e Built-in PID algorithm, even for cascade PID control

e Up to 4000 inputs and outputs per controller

e Free programming software and technical support

A touch panel, also known as human machine interface (HMI), was also acquired from
AutomationDirect, C-More Micro 6”, to locally monitor and modify the system’s processes. The
P2000 can be configured with various modules for different types of I/O depending on the project
needs. Based on the two prototypes built previously, those requirements were identified. The

P2000 was configured as show in Table 4.5-1.

Table 4.5-1: P2000 Configuration

Component Description Model Qty.
P2000 CPU CPU P2-550 1
Base 7-slot base for modules, CPU and power supply P2-07B 1
Power Supply 110VAC input based power supply P2-01AC 1
Discrete input 16-point, 12-24VDC P2-16ND3 1
Discrete output 16-point, 12-24VDC P2-16TD1P 1
Relay output 16-point, 6-24VDC/6-240VAC, 2 isolated commons | P2-16TR 1
Analog input 8-channel, 16bit resolution, 0-20mA P2-08AD-1 1
Analog output 8-channel, 16bit resolution, 0-10VDC P2-08DA-2 1
Analog output 4-channel, 12bit resolution, 0-20mA P2-08DA-2 1
Filler Module for protecting empty base slots P2-FILL 1
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To setup and program the P2000 and the HMI, the free programming software offered by
AutomationDirect were used: Productivity Suite v2.4.0.16 and C-More Micro v4.10. The industrial
automation has been operational since December 13, 2016 with a data logging interval of

10seconds.

Remote Connectivity & Network

A local area network (LAN) was built using a wireless router (D-Link 825) and an Ethernet switch
from AutomationDirect (SE-SW5U), which links the router to the P2000 and HMI to the router,
see Figure 4.5-1. In order to permit remote connectivity to the P2000 and HMI from outside the
LAN, it is important to port forward their respective internal access ports to the router. The P2000
offers different ports for various features: programming/remote access, web server for data logs,

SMTP for emails, MODBUS, and Ethernet/IP.

The programming software for the P2000 and the HMI allow the system to be monitored and
programmed remotely (Figure 4.5-1). The P2000 can also create an internal web server where the
data logs can be found and downloaded. In addition to allowing for remote monitoring of the
process and bring modifications, the P2000 software may also override parameters by forcing them

to any value. For this project, the following ports were forwarded in the router:

e P2000 programming/remote access port (UDP port 9999, not configurable),
e Web server port to remote access to data logs (TCP port configurable and set to 80).

e HMI programming port (UDP port 9999, not configurable).

Concordia Internet Router Local Area Network

Figure 4.5-1: MEBR LAN & Remote Connectivity
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Control Panel
All components (P2000, HMI, relays, fuses, power supplies, etc.) were installed in a control panel
for added protection. The router is installed on top of the control panel. The Figure 4.5-2 shows

the front and interior of the enclosure.

e/

Figure 4.5-2: MEBR Control Panel — Front & Interior

The following components are installed on the front panel:

Table 4.5-2: Front Panel — Components

Component Description Model Qty.
Green LED Indicator DR22E3L-E3GZA 1
Red LED Indicator DR22E3L-E3RZA 1
Green Push button Pumps & EK Activation AR22F5L-10E3GZA 2
Selector Switch Enable or disable system AR22PR-210BZA 1
Emergency Stop Stop system AR22V7R-01R 1
Red signal beacon Power indicator 20610000 & 95584035 1
HMI Touch screen panel C-More Micro EA3-T6CL 1

The green and red LED are used as indicators. Two green pushbuttons are used:

1. Pumps automatic mode when pressed, or manual mode when depressed.

2. EK enabled mode when pressed, or disabled when depressed.
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A selector switch and emergency stop are both connected to a safety relay within the enclosure.

These are used in combination to enable or remove power going to the relays, which provide power

to the pumps when activated, and EK power supply. The rotary switch is useful to quickly remove

or restore power when verifying connections in the enclosure, while the emergency stop is used

for quicker power removal and the switch can only be restored to its active state by using a key,

which is located beside the enclosure. Red signal beacon (top right) is used to indicate that the

safety relay is energized, meaning the relays and EK power supply can be activated. The HMI is

used to monitor and modify process parameters. Figure 4.5-3 shows a close-up of the HMI’s main

menu.

Membrane Electro-Bi

i

‘ Pumps EK

—
| Tank Tank b= 4

14:14:18

Figure 4.5-3: HMI — Main Menu

The Table 4.5-3 shows main components installed on the inside the panel.

Table 4.5-3: Interior Panel — Main Components

Component Description Model Qty.

P2000 Programmable Controller P2000 1

Ethernet switch Link P2000 & HMI to router SE-SW5U 1

Fuses (6x 2Amps) Used to protect P2000, HMI and Sensors KN-F10-10 & GMA2 6

EK fuses (4x30Amps) Used to protect electrodes EHCC2DIU-6 & HCLR30 4

Relays Used to activate pumps, including diode 782-2C-SKT, 782-2C-24D, AD- 4
reverse protection BSMD-250

EK power supply Programmable power supply HDS1500

Safety relay Provides power to relays and EK power supply Dold LG5924-48-61-24

Relay power supply

24V power supply, 60W

PSB24-060S-P

Logic power supply

24V power supply, 60W

PSB24-060S-P

Breaker

Used to remove AC power to power supplies

FAZ-B15-2

Current Transducer

Measure current output from EK power supply

DCT100-42-24-F

[ NI [V U [ [ —

Note: a complete list of all components in given in Appendix A.
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The Figure 4.5-4 shows a close-up of the interior of the panel.

F—

EK Power Supply
Ethernet Switch

Safety Relay

24V Relay Power Supply
24V Logic Power Supply

P2000, HMI &
Sensor Fuses (6x2A)

Breaker (15A)

Current Transducer
Relays (4x15A)

Figure 4.5-4: Control Panel Interior — Components
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Chapter S: Pump Control System

5.1. Overview

To ensure autonomous operation, it is critical to have two water level sensors for the bioreactor
and feed tank working together. This will allow the pump control system to know when to turn on
the respective pumps and provide safe operations; when the level reaches a low or too high critical
level, the control system can turn on or off any of the system pumps. This proved to be quite useful
to protect the circulation and feed circulation pumps, when either the feed pump or MEBR pump

were clogged. Below, in Figure 5.1-1 the feedback diagram for the control system is demonstrated.

Water Level + Controller Pum Water Level
Set-Point ¥ Algorithm P

Water Level
Sensor

Figure 5.1-1: Water Level Control System

5.2. Pump Controller Algorithm
For both feed and MEBR, an on-off controller algorithm had been implemented. The wastewater

levels were decided based on the geometry of the tanks.
Feed tank (100L):

e Minimum level = 30cm.
e Maximum level = 55cm.
e (ritical low = 15cm.

e C(ritical high = 60cm.
MEBR (1000L):

e Minimum level = 79.8cm.
e Maximum level = 80cm.
e (ritical low = 60cm.

e C(ritical high = 85cm.
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A small difference in water level in MEBR was judged necessary as to simulate a nearly continuous
system. Based on the dimensions of the MEBR tank and the difference in minimum and maximum
levels, the MEBR feed pump turns on for ~Iminutes to fill the tank back to 80cm. It will turn on
again ~2minutes after it turns off, which ensures there is sufficient carbon for the various biological
processes. Ideally, this pump should be always on; however, controlling the MEBR pump flowrate
using a ball valve has caused some issues due to clogging (debris were getting trapped due to

smaller orifice). A better suited pump could resolve this issue.

The critical levels are used to ensure safe operations. Conditions for critical levels (low or high)

may occur in the following situations:

e Critical high level may occur if one of the relays controlling the pump fails and the
normally open contacts fuse together. To overcome this possible issue as well as to ensure
that no overflow occurs, overflow weirs were added to the feed and MEBR tanks.

e Critical low level may occur if a pump or valve has a blockage; for example, if the feed
pump is clogged, the feed tank level will eventually drop below the minimum level as the
controller algorithm will try to maintain the water level in MEBR tank. Another possibility
for a critical low level is if the MEBR pump is blocked but both circulation pumps remain

turned on, the MEBR tank will eventually drop below the minimum level.

To ensure satisfactory operations, all four pumps and both level sensors are controlled with the
following simplified controller algorithm (Figure 5.2-1). A manual mode was also added which
allows the operator to stop automatic operations of all four pumps and manually turn them on,
which proved useful for cleaning the membrane modules. The automatic mode ensures that MEBR
and feed tank levels are within specified range; if they are not, i.e. blockage, it will take the
appropriate action. Finally, the software verifies if the water level sensors working within their
range (4-20mA) and when an error occurs, the system will alert the operator and stop the particular

pump accordingly.
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Automatic Mode
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Reached?
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Figure 5.2-1: Pump Controller — Automatic Mode

5.3. Software Implementation
The algorithm along with the safety features were implemented in the P2000 in three different
tasks.

The Pumps Water Level task performs the following functions:

e Checks the sensor to make sure they are reading in the valid range (4-20mA)

e Read water level sensors, converts the signal to centimeters, and performs a moving
average

e Debounce the pushbuttons to make sure the input is valid and determine whether to run the

pumps in automatic or manual mode.

The Pumps Automatic task performs the following functions:
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e Upon the start of the automatic mode, it will enable the circulation feed pump and wait 5
seconds to enable the circulation pump. By doing so, it lets the circulation feed pump to
prime the circulation pump and reduces current surges as not to reset the control breaker.

e Verifies if the water levels are within the limits, if not it turns the respective pumps.

e Verifies if there is an issue with either the MEBR or Feed pumps, the software will take

corrective actions, explained in the ‘Results & Analysis’ Section.
The Pumps Manual task performs the following function:

e Allows any pumps to be enabled or disabled manually. It will also disable MEBR or Feed
pump if the level reaches the maximum level to ensure no overflow if the operator is not

actively present.

The manual pump task is especially useful for the cleaning process of the membrane modules. The

LD program for these tasks are shown in Appendix B.
5.4. Results & Analysis

MEBR & Feed — Water Levels

The following Figure 5.4-1 demonstrates how the control system operates over a 10hour period.
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Figure 5.4-1: MEBR & Feed - Water Levels over 10h on Dec 25, 2016
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Notice the small decreasing steps in the Feed Water level, these occur when the MEBR pump is

enabled. The large increasing steps are when the Feed Pump is enabled.

Safety

Since the beginning of the start-up period of the MEBR, there has been issues with the feed and
MEBR pump blocked. To ensure safe operation, two timers are also used to check if either pump,
MEBR or Feed, is blocked, or perhaps if wastewater is not present. Once a minimum level is
reached, the timer is started. If the timer reaches a specified period of time before the water level
reaches at the very least the minimum level, then it is considered as clogged. The period of time
for each timer is determined based on how long it should take to fill each respective tank. If the
software detects either pump is blocked, it will wait one minute and try to fill the tank again. By
doing so, a pump will not overheat if it is clogged, and will try recover on next attempt. By looking
at the water level data, it can be observed the Feed pump had an issue on December 26, 2016 at
9:15AM but was able to recover automatically without affecting the MEBR level since there is a

nice margin between the low and critical low level of the Feed tank (Figure 5.4-2).
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Figure 5.4-2: Feed pump auto recovery on Dec 26, 2016
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Another critical safety feature of the system is that it will turn off the required pumps once either
the Feed or MEBR level reaches a critical low. This is necessary to make sure the pumps do not
run dry and overheat, but also to not destroy the bacteria in the MEBR. Once the Feed level goes
below 15¢m, which is almost the height of the outlet to the MEBR pump, the system will not allow
the MEBR to turn on as to ensure the pump will not run dry and thus overheat. As for the MEBR,
once the level goes below 60cm, the system will turn off both the circulation feed and circulation
pump. This situation occurred on December 16, 2016 (Figure 5.4-3). It can be observed that the
Feed level reached the critical low level at around 2:30AM, which disabled the MEBR pump. Soon
after the water level in the MEBR started dropping, and when the MEBR critical low was reached,
both circulation feed and circulation pump were disabled. After inspection of the Feed pump, it

was observed that toilet paper had blocked the inlet.
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Figure 5.4-3: System disabled from pump blockage on Dec 16, 2016
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Chapter 6: Aeration Control System

6.1. Overview

Aeration is a critical process for the MEBR as the DO concentration directly impacts the
effectiveness of the wastewater treatment. Controlling DO is rather complex because there are two
time varying parameters that are critical in understanding the dynamics of DO: oxygen transfer
rate (OTR) and oxygen uptake rate (OUR). First, DO may only be increased through aeration and
the OTR is simply nonlinear. Second, the microorganism activity combined with the current
presence of carbon, nitrogen and EK process has a great influence on OUR. Even more so, having
both aerobic and anoxic conditions within a single bioreactor requires DO concentration to be at a
critical level. Previous laboratory results demonstrated DO concentrations in the range 0.2-
0.8mg/L offers high nutrient removal as long as there was sufficient COD in the influent (Ibeid,
2011, Ibeid et al. 2012). In these conditions, it allows the simultaneous aerobic and anoxic nitrogen
removal (nitrification and denitrification with anammox). For automating the MEBR aeration
process, a rule based control was successfully implemented, Figure 6.1-1 is the feedback diagram
for the control system.

MFC
DO o Rule Based . C ) DO
L, . Air Flow
Set-Point Control . Output
B Control

Filter }* DO Probe

Figure 6.1-1: Aeration Control System

Alongside controlling the DO concentration, an automatic purge and mixing cycles were
implemented. The purge is required to remove the water collected in the air compressor tanks as

to minimize corrosion. The mixing cycle consists of frequent sudden increase in aeration flow rate.

6.2.  Aeration Controller Algorithm

Rule based control refers to using a set of rules, or guidelines, that determine what the output
should be based on the input in the form of IF-THEN statements. An advantage to using rule based
control is that it is simple to implement and the parameters may be optimized during operation of
the MEBR. The current rules were based on the analysis of nitrogen and phosphorus concentration

and they are:
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o If (DOnow < DOiowiow) then set acration high until DO > DOjow
o If (DOiow 1ow < DOnow < DOiow) then set aeration to normal

e If (DOnow > DOnign) then set aeration low
Where the parameters are set to:

®  DOiowiow = 0.12mg/L

DOjow = 0.16mg/L

DOhigh = 0.35mg/L
Aeration high = 50SLPM
Aeration normal = 35SLPM
Aeration low = 15SLPM

The purge and mixing cycles set on two separate timers where the interval and activation times
can be set on the HMI. The purge cycle consists of two consecutive 2s ON- 2s OFF, set with an
interval of 30min. The mixing cycle sets the aeration to 100SLPM for 10seconds, set with an

interval of 10min. All of these parameters may be modified through HMI.

6.3. Software Implementation

The aeration algorithm has been implemented in two different tasks: Aeration and Purge.
The Aeration and Purge tasks performs the following functions:

e Acquires, scales, and averages DO and Temperature measurement from DO probe.

e Perform rule based control based on the previously established rules, which can be
modified in HMIL.

e Checks if it is time for mixing cycle. If so, will override rule based control.

e Checks ifit is time for purging.

The LD program for these tasks are shown in Appendix C.
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6.4. Results & Analysis

Dissolved Oxygen & Aeration
The rule based control has been implemented on January 15, 2017. Before that time, the aeration
was running in manual mode. Figure 6.4-1 shows the DO concentration and aeration flow rate

from the latest data.
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Figure 6.4-1: DO & Aeration using Rule based Control

The objective of maintaining adequate DO through rule based control was achieved. The
fluctuations in aeration, observed above, were necessary to keep the DO fluctuating within those
rules, which indicate that the system is adjusting automatically to different influent conditions in
real-time. It can be observed that the rules were changed on January 22", and again on January
27" where the normal aeration flowrate was increased from 20 to 30SLPM, and then from 30 to
35SLPM respectively. The average DO concentration and aeration flowrate in this period was
0.17mg/L and 32SLPM respective. Therefore, volumetric aeration flowrate is evaluated to be

40SLPM/m? of wastewater.
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Temperature

As the DO probe provides temperature measurement, it is interesting to compare the MEBR

temperature with the outside average temperature, as shown in Figure 6.4-2 (EnvironmentCanada,

2017). The short and rapid declines of temperature occur when the researchers were entering the

shed, and typically the door would be left slightly open because of the warm interior temperatures:

e MEBR Tay =24°C
e Qutside Tayg =-7°C
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Figure 6.4-2: Temperature in MEBR vs outside

There is one major and two minor sources of heat generation: air compressor, and circulation feed

and circulation pump respectively. This result is interesting from two perspectives. Previous

laboratory results demonstrated that temperatures greater than 18°C was beneficial for

microorganism activity and, therefore, resulted in improved nutrient removal (Ibeid, 2011). From

a remote location perspective, even in cold weather, it is possible to maintain adequate

temperatures MEBR temperatures without external heating.
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Chapter 7: EK Control System

7.1.  Overview

From the Arduino prototype, it was clear that a PI controller algorithm was adequate for controlling
CD within the MEBR. The prototype demonstrated a reasonable settling time (<I0sec), and no
steady state errors which was largely due to a direct relationship between the voltage applied and
CD. However, having a proper programmable controller, like the P2000, with various
communication capabilities unlocked new possibilities: modelling and validation with system
identification. Capturing the dynamics of the system allows one to understand the intricate

properties and adopt an appropriate control strategy.
7.2. Modelling & System Identification

Modelling EK Process
The objective in modelling the EK process is to understand how the process responds and that will
allow the design of a controller to control precisely the CD by varying the applied voltage. The

theoretical model can be developed by observing the circuit diagram (Figure 7.2-1):

Current Transducer

Location
£ +,
Positive 30A Fuses Positive Leads Electrodes
4 Power Distribution Block
Applied Voltage )
EK Power Supply ‘.-
Wastewater
L L

Negative Negative Leads
Power Distribution Block

Figure 7.2-1: EK Circuit Diagram

Each component beside the power supply act as a resistor in the loop. The distribution blocks are
used to split the 1 output from the power supply to 4 outputs to connect to the electrodes. Because

we are interested in controlling CD, the circuit diagram can be simplified (Figure 7.2-2)

Applied Voltage (

EK Power Supply ‘- Riotal

Figure 7.2-2: EK Simplified Circuit Diagram
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Where the total resistance is the sum of each individual components. The applied voltage across
the electrodes is still unknown: the applied voltage at the power supply will not be the same at the
electrodes due to voltage drops at each component. Luckily, there are two ways to solve this
situation: software compensation or use the remote sense feature of the EK power supply which
may compensate up to 0.5V. The latter was selected for this project since the compensation was
on the order of 0.1V when measured using a multimeter. The corresponding model is now the

following:

Va(t) = i(t) * R (0) (39)

Where V,(t) is the applied voltage across the electrodes, i(t) is the total current, and R;(t) is a
function of time since the electrodes and wastewater resistances vary over time. From a modelling
perspective, it can be assumed that the total resistance is constant, it will be observed later that this
is not true but the controller can compensate for these variations which will be discussed later in
the disturbance rejection section. The relationship between the total current and CD is simply:

CD(t) = niitzl

(40)

Where n 1s the number of electrodes and A; is defined as the surface area of the electrode.

Therefore, the model is now:

R
Vapplied (t) = —)

* CD(t) (41)

N

Taking the Laplace transform of this equation and rearranging the terms gives the following

transfer function:

R
L{Vapplied(t)} =L {n *1;1 *CD (t)} (42)
Ry
Vo(s) = CD(s) (43)
nx*Ag
Gex(s) = C]‘/D((;) = n;AS = K = constant (44)
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Where Gek(s) is the EK transfer function. The result is that the relationship between CD and V5 is
simply a constant K, which can be viewed as an indicator of conductivity since it is inversely
proportional to the resistance. There is another underlying assumption in this model: the EK power
supply can instantaneously supply the desired voltage. By looking at the datasheet, the HDS1500
power supply has a maximum rise time of 120ms at maximum load. The power supply can be

modelled as a simple resistor-capacitor (RC) circuit (Fig 7.2-3).

Internal Resistance
AN .

+ + +
Input Voltage ( == Internal Capacitance ") Output Voltage

Figure 7.2-3: RC Circuit Diagram

By applying Kirchhoff’s circuit laws (KVL and KCL), the transfer function of the circuit results
in (Dorf & Bishop., 2011):

Vin(t) = VR(t) + Voue () = ic(t) * R + Vo (¢) (45)
i.(t)=C dv%;(t) (46)

L{Vin ()} =L {RC dv%;(t) + Vout(t)} (47)

Vin(s) = RC * sV,,¢(S) + Ve (s) = (RCs + 1)V, (s) (48)
Gro(s) = Vour(s) 1 1 (49)

Vi(s) RCs+1 ts+1

Where Gps(s) is the power supply transfer function, and t is known as the time constant of the
power supply. From the definition of the rise time (time from 10-90%), the time constant of a first

order system can be calculated as followed (Dorf & Bishop., 2011):

= 55ms = 0.055sec

IR

2 2.2

T, T, 120ms
‘ 2

~ n(9) -
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Combining the EK and power supply transfer functions results in what is known in control theory

the plant transfer function:

cD(s) K
V,(s) ts+1

Gp(S) = Gps(s) * Ggx(s) = (50)

With the obtained plant transfer function, the parameter K, often named the process gain, reflects
the conductivity of the wastewater and electrode remains unknown but will be determined through
system identification. Note: the process gain K is the ratio between the voltage applied and

resulting current density once steady state has been reached.

Data Acquisition — P2000 & MATLAB TCP/IP Communication

It is important to acquire measurements at a fixed sampling rate for generating data for system
identification and validation. The P2000 is capable of data logging very quickly, so it would be
possible to run a step response and record the CD at a fixed interval, for example 0.1sec. However,
it would be tedious to access the P2000 web server and download the Excel file every time and
load the data in another software for analysis. Instead, the P2000 offers TCP/IP communication
which can directly communicate with various engineering software (MATLAB, Python, and
Octave). TCP/IP thus allows to send and receive data between the P2000 and a computer. Within
the Productivity Suite, this feature is enabled by setting up a ‘Custom Protocol over Ethernet
Device’, CPoE. In this work, the P2000 as a server was setup as a server and MATLAB was setup
to be the client in the TCP/IP communication. Appendix E shows how to create a CPoE device in
the Productivity Suite, note this is only available on v.2.4.0.16 and later. Appendix E also
demonstrates the LD and MATLAB code to send and receive data over TCP/IP.

System Identification for EK Process
During the early stages of system identification and designing the PI controller, it was apparent
that the selection of the sampling rate was important. Figure 7.2-4 shows a unit step response at

two different sampling periods:
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Unit Step response - Effect of Sampling Rate
1471
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Figure 7.2-4: Effect of Sampling Rate
Sampling at 10ms, the internal operation of the power supply can be observed, where the power
supply’s internals operation is increasing the output voltage in order to meet the set-point voltage.
It is also observed at 100ms but to a lesser extent. Another observable factor is the delay,
approximately 90ms. From the generated open-loop step response, the optimization problem and
least-square estimation may be used to identify parameters K and 7. Figure 7.2-5 provides the
comparison of both methods with respect to the actual step response, the MATLAB script and

functions to calculate the parameters are given in Appendix F.
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Figure 7.2-5: Optimization & Least-Square Comparison
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The shape of the output response to both methods are similar to the actual response. The slight
differences come from the non-linearity of the power supply, and since a linear model was
assumed, this difference is to be expected but negligible. Thus far, the least-square estimation
presented has ignored the possibility that the data might be subject to noise; however, the actual

noise observed experimentally is insignificant compared to the signal (signal to noise ratio >50dB).
7.3.  Controller Design

P2000 — PID Controller Implementation

Before designing a controller for the EK process, it is essential understanding how the PID
controller is implemented in the P2000. Upon looking at the documentation of the Productivity
Suite, an important information is missing: it doesn’t mention how they managed the discretization
of the PID controller. Fortunately, they provide the algorithm used which can be reversed

engineered:
n
M, =K, * e, + K; Z e; +Ky(e, —en_1) (53)
i=1

Where M, is the PID controller output and e, is the error at sample n. The summation operator may

be eliminated as followed:

n-1
M,_, = Kp *ep 1+ K; Z e, + Kq(en—1 — en_z) (54)
i=1
Mn - Mn—l = Kp(en - en—l) + Ki(en) + Kd(en - zen—l + en—z) (55)

My =My + (K, + Ki + Kp)en, — (K, + 2Ky )en—y + Kqe,—, #(56)

This is in the parallel form, therefore transforming it into standard form demonstrates that

AutomationDirect have used Euler’s forward method to discretize the P2000 PID controller:

Ts  Tq Tq Tq
PIDPZOOO d MTl = n-1 + Kp (1 + p— + _) en - Kp (1 + 2 _) en_l + Kp <_> en_z (57)
Ti ' T, T, T,
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Design of PI controller

The PI controller may be designed with the plant transfer function acquired through LS and
understanding how the PID controller is actually implemented in the P2000. There is a simple
reason why a PI controller is selected instead of a PID: it is simply not necessary to achieve stable
and robust control for a first order system, as indicated by the various tuning methods found in
literature, refer to section 3.2. Given below are the continuous time transfer functions of the plant

and PI controller.

6o (o K13 58)
Ps\) T o1 T 0.00455 + 1
PI()—K(1+1> (59)
5)= p TiS

In order to reduce current transducer variations, a low pass filter is implemented in the P2000,
which has the following transfer function, cut off frequency selected is 15Hz (corresponding time

constant is 10ms).

Avgoye 1 1
Sensor,, Trs+1  0.01s+1

The resulting feedback diagram is provided in Figure 7.3-1.

CD o Pl CD

— Plant

Set-Point Controller Qutput

Current

Filter
Transducer

Figure 7.3-1: EK System - Feedback Diagram

The designer must now establish the desired specifications for the PI controller. For this project,

the following specifications were desired:

e Settling time, ts < Ssec
e Zero steady state error, CDsp - CDgss =0

e No overshoot, My = 0 (as not to affect microorganisms from high current outputs)
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There are numerous available tuning methods to design a PI controller: Ziegler-Nichols, Astrom-
Hégglund, Skogestad. Manual tuning is achievable but it’s generally only worthwhile once a range
of PI parameters (K, and Ti) are known. The Table 7.3-1 shows the PI tuning rules for the
aforementioned methods (Astrdm & Higglund, 2005; Skogestad, 2001; Ziegler & Nichols, 1942):

Table 7.3-1: PI Tuning Methods

PI Tuning Method Ky Ti
. . 0.9
Ziegler-Nichols (Z-N) =T 0.035 360 =0.27
0.156 + 0.357 0.156 + 0.357
Astrom-Higglund (AHOS - - o
gglund ( ) Kse 0.13 0+ o002~ *03
Skogestad 01'(_; = 0.02 T<T,<80=0005<T <072

Observing the following step responses, Z-N and Skogestad (Ti = 80) methods do not meet the
settling time criteria, and Skogestad (Ti = t) has a slight overshoot (8%). While AHO5 meets all
criteria with a settling time of 0.5sec. The PI parameters from AHOS will serve as a comprehensive

starting point to manually fine-tune the PI controller (Figure 7.3-2).

12 Step Response of Different Pl Tuning Methods

/ ——ZN
/ —— AHO5
0.8 / Skogestad Ti =7

Skogestad Ti =80

Time, sec
Figure 7.3-2: Comparison of Different PI Tuning Methods
Selection of Sampling Rate & PI Fine-Tuning

The effect of the sampling rate on the output response becomes apparent when looking at step

response of the system using a digital PID (PIanos and plant). Changing the sampling period from
10ms to 100ms causes the system to overshoot (20%) (Figure 7.3-3).
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Figure 7.3-3: Effect of Sampling rate on PI Controller

The Planos controller may definitely be implemented with a 10ms sampling period; however, in
practice, sampling every 10ms will cause the P2000 to perform 100 PID calculations per second,
as opposed to 10 when sampling every 100ms. For a system with a rise time on the order of 1sec,
it is typical to choose a sample rate of 10 to 20Hz in order to provide some smoothness in the
response and limit the change in magnitude of the control steps (Franklin et al., 1997). By
definition, the rise time is always less than the settling time (<5sec); therefore, it is satisfactory to
sample at 10 Hz (every 100ms) as long as the PI parameters are tuned accordingly to meet the
specifications. Besides, increasing the sampling period from 10ms to 100ms would alleviate the

P2000 from many redundant PID calculations, allowing it to perform other time critical tasks.

Starting with the PIanos controller, fine-tuning the controller can be achieved by simply decreasing
the proportional gain K. It is possible since the PI controller is in standard form, meaning that
changing K;, will also have a direct consequence on the integral action (T;) of the controller. After
decreasing K, manually, a satisfactory PI controller has been achieved: K, = 0.03, T; remained the
same. Shown below is the fine-tuned Planos controller and its new response compared to its
previous response. It can be observed that the response has no overshoot and is now smoother

(Figure 7.3-4).

1
PIFine—Tuned(S) = Kp (1 + —) = 0.03 (1 +

1
T;s 0.035) (61)
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Figure 7.3-4: Response of Fine-Tuned PI Controller from reducing K,

7.4. Carbon Dosing
Later in the project, a carbon dosing pump was installed for testing the effect of adding carbon (as

sucrose) during the EK process. Three parameters are used to control the dosing:

e Dosing flow rate (L/day)
e Offset time: time to wait after EK is active

e [Extra time: time to continue after EK went inactive

7.5. Software Implementation
The EK and carbon dosing algorithm has been implemented in two different tasks: Electrokinetic

and Carbon Dosing.
The Electrokinetic and Carbon_Dosing tasks performs the following functions:

e Acquire, scale, and average current measurement from current transducer. Checks also for

short circuits and stops the EK if it detects one.
e Cycles the EK ON and OFF based on the desired times.
e When EK is active, the PID controller is active to ensure satisfactory control over CD.

e Checks if it is time for carbon dosing.
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The LD program for these tasks are shown in Appendix D.
7.6.  Results & Analysis

PI Controller

The PI controller has been implemented on the P2000 and validated. A comparison between the
actual and simulated system response was generated using MATLAB to communicate to the P2000
over TCP/IP, as shown in Figure 7.6-1. The difference between the actual and simulated systems
are from the assumption that the power supply model is linear, even though it was shown earlier

that this was not entirely valid but the approximations work well (Figure 7.6-1).

15T

CD Set-Point
Actual Response
Simulated Response

—
=
T

Current Density, A

o
T
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0 0.5 1 15 2 25 3 35 4 45 5
Time, sec

Figure 7.6-1: Response of Actual and Simulated System

Fluctuating Conditions

Controlling CD over time in the EK process is challenging because of varying conditions: DO
concentrations, wastewater conductivity, and passivation of electrodes. A PI controller is required
to ensure the CD is at the desired set-point during varying conditions. The importance of the PI
controller may be observed over the 2-month period in operation, shown in Figure 7.6-2 the
application of EK continuously (December 23, 2016). The tendency for the increasing of voltage
is mainly from electrode passivation and deposition (Ibeid, 2011). On February 2", 2017, the

electrodes were cleaned to remove the passivation and deposition layers (Figure 7.6-2).
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Figure 7.6-2: Voltage Variations in MEBR

Furthermore, for the first time in this research group, the varying conditions during an EK cycle
have been observed, as shown in Figure 7.6-3. It is assumed that the increase in voltage (~0.8V
over a single cycle) to keep constant CD is caused from the combination of the following: gas
production at the electrodes, bacteria responding to electric field, and formation of flocs from
dissolution of aluminum ions. Clearly demonstrating the necessity for having a PI controller for
maintaining true constant CD during the EK. Several previous studies have neglected validating if
the CD was truly constant during an EK cycle, instead relied either by setting the power supply in
constant voltage mode and hoped the CD wouldn’t vary or by setting the power supply in constant
current mode but then voltage is free to vary. The voltage is free to be varied by the PI controller

but its value is being monitored and measured in real-time.
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Chapter 8: Discussion

8.1. Wastewater Treatment

Influent & Operating Conditions

The feed pump was installed in a sanitary wastewater only channel such that the influent would
not be affected by rain water or water resulting from melt of ice. The pump was also installed right
after a fine screen system; therefore, no other treatment has altered the conditions of the

wastewater. The average influent conditions were (Elektorowicz et al., 2017):

e COD: 170mg/L.
¢ Orthophosphates (PO4-P): 3.1mg/L.
e  Ammonium (NH4-N): 26mg/L.

The following MEBR operating conditions were applied:

e HRT: 12h.

e SRT: 20days.

e CD: 12-15A/m? with 3 to 4 electrode pairs, electrode distance = Scm.
e Exposure time: Smin ON, 15min OFF.

e Denitrification: with and without carbon dosing.

e Acration: continuous aeration with different flowrates.

e DO average concentration: 0.2mg/L

Carbon Removal

Removal of COD was high from the beginning of the MEBR start-up: removal efficiency > 99.6%
(Elektorowicz et al., 2017). This result suggests that provided electrical mode operation did not
have detrimental effect on the microbial activity. Low DO concentrations did not impede the
biological treatment, which is exceptional since many MBR operate with high DO concentrations
to ensure aerobic conditions (Judd, 2006). The COD effluent concentration over a one month
period may be observed in Figure 8.1-1 , where the effluent COD concentration is adapted from

Elektorowicz et al., 2017.
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Figure 8.1-1: COD effluent concentration with respect to CD

Phosphorus Removal

Removal of phosphorus improved after two weeks in the project: removal efficiency > 95.2%
(Elektorowicz et al., 2017). The increase in removal is in accordance with the application of EK
(December 23, 2016) and in accordance with the increasing of the CD from 12 to 15A/m? (occurred
on December 29), refer to Figure 8.1.2 and Figure 7.6-2. With the application of the EK process,
coagulants were beginning to be created, so it took a few days for the system to have enough
coagulants in order to remove phosphorus. The phosphorus concentration (PO4-P) in effluent over
a one month period may be observed in Figure 8.1-2 (effluent concentration is adapted from

Elektorowicz et al., 2017)).
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Figure 8.1-2: PO4P effluent concentration with respect to CD
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Nitrogen Removal

Removal of nitrogen improved with CD and carbon dosing, where 7minutes of carbon dosing
resulted in: TN >79.3% removal. At first no carbon dosing was applied, Sminutes was then applied
to see how it would improve denitrification. A clear improvement in denitrification and hence
lower TN concentration in effluent (higher removal) was observed, refer to Figure 8.1-3. By having
simultaneous control over EK and carbon dosing, denitrification was improved. The ammonia and
nitrate effluent concentrations over a one month period may be observed in Figure 8.1-3 (the

effluent concentrations are adapted from Elektorowicz et al., 2017).
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Figure 8.1-3: NH4&N & NO;-N effluent concentrations with respect to CD & Carbon Dosing

8.2.  Flexibility of the MEBR

Pumps

The first part for automating the MEBR was controlling the pumps. One of the objective of the
project was to build a wastewater treatment for a household; therefore, it was necessary to use
standard pumps so that it would be affordable and readily available. Given that the automation and
pumps may be easily decoupled, the pump system may easily be adapted to different circumstances

without having any consequence on the automation, merely changing the system’s parameters.

By using a programmable controller, like the P2000, allows effortless adjustment of the system for

carbon dosing in cases where the influent is lacking COD for the EK process. Moreover, the system

88



could be enhanced by incorporating pumps for automatic membrane backwashing or chemical

cleaning, and sludge wasting.

Aeration & DO Control

Similarly, adjusting the aeration and DO concentration may easily be adapted to different
circumstances. Besides, the system could be easily enhanced by incorporating nitrogen or
phosphorus on-line measurements, which would allow the programmable controller to better
respond to influent variations and, therefore, offer higher removal of TP and nitrogen, and possibly
lower even further aeration demand (Ingildsen, 2002). Other studies has demonstrated the
feasibility and shown improved nutrient removal and reduced energy consumption. (Amand,
Olsson, & Carlsson, 2013; Benedetti, Baets, Nopens, & Vanrolleghem, 2010; Bilodeau & DeSilva,
2015). Nonetheless, having DO measurement has proved to be quite beneficial in terms of aeration,

(see section 8.4).

Temperature Control

Under the current conditions, the MEBR has shown to be able to maintain adequate temperature
throughout the project, refer to 6.4. However, this may not be the case for remote locations that
experience extreme cold or warm weather. Nevertheless, incorporating a heating, ventilation and
air conditioning (HVAC) system would permit the system to be expanded for these extreme
conditions. It may also be connected to the programmable controller if it doesn’t have its own

internal controller.

Membrane Filtration

A side-stream membrane filtration units were used in the MEBR; however, submerged membrane
filtration could have also been used. As will be discussed in the energy section of this chapter
(section 8.4), the side-stream membrane filtration was the most energy intensive process in the
MEBR, representing 71% of all energy consumption. Therefore, careful consideration is necessary

when selecting side-stream versus submerged membrane application.

EK & CD Control
Using a PI controller opens new possibilities in applying EK process. It may perform waveform

tracking or become a function of parameters: where the set-point may vary according to a function

&9



that may be dependent on: time (i.e. sinusoidal, saw tooth), the DO concentration, or even

phosphorus or nitrogen concentrations if the information is available (sensors or laboratory tests).

Although the EK process demonstrated in this project is applied in a bioreactor, it may be applied
for many any other situations that would benefit from electrokinetic processes such as submerged
membrane bioreactors for reducing membrane fouling, CAS systems, and industrial wastewater
treatment. Controlling CD over time in the EK process is challenging because of varying
conditions; however, this work has provided all required information so that any EK process may

be controlled as desired.

MEBR

The project has achieved something quite unique in the field of wastewater treatment: innovative
and complete automatic wastewater treatment that easily fits inside an everyday shed. MEBR may,
for example, be installed as a decentralized system in remote locations to improve the quality of
life for the secluded population of Northern Canada and Quebec, where it may be remotely
monitored and controlled through wireless communication from mobile or satellite networks.
Treated water could even be recovered for other purposes such as domestic water recovery (i.e.
toilet water), and agriculture or industrial purposes. The MEBR may well find its purpose into the
military and mining (bases or camps). Finally, it is conceivable to develop mobile MEBR units,
perhaps travelling on semi-trailer truck, which could be deployed in catastrophic situations

(flooding, forest fires, or refugee camps).

8.3.  Simplified PI design guidelines for EK

A complete framework has been offered in section 7.3 for designing a satisfactory PI controller
for controlling CD in the EK process. However, these simplified guidelines may provide enough
information for the inexperienced to successfully implement a PI controller. For the intrigued,
these guidelines are generally valid assuming the sampling period is larger than the response time
(rise time and delay) of a power supply because the system will behave as a zeroth order system,

see Appendix H.

1. Determine the process gain K: the ratio between the voltage applied and resulting current
density once steady state conditions has been reached (i.e. wait until the power supply

voltage has reached the desired CD).
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2. Determine power supply response time from datasheet, or, if possible, time constant (1),

rise time (T,), and delay (6). Note: T = -~

3. Determine desired settling time (i.e. 10sec), set the sampling period accordingly:

. . tS tS
S l P AT > —=<Ty <—
ampling Period, Ts — - 10

Or conceivably start with 1sec, ideally must be close or larger than the response time of
the power supply. For more details, refer to selection of sampling rate in section 7.5.

4. Use the regular AHOS tuning rules to determine PI parameters (K, and Tj). If only the
power supply response time information is not available, or AHO5 doesn’t yield
satisfactory PI controller, use the next steps.

5. From AHOS5 tuning rules, two assumptions can be made: let’s assume the time delay that
is usually larger than the rise time (or time constant): 7 « 6, and that the sampling period
is larger than the power supply response time, so let = T; in the calculation of Ti. The
first assumption may not need to be true since it is more conservative than either z ~ 6 or
7 > 0; therefore, it will always lead to a smaller K,,. This results in the following modified

AHOS5 tuning rules:

015640357 __ 015 _ 1 1 .
0 K,=————=—=—~— formore conservative
K6 K 7K 10K
015640357 _ 6 T T, .
o T;=0x————=-== == formore conservative
0.460+0.021 3 3 2

6. The PI may then be fine-tuned to improve the system’s response:
o If the system is unstable, increase sampling period (decrease sampling rate) and/or
decrease K.

o If the system overshoots, decrease K.

o If the system responds too slowly:
= Start by decreasing T;
= Increase K,
= Decrease sampling period (increase sampling rate), unless experiencing

instability

o If current sensor fluctuates, implement low pass filter.

Refer to Appendix H for proofs why these guidelines result in a satisfactory PI controller.
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8.4. Power & Energy Consumption

A detailed power and energy consumption table is given in Appendix G.

EK
The EK process fluctuates a lot in terms of voltage applied; therefore, it is useful to look at both

daily average and peak consumption, refer to Appendix G: G.

e Average consumption: energy = 0.31 kWh/m?.
0 Vae=9.7V, CDay = 14.4 A/m?
e Peak consumption: energy = 0.39 kWh/m?.

Notes: Vayg reflects the average voltage applied from the start of the EK, while CDayg reflects
average CD from the start of the EK, where it started at 4 electrode pairs with 12A/m? and later it

was 3 electrode pairs and CD increased to 15A/m* when 1m? reactor was used.

Control System

The entire control system (sensors, controllers, relays) is working on two power supplies, except
for the HACH SC200 controller (for DO and temperature probe), which is connected directly to
an AC outlet. From the datasheets of all the equipment used, the complete control system daily

energy consumption is:

e Control system: energy = 2.12 kWh/m’

Pumps
There are 5 pumps in the MEBR, and using datasheet information along with their ON-OFF time

ratio, the individual daily energy consumptions may be evaluated:

e Feed pump: energy = 0.12 kWh/m®.

e MEBR feed pump: energy = 0.36 kWh/m?,

e Feed circulation pump: energy = 10.5 kWh/m®.
e Circulation pump: energy = 12.1 kWh/m?,

e Dosing pump: energy = 0.18 kWh/m®,

This results in a daily pump energy consumption of 23.3kWh/m?>
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Aeration
During the period the rule based control has been implemented, the average aeration flowrate is
32SLPM. The daily energy consumption for the air compressor is based on the time it takes to fill

versus the time it takes to empty:

o Air compressor: energy = 6.1 kWh/m?

Overall Energy Consumption
Table 8.1-1 shows a summary of the results for the MEBR energy consumption (Appendix G).

Table 8.4-1: Summary of Energy Requirements for the MEBR

Equipment Daily Energy (kWh/m®) | %Demand
Control System 2.12 6.7
Feed pump 0.14 0.4
MBR pump 0.36 1.1
Feed circulation pump 10.5 32.9
Circulation pump 12.1 38.1
Aeration 6.1 19.0
EK (power supply) 0.39 1.2
Dosing pump 0.18 0.6
Total 31.87

As mentioned in the literature review (section 2.3), aeration in activated sludge or MBR processes
is a major energy consumer, often exceeding 50% of total energy consumption (Judd, 2006, 2008).
In this project, aeration has only accounted for 19% of all energy demand because the DO
concentration was maintained at adequately low concentration of around 0.2mg/L. A reduction in
energy consumption for the aeration process in the future may be achieved by using an air blower
with a variable frequency drive instead of using an air compressor. However, for the moment such
solution is too costly for the magnitude of this project. The membrane filtration process was
discovered to be the most energy intensive process because of the pumping requirements (feed
circulation and circulation pumps). Implementing a decentralized MEBR system based on these
results indicates that the peak power requirement is 2.1kW/m’, while peak daily energy
requirement is 32kWh/m?>. The energy requirement of the MEBR would dramatically be reduced

from scaling up since more efficient pumps and aeration methods are available at larger scale.
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8.5. EK- Scaling Up

Previous smaller scale lab study, where submerged membrane was used and synthetic wastewater
applied, has demonstrated that EK process performed quite well for (Elektorowicz et al. 2014,
Arian, 2014):

e Flowrate of 40L/day
e Total Current per Volume (TC/L): 0.1-0.11A/L.
e Energy requirement: 0.6kWh/m>,

Whereas this project has demonstrated lower energy consumption values under varying influent

conditions with side-stream membrane filtration:

e Flowrate 2000L/day

e TC/L: 0.016A/L (formula in Appendix G)

e Energy requirement: 0.31(average) to 0.39 (peak) kWh/m?>

e Average electrical cost for EK: ¢1.01/m> to ¢1.54/m>. (Hydro Québec Rate L & M)
e Electrode cost achieved was ¢57 /m? per pairs (over a 7month period).

e Power supply footprint required per reactor volume is 270cm®/m?>.

The operating electrical cost may be evaluated by using the latest Hydro Québec rate Large and
Medium Power Customers (Appendix G). The electrical operational cost for the EK could be
further reduced either by optimizing the EK active time or by frequent cleaning of the electrodes

as to reduce or remove the passivation and deposition layers.

As mentioned in the selection of the EK power supply, special attention was already given for
scaling up the EK process. The selected power supply has a high power density and high efficiency
resulting in a very low footprint, allowing it to be easily implemented in WWTP or other treatment
facilities (i.e. industrial). A controller specific for the EK process could also be developed using
this study method, so scaling-up will be done in a modular fashion (i.e. standard building block to
be easily scaled-up). Also, with a low EK energy consumption observed, alternative sources of
energy are possible, for example solar panels. This enables the EK technology to be applied in
remote locations, or even replace chemical coagulations since both transport of chemicals and fuels

are costly.
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Chapter 9: Conclusion, Contribution & Future Work

9.1. Conclusion

This study successfully simulated a completely functional wastewater treatment pilot facility,
which was located in a self-standing shed. Then, the project has proven potential implementation
of the MEBR for decentralized MEBR wastewater treatment facilities. Subsequently, it might
contribute system in remote regions to improve the quality of life for the secluded population of

Northern Canada and Quebec.

The control and automation of the MEBR pilot facilities demonstrated the treatment of wastewater
to a level even higher than lab scale preliminary tests. Treated water from MEBR may be
considered for water recovery (domestic, agricultural, industrial). Such achievement was possible

due to monitoring and adjusting on-line individual treatment processes.

Automated aeration ensured biological treatment with a reduction in aeration, fluctuating low
dissolved oxygen concentrations allowed for simultaneous aerobic and anoxic conditions without
inhibiting biological treatment. Automated control of the electro-bioreactor operation improved

nutrient removal, where biological treatment was not inhibited by the application of EK.

This study designed a flexible automated system to control pumps, bioreactor aeration and
intermittent electrokinetic process. Such work also included remote connectivity and data logs for
all MEBR processes, including safety verifications. A human machine interface was implemented

to allow easy on-site monitoring and operation, by allowing the adjustment of process parameters.

The treatment facilities can contain a completely automated MEBR with a simple interface
allowing non-highly-qualified personnel to operate MEBR. Additionally, the system can be

controlled remotely through the Internet.

Automated aeration ensured biological treatment with a reduction in aeration, fluctuating low
dissolved oxygen concentrations allowed for simultaneous aerobic and anoxic conditions without
inhibiting biological treatment. Automated control of the electro-bioreactor operation improved

nutrient removal, where biological treatment was not inhibited by the application of EK.
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This study permitted to designing of a PI controller for regulating CD in the EK process, which

also can be applied to any wastewater characteristics and where guidelines were provided for

successfully designing a PI controller. Finally, this study also showed precisely variations of the

applied voltage during operation and during a single intermittent EK cycle.

Furthermore, a significant energy reduction was achieved by controlling EK process; EK

demonstrated lower than previously observed daily energy consumption: 0.31 (average), 0.39

(peak) kWh/m? (1.2% of all energy demand), and equivalent to ¢1.01/m> to ¢1.54/m>.

9.2.

Contribution

The achieved contribution can be summarized as follows:

9.3.
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Designing and implementation of automation to a novel MEBR pilot facility, which
demonstrated the feasibility of scaling-up of the system. Thus, make possible local and
remote monitoring which enable exciting possibilities for MEBR applications such to
decentralized systems.

Development of EK control system through monitoring current density, by using a current
transducer, and adjusting applied voltage by implementing a PI controller. Thus, make
possible to of change the mode of operation, carbon dosing, varying CD in order to track
specific waveform or function of parameters.

Development of the DO control system using the state of art sensors for DO and aeration,

for achieving alternate aerobic and anoxic conditions in electro-bioreactor.

Future Work

Investigation of more energy efficient side-stream membrane filtration (i.e. membrane
modules and pumps) and aeration (i.e. blower and diffusers).

Investigation of the MEBR control system’s sensitivity to different influent conditions.
Developing automatic systems for raw feed sewage screening, wasted sludge discharge,
and electrode cleaning.

Designing PID for simultaneous ammonia and DO control.
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Appendix A: Electronic & Electrical Supplies

Table A-1: List of Electronic and Electrical Supplies

Component Description Model Qty.
P2000 CPU CPU P2-550 1
Base 7-slot base for modules, CPU and power supply P2-07B 1
Power Supply 110VAC input based power supply P2-01AC 1
Discrete input 16-point, 12-24VDC P2-16ND3 1
Discrete output 16-point, 12-24VDC P2-16TD1P 1
Relay output 16-point, 6-24VDC/6-240VAC, 2 isolated commons P2-16TR 1
Analog input 8-channel, 16bit resolution, 0-20mA P2-08AD-1 1
Analog output 8-channel, 16bit resolution, 0-10VDC P2-08DA-2 1
Analog output 4-channel, 12bit resolution, 0-20mA P2-08DA-2 1
Filler Module for protecting empty base slots P2-FILL 1
Ethernet switch Link P2000 & HMI to router SE-SW5U 1
Fuses 2Amps. Used to protect P2000, HMI and Sensors KN-F10-10 & 6
GMA2
EK fuses 30Amps. Used to protect electrodes EHCC2DIU-6 & 4
HCLR30
Relays Used to activate pumps, including diode reverse protection | 782-2C-SKT, 782- 4
2C-24D, AD-
BSMD-250
EK power supply Programmable power supply HDS1500 1
Safety relay Provides power to relays and EK power supply Dold LG5924-48- 1
61-24
Relay & Logic 24V power supply, 60W PSB24-060S-P 1
power supply
Breaker Used to remove AC power to power supplies FAZ-B15-2 1
Current Transducer Measure current output from EK power supply DCT100-42-24-F 1
Green LED Indicator DR22E3L-E3GZA 1
Red LED Indicator DR22E3L-E3RZA 1
Green Push button Pumps & EK Activation AR22F5L- 2
10E3GZA
Selector Switch Enable or disable system AR22PR-210BZA 1
Emergency Stop Stop system AR22V7R-01R 1
Red signal beacon Power indicator 20610000 & 1
95584035
HMI Touch screen panel C-More Micro 1
EA3-T6CL
Control Wiring 20AWG Wiring, 500’ roll MTW20BK 1
Terminals Konnect-It terminal blocks KN-T12GRY 20
KN-D12X 20
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Appendix B: Pumps Ladder Diagram Tasks
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Figure B-1: Pumps Water Level Task
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Figure B-2: Pumps Automatic Task




1 Pumps_Manual

5 B =\ = (5]« 100 I Run Every Scan w
1 3 4 9 10 11
Feed_automatic Feed_Manual Feed_Sensor_Error Feed_level_avg  Feed_tank_high Relay_Feed
R S ™0 g e
Feed_level_awg  Feed_tank_high Relay_Feed
1.1 I_I {  RsT
Feed_Manual
1.2 L [ RsT
Feed_Manual Relay_Feed
1.3 {  RsT
Feed_Sensor_Errar Feed_Manual
1.4 } I L——{  RsT
MEER._Automatic MEER_Manual Feed_Sensor_Errar MEBR_level_avg  MEBR_tank_high Relay_MEEBR
H H } I /Il/il/ { ser
MEER _level_avg  MEBR_tank_high Relay_MEER
2.1 I_I [ RsT
MEER._Manual
2.2 L——{  RsT
MEER_Manual Relay_MEBR
2.3 | | { RsT
MEBR._Sensor_Error MEBR._Manual
2.4 } I L—{  RsT
Circulakion_Aukomatic Circulation_Manual_Main Relay_Circulation
£ | I (=T
Circulation_Manual_Main Relay_Circulation
3.1 /{l/il/ {  RsT

Circulation_futomatic

Circulation_Manual_Feed

Relay_Circulation_Feed

' 7

4.1

Circulation_Manual_Feed

[ =T

Relay_Circulation_Feed

4

{ RsT

{ e

106

Figure B-3: Pump Manual Task




Appendix C: Aeration & Purge Ladder Diagram Tasks
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Figure C-1: Aeration Task (1 of 2)
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Figure C-2: Aeration Task (2 of 2)
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Figure C-3: Purge Task




Appendix D: EK & Carbon Dosing Ladder Diagram Tasks
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Figure D-1: EK Task (1 of 1)
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Figure D-2: EK Task (2 of 2)
I Run Every Scan ~ | ¥ Monitor
3 4 B 3 7 2 9 10 1
Dosing_Auto Dosing_Manusl
1 1 { our )
Dosing_Manual Dosing_on_manual
2 } } { our )
Dosing_Aute  EK_Activate Dosing_on_suto
= 1] { i { our )
Enable| Result Dosing_time_value
4 Formula
EK tims on +Dosing exirs time
EK_Activate  Dosing_sute TIMER
< | | | Time Up | Presst Walue Dosing_time_value Current VYalus Dosing_time
[ 11 Don't Auto Reset = Presst Dosing_switch_time
Always OF Bit Time Base min < Preset Dosing_on
- Time Down > Preset Dosing_off
' [
EK_Timer_Reset
2 Reset
_Activate
5.3
Dosing_on_auta Dosing_time Dosing_offset_time Dosing_time Dosing_time_value Dosing_auto_enable
| [
" 11 =l 1< { o)
SCALE LINEAR
Dosing_auto_snable Input Dosing_set_point  Output AOUT_Dosing_Pump
Enable| InMin Desing_min_fow
i | In Max Dosing_max_flow
Out Min 0
Sut Max 4_20méA_max_12bit
Dosing_on_manual
71
SCALE LINEAR
Dosing_auto_enable Dosing_on_manual Input 0 Output AQUT_Desing_Pump
Enable| In Min Dosing_min_flow
i [ In Max Dosing_max_flow
©ut Min 0
Out Max_4_20m_max_12bit
& { o )

111

Figure D-3: Carbon Dosing Task




Appendix E: P2000 & MATLAB TCP/IP

P2000 — MATLAB as CPoE Device:

Hardware Configuration b4
3‘ # r k‘ -2 -
CPU GSDrives EtherNet/IP CPoE ProNET
<. . .> Custom Protocol over Ethernet Device Properties X
|_ Device Name |Matiab_CPoE 5€ S‘TUE‘W% Matlab e
1P Address TCP Connected | TCPConnected
Matlab_CPoE
(O) Use TCP - CPU as the Master TCP/IP Error | TcpIpError
TCP Port Number 0 Messages Sent | MessagesSent
Enable Messages Received |MessagesReceived
@ Use TCP - CPU as a Slave Pending Input Messages MessagesPending
CPU Port Number 4000 Input Queue Overflow |QueueOverflow
Enable |Matiab_TCP_enable w
() Use UDP
UDP Port Number 0
CPU Port Number ]
Use IP Address and UDF Port Number from received UDP packet
Monitor Cancel Help
Figure E-1: MATLAB as CPoE Device
P2000 task for communicating to MATLAB over TCP/IP.
-1 Matlab
= E (D2 (=) e w RunEverySean | Monitor =
1 2 4 s ] 7 g 9 1 11
Matlab_TCP_enable
1 { s )
Enable_acquisition
Matlab, TCPConnected Flash Rate 50
H } I { FLASHER )
Matlab. TCPConmected Test_connected
3 } I { our )
CUSTOM PROTOCOL ETHERMET
Device Matlsb_CPoE In Progress Test_progress
Send Outaoing Messages Complete Test_complete
Enable_acquisition Matlab, TCPConnected Offset Length Data
| | Enable 1 4 DO_level_awg
< ] 1] T s 4 Air_Flow_awg
9 4 Temperature_avg
13 4 Current_Density
17 4 HDS1500_output_voltage
21 4 Feed_level_awvg
25 4 MEER _level_avg
5 { e
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Figure E-2: MATLAB Task



MATLAB code to receive data:

113

port = 4000 ;

P2000 = '192.168.0.150";
t = tcpip(P2000,port);
fopen(t);
disp('Starting'")

tic

sampling rate = 0.1;
$sampling time = 20;
sampling time = 10;
nSize = sampling time/sampling rate;
$Initialize Arrays

DO = zeros (nSize,1);

Air = zeros (nSize,1);

T = zeros(nSize,1);

CD = zeros(nSize,1l);

V = zeros(nSize,1);

Feed = zeros(nSize,1);
MEBR = zeros (nSize,1);
ref = 10;

output = zeros(nSize,1);
on = 4;

tl on = 0.5;

tl off = tl on + on;
t2_on = tl off+3;
t2 off = t2 on+ton;
for k = l:numel (output)
tk = (k-1)*sampling rate;
if(tk >= tl on && tk<= tl off)
output (k,1) = ref;
elseif (tk >= t2 on && tk<= t2 off)
output (k,1) = ref;
end
end
nData = 7;
time = O:sampling rate:sampling time-sampling rate;
for k = 1:nSize
while (t.BytesAvailable == 0)
end
temp = fread(t, nData, 'float32'");
DO(k,1) = temp(1l,1);
Air(k,1) = temp(2,1);
T(k,1) = temp(3,1);
CD(k,1) = temp(4,1);
V(k,1) = temp(5,1);
Feed(k,1) = temp(6,1);
MEBR (k, 1) temp (7,1);
fwrite (t,output(k,1), 'float32");
end
fclose(t);
delete (t);
clear t
toc

Figure E-3: MATLAB Code for P2000 Communication




Appendix F: System Identification - MATLAB

Script:
%load Step Response
filename = 'Steptest23.xls';
first = 0.1;
last = 1;

[time, V, CD, Ts, delay] = loadStepResponse (filename,first, last);

FOPDT Minimization using FMINUNC & Quasi-Newton including a delay

[K, tau,e opt] = FOPDT est discrete delay(time,V,CD,0,Ts,delay);

numz = [0 K*(l-exp(-Ts/tau))];

denz = [1 -1l*exp(-Ts/tau)];

sys_opt = tf ([0 K], [tau 1], 'IODelay',delay);

sys_opt_z = tf (numz,denz, Ts, 'I0ODelay', round(delay/Ts,0), 'Variable','z"=1");%in Z domain

% Least-Squares including a delay

[K 1s, tau_ls, delay ls, e 1ls] = FOPDT est LS discrete delay(time,V,CD,0,Ts,delay);
num = [0 K 1ls*(l-exp(-Ts/tau 1ls))];

den = [1 -1l*exp(-Ts/tau 1s)];

sys 1ls = tf(K 1s,[tau 1ls 1], 'IODelay',delay 1s);

sys_1ls z = tf(num,den,Ts, 'IODelay',delay 1s/Ts, 'Variable','z"-1");%in Z domain

$Compare different results
yopt z = lsim(sys opt z,V,time);
yls z = lsim(sys_1ls z,V,time);
figure (1)

hold on

plot (time, V) ;

plot (time,CD);

stairs (time,yopt z);

stairs (time,yls z);

hold off;

ax = gca;

% ax.XTick = 0:0.5:1;

ax.Y¥YTick = 0:0.5:1.5;

legend('V','CD Actual','CD Optimal','CD LS');
title('System Identification - Step Response Comparison');

xlabel ('Time, sec');
ylabel ('Output') ;

ylabel ('Output') ;

Figure F-1: System Identification using MATLAB
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Function for FOPDT est discrete delay:

function [ K,tau,e] = FOPDT est discrete delay( t, u, y,y0,Ts,delay)
%$Estimate parameters K, tau and delay for a FOPDT using discrete system
f = @(x)systemError(x,t,u,y,y0,Ts,delay);
options = optimoptions('fmincon', 'Display','iter', '"Algorithm', "interior-point'");
options.MaxFunctionEvaluations = 10000; %max iteration
problem.options = options;
problem.x0 = [1 1];
problem.lb = [0 0];
problem.ub = [1000 1000];
problem.objective = f;
problem.solver = 'fmincon';
[x, e] = fmincon (problem) ;
K =x(1);
tau = x(2);
function error = systemError(x,t,u,y,y0,Ts,theta)

K x = x(1);

tau x = x(2);

delay x = theta/Ts;

sys_ num = [0 K x*(l-exp(-Ts/tau x))];
sys _den = [1 -l*exp(-Ts/tau x)];
sys_z = tf(sys_num,sys den,Ts, 'IODelay',delay x,'Variable',6 'z"-1");%in 72 domain

ysys = lsim(sys z,u,t,y0);
evec = y-ysys;
error = evec'*evec;
end
end

Figure F-2: FOPDT Estimation using Optimization

Function for FOPDT est LS discrete delay:

function [ K,tau,actual delay,e ] = FOPDT est LS discrete delay( time,V,CD,y0,Ts,delay )
$Estimate parameters K, tau and delay for a FOPDT based on discrete system

$Setup Parameter vector X & Y and calculate Theta

actual delay = delay;

sampleDelay = actual delay/Ts;

cl = CD(sampleDelay+l:end-1);

c2 = V(l:end-sampleDelay-1);

X = [cl c2];
Y = CD(sampleDelay+2:end) ;
Theta = (X'*X)\X'*Y;

alpha = Theta(l);
K = Theta(2)/(l-alpha);

tau = -Ts/log(alpha);

num = [0 K* (l-exp(-Ts/tau))];

den = [1 -l*exp(-Ts/tau)];

sys z = tf(num,den,Ts, 'Variable','z"-1");

CD_est = lsim(sys_z,V,time,y0);
error = CD_est-CD;

e = error'*error;

end

Figure F-3: FOPDT Estimation using Least Square
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Table G-1: Energy Consumption

Appendix G: Power, Energy & Scale Up

Power = N,ectrodes * V * CD x Area

Daily Energy = Power * <

timeyy,

timeyrr + time,,

>per day

(G.1)

(G.2)

Ppeak Time On Time Off Pavg Pavg Energy Energy Electrical Cost
Equipment Ppeak (W) (W/m?) (min) (min) %0On (W) (W/m?) (kWh/day) | (kWh/m?/day) % (¢/m’/day) *rate M
Control System
(sensors, controllers) 177 89 1.0 0.0 100% 177 89 4.25 2.12 6.7% 10.56
Feed pump 120 60 3.2 30.0 10% 12 6 0.28 0.14 0.4% 0.69
MBR pump 120 60 1.0 3.0 25% 30 15 0.72 0.36 1.1% 1.79
Feed circulation pump 874 437 1.0 0.0 100% 874 437 20.98 10.49 32.9% 52.13
Circulation pump 1012 506 1.0 0.0 100% 1012 506 2429 12.14 38.1% 60.36
Dosing pump 75 38 5.0 20.0 20% 15 8 0.36 0.18 0.6% 0.89
Aeration 1610 805 0.3 0.6 31% 505 253 12.12 6.06 19.0% 30.12
EK (power supply) 162 81 5.0 20.0 20% 32 16 0.78 0.39 1.2% 1.93
Total 4150 2075 2657 1329 63.77 31.88 100.0% 182.06
TC neectrode * CD * Surface Area
Current per Volume = 2 Vol (G.3)
OlUMecfrective
Energy
Electrical Operational Cost = ——— * Hydro Québec Rate (G.4)
ay
, ) ¢4.97 ) ¢3.27
Hydro Québec Rate M (Medium Customer) = Wh Hydro Québec Rate L (Large Customer) = Wh (G.5)
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Appendix H: Simplified PI Controller — Guidelines Proof

Let the plant be a first order plus dead time system:

_Is
LTS (H.1)
zZ—e T

K
Gp(s) = me_Ls g Gp(Z) =

If the sampling rate slower than power supply can achieve steady state, then the following is true:

o TKTs
L] L<<Ts

The plant transfer function then becomes essentially a zero-order system (constant):

K(1-0)

Gy(2) = _— *1=K+xz71>G,(s) =K (H.2)

Using a PI controller with Euler forward discretization, the overall system then becomes:
s 1
PI(z) = K, (1 + —Z—) (H.3)

KKz + KKy (72— 1)

T,
Go(2) = — (H.4)
22 + (KK, — 1)z + KK, (75— 1)
4

Therefore, if we assume that

e 1K 0for AHOS5 (although not necessary but yields most conservative parameters)
K - 0.1560 + 0357 _0.15 1 1

» Ko = =or ~ 10K (more conservative) (H.5)
o, 01504035 6 T, T, : tive) .6
. =0 * X—=—= x— :
; 0460 1002 -3°3 o (more conservative
z+1
Therefore: G,(z) = 1072 —97 + 1 (H.7)

This result is interesting because the system is stable, no overshoot, and has zero steady error.
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