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Detecting NAPL in Unsaturated Soil )

Check for
updates

R. G. Zytner, A. Dawrea, and J. Donald

1 Background

Many traditional methods have been used to monitor TPH concentrations in the
subsurface soil, including excavation grab samples, drilling of boreholes for sample
collection and in situ vapour measurements. These in situ measurements and ex situ
analysis are considered accurate, as they are normally done with advanced chemical
analysis methods like gas chromatography and gas chromatography—mass spec-
trometry. However, they have many disadvantages, such as being intrusive, take time
to execute and being expensive [5].

Geophysical techniques have developed over the last decades to overcome the
limitations of the traditional methods due to their ability to observe into the subsur-
face soil. Options include time domain reflectometry, electrical resistivity, low-
frequency electromagnetic induction and ground-penetrating radar (GPR). GPR is a
non-destructive geophysical technique which can be used effectively to detect and
monitor the presence of objects in the subsurface. One big advantage is that GPR
can investigate larger areas at a lower cost [11].

GPR maps the electromagnetic properties of the subsurface soil by generating,
emitting and sending high frequency electromagnetic (EM) waves through the soil
and producing high-resolution images of the subsurface [3]. GPR does not directly
detect and monitor the presence of TPH. Rather, the GPR survey records the discon-
tinuity of the electromagnetic properties of the soil due to the presence of NAPL in
the subsurface. Past research has shown that the GPR scans of known hydrocarbon
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spill sites is ambiguous and appears to be site dependent [1, 6]. The main objec-
tive of this study is to improve GPR data interpretation to allow estimation of the
TPH concentration in the unsaturated soil. Three types of soil were studied: silty
loam, sandy loam and clay soil. The enhancement process focused on optimizing
the operational parameters central antenna frequency and offset separation distance
between the transmitter and the receiver. Sensitivity tests were used to optimize both
parameters to provide confidence in the TPH threshold level for each soil. Synthetic
GPR scans were generated using a MATLAB® based model, giving flexibility to the
analysis process.

2 Approach

Method development focussed on ideal antenna frequency and offset distance
between the transmitter and the receiver. The robustness of the proposed approach
was then evaluated by analyzing synthetic GPR scans that were generated using the
finite difference time domain approach (FDTD) with appropriate values of time and
space discretization using a model developed on MATLAB®. The two-dimensional
GPR scans represented the electrical and physical properties of the contaminated soil
model for three types of soil, sandy loam, silty loam and clay. The developed 2D soil
model consisted of a model to represent a water table at 0.5 m, giving a two-layer
system consisting of an unsaturated contaminated Layer 1 and saturated Layer 2 to
reflect the electromagnetic waves. The offset distance between the transmitter and
receiver was 1 m with a frequency 1 GHz. The reference residual saturation values
(Sn) in the soil varied from 0.01% V (20 mg/kg) to 30% V (62,100 mg/kg) (Table 1).

Determining the soil concentration in the synthetic GPR scan was based on the
surface-based reflection process. The GPR scan was analysed to obtain the first
breakpoint of the two-way travel time (TWT) that was corrected for zero-time. The
time-zero correction of the arrival time of the reflected signal is essential to correct
for the extra travel time at the beginning of each measurement. The extra travel time
is caused by the travel time in the cables of the radar system. The correction process

Table 1 Soil properties [4, 9] Soil type Elora silty loam | Delhi sandy | Clay
loam

Permeability | 1.22e™13 1.10e~ 1 1.0e="7
(m?)
Water content | 0.12 0.12 0.12
(%V)
Porosity 0.55 0.48 0.59
Bulk density | 1.18 1.73 1.09
(g/cm®)
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includes setting the arrival time of the airwave to correct for drift in the zero time
(2].

The corrected TWT was then converted to velocity for reflected signal using Eq. 1:

» Q) +x2

TWT? M

where, v is velocity (m/ns), d is depth (0.5 m), TWT is two-way travel time of the
reflected signal in ns, X is antenna spacing.

Velocity of the EM wave propagation was converted to the dielectric constant of
the contaminated soil mixture by v = ¢,/Kyix, where v is velocity of EM propagation
(m/ns), ¢, is velocity of light in the space (0.3 m/ns) and Ky, is the dielectric
constant of the host material (7.6 unitless). Using the dielectric constant value allows
calculation of the residual saturation (Sy) using Eq. 2:

S Y% Kmix - Vs\/ Ks - Va
N =
e VKa + 1Ky

@)

where, Sy is residual saturation (m?/m?), Vi is volumetric water content (m?), Vy
volumetric NAPL content (m?), Ky is dielectric constant of the contaminated soil
model (unitless), Ky is dielectric constant of NAPL (unitless), Vs volume of solid
mineral content (m?), K, is dielectric constant of the solid mineral (unitless), V,
is volumetric air content (m*) and v is porosity of soil. The Sy values were then
converted to mass units (mg/kg) to obtain the TPH concentration. The threshold
level in TPH concentration was determined when the dielectric constant for the soil
had negligible change.

3 Results and Discussion

The GPR scans were initially analyzed manually to determine the two-way travel
time (TWT) of the reflected waves and then using EKKO v5 [10], with specialized
GPR software, to improve accuracy of the results. The first goal was to determine the
ideal antenna frequency and offset distance between the transmitter and the receiver.
Analysis of the synthetic data showed that the optimum frequency for the GPR scan to
penetrate the soil profile was 1 GHz. This frequency is consistent with information in
the literature for organic contaminants in soil [7]. The optimal separation distance (S)
between the transmitter and the receiver was determined at 1 m using the sensitivity
analysis. Both parameters were determined by finding the lowest percentage of error
between the measured residual saturation from the 2D-synthetic GPR data set and
the initial residual saturation that was set as reference data.

Results showed that the GPR approach could measure TPH levels as lower than
40,000 mg/kg for both the silty loam and the sandy loam due to the system sampling
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frequency of 0.05 ns. Due to attenuation of the GPR signal, the GPR technique could
notdetect TPH in the clay which was not unexpected [12]. These measurement thresh-
olds are much higher than the concentrations typically set for regulatory cleanup
levels. Lowering the detection level requires improvement in the signal-sampling
rate. One option is increasing the signal frequency. Discussions with Sensors and
Software Inc. [10] revealed that their work with a 25 GHz antenna could provide a
sampling interval time about 0.002 ns. However, using the central frequency (25 GHz)
in real field GPR reduce the penetration depth into the subsurface to millimeters at
best and not practical for soil remediation activities.

3.1 Lessons Learned

GPR has the potential to measure TPH levels in soil. The theoretical approach in this
study showed that current threshold levels are to high to use GPR for site delineation
studies. Possibly, with equipment advancement, the threshold level can be lowered,
providing important data on when a site is clean and remediation efforts can cease.
However, it should be noted that even the elevated collected GPR data can also be
used as input data for numerical models to predict remediation effectiveness [8].

The challenge with using GPR is that success is a function of soil type. As demon-
strated in this study, clay could not be analysed as there is too much attenuation of the
radar signal. Currently the adjustment of frequency and separation distance between
transmitter and receiver does not help for challenging soils like clay.
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Odour Emission and Dispersion )
from a Cold Region Municipal i
Wastewater Treatment Plant

M. Asadi, A. Motalebi Damuchali, and K. N. McPhedran

1 Introduction

The collection and treatment of municipal wastewaters are high-energy demand
processes which lead to the generation and emission of greenhouse (GHG), toxic,
and odourous gases. Odours generated from municipal wastewater treatment plants
(MWTPs) can negatively affect public health and/or be a nuisance for residents
living near MWTPs. Interestingly, odour nuisance from MWTPs has been shown to
adversely impact nearby housing prices with decreases up to 15% [24]. Enhanced
public awareness and stricter environmental regulations have resulted in increasing
public complaints in response to odour pollution in recent decades [6, 14]. The most
typical odourous gases produced by MWTPs include the rotten egg smell of hydrogen
sulphide (H,S) and the pungent smell of ammonia (NH3) [1, 13]. H,S is a colourless,
hazardous, and potentially toxic compound; while NH; is a toxic, corrosive and
chemically active gas, which can react in the atmosphere creating a greenhouse
effect and low visibility [27]. Each of these gases can be produced and emitted
during various wastewater treatment processes, however, the highest emissions are
typically from anaerobic processes that result in fat and protein degradation [8, 10].

Previous research conducted to address odour characterization, quantification,
and abatement for MWTPs has been primarily focussed on processes including
preliminary treatment, primary settlers, sludge digestion tanks, sludge thickening,
and dewatering facilities [25]. However, field monitoring has shown that other
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MWTP processes may also be significant emission sources such as aerobic and
anoxic tanks [9]. Overall, field monitoring of emissions from individual processes
is often difficult given the tanks are largely open-to-air making emissions sampling
problematic. More recently, mathematical modelling has been coupled with empir-
ical data to determine odour emission rate estimates (EREs) and to predict atmo-
spheric concentrations downwind of MWTPs (and vice versa via estimating EREs
from downwind sampling regimes). For example, Schauberger et al. [22] calcu-
lated H,S EREs from a tannery WTP based on downwind ambient air sampling and
Gaussian regulatory dispersion modelling. Baawain et al. [3] employed AERMOD
modelling to investigate H,S EREs from a MWTP and reported that local H,S
pollution was markedly reduced over the winter [3]. Zhang et al. [29] studied NHj3
EREs from various WTP processes including adsorption-biodegradation activated
sludge treatment, sequencing batch reactor (SBR) activated sludge treatment, and
two different anaerobic-anoxic-oxic treatment processes. Out of 12 sampling stations,
NH; concentrations, pH, and temperature were recorded and coupled with the US
EPA’s WATER9 model to estimate NH3; EREs. They found that the anaerobic-anoxic-
oxic treatment process produced the highest NH3 at 0.29 + 0.06 g/m? of wastewater
[29]. Despite previous research, MWTPs have unique combinations of treatment
processes and climate conditions requiring the determination of site-specific EREs
to best determine potential impacts of odourous gases on nearby residents.

Overall, the EREs for NH3 and H,S from different MWTP treatment processes
has not been adequately addressed, especially for regions having widely varying
regional temperatures such as MWTPs found in the Canadian prairie provinces.
Thus, the main objective of this study was to estimate the NH3 and H,S EREs from
the open-to-air treatment processes at the Saskatoon Wastewater Treatment Plant
(SWTP), Saskatchewan, Canada, and use these EREs to predict the downwind air
concentrations in summer and winter seasons using dispersion modelling. Laboratory
scale reactors were employed to develop EREs rates from primary and secondary
clarifiers, as well as the anaerobic, anoxic and aerobic basins of the bioreactors.
Experiments were conducted at 13 and 17 °C to simulate the winter and summer
operating temperatures, respectively, which are the result of seasonal temperature
variations ranging from —40 to 430 °C. Using the EREs, AERMOD was used as
a steady-state plume model to determine the downwind odour concentrations in
residential areas near the SWTP.

2 Materials and Methods

The SWTP treats an average wastewater flow rate of 120 million litres per day (MLD)
and has the capacity to treat a peak flow rate of up to 300 MLD. It is a Biological
Nutrient Removal (BNR) advanced treatment plant and is designated as a Class IV
facility. The SWTP treatment process technologies include a grit and screen facility,
primary clarifiers, pump station, fermenters, dissolved air flotation (DAF) thickener,
bioreactors, secondary clarifiers, ultraviolet disinfection system, nutrient recovery
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Saskatchewan “" Primary Effluent

i Pump StatioRes s
River Ultraviolet i !

Disinfection =,

Grit & Screen

Thickener - Maintenance

Fig. 1 Saskatoon Wastewater Treatment Plant (SWTP). WASSTRIP = Waste Activated Sludge
Stripping to Recover Internal Phosphate. Bioreactors include anoxic, anaerobic and aerobic
processes in different basins. The orange squares represent the approximate sampling locations
used for experiments

facility, and anaerobic digesters (Fig. 1) [5]. The primary and secondary clarifiers,
and bioreactors are open-to-air facilities, and along with the anaerobic digesters,
could potentially be sources of the odourous H,S and NH; gases [2].

Figure 2 shows a schematic flow chart of the methodology for determination of
NH; and H, S EREs and dispersion modelling for the open-to-air treatment processes
and anaerobic digesters at the SWTP over the summer and winter time periods. The
odour EREs from the SWTP anaerobic digesters was recently investigated with
H,S being determined to be the only odourous gas of concern generated from the
anaerobic digestion process with an average ERE of 59 kg/d [2]. The EREs for the
remaining reactors are determined herein following a similar experimental protocol
as Asadi et al. [2]. The dispersion modelling inputs were aggregate EREs including
all sources to assess the air concentrations downwind of the SWTP.

b

Wastewater }_ Experimental F,Ddour ERE from
sampling “|campaigns ' open-to-air facilities
—_ ; . _+{Summer nutpul.
“Total odour ERE —:{ E:;g:lrlsi:m
Odour ERE from A = ___"—:i' Winter output

anaerobic digesters
(Asadi et al 2020)

Fig. 2 Schematic flow chart of the study methodology for the determination of EREs and
subsequent dispersion modelling using AERMOD from the SWTP. ERE = emission rate estimates
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2.1 H;S and NH3; EREs from the Open-to-Air Facilities

Figure 3 shows the experimental setup of the batch reactors used for determining
EREs for various SWTP processes. Wastewater samples were taken from each of the
clarifiers and bioreactor basins on three occasions during each of the summer and
winter seasons with six total sampling occasions for each process (Fig. 1). Samples
were immediately used in experimental runs with durations of 24 h. The 5 L glass
reactors were filled to a working volume of 3.0 L, sealed, and maintained at 13
and 17 °C to simulate the actual SWTP wastewater temperatures for the winter and
summer, respectively. All individual experiments were done in triplicates.

For aerobic reactors, an aerobic environment was created by mixing the wastew-
ater via magnetic stirrers and pumping air into the reactor at various rates to keep
the dissolved oxygen (DO) concentrations between 1.0 and 2.0 ppm (typical DO

Fig. 3 Schematic Air Flow Meter
experimental setup of batch Control Valve
reactors for simulation of a
aerobic; b anaerobic and
anoxic; and ¢ primary and
secondary clarifiers to
estimate gas productions and
emissions

Control Valve

Wastewater
Sample

Magnetic Bar

a. Aerobic Reactor Strer

o—k
Wastewater . |NHs & H=S
Sample Analyzer

Magnetic Bar

Stirrer

b. Anaerobic / Anoxic
Reactors

Wastewater
Sample

c. Primary / Secondary
Clarifiers
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Table 1 Characteristics of open-to-air treatment processes at the SWTP (Courtesy of SWTP)

Parameter Primary Anaerobic Anoxic Aerobic Secondary
clarifier reactor reactor reactor clarifier

HRT (min) 220 120 180 240 380

WEFR (m3/d) 93,000 275,400 275,400 275,400 189,000

Surface area 4210 440 1760 3200 5500

(m?)

range in the aeration basin of the SWTP). For anaerobic and anoxic reactors, the
reactors’ wastewaters were mixed by a magnetic stirrer and nitrogen gas (N,) was
pumped into the reactor headspaces to carry the produced gases into the gas analyser.
The clarifier reactors were left unstirred and subjected to N, pumping of the reactor
headspaces for gas analysis. The H,S and NH3 concentrations were measured using
a Gas Alert Micro 5 (Honeywell, US) which was calibrated to measure 0-500 ppm
with a resolution of 0.1 ppm.

The air and N, pumping rates into the reactors were controlled by valves and
continuously monitored by airflow meters positioned before and after each reactor.
The EREs from each reactor was determined using the monitored off-gas flowrate
and measured H,S and NHj; concentrations by the gas analyzer. Thus, the total EREs
for each process at the SWTP were computed using the reactor EREs as follows [11]:

ERE = ERE;¢sctor X HRT x WFR/ Veactor (1)

where, ERE = estimate of the gas emission rate from the actual SWTP treatment
process; ERE ..o = monitored gas emission rate from the reactor; HRT = hydraulic
retention time of the treatment process; WFR = wastewater flow rate of the treatment
process; and Vieacror = Working volume of the batch reactor (Table 1).

2.2 Dispersion Modelling: AERMOD Model

The U.S. Environmental Protection Agency AERMOD [23] is a steady-state Gaus-
sian dispersion model that is able to compute contaminant dispersion from multiple
sources in rural and urban areas under both stable and convective conditions.
AERMOD’s inputs include source data such as emission rates, and terrain and meteo-
rological data which are initially processed by the AERMAP and AERMET models,
respectively. For full details on using this model, please consult [4]. Briefly, the
downwind pollutant concentration can be calculated as follows:

CT{Xn Yo Zr} =f- Cc,s{xr» Yo Zr} + (1 - f)Cc,s{Xra Ye» Zp}v Zy =7y — 1t (2)
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where, {X;, ¥r, Z:} = coordinate representation of a receptor; z, = measured height
relative to stack base elevation; z, = height of a receptor above local ground; z, =
terrain height at a receptor (for flat terrain z;, = 0); Cr {X, y;, Z:} = total pollutant
concentration; Cqs {X;, yr, z:} = contribution from the horizontal plume state in
convective (c) and stable (s) conditions; and, C¢s {X, yr, Z,} = contribution from
the terrain—following state in convective (c¢) and stable (s) conditions [4].

The AERMET model input included 5 years of hourly climate data that included
wind direction and speed, temperature, relative humidity, cloud cover, and ceiling
height [21]. The model calculates boundary layer parameters, entailing friction
velocity, Monin—Obukhov length, convective velocity scale, temperature scale,
mixing height, and surface heat flux, along with the vertical profiles of wind speed,
lateral and vertical turbulence fluctuations, potential temperature gradients, and
potential temperatures [4]. The AERMAP model input included the terrain char-
acteristics of the City of Saskatoon available by the Canadian Digital Elevation Data
[15]. The AERMET and AERMAP outputs were used to input into the AERMOD
model to determine pollutant dispersion maps presented herein.

3 Results and Discussion

3.1 EREs

Overall, the experimental results for both summer and winter found that NHj
emissions from all treatment processes were negligible. This result was somewhat
expected as NH3 emissions from similar treatment processes such as activated sludge-
type MWTPs have been reported to be insignificant previously. For instance, Osada
et al. [18] investigated five MWTPs across Japan between August 2014 and January
2015, and reported that the NH3 emissions were negligible in all of the measure-
ments from the wastewater treatment facilities [18]. The NHj is typically dissolved
in wastewaters in the form of ammonium (NH4*) with concentrations dependent
on temperature and pH. To release NHj into the atmosphere the NH,™ must be
converted to NHj. Currently, at a typical SWTP wastewater pH of 7.5 only 0.74%
(13 °C) and 0.99% (17 °C) of the nitrogen would be available as NHj3 [7]. Given the
maximum reported NH4* influent concentration at the SWTP was around 40 mg/L,
only 0.4 mg/L (0.53 ppm) of NH3 would be expected to be released from the wastew-
ater from any of the treatment processes. This value is negligible and below the
detection limit of the gas analyzer used in the current study.

Figure 4 shows the results of H, S EREs from the open-to-air facilities (determined
herein) and anaerobic digesters (from Asadi et al. [2]) and their overall contributions
to the total EREs from the SWTP. The winter H,S emissions were negligible due to
neutral pH = 7.5 and average wastewater temperature of 13 °C. Previous research
has shown that both pH and temperature have high impacts on the formation and
release of H,S from wastewaters with release being significantly greater in acidic
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Fig. 4 a H,S EREs for the primary and secondary clarifiers, and aerobic, anaerobic and anoxic
bioreactors at a temperature of 17 °C (EREs were negligible at 13 °C); and b H,S EREs for the
anaerobic digesters (in orange) in comparison with the open-to-air sources combined (in blue)

conditions (pH < 7.0) [17, 28]. In addition, the solubility of H,S in water is inversely
correlated with the temperature resulting in 5.2 g/kg and 4.1 g/kg water, at 13 °C and
17 °C respectively [16]. Thus, the H,S would be more readily released in summer
months with the increased wastewater temperatures.

As shown in Fig. 4a, the summer H,S emissions were highest from the primary
clarifiers (1.17 kg H,S/d) followed by the anaerobic and anoxic bioreactors (0.87 kg
H,S/d and 0.26 kg H,S/d), respectively. Overall, the open-to-air processes total
EREs were 2.3 kg/d (0.023 g/s) accounting for only 4-5% of the SWTP emis-
sions (Fig. 4b). The dominant source of H,S production (96%) was attributed to
the anaerobic digesters at an ERE of 59 kg/d (0.68 g/s) [2]. The H,S EREs from
the SWTP open-to-air treatment processes were markedly lower in comparison with
other MWTPs with similar capacity which highlights the potentially large variability
of EREs between MWTPs in different regions. For example, Llavador Colomer et al.
[12] studied H,S emission rates from three MWTPs in Spain with capacity ranges
of 38,962-61,821 m>/d and reported that the average EREs varied between 0.09 and
2.47 g/s [12].

3.2 AERMOD

Figure 5 illustrates the results of AERMOD H,S dispersion modeling of the aggregate
SWTP H,S EREs (from Fig. 4b) indicating maximum 24-h concentrations over the
summer and winter of 5.67 pug/m? and 5.43 pg/m?, respectively. Both of these values
exceed Saskatchewan’s ambient air quality standard for an average 24-h concentra-
tion of H,S is 5.00 pg/m?® [20]. However, it should be noted that gas produced by
the anaerobic digesters is currently captured and used to produce heat for the on-
site buildings and facilities; therefore, the open-to-air facilities should be considered
as the primary sources of H,S emissions from the plant. Based on this, the 24-h
concentrations for both summer and winter would be well below the ambient air
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Fig. 5 Results of H,S dispersion and maximum 24-h concentrations based on total EREs from all
SWTP sources for a summer; and b winter

quality standards. However, it should be noted that other facilities that release gases
directly from anaerobic digesters may create local exceedances of ambient air quality
standards near other MWTPs.

Generally, the solar radiation intensity, and wind speed and direction are typically
the most important factors impacting atmospheric stability and pollutant dispersion
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behaviour [19]. The average winter and summer solar radiation intensities for the
City of Saskatoon are reported to be 255 MJ/m? and 600 MJ/m?, respectively [26].
In addition, the City of Saskatoon is considered to be a ‘windy’ location with wind
speeds reaching 4.6 m/s. Thus, the summer atmospheric stability is categorised as an
unstable atmosphere (Class B) that may result in a favourable conditions for vertical,
then horizontal, mixing to be involved in H,S (and other gas) dispersion [19]. These
conditions resulted in the maximum H,S concentrations close to the SWTP due to
the vertical mixing, and other areas of increased concentrations to the south and
north of the SWTP due to horizontal mixing (Fig. 5a). For winter, the atmospheric
stability is more stable, and occasionally can be either neutral (Class D) or slightly
unstable (Class C) [19]. Therefore, horizontal mixing and bulk motion as a function
of wind speed would be dominant in the H,S dispersion under these conditions.
Winter results show that wider areas in the downwind of the SWTP could be affected
by H,S emission, and its maximum level was noticed at an approximate distance of
600 m away from the plant (Fig. 5b).

4 Conclusions

The accurate determination of odourous compound EREs and prediction of disper-
sion from MWTPs via air sampling efforts is difficult given the presence of a variety
separate treatment processes that are open-to-air. Thus, the study of EREs and disper-
sion of odourous compounds, such as NH3 and H,S, via laboratory-scale reactors
and dispersion modeling can be a useful and practical method to determine potential
downwind odour issues. Overall, the NH3 emissions from SWTP were negligible
year-round while the H,S emissions from the open-to-air processes were highest
in the summer with EREs of 1.17, 0.870, and 0.264 kg/d for the primary clarifiers,
anaerobic, and anoxic reactors, respectively. The aggregate H, S EREs from the open-
to-air facilities was 2.30 kg/d, however, was only about 4-5% of total produced H,S
at the SWTP with the anaerobic digesters producing 59 kg/d [2]. Downwind H,S
concentrations were dependent upon the meteorological parameters, such as solar
radiation and wind speed and direction. Based on the total EREs, the H,S maximum
24-h concentration exceeded the 5 jLg/m? standard near the SWTP. However, this
exceedance would only occur with the gas from the anaerobic digesters being released
(currently captured). Overall, odourous emissions from the SWTP from are typically
well below standards for both NH; and H,S. However, in the summer the H, S releases
from the SWTP may impact nearby residents due to elevated EREs due to temper-
ature, increased dispersion due to wind, and increased exposures due to enhanced
activities in the summer months in addition to having windows open during the
warmer months in Saskatoon.
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Assessment of Agricultural Waste )
Products for Cost-Effective oo
and Eco-Friendly Treatment of Arsenic
Contaminated Waters

Kh. Zoroufchi Benis, J. Soltan, and K. N. McPhedran

1 Introduction

Arsenic (As) has a varied and historic relation to humankind. It has been a favorite
homicide agent from long before the time of the Borgias (1400s) to the present, was
responsible for the carcinogenic action of English chimney soot, caused sickness
and death of cattle, and poisoned livestock after being widely used as an insecticide
before being replaced by organic insecticides [3]. Nowadays, As is a global health
and environmental risk, such that over 200 million people in more than 70 countries
are exposed to As concentrations in drinking water that exceed the permissible level
of 10 pg/L [40].

Canadians are exposed to As mainly through drinking water and food sources [42].
Typically, higher As concentrations are present in groundwater versus surface water
[9] which is important in Canada given approximately one-third of the Canadian
population relies on groundwater sources for their drinking water [38]. In addition,
As can be ingested by people through consumption of food crops that are irrigated
via As-contaminated water [34]. Elevated levels of As (>10 pg/L) in drinking water
have been reported in most of the Canadian provinces [17] where naturally elevated
levels of As have resulted from erosion and weathering of As-bearing rocks and soils.
In the past decades, anthropogenic activities such as gold and uranium mining opera-
tions, coal-fired power plants, the use of As-containing wood preservatives and pesti-
cides, and the disposal of industrial and municipal wastes have increased As input
to the environment [21]. For example, Saskatchewan has become one of the world’s
premier uranium producers since 1953 with yields of approximately 350,000 tonnes
of U30g per annum [32]. In 2004, about one-third of the world’s annual uranium
production was obtained from the Athabasca Basin, northern Saskatchewan, Canada
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[20]. If the benefits of uranium production are the economic and strategic advan-
tages for Saskatchewan and Canada, the legacy of its abandoned or decommissioned
facilities, tailings, waste rocks, and flooded mines can be the drawbacks. These draw-
backs also include the potential for releases of metals/metalloids, such as As, into
receiving environments as they become available throughout the mining process.
These waste streams must be treated prior to their release to safeguard both human
and environmental health.

Treatment technologies depends on several key factors such as initial As concen-
trations, As speciation, target treatment levels, and regulatory requirements [10];
however, economic feasibility is the main factor for the selection of a technology for
As abatement [13]. Among the presently available technologies for removal of As
from water such as coagulation, filtration, membrane separation, reverse 0sSmosis,
sorption is considered to be one of the best methods due to its simplicity, low cost,
and the potential for sorbent regeneration [36, 44, 49]. Sorption can occur due to
van der Waals forces (i.e., physical sorption or physisorption) or chemical interac-
tions (i.e., chemical sorption or chemisorption) between solute species/molecules
(i.e., sorbate) and the solid surface of the sorbent [27]. A wide variety of sorbents
derived from various sources such as modified activated carbons, metal oxides, gels,
resins, and biomass have been utilized for As removal from water [35, 50]. Despite
the relatively low costs of sorption versus other treatment methods, ongoing research
is being conducted on biosorption using waste biomasses as a cheap alternative to
more expensive commercial sorbents [5, 51].

Given the presence of elevated As concentrations in Canadian groundwaters and
surface waters, in conjunction with an abundance of freely available agricultural
waste biomasses, use of these biomasses for biosorption of As is an area of current
research interest. Thus, the present study compares the sorption capacities of two
abundant agricultural wastes in Saskatchewan, canola straw (CS) and wheat straw
(WS), for the removal of As from water with consideration of solution pH and
equilibration times.

2 Materials and Methods

2.1 Materials

Raw CS and WS were collected from a field in Saskatchewan, washed with tap
water to remove soil, dried at 60 °C for 24 h, then ground and sieved using a 20—
40 mesh. Then, they were washed with deionized water (DI) and dried at 60 °C for
24 h. Pentavalent As(V) stock solutions were prepared by dissolving sodium arsenate
(Nay;HAsO4-7H,0) in ultra-pure water (18.2 M2 cm). The solution pH was adjusted
to 3—10 using 0.1 M HCI and/or 0.1 M NaOH. All chemicals were purchased from
Fischer Scientific (Canada).
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2.2 Analysis

Solution pH was measured by pH meter (265, Beckman, Canada). The molybdenum
blue method was applied to measure the As(V) concentration [26, 37] using a
UV-vis spectrophotometer (DR6000, Hach, Canada). Briefly, for each 4.5 mL of
sample, 0.05 mL of 98% H,SO, acidifying solution, 0.2 mL of molybdate coloring
reagent, and 0.1 mL of ascorbic acid solution were added in sequence, respec-
tively. The absorbance at 844 nm was measured within 30 min using the UV—vis
spectrophotometer.

The pH of zero-point charge (pHpzc) of the sorbents was determined by the pH
drift method [47]: 50 mL NaCl of 0.01 mol/L solution was placed in a 100 mL glass
bottle. The pH of the solution was adjusted to 2-10 by adding 0.1 M HCI or NaOH
solutions. Then, 0.1 g of the dried sorbent was added and the final pH was measured
after 72 h agitation at 150 RPM. The pHpyc of the sorbent is the point where the
curve pHinitial versus pHgna crosses the line of equality.

2.3 Batch Sorption Experiments

Batch sorption experiments were carried out in glass Erlenmeyer 250 mL flasks
containing 150 mL As(V) solution with a sorbent dosage of 3 g/L.. All experiments
were performed at a constant temperature of 25 &+ 0.2 °C. The required contact time
to reach equilibrium was determined based on the Kinetic studies (see Sect. 2.5).
The sorption capacity g, (mg/g) of CS and WS were calculated via:

_(Co—C)V

W (D

where C (mg/L) and C, (mg/L) are the As(V) concentrations at times (h) = 0 and
t = h, respectively; V (L) and W (g) are the volume of the As(V) solution and the
mass of the sorbent, respectively.

2.4 FTIR Spectroscopy

The surface functional groups on the sorbents were determined using a Smith’s
Detection IlluminatIR FTIR microscope (Canada) accessory equipped with liquid
nitrogen cooled MCT detector. The FTIR scans were collected in the wave number

range of 4000-650 cm~! with a spectral resolution of 4 cm~!.
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2.5 Kinetic Studies

The As(V) sorption kinetics were studied in batch mode, at 25 °C to elucidate the
sorption mechanism and sorption characteristics of the sorbents. Sorbents (3 g/L)
were suspended in an As(V) solution of 5 mg/L and stirred at 200 RPM, with samples
taken at specific time intervals. The experimental data were modeled via pseudo-
first-order (Eq. 2), pseudo-second-order (Eq. 3), intra-particle-diffusion (Eq. 4), and
Elovich (Eq. 5) models [7, 39, 41, 48]:

In(ge — q;) =Ing, — kyt 2)
t 1 t
L 3)
@  kq? g
4 = kpt™> +C )
—ll(b)—i-ll(t) 5)
q: = 5 n(a 5 n

where g, (mg/g) is the As(V) sorbed per gram of sorbent at specific time intervals;
k1 (1/h), k, (mg/g.h), and k,, (mg/ 2.h%3) are pseudo-first order, pseudo-second order,
and intra-particle diffusion rate constants, respectively; C is the intercept; a (mg/g.h)
is the initial sorption rate; and b (g/mg) is the Elovich constant.

3 Results and Discussion

3.1 FTIR Spectra

Figure 1 shows the FTIR spectra of the sorbents in the range of 4000-650 cm™!.
Although there appear to be no significant spectra shifts for CS, WS, As(V)-loaded
CS and WS samples, these spectra provide information on the presence of lignin,
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Fig. 1 FTIR spectra of the four sorbents including raw and As(V)-loaded CS and WS

hemicellulose, cellulose, and other functional groups [4, 6]. The spectra show broad
and intense absorption bands at ~3340 cm~! which indicates the presence of -OH
surface functional groups [24]. Spectral peaks at ~2920 cm™~! could be attributed to
the C-H aliphatic axial deformation in CH, and CH3 groups from cellulose, lignin,
and hemicellulose [4, 6]. The band at ~1735 cm™" can be associated with the acetyl
groups present in hemicellulose. The bands at ~1600 cm™! indicate aromatic skeletal
vibrations plus C=0 stretch that is generally found in the lignin aromatic structure
[2]. The band at ~1231 cm™! can also be due to C—OH stretching of the phenolic
groups, and the band at ~1027 cm~' can be assigned to the C—O in cellulose [22].
The band at ~895 cm™! is an asymmetrical stretching vibration of the C—-O—C ring
in cellulose [30], while the band at ~834 cm™! might be associated with aromatic
C-H out-of-plane vibration in lignin [11].

3.2 Effect of Initial pH

Solution pH plays an important role in As(V) sorption using biomaterials and affects
not only the speciation of As in aqueous medium, but also the surface charge of the
sorbent material. Distributing equations and pK, values of As(V) are as follows [43]:

As(V) H3AsO4 < HpAsO4~ + HY  pKy =224
HyAsO;~ < HAsO42~ + HY  pKyp = 6.94
HAsO42~ < AsO43~ + H* pKpp =115

Based on the pK, values, As(V) exists as oxyanions at pH values higher than 2.24.
The pH drift method was applied to determine the pHpzc values of the sorbents. As
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can bee seen in Fig. 2, the pHpzc of WS was slightly higher than that CS that might
be attributed to the presence of a higher amount of basic functional groups on the
surface of WS. The pHpyzc plays a crucial role in the As(V) sorption process since the
sorption of As oxyanions can effectively take place at pH values below pHpzc due
to electrostatic attraction between positively charged sorbent and negatively charged
As(V) anions. As the pH of the solution increases up to pHpzc, the As(V) sorption
decreases due to the increasing the repulsion between the As species and the surface
of the sorbent [46].

Figure 3 shows the sorption capacities obtained for WS and CS under different
pH conditions. The maximum As(V) sorption on WS (1.32 mg/g) was found at pH
4-5, which is below the corresponding pHpzc. However, the sorbed As(V) become
negligible at pH < 3 (0.04 mg/g) which can be attributed to the dissolution of the
substrate and, subsequently, reduction in the number of active sites [8]. Clearly, the
sorption of As(V) to WS follows the expectations based on the measured pHpzc with
a peak at pH 4-5.

In contrast to WS, the sorbed As(V) on CS increased sharply from 0.02 mg/g at pH
3 to 1.28 mg/g at pH 7 where it then plateaued to 1.30 mg/g at pH 10. Interestingly,
the sorption capacity of the CS at pH > pHpyc was higher than pH < pHpzc, which
conflicts with the expected electrostatic repulsion between the As(V) oxyanions
and negatively charged surface of the sorbent in this pH range. Thus, electrostatic
attractions appear to not have an important role in the As(V) sorption for CS as
compared to WS. The presence of polar functional groups on the CS surface such
as alcoholic, carbonyl, carboxylic, and phenolic groups can be potential sites for
As(V) sorption [28]. Although the sorption sites and the sorbate are both negatively
charged at pH > pHpyc, sorption may still occur due to geometric configurations.
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For example, As is a positively charged atom in the center of As oxyanion, which
can be attracted to the carboxyl group on the surface of the CS while overcoming the
electrostatic repulsion between the negatively charged sorbent and sorbate surfaces

[8].

3.3 Sorption Kinetics

Investigation of the effect of contact time on As sorption plays an important role in
modeling and designing industrial of sorption processes as it can reveal equilibrium
times, and rates/mechanisms of sorption [31]. The kinetics of As(V) sorption onto
the sorbents were investigated through batch experiments with parameters of kinetic
models shown in Table 1 and sorption capacities in Fig. 4. Generally, the removal of
As(V) by sorption on both CS and WS was found to be negligible at the initial stage
with a lag period up to about 24 h, rapid from 72 to 96 h, and slowing to negligible
after 120 h.

The pseudo-first-order model resulted in low R? values for both CS (0.84) and
WS (0.86) and failed to explain the experimental data with the calculated sorption
capacity (g, cal.) being higher than the experimental value (g, exp.) for both CS
and WS. The pseudo-second-order model, on the other hand, was unable to describe
the experimental kinetic data since negative sorption capacities were obtained for
both CS and WS indicating that the conditions that represent this model were not
applicable currently.
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Table 1 Kinetic parameters of kinetic models for sorption of As(V) by CS and WS

Model Parameter CS WS
Pseudo-first order ki (1/h) 0.02 0.03
Qe cal. (mg/g) 2.01 2.61
ge €xp. (mg/g) 1.39 1.44
R? 0.84 0.86
Pseudo-second order ki (mg/g.h) Unable to predict Unable to predict
qe cal. (mg/g)
RZ
Intra-particle diffusion kp (mg/g.h%3) 0.17 0.18
C (mg/g) 0.71 0.68
R? 0.93 0.94
Elovich a (mg/g.h) 0.03 0.05
b (g/m) 1.62 1.78
R2 0.93 0.93
20 20
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Fig. 4 As(V) sorption capacity of CS (a) and WS (b) as a function of contact time (sorbent dose
=3g/L,Co=5mg/L, T=25°C)

In contrast, both the intra-particle diffusion and Elovich models performed reason-
ably overall (Table 1 and Fig. 4). Although the R? values obtained for these models
were all >0.93 for both CS and WS, neither of these models predicted the long lag
period in which negligible sorption occurred. This lag period can be attributed to a
slow swelling of sorbents which limits the initial sorption of As(V) for both CS and
WS. For instance, it was found previously that a rapid rate of swelling of sorbent
can result in access to functional groups of the sorbent and subsequent increase
the sorption rate [19, 25, 29]. Clearly, the swelling of CS and WS is being limited
currently and further study is needed to determine the reason for this lag period for

these sorbents.
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In the case of the intra-particle diffusion model, if the regression of g, versus

was linear and it passed through the origin, then intra-particle diffusion would
be considered to be the sole rate-limiting step [15, 45]. For both CS and WS, the
regressions were linear, but the linear plots did not pass through the origin, suggesting
that intra-particle diffusion is not the only rate-determining step, and the sorption
process may be controlled by more than one mechanism.

The Elovich model assumes that the surface of the sorbent is heterogeneous, the
activation energy increases with sorption time and the rate of sorption decreases
exponentially with an increase in the amount of sorbate adsorbed [12, 41]. In the
case of this model, the relatively high R? values obtained for both sorbents suggests
that the rate-limiting step in sorption of As(V) onto CS and WS is probably the
chemisorption step [1].

The obtained sorption capacities for CS (~1.2 mg/g) and WS (~1.4 mg/g) were
higher than some biomasses such fungal biomass (0.001 mg/g) [14] and lemon
residues (0.475 mg/g) [16]. However, the sorption capacities were much lower than
chemically treated biomasses such as orange peel (81 mg/g) [18] and hardwood
sawdust (12 mg/g) [33]. In addition, the time required to reach equilibrium in these
studies was faster than the current biomasses ranging from 1 to 38 h. This significant
equilibrium time of about 140 h is an issue that would likely hinder use of these
materials in industry treatment processes. Therefore, treatment of these agricultural
biomasses using different chemicals may be useful to increase their porosities and
surface areas by extracting soluble organic compounds, changing or introducing new
functional groups, and helping to eliminate colouration of the treated water [23].

tO.S

4 Conclusions

The FTIR analysis of the sorbents showed the presence of lignin, hemicellulose, cellu-
lose, and other functional groups; however, there was no significant shift or change
in the spectra after As(V) sorption. Overall, the As(V) sorption by CS and WS were
strongly affected by solution pH with the highest As(V) sorption capacities obtained
at pH values of 7-10 for CS and 4-5 for WS. The batch sorption kinetics for As(V)
were best described by the intra-particle diffusion and Elovich models; however,
neither model predicted the initial lag periods found for both sorbents. Generally,
sorption kinetic study results suggest the sorption process may be controlled multiple
mechanisms and that chemisorption can play a significant role in sorption of As(V)
by CS and WS. Overall, the issues with lag time, long equilibration times, and
low sorption capacities of CS and WS indicate the need for further research into
these biomasses to improve their efficiencies. Chemical treatment can potentially
enhance the sorption capacity of these materials and make them more suitable for
consideration in industrial sorption processes.
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1 Introduction

Thousands of inorganic and organic compounds are present in commerce, including
pharmaceuticals and personal care products (PPCPs), that are continually released
into the environment. Given the possibility of negative ecosystem and human health
effects due to these releases, increased efforts are needed in the assessment of persis-
tence, bioaccumulation, toxicity, and long-range transport potential of these chem-
ical compounds [4]. Over the past two decades, the focus of research efforts has
shifted to newly developed chemical compounds which can be collectively grouped
and designated as chemicals of emerging concern (CECs). Many industrial and
household products contain various CECs that are released into receiving water
bodies via municipal wastewater treatment plant (MWTP) effluents. The typical
MWTP processes are not inherently designed to remove these newly emerging (as
well as historic) chemical compounds. Thus, MWTP effluents are recognized as
major sources of introduction of these compounds as environmental pollutants into
receiving surface waters.

Given the potential ecosystem risks associated with CECs, many countries now
require the assessment of new commercially developed CECs for their treatability
in MWTPs through various sewage treatment models [11]. The fate and transport
of CECs through various MWTP processes could be assessed using screening-level
fate models such as the STP model [2, 11], SimpleTreat 3.0 [12], and ASTREAT
[7]. More recently, the STP model has been updated (STP-Extended or STP-EX)
to not only incorporate most of the features of the above mentioned models, but
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also to include consideration of ionizable chemicals, such as pharmaceuticals, which
was not an option available in the original STP model [11]. Besides, the STP-EX
model includes both facultative and aerobic lagoon MWTPs that are still being used
extensively worldwide and throughout Canada [11].

Generally, screening-level models can be useful for the elucidation of chem-
ical fate through the various MWTP processes. Chemicals including CECs, can be
removed prior to release in wastewater effluents via processes like volatilization,
sorption to solids, and degradation (predominately biodegradation but may also be
photodegradation). The MWTP process input model parameters (e.g., flow rates,
tank volumes, sludge recycle rates, etc.) may be difficult to obtain and vary consid-
erably among various MWTP processes. However, ‘typical’ MWTP processes can
be useful for modelling for the determination of a general understanding of CECs
fate and transport. In addition to MWTP process parameters, CEC-specific physico-
chemical parameters are needed for MWTP modeling [11]. Of these parameters,
the air—water (K,y) and octanol-water (K,y) partitioning coefficients are primary
parameters needed for accurate model outputs. The K, is important to determine
the potential for chemical volatilization (i.e., loss to atmosphere) and the Ky, is
needed for determination of the sorption potential to MWTP organic matter (i.e.,
loss to sludges). Although most of the physico-chemical CEC parameters are gener-
ally available in the literature (or from manufacturers), the biodegradation rates are
often not readily available and/or have unacceptably wide ranges that prevent accu-
rate model outputs [9]. Given the lack of biodegradation rates for various CECs
(amongst other chemicals), especially during MWTP processes, determination of at
least ‘guideline’ biodegradation rates would be useful for MWTP modeling purposes.
Wang et al. [13] proposed the scaling of biodegradation rates to various treatment
processes (based on half-lives) starting from available aqueous biodegradation rates
[13]. Unfortunately, even aqueous biodegradation rates are scarce in the literature,
especially for CECs.

In the absence of laboratory determined biodegradation rates, a range of values
may be used to determine the potential impacts of slow or fast biodegradation rates
in various MWTP processes via modeling. Thus, the current study uses the STP-
EX model for the creation of partitioning maps using ‘typical’ activated sludge-
type, facultative lagoon, and aerated lagoon MWTP process parameters. These maps
follow an analogous approach to Meyer et al. [9] and Meyer and Wania [8] in the
development of chemical spaces that allow for the ‘sensitivity analysis’ of model
parameters [8, 9]. These maps may be used to determine the potential fate of CECs
based on their Log K,,, and Log K,,, values, both of which are typically available
in the literature for most CECs. After creation of these maps without considera-
tion of biodegradation, the second set of maps includes both slow (recalcitrant) and
fast (readily biodegradable) biodegradation rates to help determine the impact that
biodegradation may have on the various MWTPs. Lastly, five chemicals of interest
including di-2-Ethylhexyl phthalate (DEHP), fluoranthene, toluene, cyclooctane, and
dimethyl phthalate (DMP) are presented as case studies to discuss their fate and trans-
port both with and without inclusion of either ‘recalcitrant’ or ‘readily biodegradable’
biodegradation rates.
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Fig. 1 a Schematic of a typical activated sludge-type municipal sewage treatment plant with chem-
ical fate and transport processes. b Schematic of a typical lagoon-type municipal sewage treatment
plant with chemical fate and transport processes. Voltn = volatilization; Artn = aeration loss; Degn
= biodegradation. Adapted from [11]

2 Model Background and Inputs

2.1 STP-EX Model

The STP-EX model [11] is a relatively recent update of the original STP model
originally developed by Clark et al. [2] that integrates many of the features found
in similar MWTP models including SimpleTreat 3.0 [12] and ASTREAT [7]. The
MWTP process flow diagrams used for the STP-EX model are shown for a typical
activated sludge-type (Fig. la) and typical lagoon-type (Fig. 1b) processes. The
chemical removal processes include sorption to suspended solids (loss to sludges),
volatilization (loss to air), and biodegradation. For a complete description of the
STP-EX model refer to the original model [2] and the updated model [11].

2.2 Model Input Parameters

The model input parameters include the operational parameters of the MWTPs and
the physiochemical properties of the chemicals. The MWTP operational parame-
ters are included in Table 1 for activated sludge-type, facultative lagoon and aerated
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Table 1 STP-EX input parameters for each treatment process

S. Minaei et al.

Process Parameter Units Value
Activated sludge | Influent Flow rate m3/h 1000
TSS g/m? 200
Chemical conc. | g/m? 0.01
Primary tank Surface area m? 266.7
Depth M 3.8
Solids removal % 60
TSS (sludge) g/m? 50,000
Aeration tank Surface area m? 2000
Depth M 4
MLSS mg/L 2500
Air flow rate m? air/m3 inflow 1.12
Sludge recycle (Influent fraction) | 0.8
Waste sludge (Influent fraction) | 0.015
Secondary settler | Surface area m? 727.3
Depth M 3.8
Effluent TSS g/m? 15
Facultative lagoon Surface area m? 2,160,000
Depth M 2
Effluent TSS g/m? 15
Aerated lagoon Surface area m? 240,000
Depth M 2
Effluent TSS g/m? 15
Air flow rate m? air/m? inflow 1

lagoon. Although these are considered to be ‘typical’ values for these MWTPs, it
should be noted that variations in hydraulic and solid retention times for MWTPs
will markedly affect chemical partitioning. However, modification of these vari-
ables was not considered in the current study. The physicochemical properties of
chemicals were created for a ‘hypothetical’ suite of chemicals to create the parti-
tioning maps. For this exercise, the Log K,y (air—water partitioning coefficient) and
Log K, (octanol-water partition coefficient) were the only two variable parameters
considered. These parameters were varied incrementally from 2 to —9 and 1 to 9,
respectively creating a 9 x 12 grid (108 ‘hypothetical’ chemicals within each parti-
tioning map); these values are representative of the majority of organic chemicals
available in commerce [4] which include the CECs.
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2.3 Biodegradation

As mentioned previously, there is both of lack of biodegradation data available, espe-
cially for CECs, while available data is often given in large ranges and for matrices
dissimilar to wastewaters. Thus, the biodegradation rates were set for recalcitrant
chemicals at 100 h for the aeration tank of the activated sludge-type MWTP and
25,000 h for both facultative and aerobic lagoon MWTPs. The biodegradation rates
for readily biodegradable chemicals were set to 1 h for the aeration tank of the
activated sludge-type MWTP and at 250 h for both facultative and aerobic lagoon
MWTPs. This range can be considered as an approximate range in the absence of
available experimental values and may be used as a first approximation for the fate
analysis of the CECs.

3 Results and Discussion

3.1 Partitioning Maps

Partitioning maps of the Log K, versus Log K, partition coefficients without
consideration of biodegradation are shown in Fig. 2a for activated sludge-type,
aerated lagoon, and facultative lagoon MWTPs. These maps outline areas that exhibit
dominant fate processes (>80% of chemical mass being volatilized, sorbed to solids,
or found in effluents), two fate processes (when summed >80% of chemical mass),
and all three fate processes (centre section showing 1:1:1 between processes). Gener-
ally, each of the individual MWTP partitioning maps show similar partitioning behav-
iors. This is especially the case for the aerated and facultative lagoons where there
appears to only be a slight shift in mainly the volatilized areas with more chemicals
within the >80% volatilized area for the facultative lagoons versus the aerated. This
would be expected based on the much larger surface area of the facultative lagoon
(2,160,000 m?) versus the aerated lagoon (240,000 m?), increasing the amount of
volatilized chemicals in this MWTP process.

Overall trends for each process are shown in Fig. 2, with further discussion of the
individual fate processes given below. The smaller surface areas and shorter residence
times of the activated sludge-type MWTP show only a small area for volatilization
focused where Log K., is <3.0 and Log K,, is <0.5, while the majority of chemicals
were bound to solids when Log Ky, > 5.0 (Table 2). Both the aerated lagoon and
facultative lagoon had similar areas of sorbed chemicals from Log K,y > 5.5 up
to Log K,w < —3, however, increased volatilization at Log K,,, > —3 reduced the
chemicals sorbed to solids for both of these MWTPs (Table 2). The areas were fates
were 1:1:1 for volatilized: effluents: solids were similar sizes for each MWTP, and in
similar locations for the lagoons (about Log K, = 4.5 and Log K, = —3.5) while
being shifted for the activated sludge-type MWTP to about Log K, = 4.5 and Log
Kaw = —0.5 (Fig. 2a).
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Fig. 2 a Partitioning maps of chemical fate (solids, volatilized, effluents) during each treatment
process without biodegradation. Note Areas with no shading contain all three fate processes. b
Biodegradation map indicating potential areas in which biodegradation may be important. Note
Partitioning map areas shown in panel (a) have shaded to a single colour for clarity. Case study
chemicals are shown in each panel with: DEHP (dark blue); fluoranthene (red); toluene (green);
cyclooctane (light blue); and DMP (yellow)

3.1.1 Sorption to Solids

For all three of the MWTP processes, the sorption to solids dominates for high Log
Kow chemicals (Fig. 2a). Such behavior is expected due to the strong binding affinity
of these chemicals to organic carbon. These bound chemicals, including CECs,
would not readily available for biodegradation or volatilization and will accumu-
late in sludges and on suspended solids in wastewater effluents. For activated sludge
processes, high log K, and high Log K, chemicals remain sorbed due to small
process surface areas, shorter residence times, and chemicals entering the MWTP
already bound (thus unlikely to be available for volatilization or biodegradation
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’(I‘l?izl.e;) (}:jg;tll]o E;ﬁ\?;fs Process Parameter Log Kow | Log Kaw
trends based on Log Koy and ~ Activated sludge Solids >5.0 All
Log Kaw values Volatilized <3.0 >0.5
Loss in effluents | <3.5 <—1.0
Aerated lagoon Solids >5.5 <=3.0
>6.5% >—3.0%
Volatilized <4.5 >-2.0
Loss in effluents | <4.0 <—4.5
Facultative lagoon | Solids >5.5 <—4.0
>7.5% >—4.0%
Volatilized <6.0 >—3.0
Loss in effluents | <4.0 <=5.5

4Two distinct zones, refer to Fig. 2a

where chemicals need to be freely-dissolved). Both lagoon types show decreasing
sorption to solids at higher Log K,,, in comparison due to increased surface areas and
residence times allowing the volatilization loss to increase for these chemicals. As
the chemicals volatilize during longer duration treatment processes, further chem-
icals may have time to desorb from solids allowing them to then be volatilized or
biodegraded. Additionally, it has been shown that partitioning can decrease due to
the degradation of organic matter over time, thereby releasing chemicals including
CEC:s in the process [3].

3.1.2 Volatilization

For all processes, high Log K,,, and low Log K,,, chemicals are lost to volatilization
(Fig. 2a). This behavior is expected, since these chemicals will not readily sorb to
solids (thus are likely to be freely-dissolved) and do not have a high affinity for water,
despite the low Log Ky, given the high Log K,y. Similar to the solid’s sorption, the
volatilization for both lagoon MWTP processes are higher due to increased process
surface area and residence times in comparison to the MWTP activated sludge-type
process.

3.1.3 Loss in Effluents

Chemicals with lower Log K, and Log K,,, values remain in the wastewaters and
are released via effluents for each of the MWTP processes (Fig. 2a). These chemi-
cals do not readily sorb to solids and have higher vapour pressures; therefore, they
preferentially remain in the wastewater matrix. The activated sludge-type MWTP
processes have a greater amount of loss in effluents due to the decreased losses due
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to volatilization. The higher Log K, chemicals that are lost in lagoon processes
remain in the activated sludge effluents since they are not easily sorbed to solids but
are not able to be volatilized due to short residence times and smaller surface areas
of the activated sludge-type MWTP process.

3.14 Biodegradation

The partitioning maps modified to include chemical biodegradation are presented in
Fig. 2b. For simplicity, the biodegradation rates plotted included 50 and 100% biode-
graded areas for each of the various MWTP types. Although somewhat obvious, it
should be noted that the 100% area overlaps the 50% for the activated sludge-type
and facultative lagoon MWTP plots. For the activated sludge-type plots, biodegrada-
tion impacts are quite significant, with almost half of the plot area showing 50% of
the chemicals being biodegraded (chemicals with Log K,,, <5.5) and a large portion
with 100% biodegraded (chemicals with Log Ky, <4.5). In contrast, the lagoons only
indicate impacts of biodegradation for chemicals that would typically be released via
effluents and overlapping regions. In particular, the aerated lagoon MWTP only has
50% biodegradation being predicted in this region with no chemicals being 100%
biodegraded.

Clearly, the choice of biodegradation rates impacts the chemical fate and parti-
tioning maps, significantly for each of the three MWTP processes. However, the
faster biodegradation rates in the activated sludge-type MWTP lead to much higher
chemical losses for this process. This would be expected as this MWTP aeration
basin promotes the development of his bacteria concentrations that would be able to
degrade many of these chemicals. In contrast, the lagoons would be expected to have
lower bacterial concentrations. However, the longer duration for treatment in facul-
tative lagoons allows for higher biodegradation as compared to the shorter duration
for treatment in the aerated lagoons.

3.2 Case Studies

Although partitioning maps may be useful in the determination of general chemical
fate, chemicals such as CECs found in the transitional zones may be most important
for future study. These chemicals may exhibit variable behavior in each process and
their subsequent fate may be most important for ensuring appropriate monitoring
efforts. Facilitating ease in understanding of the partitioning chemical spaces, five
CECs (DEHP, fluoranthene, toluene, cyclooctane, DMP) with their physio-chemical
properties given in Table 3 are considered as case studies for the description of fate
in each of the processes.
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Table 3 Physicochemical properties of organic chemicals selected for representing chemical
distributions based on Log Ky and Log K,y values [6]

Chemical Molecular mass | Water solubility | Vapor pressure | Log Kow | Log Kaw
(g/mol) (g/m?) (Pa)

DEHP 390.4 2.65E—-01 1.33E—-05 5.11 —5.13

Fluoranthene |202.3 2.60E—01 1.23E-02 5.22 —-3.41

Toluene 92.13 5.15E+02 3.80E+03 2.69 —0.56

Cyclooctane | 112.2 7.90E+00 7.53E+02 4.45 0.63

DMP 194.2 4.00E+03 2.20E—01 2.12 —5.37

3.2.1 Di-2-Ethylhexyl Phthalate (DEHP)

Di(2-Ethylhexyl) phthalate (DEHP) as a plasticizer has enforcing disrupting prop-
erties [5]. It has been used as a plasticizer in the production of polyvinyl chloride
(PVC) and is characterized by low solubility in water and subsequent high Log Koy
value of 5.11 (Table 3). In the absence of biodegradation, DEHP is almost exclu-
sively sorbed to solids for all treatment processes (80-100%) (Fig. 2). With the
addition of biodegradation, losses to biodegradation are approximated 20-40% for
the activated sludge and facultative lagoon processes and remains unchanged for the
aerated lagoons. It has been noted previously that sorbed chemicals are not available
for biodegradation; thus, CECs fate in this region should be considered for further
evaluation, given the potential impacts of biodegradation in this area.

3.2.2 Fluoranthene

Fluoranthene is a polycyclic aromatic hydrocarbon (PAH) that is found in both raw
fuel and fuel combustion products [1]. It has a high Log K, value of 5.22 and low
water solubility (Table 3). Fluoranthene is mainly sorbed to solids for the activated
sludge process and is close to the >80% sorbed to solids range for both lagoon
processes (Fig. 2). Once biodegradation is considered, fluoranthene is considered to
be biodegradable in the activated sludge process, while little to no biodegradation
would be expected for either of the lagoon processes. This chemical is in a similar
zone as DEHP; therefore, further assessment of biodegradation should be determined
for CECs that are found to be in this region.

3.2.3 Toluene

Toluene is a water-soluble aromatic hydrocarbon applied as a solvent in industry and
can be released in air, water, and soils where it is produced or used [14]. Toluene is
not easily sorbed to solids given its low Log K,y value of 2.69 and has relatively high
volatility at Log K,y = —0.56 (Table 3). In the absence of biodegradation, it will
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volatilize in both lagoon processes and either volatilize or, more likely, remain in
effluents for activated sludge-type MWTP treatment processes (Fig. 2). As mentioned
previously, increased volatilization would be expected in the lagoon treatments given
their larger surface areas and longer retention times (as for DEHP) and will increase
with increasing both of these parameters within an activated sludge-type MWTP.
Biodegradation does not affect the fate of toluene in either lagoon process. However,
during the activated sludge-type process, biodegradation may account for 0—100% of
the chemical fate. Accurate measurements for biodegradation rates in this map area
are needed for CECs since biodegradation will markedly influence chemical release
via effluents and subsequent environmental loading.

3.2.4 Cyclooctane

Cyclooctane applied as a coating, plastic roofing materials, and pesticide [10].
Despite markedly different Log Ko and Log K, values than toluene (Table 3),
the cyclooctane fate in the various MWTPs is quite similar overall (Fig. 2). Without
biodegradation, the toluene fate in lagoon processes is analogous to toluene while
having marginally higher volatilization than toluene in the activated sludge-type
MWTP. With biodegradation, cyclooctane fate is not impacted by either of the lagoon
processes. However, for the activated sludge-type process 0—50% of cyclooctane fate
may be biodegradation. This result is interesting since biodegradation would have
to occur before volatilization and an appreciable amount of desorption from solids
would also be needed to have higher biodegradation overall.

3.2.5 Dimethyl Phthalate (DMP)

DMP is water soluble chemical applied in the production of plastics [15]. Given
its low volatility (Log K,, = —5.37) and sorption capabilities (Log K, = 2.12)
(Table 3), DMP is found almost exclusively in the effluents for all three treat-
ment processes in the absence of biodegradation (Fig. 2). DMP would be predom-
inantly freely-dissolved, and thus, available for biodegradation. With the inclusion
of biodegradation, approximately 100% of DMP would be lost due to biodegra-
dation for the activated sludge-type and facultative lagoon processes. Interestingly,
this value drops to only 0-50% for aerated lagoons. Aerated lagoon biodegradation
is lower than facultative lagoons due to the decreased residence time for available
biodegradation. Effluents of aerated lagoons may be a source for DMP release to the
environment.
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4 Conclusions

The MWTP effluents have been a continual source of both historic chemicals and new
CECs. The fate of these chemicals in the activated sludge-type, aerated lagoons, and
facultative lagoons was assessed in this study using the STP-EX model. This model
was used for the development of partitioning maps using 108 hypothetical chemicals
that were defined by Log K,,, and Log K,,, values. Overall, these partitioning maps
were similar for the three MWTP processes without consideration of biodegrada-
tion. Once biodegradation was included there was a clear difference between the
three processes with the activated sludge-type being the most impacted by biodegra-
dation, followed by the facultative lagoon and lastly the aerated lagoon. However,
all three MWTP processes were impacted by biodegradation; thus, it is important to
properly consider biodegradation impacts for other chemicals used in the STP-EX
model, including CECs. The five case study chemicals highlight the need for proper
assessment of chemicals found in the ‘overlap’ zones where fate and transport can
be more difficult to assess.
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1 Introduction

Conventional granular filtration removes small particulates from water to reduce
turbidity to acceptable levels (typically 0.1 NTU as a legislated requirement in North
America). Biofiltration practice is the allowance of a granular filtration media to
develop a localized beneficial microbial population on the media surface to facilitate
the removal of organics present in the water source in addition to small particulates.
Reducing organic carbon during filtration has the benefit of decreasing chlorine
demand and decreasing the potential for disinfection by-product formation during
the final disinfection stage [8, 12]. Furthermore, reducing organic carbon during
the treatment process reduces the potential for bacterial regrowth which can other-
wise lead to discoloured water, and odour issues in the distribution system. It holds
the promise of a sustainable technology that decreases chemical needs for removal
of organic material in water systems and is therefore highly attractive. However,
although the process appears quite simple to implement recent reviews of literature
indicate that the removal of the organic portion by biofiltration is somewhat low [1,
13]. For instance, the median range of organic carbon removal by biofilters in full
scale plants is only 10-17% with the higher removals for WTPs that pre-ozonate
waters ahead of the biofilters [ 13]. Thus, more research on optimization and/or design
of biofiltration is required to improve organic carbon removal.
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Biofiltration studies to increase natural organic matter (NOM) removal include
filter media selection, hydraulic loading rates, EBCT, and pre-oxidation [1] with
more recent studies examining nutrient supplementation and backwash. Research on
nutrient supplementation have reported conflicting results with some studies noting
small increases to organic carbon removal while others report no change at all;
hinting at a more complex system than anticipated. Nutrient supplementation may
also require complex changes to the WTP at full scale which would hinder its imple-
mentation. Meanwhile, simple water quality adjustments such as pH remain under
explored.

Furthermore, operations staff remain concerned about increases in headloss devel-
opment with biofiltration in comparison to conventional granular filtration [3, 6].
Biofilters inherently have additional buildup of microorganisms and it’s associated
biofilm matrix both of which can contribute to headloss development. Backwash
strategy with biofilters has only recently received attention and requires further inves-
tigation to develop biofilter specific appropriate backwash procedures and protocols.
This research examines the potential for adjusting pH and also investigates the influ-
ence of several backwash strategies on organic carbon removal, ammonia removal,
particle counts and headloss development.

2 Methods

2.1 Laboratory Biofilter Column Methodology (Carleton
University, Ottawa)

Two dual media lab scale biofilter columns were operated at 3 m/h and an EBCT
of 14 min. The media consisted of 520 mm GAC over 180 mm sand with a 15 mm
synthetic underdrain in place to support the media. The GAC effective size (ES) was
0.7 mm and the sand ES = 0.5 mm. Columns were acclimated for several months
before experimental trials were started. The lab scale columns were utilized to assess
for the impacts of pH adjustment and any influence from alkalinity level. The water
pH was adjusted to values of 6, 7.5, 9 and 10 while alkalinity levels were tested at
25-50 mg/L (Low Level) and 180-220 mg/L (High Level) as CaCOs. The biofilter
columns were fed a synthetic water comprised of a C:N:P ratio of 25:5:1 [5] for an
overall DOC = 10 mg/L. The background DOC was 3 mg/L and the remainder was
comprised of equivalent C mass amounts of glyoxal, formic acid and acetic acid [4].
The lab scale experiments were intended to assess for impacts of pH and alkalinity
on biofilter performance in terms of DOC, ammonia, and headloss development.
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2.2 Pilot Scale Methodology (Britannia Water Treatment
Plant, Ottawa)

Two pilot scale biofiltration columns were operated for approximately 18 months at
the Britannia Water Treatment Plant (Ottawa, ON, Canada). The biofilter columns
were operated at 2.67 m/h (EBCT = 23 min). Both biofilters contained dual media
consisting of 635 mm anthracite over 375 mm sand with a typical gravel underdrain
for media support. Biofilter 1 contained sand media more than 50 years and anthracite
media more than 25 years old with sand ES = 0.52 mm and UC = 1.3 and anthracite
ES = 0.94 mm and UC = 1.6. Biofilter 2 contained media that was approx. 3 years
old at the time of testing with sand ES = 0.5 mm and UC < 1.6 and anthracite ES
= 1.03 mm and UC = 1.4. Britannia’s source water comes from the Ottawa River
which is a soft water (25-30 mg Ca/L), low in alkalinity (18-35 mg CaCOs/L), high
in colour (2647 TCU) and with a moderate raw water DOC (6-8 mg/L). The feed
water source is nutrient limited, with average organic carbon, nitrogen and phospho-
rous concentrations to the biofilters, post coagulation/flocculation/sedimentation, of
3.44,0.18 and 0.0033 mg/L respectively. This corresponds to a C:N:P ratio of approx-
imately 1000:55:1 on a weight basis and would be considered nutrient limited. The
pilot scale experiments were to assess impacts of backwashing practices on biofilter
performance in terms of DOC removal, disinfection by-product formation potential,
turbidity, headloss control and particle counts.

Backwash experiments were conducted under 5 conditions: (I) water only with a
30% bed expansion, (I) water with air scour and a 30% bed expansion, (III) I 4+ an
extended terminal subfluidization wash (ETSW), (IV) II + ETSW, and (V) II + a
double stage ETSW procedure. The ETSW backwash velocities were 13.2 m/h in the
single stage procedures and were 19.2 m/h followed by 13.2 m/h during the double
stage procedure [10].

2.3 Microbial Measurements

Both adenosine tri-phosphate (ATP) and extra polymer saccharides (EPS) were
measured from both biofilter column setups in order to examine correlations between
headloss and organic carbon removal with ATP and/or EPS.

ATP measurements were collected from media sample using the Deposit and
Surface analysis (DSA) test kit (LuminUltra® Technologies Ltd). To determine ATP
(pg ATP/g media) concentration on the media using the following equation:

(1

8 B RLUATPI mmmple(g)

where RLU is relative light units and m refers to the media sample mass. RLU atp;
value is determine during the calibration step where 100 WL of the UltraCheck™1
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standard is added to an assay tube, followed by 100 wL of Luminase™ enzyme
reagent. The assay tube is gently swirled and inserted into the luminometer to record
the RLUarp; value. Sample preparation is completed by weighing out 1 g of the
media sample and adding it to a 5 mL UltraLyse™7 extraction tube. The tube is
capped and vigorously shaken to disperse the media throughout followed by 5 min
incubation time. Pipette 1 mL to a 9 mL UltraLute™ dilution tube; cap and invert
several times. Next take 100 wL from the UltraLute™ tube and transfer to an assay
test tube. Add 100 pL of Luminase™ to the assay tube and gently mix. Insert the
tube right away in the luminometer and measure the RLU47p value.

EPS was attracted from the top of biofilter media (either GAC or Anthracite) by
means of Cation Exchange Resin (CER) [3]. This method was selected as it has
been demonstrated to minimize cell lysis. This is accomplished by preparing a 1 L
phosphate buffer solution with Milli-Q water containing: 0.76 g Na3POy4, 0.55 g
NaH,POy, 0.53 g NaCl and 0.075 g KCI. Mix 2 g of wet media with 0.5 g CER
(Dowex® Marathon™ C Sodium form) and 10 mL of buffer. Centrifuge the mixture
at 3600 rpm for 30 min followed by vacuum filtration of the supernatant. Polysac-
charides and proteins were then subsequently analyzed as follows: polysaccharides
were analyzed using a phenol—sulphuric acid assay [2] and proteins by a modified
Lowry assay using the Peirce™ BCA test kit.

3 Results and Discussion

3.1 Water Quality Impacts of pH and Alkalinity on Biofilter
Column Performance

Biofiltration optimization studies within surface water sources have previously exam-
ined the addition of an upstream oxidant (commonly ozone) and/or nutrient supple-
mentation [7, 11]; meanwhile simple pH adjustment has not been a factor that has
been regularly considered within the context of organic carbon removal within biofil-
ters. This research examined pH adjustment as well as the potential influence of water
alkalinity on both organic carbon and ammonia removal in biofilters.

The adjustment of pH resulted in two opposing trends for TOC and ammonia
removal in the biofilters. TOC removal decreased and ammonia removal increased
as pH increased, respectively (refer to Fig. 1). In addition, it appears as though TOC
removal in low alkalinity waters is not impacted by changes in pH from 6 to 9 with
DOC removal in the range of 60—65%. Larger changes in DOC removal with pH
are observed with the higher alkalinity waters. At the moderate pH of 6 and 7.5
overall DOC removal is in the range of 60-65% regardless of alkalinity. At a pH of
10 DOC removal drops to 30-50% which is associated with an adverse impact of
the high pH on the heterotrophic microbes. Meanwhile ammonia removal is lowest
at pH 6 with a median removal value of 12.5%. This low ammonia—nitrogen uptake
appears to be related to nitrogen requirements for cellular growth with heterotrophic
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Fig. 1 TOC and ammonia removal with pH adjustment and alkalinity changes in the water

uptake of carbon in the system versus nitrification occurring within the system.
Ammonia removal increases at pH 7.5 to approximately 45-55% and the lack of
higher removal is likely due to the inability of the autotrophic nitrifiers to outcom-
pete the heterotrophic carbon removing microbes. At pH 9 and 10, ammonia removal
increases to greater than 90%; at the pH of 10 it is assumed that the ammonia is
predominantly removed through volatilization. At pH 9 it is assumed some nitrifi-
cation is occurring in conjunction with volatilization since as pH > 9.25 there is an
equilibrium shift from ammonium to ammonia which is more volatile [9].

A two way anova on DOC and ammonia with pH and alkalinity was conducted.
Both pH (p < 0.000185) and alkalinity (p < 0.002058) had significant effects
with DOC removal levels. In comparison, ammonia removals were significantly
different with pH (p < 6.22e—08) but alkalinity only demonstrated a moderate
impact on ammonia removal (p < 0.0127). The influent ammonia into the system was
about 2 mg/L. NH3—N while the alkalinity requirement for nitrification is 7.14 mg
CaCOs/mg NH3—N; and as the Low Alkalinity Level was 25-50 mg/L CaCOj; then
sufficient alkalinity was present in the system.

The growth of bacteria on the filter media are known to increase headloss devel-
opment within biofilters. One reluctance to adopt biofiltration is due to the increased
headloss development that results and thus the potential for it to lead to higher
demands on backwashing the filter systems for proper operational control. Both EPS
and ATP were monitored along with headloss in this study under the various water
quality parameters analyzed to assess for any potential correlations (refer to Fig. 2).
The lowest headloss development levels were observed at pH 7.5 (high alkalinity)
and pH 10 (high alkalinity). The lower headloss at pH 10 is not unexpected given
that it corresponds with the lowest TOC removal; however this was also when the
measured EPS was the highest recorded. Of note both EPS and ATP were only
monitored within the top 5 cm of the biofilter columns and thus may indicate that
full column sampling is required to better assess EPS and/or ATP for correlations
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Fig. 2 Headloss, EPS, and ATP changes with pH adjustment and alkalinity changes in water

with headloss development [4]. However, depth sampling is likely not a practical
task at most full-scale WTPs and is thus not recommended as a feasible procedure.
It is interesting to observe that at pH 7.5 under low and high alkalinity conditions
lower headloss development occurred compared to pH 6 and pH 9. This pH range
is of particular interest as it is also the pH with both high DOC removal and reason-
able ammonia removal; while the biofilter conditions at pH 6 has limited ammonia
removal and at pH 9 the DOC removal begins to drop. Thus, there may indeed be
a happier medium for the bacterial species at the pH 7.5 condition that indicates an
optimal pH for TOC removal, nitrification, and control of headloss development.

3.2 Backwashing Impacts on Biofilter Column Performance

Previous research at the Carleton biofilter columns demonstrated that backwashing
above a certain bed expansion demonstrated an adverse impact on removal of
organic carbon in biofilters [5]. However, this research was under lab conditions
with synthetic water and headloss control was not assessed at that time. A subsequent
backwash study was undertaken at the City of Ottawa’s Britannia Water Treatment
Plant that assessed for several water quality parameters including headloss, DOC
removal, DBPs, turbidity and particle counts.

Table 1 summarizes the results of the backwash experiments on headloss devel-
opment. Headloss development improved in all cases when compared to the control
case of a water only wash. Interestingly, when adding one extra step in the back-
washing procedure (i.e. air scour or ETSW) similar but marginal improvements to
headloss control in the biofilters were observed. When only air scour or ETSW was
added the reduction in headloss was between 4 and 9%. When the air scour step was
combined with the ETSW step the development of headloss was further reduced by
11-19%, indicating that each step facilitates removal of differing materials that other-
wise contribute to headloss development. ETSW in the past has focused primarily on
filter ripening with analysis of turbidity and particle counts; thus it is useful to also
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Table 1 Improvement in headloss development with backwash strategy
Biofilter Headloss reduction (%)
Water only Water + air Water + Water + air + Water + air +
(control) scour ETSW ETSW 2-ETSW?
Biofilter 1 - 8 9 11 19
Biofilter 2 - 9 4 18 15

42 ETSW = double stage ETSW

Fig. 3 DOC removal in 84
biofilters and a control filter
at the City of Ottawa Pilot
WTP. Biofilters contained
same material, Biofilter 1
media >50 years, Biofilter 2
media <5 years
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consider that ETSW can be a helpful step with regards to headloss control in a filter
column as well. Notably, there were some media age related observations, wherein
Biofilter 2 which contained younger media had a higher headloss rate than Biofilter
1 with older media (additional details can be found in Piche et al. [10]).

DOC and DBP removals were not found to be influenced by backwash condition
(p > 0.05). Thus, modifying the backwash in these cases did not influence water
quality objectives with respect to these two parameters. It is however important to
point out that the DOC removals for the biofilters provided only marginal gains
with average DOC removal values close to 4% under all conditions (refer to Fig. 3).
However, it can be noted that the DOC removal in the biofilters was better than a
control filter which demonstrated a 0% removal of DOC. In addition, the influent
to the biofilter columns were assessed for DBP formation potential for both HAASs
and TTHMs and then compared to the biofilter effluent. The biofilters were capable
of reducing the HAAS formation potential by almost 30% and the TTHMs by 18%
(refer to Fig. 4).

Filter ripening with respect to effluent turbidity and particle release was examined
with the various backwash strategies. The conventional backwash without the ETSW
step shows the classic turbidity spike post backwashing when filters are placed back
in service. Both the single stage and double stage ETSW demonstrate improvements
in filter ripening, which would allow for filters to be place in service immediately
following backwash. The pilot biofilter columns do demonstrate a higher turbidity
NTU than allowable at close to 0.1 NTU in the filter effluent—however this obser-
vation is not reflected by the full scale plant itself. Total particle counts are also
observed to decrease with single and double ETSW steps in comparison with the
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Fig. 5 Turbidity and particle counts during filter ripening and backwash strategy (Pilot Plant Data,
Britannia WTP)

standard backwash procedure. The inclusion of ETSW as part of the backwash step
is a relatively easy plant modification since it is based on existing infrastructure and
does not require capital investment (Fig. 5).

4 Conclusion

The objectives of this research were to examine relatively easy modifications to
biofilter operations to assess for improvements in various water quality parameters.
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Lab scale testing conducted with a synthetic water source achieved optimal condi-
tions at a water pH of 7.5 with respect to DOC and ammonia removal, as well
as headloss control. Pilot Scale testing at a local water treatment plant demonstrated
that the backwashing methods examined did not impact DOC or DBP removal and
were useful with respect to controlling headloss development. Additionally, the back-
wash strategies, and in particular a two stage extended terminal subfluidization wash
(ETSW), examined improved filter ripening outcomes with respect to turbidity and
particle release.
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Evaluation of Arsenic and Iron Transport = m)
from Sediments of a Potable Water L
Treatment Wastewater Pond System

Ali Ekhlasi Nia, Harrison Bull, Ali Motalebi Damuchali,
and Kerry McPhedran

1 Introduction

Drinking water treatment plants (DWTPs) create various types of wastes and wastew-
aters such as sludges, backwash waters, and concentrate waters, which have varying
physicochemical characteristics depending on the raw source water. Groundwater
is the primary source of drinking water for at least 50% of the world’s population
and is often the only source of raw water in many small communities [17]. The
concentration of metal(loid)s, such as arsenic (As) and iron (Fe), are usually higher
in groundwaters than in surface waters due to both anthropogenic and geogenic inputs
[6, 20]. Arsenic is a widely recognized human carcinogen and exists in a variety of
species of organic and inorganic compounds. However, inorganic species of triva-
lent arsenite and pentavalent arsenate are dominant in water due to their relatively
high solubilities [12]. Iron is one of the essential nutrients for most living organ-
isms; however, excessive Fe ingestion can result in significant health effects such
as hereditary hemochromatosis (causing joint pain, extreme tiredness, weight loss,
abdominal pain, and loss of sex drive), Fe overloading anemias, and trans-fusional Fe
overloaded or other secondary forms of hemochromatosis [7, 8, 22]. Both As and Fe
are typically found in elevated concentrations in many Canadian groundwaters used
as raw water sources for DWTPs, especially for small communities in Saskatchewan
and the other prairie provinces.

Residual wastewaters resulting from DWTP facilities with groundwater as their
raw source water often contain high concentrations of As and Fe, thus, they must be
treated prior to discharging into recipient water bodies. According to the Canadian
Council of Ministers of the Environment [5], the limit for As in effluent waters is
5 ng/L. For Fe, the new Federal Water Quality Guideline is about 4.91 mg/L for
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the current pond system but varies based on the pH and the DOC (dissolved organic
carbon) levels in the final effluents. Wastewater stabilization ponds (WSPs), or a series
of these ponds, can be effective treatment processes for residual wastewaters coming
from DWTP facilities, especially for smaller facilities such as those found in many
small communities. However, the effectiveness of these systems in treating residual
wastewaters should be monitored over time as it could be reduced considerably
due to the variety of reasons. One of the important parameters that could cause
treatment effectiveness reduction in the WSPs is their sediments’ contamination.
Sediments exposed to wastewaters containing metal(loid)s become concentrated with
these pollutants over time by particulate settling from the overlying wastewater as part
of the treatment process. The sediments can then become a source of contamination
to the future pond wastewaters, releasing metal(loid)s through desorption with a rate
depending on the overlying effluent characteristics such as pH, temperature, and
salinity, among others [10, 14].

Generally, the metal(loid) mass transfer between water and sediments (and vice
versa) is a function of various physicochemical parameters. For example, diel (over
24 h) effects such as variation in water pH and temperature have been shown to
cause changes in the concentrations of metal(loid)s in streams. These changes were
considered to be significant in streams with neutral to alkaline pH over 24 h regardless
of changes in flow rate and the significance of the concentration [16]. In addition to
daily variations, seasonal metal(loid)s concentration variations occur in sediments
because of changes in wastewater flow rates, nutrients, dissolved oxygen, and other
physicochemical parameters [1]. For example, As concentrations have been found
to vary by as much as 290% on a seasonal timeline with higher concentrations in
summer vs. winter months [15]. In addition, Fe concentrations and As speciation
have also been found to impact As concentrations on a seasonal timeline [13, 23].

Along with physicochemical parameters, the microbial activities in sediments
have been shown to increase As mobilization by the reduction of arsenate to arsenite,
which is a more soluble As species. Through this process, As is liberated by altering
sorbed arsenate to arsenite compounds, which are uncharged and will be released
to the aqueous phase [9]. In addition to the release of As by microbial arsenate
reduction, Fe-reducing bacteria have been found to cause a release of co-precipitated
As from Fe compounds by reducing the Fe in the minerals [11, 18, 19]. There are
also compounds competing with As and Fe for adsorption sites in sediments such
as phosphorus, selenium, and molybdate. Therefore, these compounds can cause a
high rate of As leaching from sediments by replacing As in the available adsorption
sites. Sediment adsorption capacity also plays a role itself given leaching of As will
be increased when most of the adsorption sites are occupied [5]. Thus, metal(loid)
concentrations in sediments and wastewaters of WSPs used for treatment of residuals
from DWTPs should be monitored regularly to monitor treatment effectiveness over
time.

The objective of this study was to monitor As and Fe concentrations in the sedi-
ments of a WSP system consisting of five sequential ponds used to treat residual
wastewaters of a DWTP (Fig. 1). This facility is located in Saskatchewan and was
using a combination of groundwater and surface water as its raw source water until
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Fig. 1 Settling pond system with five settling ponds (labelled 1 through 5) that sequentially treat
the DWTP effluents. The flow path is indicated via the red line starting from the bottom middle of
the figure and exiting through Pond 5. Note Pond 0 is a part of Pond 1 that is no longer in the flow
path

the end of 2019. Samples from the effluents of the WSPs have been shown to exceed
guidelines previous to the start of this study which necessitated the need to better
assess the individual ponds to evaluate their effectiveness including both the wastew-
ater (as part of a parallel study; [3]) and the sediments (current study). In early 2020,
a new treatment system using reverse osmosis was being commissioned that will
be using 100% groundwater as the raw water source. It is expected that this new
system will produce higher concentrations of both As and Fe contaminated residual
wastewaters that could affect the WSP system treatment efficiency. In this study,
As and Fe concentrations were measured in the sediments of the five ponds of the
WSP system in on three occasions during 2019 (July, August, and October) and the
variations among the ponds and over time are presented and discussed.

2 Methodology

2.1 DWTP and Settling Pond System

The studied DWTP has been in use since 1959 when it was first constructed to
treat only surface water contained in a nearby reservoir. In 1989, an electro-dialysis
reversal (EDR) system using groundwater as the raw source water was added to
the DWTP and both systems remained active until the end of 2019. Prior to 2017,
the EDR backwash waters were sent to a deep injection well; after this time, the
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EDR residuals were released into the WSP system. This combined DWTP system
generated wastewater that was concentrated in metals such as As and Fe which was
discharged into the WSP system consisting of a series of five ponds (Fig. 1). This
pond system has been in use for more than 50 years receiving wastewaters from
the DWTP during which there have been a number of unrecorded changes in pond
configuration. This includes impacts of heavy rainfall in the area in the early 2010s
that flooded all ponds and a large portion of the DWTP municipality.

These ponds allow for oxidation and sedimentation of wastewater contaminants
before releasing the effluents into a nearby waterbody. This receiving waterbody is
a low-flow creek that contains fish species during the spring and summer, while the
creek is largely frozen over in winter months. Historic monitoring by the DWTP
operator of the WSP system effluents shows that the As concentrations were often
exceeding the CCME guidelines of 5 ug/L [4]. As Fig. 1 shows, the system consists
of five dissimilar ponds that largely covered by cattails and bulrushes and are habitat
to some bird and animal species in the spring and summer months. The residual
wastewater enters the pond system through a pipe to Pond 1, and it passes all the
ponds to the end of Pond 5 where a pipe discharges the effluent to the creek. Currently,
Pond 1 has been considered as consisting of two separate ponds due to the inactivity
of half of the Pond 1 occurring over time due to sedimentation and short-circuiting
of the pond into Pond 1. Thus, the inactive portion of this Pond 1 has been designated
Pond 0 for recording purposes.

2.2 Sampling and Analysis

Sampling of the five ponds was completed on three occasions during 2019 during
the months of July, August, and October. Random sediment sampling was performed
for surficial (0-15 cm) sediment samples. Initially, the ponds were each divided into
grids with intersected nodes sequentially numbered. The ponds were to be randomly
sampled via the grid pattern with three samples for Ponds 1, 3, and 4 and five samples
for Ponds 3 and 5 based on pond sizes. Unfortunately, access to pond locations was
limited due to vegetation, so the ponds were each sampled in random, accessible
locations determined at the site. In addition, due to pond vegetation, the use of
typical sampling apparatus such as a Ponar sampler was not feasible (although it was
attempted). Instead, at each site, a sampling scoop was used to collect the surficial
sediments to a volume of 2 L per sampling location (6—10 L of the total sample for
each pond). This comprehensive sample was mixed thoroughly in a container and
2-2 L ziplock bags (average of 3.2 kg each) were filled with sediments from each
pond. One bag was processed for shipping to ALS Environmental (Saskatoon, SK,
Canada) for analysis, while the second was transported in a cooler to the Environ-
mental Engineering laboratory at USask and stored at 4 °C for use in future research
experiments. All samples were transported at <10 °C in under 72 h to ALS labs
for analysis as per guidelines (actual 4 °C and 48 h). Samples transported to USask
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also followed the temperature guideline prior to long-term storage as they were not
analyzed immediately.

In addition to sediment samples, wastewater samples were also taken from each
of the ponds as part of a parallel study on the wastewater characterization [3]. These
samples were taken from the outlets of each pond on the same day as the sedi-
ment samples. The ALS Environmental Laboratory provided the necessary sample
containers and cooler for wastewater samples and all procedures they provided were
followed as for the sediment samples. Metal(loid) analysis of wastewaters and sedi-
ments at ALS Environmental was conducted using collision/reaction inductively
coupled plasma mass spectrometry (CRC ICP-MS) according to the Method 6020A
of U.S. Environmental Protection Agency [21]. All wastewater samples were filtered
using a 0.45 pm glass-fibre filter prior to analysis. All sediment samples were dried,
disaggregated, and sieved using a 2 mm mesh. Then, they were digested with nitric
and hydrochloric acids and analyzed using the CRC ICP-MS method. Although a
suite of metal(loid)s were examined for all of the wastewater and sediment samples,
only As and Fe are presented herein as they are considered to be contaminants of
interest based on the historic DWTP monitoring indicating they could be present at
concentrations that exceed CCME guidelines.

3 Results and Discussion

3.1 As Sediment and Wastewater Concentrations

Figure 2 shows the concentrations of As in the wastewater (mg/L on left y-axis) and
sediment (mg/kg on right y-axis) samples for each of the ponds in July, August, and
October, respectively. In general, the sediment As concentrations decreased from
Pond 1 to Pond 5 on each sampling occasion with about 300—450 mg/kg and about
50 mg/kg, respectively. Interestingly, the sediments in Pond 2 had lower concen-
trations than Pond 1, however, the concentrations then increased in for both Ponds
3 and 4 before decreasing again in Pond 5. The only outlier was the July Pond 3
sample that was lower than the Pond 3 concentration. This low As concentration in
the sediments of Pond 3 could be explained by development of vegetation including
cattails and bulrushes that covered a large area of the pond which impeded sample
collection from the centre of the ponds (a safety issue for sampling access). Despite
the ponds being sampled in multiple locations, the concentrations of metal(loid)s
would be expected to be higher in the deeper, centre sections of each pond where
more settling may have occurred over time [2]. In general, sampling the entire ponds’
sediments is not an option and the sub-sampling and mixing protocol used currently
should provide for a representative sample for each pond.

For comparative purposes, the sediment concentrations may also be compared
to the aqueous concentrations. For July and August, the aqueous concentrations
generally increased from Pond 1 to Pond 5, while in October the concentrations were
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largely the same throughout the pond system. The increase of As concentrations
from Pond 1 to Pond 5 may be the result of leaching of As from sediments into
the wastewater in July and August. The determination of this leaching, including
calculation of desorption rates, was assessed through desorption experiments using
the collected sediments in the second stage of the study in 2020.

3.2 Fe Sediment and Wastewater Concentrations

Figure 3 shows the concentrations of Fe in the wastewater (mg/L on left y-axis) and
sediment (mg/kg on right y-axis) samples for each of the ponds in July, August,
and October, respectively. Similar to As, the general trend for Fe concentrations is a
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Fig. 3 Fe concentrations in
wastewater and sediments
for each of the five ponds as
determined for three
sampling events in 2019

Aqgueous Concentration (mg/L)

1.0

0.8 4
0.8 4

0.7

06
0.5 4
04
0.3 4
0.2 1
0.1 4

0.0
10

0.9

0.8 1
0.7 1
06 4
05 1

0.4

0.3 1
021
0.1 1

0.0
1.0
08
0.8
o7
08
05
04
0.3
02
0.1
0.0

—s—Iron (Fe)-Total concentration in water
—8—Jron (Fe)-Dissolved concentration in water

Iron (Fe) concentration in sedimnet

July

August
//,/
¥ /__./
,./
October
'/
4 ___.//
2 3 4

Pond Number

50,000

40,000

30,000

20,000

10,000

50,000

F 40,000

F 30,000

- 20,000

F 10,000

50,000

40,000

30,000

20,000

10,000

59

(6/6wW) Juswipag Ul UOHEIUSIUOD

decrease from Pond 1 to Pond 5 with 25,000 to 45,000 mg/kg and about 20,000 mg/kg,
respectively. In addition, the same trends for Ponds 2, 3, and 4 are also apparent for Fe.
In general, this would appear to indicate that As and Fe concentrations in sediments
are correlated to each other. The Fe wastewater aqueous concentrations show a similar
trend as As for July and August; however, unlike As, the Fe concentration also
increasing from Pond 1 through Pond 5 in October.

3.3 As and Fe Variations in Ponds

Figure 4 shows the sediments As and Fe concentration variations in the individual
ponds (including Pond 0) from July, August, and October, respectively. In general,
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Fig. 4 As and Fe concentrations in sediments for each pond (including Pond 0) over time with
samples collected in July, August, and October 2019

variations in As and Fe concentrations in the sediments of each pond over time
were much lower than their variations from pond to pond. The As concentration
increased from July to August and then decreased in October in all ponds except
Pond 4, where As decreased over time. The lowest As concentrations were observed
in the sediments of Pond 5 where As fluctuated from 40 to 60 mg/kg. In contrast,
the highest As contaminations were observed in the Pond 0 where As ranged from
400 to 600 mg/kg; while the Pond 1 was also high at about 350 to 450 mg/kg. The
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Fe concentrations had similar trends to As in Ponds 2, 3, and 4 but increased over
time in Ponds 1 and 5. Pond 5 that had the lowest As-contaminated sediments, also
had the lowest sediment Fe concentrations (although they were similar to Pond 2).
The Fe concentrations ranged from 17,000 to 22,000 mg/kg and from 18,000 to
22,000 mg/kg in the sediments of Ponds 5 and 2, respectively. Similar to As, the
Pond 0 had the highest Fe concentrations that ranged from 34,000 to 52,000 mg/kg.

4 Conclusions

In general, DWTPs that use groundwater as a raw source water produce wastewaters
that are elevated in metal(loid)s, such as As and Fe. The As and Fe in the current study
often exceed regulatory guidelines, thus, these wastewaters need to be treated before
releasing to the environment. The DWTP WSP systems are typically designed to
treat such wastewaters; however, the efficiency of these ponds needs to be monitored
as the ponds can accumulate contaminants within their sediments and, therefore,
become a source of wastewater contamination over time rather than a sink. This
study monitored As and Fe concentrations in the wastewaters and sediments of a
WSP system containing five sequential ponds for a Saskatchewan DWTP over three
sampling events. The sediments contained As and Fe concentrations in the range
of about 45-600 and 10,000-52,000 mg/kg, respectively. The concentrations varied
among the ponds and over time, however, the variations between the ponds were
greater than in each of the individual ponds over time. Of most interest are Ponds 3
and 4 that appear to have a potential for release of sediment bound As and Fe back into
the wastewater stream. This release can then impact the pond system effluents and
potentially leading to exceedances of CCME guidelines. This year 2019 research was
preliminary research prior to a more intensive assessment of these ponds in 2020,
including assessment of the sediment leaching potentials and impacts of the new
treatment system on the pond systems.
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Conceptualizing a Stress-Tolerant )
Bioremediation Strategy for Petroleum L
Hydrocarbon-Contaminated Soils

in Cold Climates: A Preliminary Review

J. Kim and W. Chang

1 Introduction

Petroleum hydrocarbons (PHCs) are the most commonly identified contaminants in
cold environments, including in polar and sub-polar regions in Canada [27]. They
are a mixture of toxic and carcinogenic organic compounds that have spilled in
various environments and threaten human health and ecosystems [32]. PHC spills in
cold environments have occurred due to oil extraction, storage and transportation,
and resulted from infrastructure failure and human error [6]. Spills in cold soils are
considered more harmful than in temperate soil environments due to the separation
and mobility of PHCs during seasonal freezing and thawing [4]. The high costs of
remediating PHC-contaminated sites in polar regions are associated with remote site
locations [11]. For example, the remediation costs for abandoned and contaminated
Distant Early Warning (DEW) sites, which are remotely located throughout the Arctic
and sub-Arctic in northern Canada, can be more than $500 million [12].

Bioremediation, which is the use of living organisms to reduce or remove contam-
inants such as PHCs, has been applied at cold contaminated sites as an eco-
friendly and cost-effective remediation technology [1, 18]. Due to the remote loca-
tions with limited accessibility and the harsh cold environments, bioremediation
in cold regions has mostly been applied during summer treatment periods [36].
However, summers in cold regions are only 2—4 months long, which is insufficient
for meeting environmental criteria through significant biodegradation [23, 35]. The
limitations in cold climates have implied longer timeframes for remediation practices
at PHC-contaminated sites [6].

Cold-adapted, indigenous hydrocarbon degraders have been isolated from cold
PHC-contaminated sites and characterized [8, 34]. They are able to survive and grow
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under cold conditions [22] and have therefore been utilized for biostimulation and
bioaugmentation [36]. Based on recent work, the use of cold-adapted hydrocarbon
degraders is expected to facilitate the extension of biodegradation from positive to
subzero temperatures [7, 16].

This study reviews the recent advances in bioremediation in cold climates. The
specific objectives of this study are to address PHC biodegradation performance at
low temperatures in the laboratory and the field, summarize the kinetics of biodegra-
dation related to low temperatures, and review sustainable microbial activity in
freezing and frozen soils.

2 Bioremediation of PHC-Contaminated Soils in Cold
Climates

PHC biodegradation has been examined at summer treatment temperatures in the
laboratory. In cold regions such as the Alpine, Antarctic and Arctic, contaminated
soils are nutrient-deficient. Biostimulation, the addition of nutrients to stimulate
biodegradation, has therefore been used. Margesin and Schinner [17] performed
PHC biodegradation experiments at a fixed 10 °C. They showed over 155 days that
90% of total petroleum hydrocarbons (TPH) was removed by adding nutrients to
the Alpine soils. Aislabie et al. [2] investigated hydrocarbon biodegradation using
14C-labelled hexadecane and naphthalene at a fixed 8 °C. Their results indicated 20%
of the '“C-hexadecane and 45% of the '“C-naphthalene were removed over 90 days
in nutrient-treated Antarctic desert soils. Mohn and Stewart [23] also studied PHC
biodegradation at a fixed 7 °C. They demonstrated that approximately 30% of TPH
were removed from Arctic tundra soils over 180 days. Whyte et al. [35] set the
experimental temperature as low as 5 °C for PHC biodegradation. They noted that
TPH removals reached 47% in 16 weeks following nutrient addition to the Arctic
soils. The above studies showed the feasibility of biodegradation at low temperatures
between 5 and 10 °C.

PHC biodegradation tests in the field have also focused on summer periods.
Biodegradation field studies have been conducted in both the Arctic [20, 33, 37]
and Antarctic [3, 19, 30]. As mentioned, the summer periods in cold regions are too
short to meet the environmental criteria [7, 35], and field experiments have therefore
been carried out over multiple years [9, 21, 24, 26, 29, 31]. McWatters et al. [21]
showed the PHCs were significantly removed over 5 years by adding nutrients to
contaminated soils in Antarctica. Robichaud et al. [29] also demonstrated signifi-
cant PHC removal over five years in northern Canada using phytoremediation with
compost. These studies substantiate that PHC removal at large scales in cold climates
has been achieved.

The feasibility of PHC biodegradation at subzero temperatures has been discussed.
Rike et al. [28] measured soil gases (O, and CO,) in the field during winter, and
indirectly demonstrated that PHC-biodegradation activity was measurable between
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—1 and —3 °C in freezing contaminated soils. However, their study only claimed
the possibility of biodegradation at subzero temperatures without TPH analysis. In
a laboratory experiment using nutrients and biochar at a fixed —5 °C, the signifi-
cant removal of PHCs was reported [13—15]. Nevertheless, applying a fixed subzero
temperature to study cold-climate biodegradation has limitations for real contami-
nated sites, which are subjected to the temperature variations associated with seasonal
freezing and thawing [25]. PHC biodegradation in the field, in freezing and frozen
contaminated soils, remains largely unexplored.

PHC biodegradation under seasonally freezing and thawing conditions has been
investigated rarely. Chang et al. [7] demonstrated significant TPH removal under site-
representative seasonal freezing and thawing conditions in a pilot-scale biodegrada-
tion experiment. They conducted the experiment in a laboratory by using a site-
temperature scenario: slow seasonal freezing (—0.12 °C/day) followed by thawing
(+0.16 °C/day). That study correlated changes in unfrozen water content to soil respi-
ration activity (CO; and O,). Also in the field during seasonal freezing and thawing,
Kim et al. [16] investigated the feasibility of PHC biodegradation using pilot-scale
biopiles. Ambient temperatures reached —30 °C in the winter and the soil tempera-
ture decrease to — 10 °C. Greater retention of unfrozen water content was observed in
the treated biopile (nutrients and humate), compared to the untreated control biopile.
The enhanced PHC biodegradation in the treated biopile was observed in the freezing
and frozen soils, at subzero temperatures during the winter. This study indicates that
enhanced and extended biodegradation in freezing and frozen soils, beyond conven-
tional summer treatment periods, is feasible in the field. Table 1 summarizes the PHC
biodegradation results achieved at various temperature ranges in previous studies.

3 PHC-Degradation Kinetics at Low Temperatures

PHC degradation kinetics at summer temperatures in cold regions have been analyzed
using linear and first-order analyses in the laboratory and in the field. Under rapid
and repeating freezing and thawing conditions between —5 and 7 °C, the linear
rate constant for TPH degradation was reported to be 12.9 mg TPH/kg/day over
48 days [10]. Using a landfarm in the sub-Arctic subjected to varying field tempera-
tures between 2 and 25 °C, Zytner et al. [37] reported a first-order TPH-degradation
constant of 0.022-0.0043 d~! over 30 days. In another on-site biodegradation study
using a biopile, Thomassin-Lacroix et al. [33] recorded a linear TPH-degradation
rate constant of 90 mg TPH/kg/day over 14 days at field temperatures between 0
and 10 °C. Paudyn et al. [26] conducted PHC biodegradation experiments using a
landfarm in the Canadian Arctic. When average summer temperatures were 3 °C,
the first-order TPH degradation rate constant was 0.015-0.026 d~!. McWatters et al.
[21] also performed PHC-biodegradation tests using large-scale on-site biopiles in
the Antarctic. Within 100 days, the TPH-degradation rate constant was 2.6-60 mg
TPH/kg/day. After 100 days, the TPH-degradation constant was lower at 13-26 mg
TPH/kg/day.
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Table 1 Bioremediation studies at low temperatures (F2: C10-C16, F3: C16-C34)

Laboratory/Field | Temperature Experiment | PHC removal References
duration
Laboratory Fixed at 10 °C | 155d 90% Margesin and
Schinner [17]
Laboratory Fixedat 8 °C [90d 45% Aislabie et al. [2]
Laboratory Fixed at 7 °C 180d 30% Mohn and Stewart
[23]

Laboratory Fixed at 5 °C 112d 47% Whyte et al. [35]

Field Variable in 60 d 58% Zytner et al. [37]
summer

Laboratory Variable from |48 d 3.5 mg TPH/kg/day | Eriksson et al. [10]
—5t07°C

Field Variable in 365d 92% Mohn et al. [24]
summer

Field Variable from | 65d 90 mg TPH/kg/day | Thomassin-Lacroix
0to 10 °C et al. [33]

Field Variable from |50d 75% Ruberto et al. [30]
—2to 10 °C

Field Variable from |730d 95% Delille et al. [9]
0to 20 °C

Field Variable from |55d From 8300 to McCarthy et al. [20]
1.3t04.9°C 500 mg Diesel/kg

Laboratory Variable from |48 d 54 mg Bgrresen et al. [5]
—5to5°C hexadecane/kg/day

Field Variable 725d 80% Paudyn et al. [26]

Field Variable 1460 d 73% Sanscartier et al. [31]

Laboratory Variable from | 160d F2:32% Chang et al. [7]
—5to 14 °C F3: 16%

Field Variable from | 1825d From 3531 to McWatters et al. [21]
—30to 10 °C 907 mg TPH/kg

Field Variable from |50d 75% Martinez Alvarez
0to 10 °C etal. [19]

Laboratory Fixed at —5°C |90 d From 266 to 61 mg | Karppinen et al. [13]

F3/kg
Laboratory Fixed at =5°C |90 d From 656 to 473 mg | Karppinen et al. [14]
F3/kg

Field Variable from |270d F2: 57% Kim et al. [16]
—30to 30 °C F3: 58%

Laboratory Fixed at —=5°C |90 d 84% Karppinen et al. [15]

Field Variable 1825d 75% Robichaud et al. [29]

Field Variable from |50d 75% Alvarez et al. [3]

0to10°C
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Table 2 PHC degradation rate constant related to low temperatures
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Laboratory/Field | Temperature PHC degradation rate References
constant
Laboratory Variable from —5 to 12.9 mg TPH/kg/day Eriksson et al. [10]
7°C
Field Variable TPH: 0.022-0.0043 d~! Zytner et al. [37]
Field Variable from 0 to 90 mg TPH/kg/day Thomassin-Lacroix
10 °C et al. [33]
Field Variable TPH: 0.015-0.026 d~! Paudyn et al. [26]
Laboratory Variable from —5 to TPH: 0.0046 d~! Chang et al. [7]
14 °C
Field Variable from —30to | 2.6-60 mg TPH/kg/day | McWatters et al. [21]
10 °C (<100 days)
13-26 mg TPH/kg/day
(>100 days)
Laboratory Fixed at —5 °C F3:0.0036 d~! Karppinen et al. [13]
Field Variable from —30to | F3: 0.0066 d~! (freezing) | Kim et al. [16]
30 °C F3:0.0013 d~! (thawing)

Biodegradation rate constants at subzero temperatures have also been investigated.
Chang et al. [7] applied seasonal freezing and thawing temperature conditions and
reported TPH-degradation rate constants between 0.0046 and 0.017 d~! when soil
temperatures ranged from —5 to 10 °C. Fixed at —5 °C, Karppinen et al. [13] showed
a degradation rate constant for F3 (C16-C34) hydrocarbons of 0.0036 d~'. Kim
et al. [16], in their field experiment during seasonal freezing and thawing, reported
a degradation rate constant of 0.0066 d~! for F3 hydrocarbons between November
and mid-January. That was approximately five times higher than during the thawing
period (0.0013 d~!) from January to May. Their results are promising and suggest
that the efficiency of PHC degradation can be significant beyond the short summer
seasons. As summarized in Table 2, PHC degradation in freezing and frozen soils is
still compatible with above-zero temperature conditions.

4 Summary

The remediation of contaminated sites in cold regions has been considered a very
difficult challenge due to the cold environment, the limited access to sites, and other
logistical and engineering factors. This preliminary review highlights the recent
development of PHC biodegradation practices adapted to cold regions. Recent studies
have brought up the possibility of enhanced PHC biodegradation in the winter, which
will help overcome the limitations associated with cold temperatures and the remote-
ness of the contaminated sites. However, further understanding of biodegradation
activity in freezing and frozen contaminated soils is required.
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1 Introduction

Petroleum hydrocarbons (PHC) are the most frequently occurring contaminants in
Canada[19, 20], where over 22,000 contaminated and suspected sites have been iden-
tified [7]. Approximately 60% of federal contaminated sites are directly or indirectly
impacted by PHC contamination. This has been a significant environmental concern
in northern soil environments, where cold-climate soils are fragile and susceptible
to PHC contamination [22]. Generally, PHC contamination occurs due to uncon-
trolled, accidental and chronic contamination associated with intensified industrial
and anthropogenic activities [1]. Unfortunately, the cost of remediation for remote
cold sites, including sub-polar and polar regions, is often prohibitively high due to
low temperatures, short summers, harsh environments, remoteness, and associated
field logistics [3, 16].

Bioremediation has been frequently considered a viable tool to clean up PHC-
contaminated soils in cold climates [1, 6, 8, 15]. These soils are often deficient
in inorganic nutrients such as nitrogen (N) and phosphorus (P) [1] and it has
been reported that stimulating cold-adapted, indigenous, hydrocarbon-degrading
bacteria (psychrophilic and psychrotolerant) is feasible by adding N and P (i.e.,
biostimulation). Biostimulation strategies have produced many successful outcomes
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for PHC degradation in cold climates, from laboratory treatability studies to field
implementations [1, 3].

Most biostimulation studies have been conducted in the range of 0—15 °C, or at
a fixed sub-zero temperature (e.g., —5 °C) at the laboratory microcosm-scale [2,
3, 6, 24]. Recently, our group has produced new biostimulation field data showing
extended biodegradation activity into the winter season in a cold climate region
where ambient temperatures reached —35 °C [13]. The outdoor biopile experiment
was conducted at a pilot scale (~3 tonnes) and over the winter near Saskatoon,
Saskatchewan. Both treated and untreated (control) biopiles were subjected to in situ
seasonal freezing, deep freezing and subsequent thawing [13]. In the biologically
treated biopile, microbial respiration activity was detected in both the partially frozen
and deeply frozen soil phases. Significant biodegradation of petroleum hydrocarbons
occurred in the biostimulated PHC-contaminated soils. It is speculated that unfrozen
liquid water in freezing and frozen contaminated soils plays a key role in extending the
sub-zero microbial activity to the long freezing months [4, 13]. Detectable unfrozen
water was more abundant in biologically enhanced, PHC-contaminated soils, than
in the untreated PHC-contaminated soils (control soils) [4, 13]. Therefore, in the
present study, we focused on a freezing-tolerant biostimulation strategy based on
increasing the retention of unfrozen water using Canadian analcime zeolites.

Zeolites are natural clay minerals that are abundant in nature in over 50 different
species [12]. They have a three-dimensional structure composed of silicate and
aluminate [18]. The most common species of zeolite are clinoptilolite, chabazite,
phillipsite, analcime, modernite, stilbite and laumontite [25]. Origin and formation
determine the different species of zeolite [12] and different species have slightly
different chemical compositions and physical properties, which dictate their effi-
ciency for a particular use [18]. Zeolite is of great interest to researchers because
of its unique cage-like structures and properties, such as cation exchange capacity,
adsorption capacity, nutrient-holding capacity, and ability to act as a molecular sieve
[17]. Such properties make zeolite a practical material in a range of applications,
and it has already been widely considered for various environmental purposes: dye
removal from waste effluents [26], wastewater treatments [25], heavy metal soil
pollution [21], nuclear waste site remediation [5], improving soil grading and fertil-
izer efficiency and preventing nutrient leaching [17], the construction of permeable
bio-reactive barriers to remove PHC from soil water [9], the desalination of salinized
groundwater [10], and many more.

However, the compatibility and potential roles of zeolites in treating PHC-
contaminated cold-climate soils, along with conventional biostimulation nutrients
(N and P), have not yet been extensively understood. The specific objective of this
study is to investigate the effects of the Canadian analcime zeolite on biostimulation
and unfrozen water retention. Using PHC-contaminated cold-climate site soils, this
study has produced positive results showing enhanced microbial activity and water
retention under water-stressed conditions (both soil drying and freezing), due to the
zeolite amendment combined with inorganic nutrients.
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2 Materials and Methods

2.1 Site Soil Characterization

The site soils are field aged, PHC-contaminated cold-climate soils. The site soils
are poorly graded sandy soils with gravels based on the Unified Soil Classifica-
tion System (USCS). The pH of the site soils was determined using CaCl, extract
[11]. Viable heterotrophs were enumerated using R2A agar plates and hydrocarbon-
degrading bacteria were enumerated using Bushnell Hass agar spiked with 0.5%
diesel.

2.2 Zeolite-Assisted Water Retention During Soil Drying

The soil drying process is analogous to soil freezing in terms of changing water
availability [14, 23]. We conducted a soil drying experiment using the diesel-spiked
sands that were inoculated with hydrocarbon-degrading bacteria (Dietzia maris) and
amended with zeolite. Water retention was assessed by measuring time-variable water
content during soil drying as well as the growth of viable hydrocarbon-degrading
bacteria inoculated to the diesel-spiked Ottawa sands with and without zeolite
(control). All of the microcosms were amended with Bushnell Hass (BH) media
as nutrient sources except carbons. The spiked diesel provides a sole carbon source
for the growth of bacteria. The Canadian analcime zeolite was obtained from ZMM
Canada Minerals Corp. (BC, Canada). The dosage of the zeolite as the soil amend-
ment was 2% by weight. The initial water content in the control soil microcosms
without the zeolite amendment was successfully maintained. The control microcosm
(0% zeolite) was served as the baseline for comparison with the zeolite-amended
soils. The experiment was run for 11 days. Corresponding soil samples were asepti-
cally collected on Day 11. Viable hydrocarbon-degraders were enumerated (CFU/g;
colony forming unit per gram of soil). The viable microbial populations in the diesel-
spiked sands amended with zeolite represent the survivors from soil drying (water
scarcity) due to water retention.

2.3 Zeolite-Assisted Water Retention During Soil Freezing

Soil freezing experiment was carried out to determine how the zeolite amendment
in PHC-contaminated soils influences the retention of unfrozen liquid water. Field-
aged, PHC-contaminated soils were amended with 2% (w/w) analcime zeolite. The
particle size of the zeolite was ~44 pm (mesh size-325). The soil microcosms were
subjected to freezing temperatures from 4 to —10 °C at a seasonal rate of —1 °C/day.
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Volumetric unfrozen water content and soil temperature were measured using STM-
EMS50 probes (Decagon Devices, Pullman, USA). The soil freezing characteristics
curve (SFCC) of the soil microcosms were generated.

2.4 Zeolite-Assisted Biostimulation

We also examined the compatibility of the analcime zeolite with the conventional
nutrient-amendment. A commercial 20:20:20 N-P-K fertilizer (20% total N: 20%
P,0s: 20% K,O; Plant Prod®) was employed for the nutrient amendment. Zeolite
along with a carbon amendment (ZMM Canada Mineral’s T-Carbon), were used
for the additional soil amendment. Field-aged, PHC-contaminated soils were treated
with the 20:20:20 N-P-K fertilizer (200 mg N/kg), 2% (w/w) analcime zeolite and
2% (w/w) carbon amendments at a microcosm-scale. The soil microcosms, including
untreated control microcosms, were incubated at 22 and 10 °C for 14 days. The soil
samples were aseptically collected for downstream analyses, including the viability
assessment for estimating the growth of heterotrophs at 22 and 10 °C.

3 Results and Discussions

3.1 Zeolite-Assisted Biostimulation Potential

The site soils showed significant numbers of indigenous heterotrophs (4.3 x
107 CFU/g) and hydrocarbon-degrading bacteria in the diesel range (2.2 x
107 CFU/g). The presence of indigenous hydrocarbon-degrading populations in
the site soils suggests the biostimulation potential of the site soils by supplying
the inorganic nutrient solutions. It is speculated that zeolites positively influence in
retaining water, immobilizing nutrients, and providing the additional surface areas
for microbial habitats in the site soils.

3.2 Zeolite-Assisted Water Retention for Microbial Survivors
During Soil Drying

The diesel-spiked sand microcosms with zeolite additions of 2% (w/w) showed the
significant survival of D. maris (2.9 x 100 CFU/g). The double asterisks in Fig. 1 (¥*)
refers to data that was statistically different from the control soils (p < 0.0001). The
diesel-spiked sand microcosms without zeolite that were exposed to drying showed
significant inhibition in the growth of the hydrocarbon degraders under water-stressed
conditions.
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Fig. 2 Improved water retention due to zeolite additions

The zeolite dosage in the second experiment setup (Fig. 2) was 5% (w/w), and
other factors (bacteria, nutrient concentration, diesel and soil matrix) were the same as
those in the first setup (Fig. 1). The initial water content was maintained at 15%. Water
content during soil drying was estimated by weight loss (water evaporation). The
Canadian zeolites hold more water, supporting the growth of hydrocarbon-degrading
bacteria in diesel-contaminated sands. Soil drying does not inhibit the growth of
hydrocarbon-degrading bacteria when the zeolites are applied to diesel-contaminated
soils. This is likely due to the delayed rates of soil drying caused by the retention
of water available for bacterial growth. Retaining water in the zeolite-soil matrix
is important in extending the contact time between bacteria and the substrate (oil
contaminant) and other nutrients, which may support the formation of biofilms under
water-stressed conditions (e.g., during drying and freezing).

3.3 Zeolite-Assisted Unfrozen Water Retention

Figure 3 shows the soil freezing characteristics curves (SFCC) for the zeolite-
amended PHC-contaminated soils, along with the control set (without zeolites).
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Zeolites are beneficial in shifting the freezing characteristics of PHC-contaminated
soils, significantly improving the retention of unfrozen liquid water in freezing and
frozen contaminated soils. We will continue to analyze the effects of surface area
and particle size distributions of the variety of the Canadian zeolites to accurately
understand the effect of the different zeolites on soil freezing characteristics. Based
on the current datasets and SFCC for the PHC-contaminated soils amended with the
Canadian analcime zeolite, optimizing the dosage and type of zeolites is a promising
approach for maximizing the effectiveness of the amendments in a stress-tolerant
bioremediation strategy for PHC-contaminated soils in cold climates.

3.4 Excellent Compatibility of Zeolite with Inorganic
Nutrient Supply for Biostimulation

We examined the compatibility of the Canadian analcime zeolite with the water-based
nutrient supply and additional carbon amendments for enhancing microbial activity.
The zeolite amendment improved water retention and provides additional surface
areas. But, zeolites might significantly adsorb some cations in the nutrient solution,
potentially reducing the nutrient availability for microbial stimulation. As shown
in Fig. 4, the viability assessment, however, showed the excellent compatibility of
analcime zeolite with the nutrient supply (20:20:20 N-P-K fertilizer) and carbon
amendments at 22 and 10 °C.

4 Conclusion

The site soil characterization indicated significant presence of indigenous hydro-
carbon degraders suggesting the potential for using a bioremediation strategy assisted
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Fig. 4 Significant growth of bacteria in response to amendments

by nutrient addition. This study shows that the Canadian analcime zeolite exhibits
excellent compatibility with indigenous hydrocarbon-degrading bacteria, and its
addition likely introduces protective habitats for them under extreme water-stressed
conditions (very low water content). Zeolite application may have multiple advan-
tages for the bioremediation of PHC-contaminated soils, such as nutrient retention,
unfrozen liquid water retention, and improved soil grading for the formation of
protective microbial habitats. We will further investigate the effects of the anal-
cime zeolite on enhancing bioremediation potential for PHC-contaminated soils in
freezing and frozen soil phases under the sub-zero temperature regime. Overall, the
current data suggest the significant potential of applying zeolites to enhance the
bioremediation of oil-contaminated soils under water-stressed conditions.
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1 Introduction

Drinking water treatment plants (DWTPs) typically use a suite of treatment processes
to improve the quality of their source waters to meet relevant drinking water stan-
dards. However, these treatment processes generate wastes in the form of backwashes,
sludges, and concentrates. The nature of the wastes generated depends in large part
on the characteristics of the source water with surface waters generally containing
higher organics concentrations and groundwater higher metal(loid)s concentrations.
For groundwaters, metal(loid)s such as arsenic (As) and iron (Fe) are present because
of the more intensive contact of groundwaters with rocks and mineral species [8].
Reverse osmosis (RO) is one of the most common treatment processes used today for
groundwater sources, however, it generates a substantial residual wastewater stream
that is typically 10-50% of the raw water feed volume [18]. The residual wastewaters
contain magnified concentrations of the contaminants present in the source water as
they are removed from the potable water stream, thus, disposal and/or treatment of
these residual wastewaters an ongoing challenge.

Arsenic and Fe are often present together and interact in water and related sedi-
ments. For example, the mobility of As in sediments has been proposed to be
controlled by the reduction of As(V) coupled with the reductive dissolution of Fe(III)
hydroxide [17]. In addition, the microbial respiration of Fe(IlI) can play a significant
role in the speciation, and thus the solubility, of both As and Fe [7]. Arsenic is a
toxic substance and a known carcinogen [11], while Fe in water can contribute to
free radical production and oxidative damage in organisms [1]. Arsenic exposure in
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mammals and some fish is known to induce oxidative stress and can affect signaling
pathways, leading to harm in the organism [20]. Less complex life is also negatively
impacted by As including it being poisonous to microorganisms and lower aquatic
organisms [13]. Iron can adversely affect macroinvertebrates by reducing habitat
quality and structure and by constraining food access by reducing visibility [9].

The World Health Organization recommends that drinking water should have
maximum As and Fe concentrations of 10 pwg/L and 300 pg/L, respectively [21]. For
effluent waters, the Federal Environmental Quality Guidelines (FEQGs) in Canada
for the protection of aquatic life for As and Fe are 5 pg/L [2] and 604 pg/L (at a pH
of 7.5 and DOC of 0.5 mg/L) [5], respectively. Interestingly, the recently developed
guideline for Fe is no longer static with the standards changing dependent on the
water pH and dissolved organic carbon (DOC) concentrations. The formula for the
Federal Water Quality Guideline (FWQG) for Fe concentrations is: FWQG (jg/L)
= exp(0.671[In(DOC)] + 0.171[pH] + 5.586) [5].

Overall, the direct disposal of As and Fe containing residual wastewaters from
DWTPs into surface waters is impossible as they generally do not meet guidelines,
making further treatment being required before their release. Thus, the objective of
this study was to monitor aqueous As and Fe concentrations in a waste stabilization
pond (WSP) system consisting of five sequential evaporation/settling ponds used to
treat residual wastewaters of a local DWTP (Fig. 1). Firstly, the historic and current
study monitored WSP inflow and outflow As and Fe concentrations are presented.
Second, the potential for daily fluctuations in Fe concentrations are assessed (As
daily fluctuations could not be assessed due to lack of available instrumentation on
site). Lastly, the monthly pond-to-pond variations in As and Fe concentrations are

Fig. 1 Settling pond system with five settling ponds (labelled 1 through 5) that sequentially treat
the DWTP effluents. Note Influent enters Pond 1 and outflow exits Pond 5
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discussed. The current study will be extended into 2020 when a new DWTP facility
is commissioned at this site as discussed in the Site Conditions section below.

2 Methods

2.1 Site Conditions

The DWTP site is located in Saskatchewan within the Great Plains region of North
America. Typical climate for the region is cold and temperate. The average annual
temperature is 1.3 °C, and winters (i.e., months with average temperatures below
freezing) last from November to March. The average air temperature in the coldest
month is —19 °C, which means the site lies in a cold region characterized as having a
“very cold winter” [16]. The Koppen-Geiger climate classification is Warm-Summer
Humid Continental climate. The annual precipitation at the site is 424 mm [3].

The DWTP has been in operation since 1958 and underwent major upgrades
in 1985 and 1990. The DWTP used a mixture of groundwater and surface water
as its raw source water until the end of 2019. The DWTP used an electro-dialysis
reversal (EDR) system that was installed in 1990 which had been operating beyond
its designated 20-year lifespan. Samples from the effluents of the WSP system often
exceeded environmental guidelines for As and Fe (using older guidelines) prior to
the start of this study. These exceedances necessitated the need to better assess the
individual ponds and overall WSP system to evaluate their treatment efficiencies
and potential need for upgrades. This assessment has included both the wastewater
(this study) and sediments (parallel study) over the open-water seasons of 2019
and 2020. In early 2020, a replacement DWTP system using reverse osmosis was
being commissioned that will use 100% groundwater as the raw water source. It is
expected that this new system will produce higher concentrations of both As and Fe in
WSP effluents, potentially impacting the ability of the WSPs to meet environmental
protection guidelines for its wastewater effluents.

The site WSPs have been in service for the past 60+ years and have been receiving
a variety of residual wastewaters since their introduction. The WSP system consists
of an initial temporary storage pond followed by flow through natural wetlands and
discharge into a low flow creek (Fig. 1). The WTP wastewaters are discharged into
Pond 1 and progress through the WSP before flowing into a pipe discharge pipe
connecting the Pond 5 and the creek. This creek can contain fish at certain times of
the year, necessitating the need for the WSP effluents to meet CCME guidelines for
their release into freshwater fish habitats.

A major flood event short-circuited the pond system in 2014, and all available
aerial imaging for sizing was performed prior to this event. Factors such as the
current size of the ponds, flow path, and the progress of treatment between ponds are
unknown. More data needs to be collected to inform the new treatment process, and
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remedial action taken, if necessary. Physically expanding the footprint of the WSPs
is not feasible at the site, instead improving the current system is strongly preferred.

2.2 Overview of WSP Evaluation

Prior to commencing this study, a methodology for assessment of the WSPs needed to
be determined. Lloyd et al. [12] describe a methodology of four steps for evaluating
waste stabilization ponds:

1. Desk study: Review official quality monitoring and WSP performance data,
together with local meteorological data, including wind, rainfall and tempera-
ture. Review of consulting engineering reports describing the original designs,
treatment objectives and engineering specifications for each WSP system.

2. On-site preliminary diagnostics: Provide rapid assessment of operational
status of WSP systems for comparison with archive data, and identification
of plants for rehabilitation.

3. Intensive performance and field evaluations: Identify defective treatment
stages of selected plants and causes of under-performance.

4. Rehabilitation projects: Develop a rehabilitation strategy, including design,
implementation and evaluation of upgraded system to assess whether perfor-
mance meets wastewater effluent standard.

Currently, the first two components of the methodology proposed by Lloyd et al.
[12], namely the desk study and preliminary diagnostics, are presented in the current
study. The remaining two components are to be published following further study of
the WSPs in 2020 which is being conducted after the new DWTP is commissioned
and under operation.

2.3 Sampling Procedure

Wastewater samples were collected for five months (May, June, July, August, and
October) during 2019 from the five pond outlets within the WSP using approximately
1 L plastic containers. Sampling of the system occurred at regular time intervals
between 8:00AM and 8:00PM. These samples were immediately tested for at the
DWTP for pH, TDS, conductivity, and temperature. Iron testing for assessment of
diel fluctuations included measuring both the total Fe concentration and the dissolved
Fe concentration. Dissolved Fe was measured by filtering samples through standard
0.45 um filters in a vacuum filtration apparatus prior to analysis using a DWTP site
laboratory spectrophotometer. Monthly samples were also processed for analysis by
an external laboratory as discussed below.

Regular sampling of the WSP inflows and outflows is conducted by the DWTP
staff with analyses for As and Fe (and other contaminants not presented herein) via
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ALS Environmental (Saskatoon, SK, Canada). ALS provided the necessary sample
containers and coolers for wastewater sample collection and all procedures they
provided were followed. All samples were transported at < 10 °C in under 72 h to
ALS labs for analysis as per guidelines (actual 4 °C and 48 h). Metal(loid) analysis
of 0.45 pm filtered wastewaters was conducted by ALS using collision/reaction
inductively coupled plasma mass spectrometry (CRC ICP-MS) according to the
Method 6020A of U.S. Environmental Protection Agency [19].

2.4 Groundwater Versus Surface Water Sources

Concentrated metal(loid)s are a common problem as groundwater sourced DWTPs
typically use RO as their treatment option. The degree of concentration in the DWTP
concentrates can be represented by the concentration factor (CF; Eq. 2), arelationship
governed by the recovery percentage (%R; Eq. 1) of the plant [10]. The CF represents
the increase in concentration compared to the source water (Eq. 3).

Permeate Flow Rate

%R = 100 1
v Feed Flow Rate * M)
CF=1/(1—R) 2)

Feed Flow Rate
CF = (3)

" Concentrate Flow Rate

3 Results and Discussion

3.1 WSP Inflow and Outflow Fe and As

The historic and current monitoring of Fe and As are presented in Fig. 2. Overall, the
Fe concentrations for both the inlet and outlet samples do not exceed the current
FWQG levels. Interestingly, they did sometimes exceed the previous guidelines
making the new guidelines less stringent based on the WSP pH and DOC concentra-
tions. In contrast, the As concentrations for both inlet and outlet regularly exceed the
5 ng/L guideline. The increases for both Fe and As in concentrations from the inlet to
outlet indicate the movement of both of these compounds from the sediments into the
wastewater. Historically, the DWTP does not have comprehensive data on the indi-
vidual ponds, thus, the condition of the WSP has largely been assessed via monthly
inflow/outflow water quality tests at their inlet and discharge. As the current WSP
design does meet the environmental guidelines for As, the future ability of the ponds
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Fig. 2 The Fe (Panel a) and As (Panel b) concentrations for the WSP inlet (Pond 1 inlet) and outlet
(Pond 5 outlet). Monitoring data was made available starting July 2017 through the duration of the
current study

to remove sufficient As in their current state is uncertain. This may also become an
issue for Fe as leaching from sediments and increased residual wastewaters from the
new DWTP may increase WSP Fe outflows.

As of the end of 2019, the DWTP used a mixture of groundwater and surface water
sources (approximately 1:3 surface water to groundwater) to generate an average
of 25 L/s of treated water. The RO facility will have an expected average flow
rate projected at 20 years of 34.5 L/s treated water, with an expected generation
of 19.7 L/s effluents from the WSP system into the nearby creek. The calculated CF
at this projected flow rate would be 2.75. Thus, it is anticipated that the wastewaters
generated at the DWTP plant will continue to have high metal(loid) concentrations
(including Fe and As), in addition to ammonium, and a high electric conductivity.
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Iron and As concentrations are not static, they can vary over the course of a given
day and throughout the seasons of the year. For example, seasonal variations have
been noted in some natural bodies of water, including As concentrations in Poyang
Lake, which were 7 times greater in the summer than in winter samples [4]. At the
current DWTP, historically the wastewater samples were only collected during the
morning, so the potential for consistent daily concentration variability (diel cycles)
is unknown. To be fully aware of the changing conditions of the important species,
diurnal testing must also be done, with samples being collected at various times
over the same day and their concentrations compared. This diurnal testing was done
currently using Fe as an example given the availability of instrumentation on site
to determine dissolved and total Fe concentrations as presented in Sect. 3.2. To
supplement the Pond 1 and Pond 5 data, all ponds were sampled on a monthly basis
to determine if there was seasonal variation for the spring/summer/fall seasons of
the WSPs as presented in Sect. 3.3.

3.2 Diel Fe Evaluation

Diel variations in Fe over the course of daylight hours were determined on multiple
days during 2019 with a representative sampling day of July 24 shown for demonstra-
tive purposes (Fig. 3). The dissolved Fe concentrations showed little to no variation
from Pond to Pond during the day with concentrations under 0.1 mg/L. In addition,
there was only marginal variability in the dissolved Fe concentrations on a monthly
basis (results not shown). As for the dissolved Fe, the total Fe concentrations in Ponds
2, 3, and 5 showed little variation over the day with concentrations around 0.2, 0.1,
and 0.5 mg/L, respectively. In contrast, temporal variation of total Fe concentrations
were most pronounced in the outflows for Ponds 1 and 4. Pond 1 has a shorter reten-
tion time than the other ponds as it ‘short circuits’ almost directly into Pond 2 (Fig. 1).
Thus, it is hypothesized that the total Fe variations in Pond 1 are most likely due to
variable wastewater flow rates and backwash timings. For Pond 4, it is hypothesized
that sediment dissolution/deposition is the dominant source of variability within this
Pond. Additionally, the marked increase in total Fe concentrations between Ponds 3
and 4 indicates that sediment-aqueous mass transfer is occurring within Pond 4.

Generally, metals concentrations in streams and wetlands can vary markedly over
the course of a day. Some proposed mechanisms for this variation include differing
temperature, pH, or biofilms on the streambed [6]. Diel effects can be quite large in
certain cases with changes on the order of 500% being shown in literature [15]. In
one case, for the same water source, zinc had maximum variation of 500%, nickel
had variation of 300%, and As had variation of 54% [15]. In multiple locations As
has been known to vary as much as 50% in streams with neutral to alkaline pH [6,
14], which is the same pH range as in the WSPs. Clearly, although Fe is presented
currently further research into other metal(loid) variability throughout the day would
be beneficial for this WSP system.
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3.3 Monthly Pond-to-Pond Concentration Profiles

The concentrations for total Fe and total As are presented in Fig. 4. Each of these
samples were collected at 8:00 AM for all ponds on a monthly basis to avoid any
diel variations in sample concentrations. For Fe, there was a decreasing trend for
the first three ponds from May to July with total concentrations have low variability
(Fig. 4a). In contrast, Ponds 4 and 5 showed an increasing trend in Fe concentrations
with a high variability between the sample months. The Pond 4 concentrations (0.22
to 0.94 mg/L) were in a similar range as Pond 1 (0.22-0.52 mg/L), while the Pond
5 concentration range was the highest at 0.58 to 1.12 mg/L. In general, it appears
that Fe concentrations were higher in the ‘cooler’ months of May and October as
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Fig. 4 The total Fe a and As b concentrations for each of the five WSP ponds over five months of
sampling including May, June, July, August, and October 2019



38 H. Bull et al.

compared to the ‘warmer’ months of June, July, and August. However, the Fe concen-
trations did not exceed FWQG guidelines, either within the individual ponds or at
the WSP effluents, for any samples taken in 2019. However, further evaluation of
these results with consideration of the other measured physico-chemical parameters
(especially temperature) is ongoing to determine if these parameters are impacting
Fe concentrations in the WSP system.

For As, there is no similar decrease and increase in the pond concentrations as
compared to the total Fe concentrations (Fig. 4b). However, there is a statistically
significant increasing trend in As concentrations from Pond 1 through Pond 5 during
the months of July (R?>=0.77) and August (R? = 0.87) (trendlines not shown in
Fig. 4b for clarity). In contrast, there is no statistical difference between the concen-
trations of the ponds for the months of May (R2=0.21), June (R?= 0.28), and October
(R? = 0.02). Clearly, the higher temperatures in July and August led to increasing
concentrations through the WSP with desorption from sediments being the likely
source of the As concentration. During these months, the As concentrations in the
WSP effluents were almost double those of the other three months. In general, the
As concentrations in the WSP effluents were above the CCME guideline values for
every sampling period with July and August having values exceeding guidelines by
a factor of 4.

Overall, the Fe and As monthly trends were mixed for the individual WSP ponds
indicating that there may not be a correlation between these two elements. However,
further research of the WSP system in 2020 will help to better understand the Fe and
As, as well as other compounds, within this system.

4 Conclusions

Overall, the WSP effluents did not exceed guidelines for Fe concentrations, while
typically exceeding guidelines for As concentrations since sampling results from
the DWTP became available in 2017. Interestingly, changes to the Fe guidelines
led to the guidelines moving from some exceedances to no exceedances given the
inclusion of pH and DOC factors in the new FWQG. Thus, the As is the element
of major interest for the WSP going forward as the system will need to meet the
5 ng/L guideline in the future. The Fe was used to determine if diurnal variations
in concentrations were occurring for the individual ponds. Results indicated that
dissolved Fe concentrations were not changing, while Ponds 1 and 4 variations were
apparent. In general, further assessment of diurnal changes for other compounds of
interest may be valuable. For seasonal variability, the Fe concentrations appeared
to decrease with increasing temperature for all Ponds. In contrast, the As showed
increasing concentrations from Pond 1 to Pond 5 in the warmer months indicating
more As was being released from the WSP system during these months. It is expected
the new DWTP RO system will result in higher influent Fe and As concentrations to
the WSP. This will be monitored in 2020 using a similar methodology as the current
study. If the WSP effluents continue to exceed guideline values, solutions will be



Evaluation of the Efficacy of a Treatment Pond System ... 89

proposed for modification of the WSP to reduce Fe and As effluents in order to meet
the FEQGs over the new plant’s projected 40-year life cycle.
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Variable Rate Ion Exchange )
in Contaminant Transport L

Fonstad Terrance and Rinas Crystal

1 Introduction

The intent of this paper is to offer a general review of the source of ion exchange poten-
tial in clayey soils and to outline the various methods available to calculate/model the
effect during transport. An additional method proposes the determination of exchange
coefficients as functions of solution characteristics and variable retardation factors
that are a function of the ion solution concentration is presented.

Both isomorphous substitution plus lattice imperfections result in permanent
charges in clay minerals. Permanent negative charges of illites, smectites and vermi-
culites (mol sites/kg) ranges from 1.9 to 2.8, 0.7 to 1.7, and 1.6 to 2.5 respectively
[8]. Broken or unsatisfied bonds are important in all clays but significantly effect the
charge on large particle clays such as kaolinite. At low pH values hydrogen (H*) ions
can compete for exposed oxygen (O>~) and hydroxyl (OH™) sites and at very low
pH values can result in a net positive charge.

Several models used for calculations of absorption in natural waters (e.g.
MINTEQAZ2) use a measurement of these surface absorbing sites (I'5) that gives the
concentration of sorbing surface sites in units of moles of monovalent sites exposed
to a liter of solution [4].

N;(si 2 S 2 C L
[s(molesites/L) = (SlteS/II\Z()sZ(tg/An?:ls/ig;ls s(g/L) o
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where

Ns surface site density,

Sa  surface area per weight of sorbent,

Cs  weight of sorbent in contact with a liter of solution, and
Na  Avogadro’s number (6.022 x 10?3 sites/mol of sites).

Observation reveals that if we divide the answer by the weight of sorbent in contact
with a liter of solution (Cg), then we find the concentration of sorbing surface sites
in units of moles of monovalent sites per gram of sorbent. This is the convention
preferred by soil scientists termed cation exchange capacity (CEC) given as milli-
equivalents per 100 g of dry soil (sorbent) (meq/100 g) or as centimoles per kg of soil
(sorbent) (cmol/kg). Langmuir [4] gives the following relation between the above
mentioned variables and CEC:

CEC(meq/100 g) = Ny(site/nm?) x S,(m?/g) x 0.1661 )

2 Ton Exchange

For solutions in contact with an exchanger, the tendency for ions to leave the solution
and be sorbed to exchange sites at the same time an equal “activity” of ions leaves
the exchange sites and goes into solution is affected by many factors including:

the charge of the ions,

the size of the ion or hydrated radius,

the properties of the exchanger (e.g. clay mineral),

quantity and ratios of the various valence of ions present, and
the total solution concentration (affect of ion interactions).

If an exchanger with all sites occupied by a monovalent cation is placed in a
solution with ions of only one different monovalent cation, exchange will take place.
For the Law of Mass Action this exchange takes the form:

At + BX = BT 4+ AX 3)

where A + and B + represent ions in solution and BX and AX represent absorbed
ions.
Then:

B (AX)Y"
=t (o0) @

if one assumes thermodynamic equilibrium applicable or
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[AY] . (AX)
[B+]" ¢~ (BX)

®)

if one assumes the quantity of each ion on the exchange sites is a proportional to the
ratio of the ions in solution [9].

where

Keq the reaction constant or K¢ = the distribution coefficient,
n is an exponent,

[A*] activity of ion A in solution,

[B*]  activity of ion B in solution,

(AX) “activity” of ion A on the exchange sites, and

(BX) “activity” of ion B on the exchange sites.

Activities for each ion in solution can generally be calculated using the Debije-
Huckel equations but there is no agreed way to calculate ion activities on exchange
sites. To remedy this, one can write the “activities” of the ions as a functions of
the fraction of the total number of exchange sites the ion occupies multiplied by a
“rational activity coefficient” giving the value of:

(AX) = A BACEC (6)
where

PN the rational activity coefficient for the solid phase,

Ba the equivalent fraction of ion A, and.

CEC the cation exchange of the exchanger.

Substituting this into Eq. (4) and canceling the CEC gives:

BTGB!
Key =~ <—(/\Bﬂ3)> (7)

Difficulties or shortcomings of this approach include that if K4 is by definition a
constant, then changes in selectivity need to be accounted for in changes in the rational
activity coefficients for the solid phase (ha and Ag). Changes in these coefficients
are similar to that observed in solution activities as ionic strength increases. That is
that at high ionic strengths the surface activity for certain ions may be negligible [5].
McBride [5] suggest the reasons for this may be:

e increased entropy associated with the more hydrated ion (more mobile ion) causes
a decrease in the exchanger preference for the less hydrated ion (less mobile ion)
as the exchange sites become more occupied with the more hydrated ion,

e solutions of higher ionic strength could alter the chemical potential of water to
decrease the size of the hydration shell of strongly hydrated ions reducing the
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distance between the charge sources and increasing the attraction between the
charges,

e cation-cation repulsion forces, or

e changes in clay site geometry.

Boldt (1982) explains this phenomenon by assuming the absorbent charge exists
as a uniform surface volume or density of charge. This approach indicates that the
absorbent charge is either changing with distance from the center of the absorbent
particle or constant throughout this charged volume around the particle. If one writes
the selectivity coefficient (Ky) in terms of:

2 Y- 1/
VeJa —1/a?

Ky = (®)

where

V®  volume of homogeneous phase per equivalent of charge (m?*/keq), and.

u  the Boltzman accumulation factor for counterions in a diffuse double layer
in a phase with a constant electrical potential. (This accumulation factor is
proportional to the electrical potential and inversely proportional to the kinetic
energy per molecule).

One can see that an increase in concentration of the solution results in a decrease in
the Boltzman accumulation factor and causes an increase in the selectivity coefficient.
Then for a given ratio of monovalent cations to divalent cations (i.e. analogues to
Sodium Adsorption Ratio), the amount of absorbed divalent cations will increase with
increasing ionic strength/electrolyte concentration. For adsorbents with a constant
charge density, the surface potential vanishes at very high electrolyte concentrations
Bolt (1982).

A further explanation is to consider the decrease in size of the hydration shell as
the collapse of the diffuse double layer (DDL) on hydrated ions and surfaces. Debije-
Huckel theory for ion activities uses a parameter 1/k termed the Debije length. This
parameter can be given with ionic strength as a variable giving:

1 _ e-RT 1 ©)
K\ 2(Nug.)®> 10007

where

€ dielectric constant (for water 7.08 x 107'° F/m at 25 8 °C).
R 8.314 J/K mol,

T absolute temperature,

N, Avogadro’s number (6 x 10?*/mol),

ge is the charge of the electron (1.6 x 107'° C), and.

I ionic strength in mol/L.
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Inspection of this equation indicates that, at 25 °C, 1/k = 3.09/,/1. The thickness
of the diffuse double layer is considered the position away from the ion where the
potential () is equal to the potential at the ion surface divided by e [1]. This is the
position where the thickness of the DDL (x) is equal to 1/k. Therefore the thickness
of the DDL at 25 °C can be given by x = 3.09/,/1 and we can see that as the ionic
strength increases the DDL collapses exponentially. This collapse of the DDL will
affect the ability for ions to compete for exchange sites and thus cause variability in
Kam.

Compounding the use of activity coefficients for the solid phase is the lack
of experimental data. McBride [5], however, lists three “General Rules of Cation
Exchange™:

1. Adsorption of the high charge ions is associated with increases in entropy and
enthalpy of the clay—water system.

2. Anincrease in solution concentration of the low-charge ion causes the selectivity
coefficient to increase, suggesting a greater preference for the high-charge ion.

3. Increased loading of exchange sites with the high-charge ion generally shifts
the value of the selectivity coefficient in favor of the high-charge ion.

3 Use of Equivalent Fractions

A more common method of calculating ion partitioning is to assume the exchange
ions from an ideal solution. That is the “rational activity coefficients” (A5 and \p)
are equal to one (1), then Eq. (7) reduces to:

B+
x, = L) ((ﬂA)) 10
[A*TT\ (BB)
where x is a function of “n” or an adjusted “n” and therefore Keq/ = Keq = Kasp.

This also implies that the adsorbed concentration of the ion on the exchanger can be
calculated as:

meqa = PBa - CEC (11D

Application of the above theory to exchange of a monovalent cation for a divalent
cation can be written as:

AT +0.5BX, = 0.5B>t + AX (12)

and

[B*F]°° (AX)
[A] (BX,)"?

Kup = (13)
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and for calculation using equivalent fractions:

[BZ+]045 ,BA

AT By “‘”

Kap =

Values of Ka/g have been published by numerous researchers for various ions
and many of these results compiled by Bruggenwert and Kamphorst (1982). The
published values appear to be useful for some situations depending on exchanger
and solutions concentrations.

The exchange of various ions in solution is easier if written with respect to only
one ion for all ions in solution. This is usually sodium as values of Ky are available
without further calculation [1].

For example if we have Na, Ca, Mg, K, and NHy in a solution in contact with an
exchanger, we can write the following equations:

B, [Ca™]

2 = (15)

ﬁc KI%Ia/Ca [Na+]2

Bl [Meg™]
= (16)

e KRa/me [NaJr]2

Bna  [K']

= 17
PR = Korx (N7 a7

Bna  [NH;]
= —_— 18
Pra, Kxa/Nn, [Na™] (1%

and

Bca + Bmg + Bna + Br + Brm, =1 (19)

This gives a quadratic equation that can be solved for By, and then the remainder
can be solved through substitution. Knowing the values of Ky, we can now calculate
the fraction of each ion on the exchanger for every point in the system where know
the concentrations of the ions in solution. Bruggenwert and Kamphorst (1982) and
Appelo and Postma [1] give values and ranges for various exchange coefficients
for numerous ions with respect to Na* (i.e. Knu1). These values have been used by
several researchers and yielded successful results [2, 6] but may not be valid for all
solutions and concentrations. Fonstad (2004) showed that sufficient data allows for
plotting of Ky, as a function of the factors suggested by McBride [5] above.

If sufficient data is available we can write Eq. (4) as:

(A1 _ . (A0
(B] KC((BX)) 0
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which leads to:

AL (A
[B] ~ CEhC TRy

log 21

So that plotting the logarithm of the ratio of the ion activities in solution against
the logarithm of the ratio of the quantity (concentration) of the ions on exchanger
yields a slope of “n” and an intercept equal to log K¢ (log Kap). Kass is affected
by solution concentration, ratio of the divalent to monovalent ions, and various other
factors. This means that Ka/p is not actually a reaction constant but can it’s self be a
variable (Fonstad 2004).

4 Correction Factors Based on Experimental Data

Several researchers have modified Eq. (4) to reflect a best fit to experimental data
and to satisfy assumptions regarding ion exchange made by the researchers. The first
of these was Kerr who had first proposed:

3 [Bn+]m (Am+)”
B e =

where all quantities are in molar units for the reaction:

nA™" +mBX, =mB"" +nAX, (23)

Vanselow [10] conducted experiments with ammonium and calcium and proposed
a modification of the Kerr equation due to the fact he could not accept the idea that
the activity of the solid phase was unity. He modified the Kerr equation by using
solution ion activities and a correction factor based on the absorbed ions expressed
as:

[BrH-]m (Am+)n

— . Am+ Bn+ m—n 24
v [Am+]n (Bn+)m [ + ] ( )
or for monovalent-divalent exchange
B> (AX)? 1
K, = B4 05)

T [AT? (BX) [(BX)+ (AX)]

where solution phase quantities are in activity and absorbed phase are molar.
Both Krishnamoorthy and Overstreet [3] and Gaines and Thomas (1953) felt
the Vanselow correction factor was somewhat over simplified and added a factor to
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account for charge of the ions on the absorbed phase within the correction factor
term. The Krishnamoorthy and Overstreet equation can be represented by:

Bn+ m Am+ n
EAm-F]]ﬂ EBn-F))m [aA"" +aB" " (26)

KO —

[Tl

where “a” is 1 for monovalent ions, 1.5 for divalent ions and 2 for trivalent ions. The
Gaines and Thomas equation can be represented by:

CBTTATY

where solution quantities are expressed as activities and solid phase quantities are
molar. A more extensive review of the various exchange equation can be found in
White and Zelazny [9].

Soil scientists commonly prefer the Vanselow method of calculating exchange
coefficients while geochemists have recently tended toward use of the Gaines and
Thomas equation [6]. With the lack of exhaustive experimental data for exchange
of numerous ions with numerous absorbents, it would appear there is still work
to be done to determine appropriate correction factors for use in reactive transport
modeling of solutes involving ion exchange. Although with data for both the absorbed
and solution phases, one could calculate a partitioning coefficient (K a;5) and then
using a best fit method determine a correction factor. These values may only be valid
for the absorbent and solution used but could possibly be used to predict equivalent
fractions for each ion given or predicting solution chemistry at an individual location.

5 Use of Exchange as a Retardation Factor in Transport

The use of equivalent fractions, while useful for visual representation of ion fractions
on exchangers, may not particularly useful in calculation of reactive transport of ions
through a porous medium of an exchanger. For this we need the function of how the
moles of ions on the exchange sites per weight of sorbent (C) changes with the moles
of ions per volume of solution (S). This function we require is termed the distribution
coefficient (Kd') which can be a constant and the equation becomes:

C =Kd - -S" (28)

€9

where “n” is simply an exponent. If we plot log C versus log S, and a strait line
results, then the slope is equal to the exponent “n” and the intercept is equal to log
Kd’. If the result is a strait line the behavior is termed to follow a Freundlich isotherm.
The Freundlich isotherm assumes there is an unlimited amount of unreacted sorption
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sites. Another common isotherm is the Langmuir isotherm which assumes a finite
number of sorption sites (Nj,ax) and can be written as:

NmaxKd'S

T+ KdY) @9

For exchange with trace elements were the major ion on the exchange site is not
affected, the value of Kd’ can also be obtained from calculations of equivalent fraction
by multiplying the equivalent fraction of the ion exchanging from the solution to the
solids by CEC divided by 100 to give mille-equivalents per gram and multiplying
the activity of the ion by the charge of the ion. Thus for:

1/mA™ +0.5BX, = 0.5B>" + 1/mAX,, (30)
gives:

Kd'

CEC - 100 0.5 "
=—< A/B F s ) (31

m [B2+]05

Kd’ thus far has been in units of (moles/g)/(mole/L) or L/g which are not conducive
as inclusion as a retardation factor. We must therefore make Kd’ dimensionless by
expressing both the amount sorbed per kg sorbant and the solution concentration on a
total volume basis. The easiest was to do this is to multiply the solution concentration
by porosity and multiplying the sorbant concentration by the bulk density (g/L). This
gives:

Kd=Kd™ (32)
n

where

pp  bulk density, and
N porosity.

1 + Kd indicates the relative transport of an ion to a non-attenuated ion so that
1 4+ Kd = R where R is the retardation factor. This is also equal to the difference
between the actual velocity of an ion (v) and the velocity of a constant concentration
of an ion (v¢). That is to say:

R=— (33)

where R =1 + Kd.
For the advection—dispersion equation with retardation [1]:



100 F. Terrance and R. Crystal

aC aC 92C
(1+Kd) <¥> = —U(§> + D. (m) (34)

where

C concentration,

t time,
X distance,
v apparent velocity, and

Dy  dispersivity.

Retardation affects both the apparent velocity and the dispersivity as shown in:

aC v (dC Dy (9*C
— | =—=| = —\ = 35
(3) =% (5)+ % (%) @)
This means the numerical solution for a front spreading in an infinite column
becomes:

x—uvt
R
4Dyt
R
One solution consistent with the other methods suggested in this paper is to

define R as a decreasing or increasing value dependant on some characteristic in
the solution-exchanger system.

Cx,t)=C; +1/2(Co — Cyerf (36)

6 Use of Ion Exchange in Modeling of Transport

Inclusion of ion exchange in aqueous geochemical models varies both in the equations
used and in the method of inclusion during calculations. Most models calculate a
transport step first, then calculate all equilibrium and kinetically controlled reactions
including ion exchange, precipitation, dissolution, and decay, and then calculate the
diffusive component prior to transporting the next step. PHREEQC [6] differs in
that it calculates all equilibrium and kinetically controlled reactions before and after
the diffusion step. This author could find no references that used variable exchange
coefficients in the calculation of equivalent fractions or retardation factors. This
may imply that all of the models reviewed to date may be limited to a range of
solution concentrations and the results should be considered qualitative rather than
quantitative. If data were available, most models did allow the user to define their
own values for exchange coefficients within the database.
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7 Conclusions

Several solutions exist for determination of general ion exchange behavior. Numerous
distribution coefficients have been determined for a specific set of ions on a specific
absorbent within a limited ionic strength. The use of solution activities along with
molar values and a correction factor for the absorbed phase is more common than the
use of activity coefficients for ions on the absorbed phase. To date, ion exchange and
absorption calculations can only be considered qualitative rather than quantitative
without laboratory data using the solution and absorbent in question. Further, the idea
that selectivity coefficients and retardation factors are functions of characteristics of
the solution-exchanger system opens the possibility of reactive transport of systems
with higher ionic strengths.
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Integrated Framework for Identifying m
Energy-Use Behavior of Hotel Guests oo

Palani Hevar and Karatas Aslihan

1 Introduction

In the United States, there are about 47,000 hotels, spending an average of $2196
per room on energy each year [10]. Studies have found that guests’ energy-related
behavior is one of the main factors that affects energy consumption in hotel buildings
[8,30-31, 32, 39]. However, there are many challenges that result in imprecise predic-
tion on the energy consumption level of occupants in hotel buildings: (1) guests are
not responsible for paying electrical bills [35]; (2) guest satisfaction is the number
one priority in hotels to provide maximum comfort, convenience, and the positive
brand experience of their guests [52]; (3) guests feel less restricted with their daily
life routine [35], and (4) guests in the same room may behave differently due to
diversity in guests’ behavioral patterns [7, 49]. To overcome these challenges, there
is a need for a model that investigate and analyze hotel guests’ energy-use behavior
to effectively reduce energy consumption in hotel buildings.

There are several studies investigated various energy reduction strategies primarily
focusing on the observation, understanding, and prediction of occupants’ energy-use
behavior in commercial and residential buildings [8, 30-32]. These strategies include:
(i) competition/challenge to increase knowledge of occupants about energy-related
issues by encouraging them to change their behaviors for the better depending on the
nature of competitions/challenges in monitoring and assessing occupants’ energy-
related behaviors in a short or limited period of time [20]; (ii) occupant energy use
data/feedback to compare occupants’ current energy use with their historical use and
monitor progress [8, 19, 26, 41] (iii) rewards/penalties to offer incentives to change
occupants’ behavior or to force extra administrative cost of regulations and sanctions
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on occupants [23, 30, 31, 45]; and (iv) technologies to save energy without any
human involvement by retrofitting of existing buildings and/or installing high energy-
efficient products (e.g., energy-efficient light bulbs, and occupancy sensors) [23,
30, 51]. Despite the significant contributions of these research studies on analyzing
the impact of occupants’ behavior on energy performance, they primarily focus on
residential and office buildings. Therefore, there is little or no research study that
provides practical and efficient energy-use reduction strategies based on occupants’
energy-related behavior in hotel buildings.

Accordingly, this study focuses on developing an integrated energy-use frame-
work that is efficient in identifying energy-use behavior of hotel guests. This study
provides decision-makers (e.g., hotel owners and hotel managers) with better under-
standing to identify hotel guests’ energy-use behavior and thus, reduce energy
consumption in hotel buildings and reduce CO; and greenhouse gas emissions.

2 Objectives

The goal of this study is to develop an integrated energy-use framework that is
capable of assisting decision-makers in hospitality industry to come up with effec-
tive energy saving strategies to reduce hotel guests’ energy consumption. To achieve
this, two objectives are developed to: (1) identify and synthesize the most effective
energy-related behavior models (i.e., Motivation-Opportunity-Ability, Norm Acti-
vation Model, Theory of Planned Behavior, and Pro-Environmental Behavior) to
understand the influential factors that impact hotel guests’ energy-use behavior; and
(2) develop a set of hypotheses and their relevant measures to examine the rela-
tionship among the energy-related behavior models and hotel guests’ energy-use
behavior.

3 Energy-Use Behavior Models Review

The Motivation-Opportunity-Ability (MOA) Model was originally developed and
implemented to understand individual’s engagement in processing brand information
and purchasing behaviour [4, 17, 37]. In this study, the MOA model was adopted to
investigate and understand hotel guests’ energy-related behavior in hotel buildings.
The MOA model is divided into three main constructs: (1) Motivation refers to
occupant’s desire and interest to process energy saving information and to implement
the required energy conservation behavior [23, 30, 31, 33, 46]; (2) Opportunity
refers to the occupant’s surrounding environmental factors that are not under his
control to enable desired actions [4, 30, 33], and (3) Ability refers to occupant’s
prior knowledge about energy consumption behavior and knowledge about possible
conservation strategies [5, 23, 30].



Integrated Framework for Identifying ... 105

The Norm Activation Model (NAM) was developed by Schwartz [44] to explain altru-
istic behaviors (e.g., recycling, volunteering), and other pro-social behaviors (e.g.,
driving and traveling style, environmental protection and energy-saving behaviors)
[31, 44, 50, 53]. NAM is an important theory to understand the influential factors
on environmental behavior to reduce energy consumption of buildings [50]. NAM
is divided into three main categories: (1) Personal Norms represents the behaviors
that are influenced by “expectations, obligations, and sanctions anchored in the self”
[31, 53], (2 Awareness of Consequences represents an individual being aware of
the consequences of his actions that are caused by energy use [31, 50, 53], and (3
Ascription of Responsibility represents the assignment of responsibility for taking
actions or attribution of responsibility for the negative consequences of not acting
proactively [53].

The Theory of Planned Behavior (TPB) states that the main antecedent of an indi-
vidual’s behavior is his/her intention toward the behavior. The Theory of Planned
Behavior (TPB) was used to capture the rational aspects of individual energy behav-
iors to strengthen the MOA model [8, 14]. TPB is divided into four main categories:
(1) Attitude refers to occupant’s overall evaluation of the behavior that is either posi-
tively or negatively valued by the occupant [22], (2) Subjective Social Norms apply
to energy consumption when an occupant believes that he is under social pressure
by surrounding people towards action(s) whether or not engaging in energy saving
behaviors [14, 31], (3 Descriptive Social Norms captures the perceptions of others’
actual wasting or saving energy behaviors [11, 31, 43], and (4 Perceived Behavioral
Control represents a function of occupant’s perception of how easy or difficult it
would be to perform the desired energy-related behavior [2, 31].

The Pro-Environmental Behavior (PEB) is a behavior that intentionally seeks to
reduce the negative impact of an occupant’s actions on the environment [27]. In this
study, three main categories of PEB were used: (1) Environmental Perceived Knowl-
edge describes behaviors that change toward PEB as a function of an occupant’s self
or existing environmental knowledge [15, 22], (2 Environmental Concern refers to
the evaluation of facts, or an attitude towards facts with consequences for the envi-
ronment [47], and (3) Effort refers to the physical demonstration of the occupant
toward conducting a specific action/behavior [27].

4 Integrated Energy-Use Framework

4.1 Synthesizing Energy-Related Behavior Models

The identified energy-related behavior models (i.e., MOA, NAM, TPB, and PEB)
were combined to provide a comprehensive approach on identifying hotel guests’
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Intended Energy

Saving Behavior

{H1, H6, H9, H11, H13}

Fig. 1 Integrated energy-use framework

energy-use behavior. The integrated energy-use framework assigned the Motivation-
Opportunity-Ability (MOA) model to act as a moderator for the other three energy-
related behavior models: Norm Activation Model (NAM), Theory of Planned
Behavior (TPB), and Pro-environmental Behavior (PEB) (see Fig. 1). The three
main levels of MOA model (i.e., Motivation, Opportunity, and Ability) were
designed to have high impact on intended energy saving behavior by combining
the energy-related behavior models in this study as discussed in details below.

Motivation (M) Level is directly associated with intended energy saving behavior
of the occupant [30, 36]. In this study, hotel guests’ concerns and desire for energy
reduction in hotel buildings were investigated as a measure of their Motivation level.
Moreover, NAM was used to extend several important psychological measurements
to capture the essential aspects of hotel guests’ Motivation level in hotel buildings.
Therefore, in order to capture the social-psychological factors of hotel guests in
Motivation, this study adopted: (i two NAM categories of “Personal Norms” and
“Ascription of Responsibility”; (ii one TPB category of “Attitude”; and (iii one PEB
category of “Environmental Concern”. The Personal Norms category of NAM was
designed as an internalized need to commit to pro-environmental behavior on hotel
guests in hotel buildings. The Ascription of Responsibility category of NAM was
adopted on hotel guests to measure their degree of responsibility toward energy
saving behavior in hotel buildings. The Attitude category of TPB was developed to
evaluate hotel guests’ energy saving performance level in hotel buildings. This is
based upon the hotel guests’ expectations about the outcomes of a particular energy
saving behavior and whether these outcomes are desirable from the hotel guest’s
perspective. Furthermore, the Environmental Concern category of PEB was designed
to activate a hotel guest’s sense of responsibility to perform energy-related behavior.

Opportunity (O) Level measured the controllability and accessibility of hotel guests
to hotel room energy systems (e.g., lighting, HVAC, appliances, electronics) in hotel
buildings. The Opportunity level adopted four categories in this study: (i) two TPB
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category of “Subjective Social Norms” and “Descriptive Social Norms”; (ii) one
MOA category of “Hotel Management Support; and (iii) one PEB category of “Phys-
ical Effort.” The Subjective Social Norms category of TPB was designed to affect
a hotel guest’s energy consumption behaviors when the guest tends to perform a
particular behavior in the room if it is approved by the room companion(s). The
Descriptive Social Norms category of TPB was designed to capture the perceptions
of hotel room companion’s actual wasting or saving energy consumption behaviors
[11, 42]. The Hotel Management Support category of MOA was designed to reflect
the hotel management’s commitment level in promoting energy saving behavior in
hotel buildings such as hotel management rewards for guests saving energy [48].
The Physical Effort category of PEB was designed to evaluate hotel guests’ level of
tendency to make changes in their energy-related behavior in hotel buildings when the
energy-related behavior is easy and convenient to perform from guests’ perspective
[27].

Ability Level depended on two main factors in this study: individuals’ perception of
their energy consumption level, and individuals’ knowledge about energy consump-
tion facts [30]. In the context of energy consumption behaviors in hotel buildings, the
authors in this study adopted three main categories to capture hotel guests’ Ability:
(i one PEB category of “Environmental Perceived Knowledge”; (ii one MOA cate-
gory of “Actual Knowledge”; and (iii one TPB category of “Perceived Behavioral
Control”. Environmental Perceived Knowledge of PEB referred to hotel guests’
perception of their energy-related knowledge about reducing energy consumption in
hotel buildings. The Actual Knowledge category of MOA measures an individual’s
mental capabilities [1, 31]. In this study, it measured hotel guests’ facts and actual
energy-related knowledge in hotel buildings. The Perceived Behavior Control cate-
gory of TPB measures an individual’s Ability level on his physical capability and
perceived knowledge on how easy to conduct a behavior [31]. In this study, this
category was adopted to measure hotel guests’ existing knowledge and their overall
evaluation about the simplicity of conducting energy-related behavior in hotel rooms.

It is also remarkable to mention that both Opportunity (O) and Ability (A) affect
energy saving behaviors only when Motivation (M) is present [31]. This means that
both Opportunity and Ability levels moderate the impact of Motivation level on
energy saving behaviors of hotel guests in hotel buildings.

4.2 Developing Energy-Use Behavior Hypotheses and Their
Relevant Measures

In this section, 14 hypotheses with their relevant measures were developed to find the
relationship among the aforementioned energy-related behavior models and energy-
use behavior of hotel guests, as presented in Fig. 1 and Table 1.

Hypothesis 1 (H1), Hypothesis 2 (H2), Hypothesis 3 (H3), Hypothesis 4 (H4),
and Hypothesis 5 (HS), were designed to test the Motivation level of hotel guests.
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Table 1 Integrated framework hypothesis and their measures

Hypothesis # Measures Hypotheses representative
studies
H1 * Adjusting lighting control [9, 13, 24, 30, 31]
Energy conservation * Adjusting indoor climate
motivation conditions
* Adopting energy conservation
strategies
* Personal motivation
H2 » Hotel guest’s moral obligation | [3, 6, 18, 28, 31, 38, 50, 53]
Personal norms to reduce energy consumption
in his/her hotel room
H3 * Hotel guest’s degree of [16, 18, 31, 38, 53]
Ascription of responsibility | responsibility
H4 * Positive and negative energy [2, 6,18, 31, 40]
Attitude conservation attitudes of hotel
guests
H5 ¢ Environmental concern levels | [6, 12, 25]
Environmental concern of hotel guests
H6 * Availability and accessibility [23, 24], [30, 31]
Energy conservation of energy saving information
opportunity and energy control systems to
hotel guests
H7 * Hotel management’s [2, 6, 18, 31, 40]
Subjective social norms expectations toward hotel
guest’s energy conservation
behavior (e.g., lighting control,
adjusting indoor climate
conditions, window blinder
control)
* Room companion(s)
expectations toward hotel
guest’s energy conservation
behavior (e.g., lighting control,
adjusting indoor climate
conditions. window blinder
control)
* Peer pressure
HS8 * Room companion(s) concern [2, 11, 31] [40, 43]
Descriptive social norms level about energy
consumption in the hotel room
H9 * Hotel management’s policy, [31]
Hotel management support | regulations, and/or
recommendations provided to
hotel guests about reducing
their energy consumption

(continued)
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Hypothesis # Measures Hypotheses representative
studies
H10 * Physical efforts to conduct [27, 29, 35]
Physical effort energy saving behaviors that
are not bothersome or
inconvenient to the hotel guest
in the hotel room
H11 * Hotel guest’s prior knowledge | [4, 23, 24, 30, 31]

Energy conservation ability

in energy-savings and skills in
interpreting information
received from behavioral
interventions

H12
Environmental perceived
knowledge

Perceived self-knowledge
capacity of energy
conservation

Perceived self-knowledge
capacity of adjusting indoor
climate conditions (HVAC
system)

Perceived self-knowledge
capacity of lighting usage

[9, 13, 21, 24, 30, 31, 34, 53]

HI13 * Knowledge of plug loads [9, 13, 30, 31]
Actual knowledge + Knowledge of adjusting indoor
climate conditions (HVAC)
* Knowledge of lighting control
* Knowledge of energy
conservation strategies
* Knowledge of renewable
resources
H14 » Hotel guest’s physical [6,31]
Perceived behavioral capability and perceived ease
control to enact a behavior

Hotel management’s physical
capability and perceived ease
to enact a behavior

H1 was designed to predict if guests’ high motivation levels have an impact on
their energy reduction behavior. This hypothesis measures: (1) adjusting lighting
control; (2) adjusting indoor climate conditions; (3) adopting energy conservation
strategies; and (4) personal motivation. H2 was designed to investigate if guests
with high personal norms have an effect on their energy reduction behaviors in
the presence of energy reduction motivation. This hypothesis measures hotel guests’
moral obligation to reduce energy consumption in their hotel rooms. H3 was designed
to predict if guests’ ascription of responsibility has an effect on their energy reduction
behaviors in the presence of energy reduction motivation. H3 measures hotel guests’
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degree of responsibility to reduce their energy consumption in hotel rooms. H4 was
designed to determine whether guests’ positive attitude can change their energy
consumption behavior when they are also motivated to reduce energy. H4 measures
hotel guests’ positive and/or negative energy reduction attitudes. H5 was designed
to investigate if guests’ environmental concern levels have impact on their energy
reduction behaviors in the presence of energy reduction motivation. This hypothesis
measures hotel guests’ concern level toward reducing their energy consumptions in
hotel rooms.

Hypothesis 7 (H7), Hypothesis 8 (HS8), Hypothesis 9 (H9), and Hypothesis 10
(H10), were designed to test the Opportunity level of hotel guests. H7 was designed
to predict if guests’ subjective social norm levels have an impact on energy-related
conservation behaviors in the presence of energy conservation motivation. This
hypothesis measures the expectations of hotel management, expectations of hotel
room companion(s), and peer pressure to reduce energy consumption of hotel guests.
HS8 was designed to predict if guests’ descriptive social norm levels have an impact on
energy-related conservation behaviors in the presence of energy conservation moti-
vation. This hypothesis measures the hotel room companion(s) concern levels to
reduce guests’ energy consumption. H9 was designed to investigate if support from
hotel management would have an impact on energy-related conservation behaviors
when energy motivation is high. H8 measures general policy, regulations, and recom-
mendations of hotel managements provided to hotel guests to reduce their energy
consumption. Finally, H10 was designed to predict if guests’ physical effort levels
have an impact on energy-related conservation behaviors in the presence of energy
conservation motivation. This hypothesis measures the opportunities provided by
hotel management to hotel guests that provided true expectations for easier and less
need for physical effort from hotel guests to conduct energy-related conservation
behavior.

Hypothesis 12 (H12), Hypothesis 13 (H13), and Hypothesis 14 (H14), were
designed to test the Ability level of hotel guests. H12 was designed to predict if guests’
environmental perceived energy-related conservation knowledge level would affect
their energy conservation behaviors when they are motivated to conserve energy. H12
measures guests’ self-assessed knowledge levels to reduce energy consumptions,
self-assessed knowledge level to adjust indoor climate conditions, and adjusting
lighting usage. H13 was designed to determine if guests’ knowledge levels of energy
consumption facts (actual knowledge on energy consumption) would have an impact
on energy-related conservation behaviors when energy motivation is high. H13
measures guests’ actual energy reduction knowledge including knowledge of: (1)
plug loads; (2) adjusting indoor climate conditions; (3) lighting controls; (4) energy
conservation strategies; (5) renewable resources. H14 was designed to investigate
whether guests perceived behavioral control levels have an impact on energy-related
conservation behaviors when energy motivation is high. This hypothesis measures
both hotel guests’ and hotel management’s physical capability to reduce their energy
consumption.

Finally, Hypothesis 6 (H6) and Hypothesis 11 (H11) were designed. H6 was
designed to determine if hotel guests’ accessibility and availability to environmental
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energy reduction information and control systems have an impact on their energy-
related conservation behaviors in hotel buildings. H6 measures if guests’ oppor-
tunity level is mediated by their motivation. H11 was designed to predict if hotel
guests’ existing environmental knowledge and skills are effective in reducing energy
consumption in hotel buildings. H11 measures if guests’ ability level is mediated by
their motivation.

5 Conclusion

This paper aims to present a holistic approach to identify energy-use behavior of
hotel guests in hotel buildings. To achieve this, a comprehensive literature review
was conducted on energy-related behavior models in the field of social psychology to
develop an integrated energy-use framework (see Fig. 1). The integrated energy-use
framework was developed in two stages. First, four energy-related behavior models
were identified and investigated: (1) Motivation-Opportunity-Ability (MOA); (2)
Norm Activation Model (NAM); (3) Theory of Planned Behavior (TPB); and (4)
Pro-environmental Behavior (PEB) to design the integrated energy-use framework
of this paper. Second, 14 hypotheses and their relevant measures were designed
to predict the relationship among the energy-related behavior models (i.e., MOA,
NAM, TPB, and PEB) and hotel guests’ energy-use behavior as presented in Table
1. This integrated energy-use framework will assist researchers and hospitality
industry decision-makers, including hotel owners and hotel management personnel,
to develop effective strategies to reduce hotel guests’ energy consumption in hotel
buildings. Decision makers can develop a cost-effective occupancy-focused interven-
tion programs that prioritize hotel guests’ energy saving behaviors and encourage
them for more sustainable behavior pattern in hotel buildings. Decision-makers in
hospitality industry should provide aggressive incentive strategies to hotel guests
that have dark energy consumption behavior. For example, providing non-financial
incentives such as free hotel room upgrade and free VIP parking or providing finan-
cial incentives such as discount for future stays and meal coupon. The proposed
integrated energy-use framework is expected to deepen and broaden the concept and
understanding of human behaviors to identify hotel guests’ energy-use behavior and
thus, to reduce energy consumption of hotel guests in hotel buildings.

6 Future Work

The authors of this study will conduct an energy-use survey to analyze the effect of
each determined measure on hotel guests’ energy-use behavior. Then, the energy-
use survey results will be analyzed to test and validate the 14 hypotheses of the
integrated energy-use framework. This will help to identify energy-use behavior
(e.g., low Motivation level, high Ability level) and energy-use profiles (e.g., good
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energy consumption behavior, dark energy consumption behavior) of hotel guests
in hotel buildings. After that, a set of interventions and incentives will be devel-
oped in collaboration with a US hotel chain to achieve win—win operation for hotel
stakeholders (i.e., hotel owners, hotel managements, and hotel guests).
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A 3D Bioventing Model to Estimate )
Closure Time i

M. Khodabakhshi Soureshjani, R. G. Zytner, and H. J. Eberl

1 Background

Petroleum hydrocarbons as soil contaminants endanger human health because of
their potential to migrate from contaminated soil into the groundwater. Therefore,
it is crucial to understand how to remediate petroleum hydrocarbons-contaminated
sites. Soil vapor extraction (SVE) is a popular in situ remediation approach, but it
faces a tailing issue. Tailing increases mass transfer resistance, which in turn increases
the clean-up time. Additionally, tailing allows the contaminant concentrations to stay
higher than the clean-up standard. Therefore, substituting SVE with an appropriate
bioremediation method can eliminate these drawbacks (Khan and Zytner 2013).
Bioventing is usually an appropriate alternative to implement after SVE since the
physical system is the same; air flow is reduced, and nutrients are added to the
subsurface.

Bioventing (BV) as an in situ method that can economically clean up motor oil,
diesel fuel, jet fuel, and gasoline contaminated soils and overcome the tailing effects
caused by the SVE process [1]. Bioventing is a biological degradation technique
where native aerobic microorganisms are stimulated by adding oxygen and nutrients
(phosphorus and nitrogen) to bioremediate the petroleum hydrocarbons [6].

Some experimental studies have been completed on the bioventing treatment of the
hydrocarbon-contaminated soils in micro-scale, meso-scale, and large-scale reactors
to estimate bioremediation rate constants and scale-up factors [1, 3, 5].

A meso-scale bioventing reactor was developed by Khan et al. [3] and (2013).
Regression models were developed and identified a two-stage rate constant. Faster
biodegradation rate occurred during the first 8 days of process, while a slower degra-
dation rate happened in the remaining 22 days. The rate constant was positively

M. Khodabakhshi Soureshjani - R. G. Zytner (X)) - H. J. Eberl
University of Guelph, Guelph, Canada
e-mail: rzytner @uoguelpha.ca

© Canadian Society for Civil Engineering 2023 115
S. Walbridge et al. (eds.), Proceedings of the Canadian Society of Civil Engineering

Annual Conference 2021, Lecture Notes in Civil Engineering 249,
https://doi.org/10.1007/978-981-19-1061-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1061-6_12&domain=pdf
mailto:rzytner@uoguelpha.ca
https://doi.org/10.1007/978-981-19-1061-6_12

116 M. K. Soureshjani et al.

affected by the initial population of degraders and the amount of silt, whereas the
extent of clay and organic matter negatively impacted the rate.

The biodegradation correlations and scale-up factors obtained so far in our
research group for a 4 kg reactor will be imposed to the model [3]. The first simula-
tion will be based on the meso-scale bioventing reactor developed by Khan et al. [3]
and (2013), and the second step will be the modeling of large-scale (80 kg) reactor
[5].

Various modeling studies on bioremediation of hydrocarbon-contaminated soils
have been completed, but they include several assumptions to simplify the system:
sorption between the solid and gas phases was neglected; biodegradation was
assumed to occur just in the aqueous phase; microorganisms were homogeneously
dispersed in one phase; and soil was considered as a homogeneous media [2, 4, 8].
In addition, most of the current models were developed in 1 or 2 dimensions while
the conditions in the third dimension may not be consistent with those of the other
dimensions. For instance, some physical properties such as permeability of soil and
dispersion coefficient may be different in the third direction. Those assumptions
reduce the accuracy of the predictions.

The main purpose of this study is to develop a 3-D axisymmetric bioventing
model to obtain accurate closure time predictions. By incorporating accurate soil
characteristics along with a rate constant correlation, the bioventing model would be
improved, providing better predictions of closure time. The model considers multi-
phase fluid (gas, aqueous, NAPL) interactions in the unsaturated soil environment,
gas flow through a porous medium, and transport equations including convection,
dispersion, diffusion, interphase mass transfer and a biodegradation rate correlation
for a BV system.

2 Model Development

A three-dimensional bioventing model was developed by considering multiphase
flow (aqueous, NAPL, gas) in unsaturated soil environment, multicomponent trans-
port (contaminant, water, oxygen, nutrient) and equilibrium mass transfer phenomena
(partitioning) along with biodegradation. The contaminated site was considered as
a homogenous region in the model, with the geological (e.g., permeability) and
operational properties (e.g., airflow rate) of contaminated sites will be simulated
by the proposed 3-D model using OpenFOAM®. The volatile characteristics of the
contaminants were accounted in the model based on mass transfer between dissolved,
adsorbed and free phases available in the vapor phases and also in the soil. Equilib-
rium conditions were assumed for this stage of the development. The rate constants
were determined at 25 °C, but can be adjusted for any typical subsurface temperature.

The multiphase flow and multicomponent interaction of the system was based on
the mass balance Eq. (1) [7]:
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where ¢ is the porosity of soil, B represents the phases, Sg and pg (kg/m?) are
the saturation and density of phase B, respectively. The parameters k;; (m?) and k,5
are intrinsic permeability of porous medium and relative permeability of phase S,
respectively. e; are the components of a unit vector (0,0,1). Og (mol/m?s), pp (Pa), and
wp (kg/m.s) show the source/sink, pressure, and viscosity of phase 8, respectively.
E% is the total mass transfer of the components from other phases to phase f.

The components considered in the bioventing system were nutrients (n), Oxygen
(0,), water vapor and the contaminant (C). The non-linear advective—dispersive
conservation equation was applied to the model to represent the transport of
component k in the gas phase (8):

0
&(fpsﬂcﬁ,k) = V(pSsDpVCpi) — V(apCpi) + Yapk + Opi )

where Cg i (mol/m3s) and Dg (m?/s) are molar concentration and dispersion coeffi-
cient tensor of species k in gas phase 8, respectively. gg (m/s) represents the velocity
of phase B, and Qg (mol/m?.s) is source/sink of the component k in phase B. Yup.«
is the mass transfer of component k from phase « to phase S.

It was assumed that only the gas phase was flowing. This was based on the
assumption that the contaminated area was unsaturated soil, with the aqueous and
NAPL phases immobile. The first-order biodegradation kinetics was considered and
incorporated into the model.

The system of equations was solved by coupling the governing equations and the
constraining equations. Mass transfer coefficients will be the first choices as fitting
parameters to adjust the results to the experimental data. After fitting the model,
the time needed to reach to a specific concentration of contaminant in soil will be
estimated (closure time).

3 Results and Discussion

The bioventing system was mathematically modeled and simulated using open
source code OpenFOAM® for the computational fluid dynamics (CFD) with free
deployment on parallel computers. Unlimited customisation is an advantage of
OpenFOAM® which means users can extend the collection of solvers, utilities and
libraries in OpenFOAM®, using some prerequisite knowledge of the underlying
method, physics and programming techniques involved. The software is code based,
with the base language C++. As a result, modelling is highly flexible, making it easy
to adjust parameters and equations as required.
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Fig. 1 CFD mesh in Paraview (OpenFOAM)

Using a preliminary compressible fluid (gas) flowing model in porous media,
the efficiency of the mesh was assessed. The mesh as shown in Fig. 1 was built in
FluentAnsys and then converted to the format compatible with OpenFOAM.

The next step will be to add the phases and the governing interphase mass transfer
equations to the main solver to simulate the process. The mesh size will be optimized
after running the simulations, imposing the axisymmetric system and optimized mesh
size will significantly decrease the computational time.

The model will be fitted and then validated using three independent set of exper-
imental data at 200 g system [1], 4 kg reactor (Khan and Zytner 2013 and 2015) and
80 kg reactor [5]. The initial fitting will be with the 4 kg reactor using the fitting
parameters.

A parameter sensitivity analysis will be done to find out which parameters have
the largest influence on the sensitivity of the numerical solutions of the model. One
choice can be mass transfer coefficient from NAPL to gas phase since experimen-
tally and theoretically, mass transfer between the NAPL and vapour phase has been
demonstrated to have a critical influence on SVE and bioventing. Based on the
assumption that the biodegradation occurs only in the aqueous phase, mass transfer
coefficient from NAPL phase to aqueous phase which controls the biodegradation
can be another choice.
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Best fit will be identified with a log transformation mean squared difference
between the experimental and simulated data (Harper et al. 2003).

4 Summary

The clean-up of contaminated sites with petroleum hydrocarbons is an expensive
and long-term process. When remediation predictions are incorrect or take too long,
site owners abandon cleanup efforts. Consequently, choosing the proper remediation
method and estimating the corresponding clean-up time is significant. Accordingly,
it is vital to have an accurate 3D model that is robust and includes many parameters
affecting the bioremediation of petroleum hydrocarbons, something current models
cannot do. The current work on a 3-D bioventing model to predict the closure time
will address this deficiency.
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research.
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Optimizing Waste Management Regions )
Spanning Inter-Provincial Boundaries e

A. Richter, K. T. W. Ng, and N. Karimi

1 Introduction and Literature Review

Canadians have one of the highest rates of waste generation in the world, generating
973 kg/cap in 2016 [26, 27]. Of this generated waste, most is sent to landfills for
permanent disposal [4, 30]. In 2016, the percentage allocation of waste management
budgets to collection and transportation of waste at the local government level was
41.3% [28]. This represents the largest single expenditure category on any type of
waste management service. Regionalization of waste management systems includes
municipalities working together and delegating responsibilities to a central authority
within a defined geographic boundary [12]. A number of Canadian jurisdictions
have already employed regionalized waste management systems, including Alberta
[9] and Nova Scotia [11]. Following suit, the Government of Saskatchewan is also
intending to regionalize their waste management system [13]. It is believed that
regionalization will have the following benefits: providing efficient and economical
waste disposal and diversion services, improving the environmental performance
of the system, improving landfill operations while reducing municipal liability of
landfill operations, and enhancing waste minimization [12]. Richter and Ng [22]
explored the unique demographic and infrastructure demands in Saskatchewan, and
found that they may pose an extra challenge with respect to regionalized waste
management systems in the province.

Typical waste system optimization studies apply GIS to find the optimal placement
of waste management facilities in an area, not the design of specific regions which
encapsulate the waste management system. For example, [29] use overlay analysis
and buffering in order to define suitable areas for landfills. Khan et al. [17] used GIS
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methods such as location allocation and analytical hierarchical process (AHP) to site
waste conversion facilities in the province of Alberta.

Chalkias and Lasaridi [5] used ArcGIS Network analyst tools to improve the
efficiency of waste collection and transportation in a Greek municipality. In their
study, they improved efficiency by reallocation of waste bins to different sectors
(essentially creating sectors that are optimized for waste management), as well as
applying vehicle routing to optimize distance and time travelled. They noted the
importance of sectorisation of larger waste collection areas, and the importance
of spatial analysis over empirical approaches when it comes to designing waste
management and collection systems.

Adamides et al. [1] discuss the importance of spatial analysis and topology of
waste management regions. In their study, they consider population distribution
along with estimated production volumes of solid waste, which are used to determine
end treatment facilities in each of the five administrative regions in the study area
(Greece). They note the importance of multi-methodological intervention in devel-
oping regional waste management systems, combining both social and economic
aspects.

With respect to the actual development of regions, [6] noted that the attractive char-
acteristics of service areas were: [i] connectivity and [ii] compactness. By improving
the shape characteristics of regions, arc or node routing problems within each region
can be solved more optimally [6].

Richter et al. [21] proposed and applied a novel recursion algorithm to optimize
the shape of waste management regions in Saskatchewan and Nova Scotia, which
is applied in this study. Using the proposed methodology, significant reductions in
standard deviation were observed in both Nova Scotia (9.6-30.4%) and Saskatchewan
(4.9-46.1%).

With respect to waste management, there are few studies on interprovincial or
transboundary movement of solid waste from an optimization perspective. Li et al.
[18] examined interprovincial movement of waste electrical and electronic equipment
(WEEE) in China. In applying a Minimum Distance Maximum Receiving (MDMR)
model, they found that there is room for optimization with respect to interprovincial
movement of WEEE in China. Furthermore, they found that certain provinces are
underserved in terms of recycling of WEEE, while others are overserved.

Agovino et al. [2] noted that administrative data are aggregated on the basis of
arbitrary geographical boundaries that reflect political and historical changes. They
further concluded that the choice of spatial aggregation unit is essential in their study
on spatial proximity effects. For example, in Nova Scotia, waste management regions
are the amalgam of Federal Subdivision [11]. Richter et al. [21] questioned the use
of administrative boundaries in the development of waste management regions in
Canada, however, they failed to consider whether interprovincial analysis yielded any
further optimization. As a result, the objectives of this paper are to: (i) apply the recur-
sive Thiessen Polygon algorithm in an interprovincial comparison of Saskatchewan
and Manitoba using Federal subdivisions as the input tessellation, and (ii) compare
the results to see if optimization occurs across interprovincial boundaries.
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Fig. 1 Input tessellations—Federal Subdivision in Manitoba and Saskatchewan

2 Methodology

2.1 Study Area

The input tessellation to the recursive Thiessen polygon algorithm is shown in Fig. 1.
This represents the Federal census Subdivisions for Saskatchewan and Manitoba.
In order to determine whether optimization occurs in the interprovincial analysis,
Federal Subdivisions in both Saskatchewan and Manitoba were considered sepa-
rately, followed by the interprovincial analysis. One should note the distinct differ-
ences in shape and size of Federal census boundaries in the two provinces, along
with the distinct large size of northern regions in both provinces. A total of 18
Federal Subdivisions are located in Saskatchewan, whereas 23 Federal Subdivisions
are located in Manitoba. Federal census subdivisions are municipalities or areas that
are treated as municipal equivalents for statistics purposes by the Federal government
[23].

2.2 Data Acquisition and Pre-processing

The data obtained for this study is shown in Table 1, with the majority of the data
being obtained directly from local government open data portals. Where required,
data was clipped to the study area using ArcMap (v.10.5.1).
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Tabl.e 1 . Data type and Province Data Data type | References

acquisition
Saskatchewan | Federal subdivisions | Polygon | [24]
Saskatchewan | Roads Line [8]
Saskatchewan | Populated places Point [7]
Saskatchewan | Landfills Point [14]
Manitoba Federal subdivisions | Polygon |[24]
Manitoba Roads Line [8]
Manitoba Populated places Point [7]
Manitoba Landfills Point [10]

2.3 Workflow and Optimization

The workflow used in this study is presented in Fig. 2, after [21]. First, the centroid
of each polygon in the input tessellation (shown in Fig. 1) is calculated. This is used
as the seed for the development of the Thiessen polygon mesh. Once completed,
the intersection of the vector datasets is calculated. Three different parameters were
used to check the optimization of the mesh: landfills (LFs), populated places (Pop),
and road length (road). In this case, that is the ‘count’ or sum of number of landfills
and populated places, along with the sum of length of road within each respective
polygon in the newly developed mesh. The vector data is also intersected with the
input tessellation in order to compare the data. The standard deviation of the number
of populated places and landfills (point datasets) and length of road (linear vector
datasets) are then calculated for each of the new polygons in the Thiessen polygon
mesh developed in the previous step. Optimization occurred when the standard devi-
ation for each of the parameters (landfills, populated places, and road length) was
minimized, which did not necessarily occur at the same iteration. In this study, ten
iterations were carried out, though all optimization occurred well before the 10th
iteration.

2.4 Thiessen Polygons

This study makes use of Thiessen polygons and the Centroidal Voronoi Tessellation
algorithm (also known as Lloyd’s Algorithm) to define the new boundaries of waste
management regions. Thiessen (or Voronoi) polygons are derived from a topological
relationship between a set of points in X, y two-dimensional space [20]. They are a
common structure in geographic information systems, and are built using Delaunay
triangulation in ArcMap (v. 10.5.1.). They have been applied in waste management
studies [17, 21], geology [15], and transportation [3].
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Fig. 2 Workflow used in
this study. Adapted from
[21]. (LFs: Landfill, Pop:
Populated Places, Roads:
Road length)
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In this study, similar to [21], standard deviation is used as the minimization parameter.

It is defined in Eq. (1), [19].
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Fig. 3 Results of Thiessen polygon recursion on Federal Subdivisions in Saskatchewan

where y; is any number in the set, ¥ is the mean of the set, and n is the sample size (in
this case, the number of polygons in the tessellation). The stopping criteria for the
iterative process described in Sect. 2.3 is minimization of the SD, indicating that the
allocation of chosen parameters (landfills, populated places, and roads) is as equal as
possible in all subdivisions. Richter et al. [21] believe that this equalization will help
to create practical and efficient waste management regions. Normalization (division
of respective values against the maximum value in a set) was used in order to be able
to compare results from different areas.

3 Results and Discussion

3.1 Saskatchewan

Results from the application of the recursive Thiessen polygon tool on Saskatchewan
Federal Subdivisions yielded no optimization, and are reported in Richter et al. [21].
The implication is that the current topology of Saskatchewan Federal subdivisions is
already optimized when considering landfills, populated places, and road length. The
optimized tessellation is shown in Fig. 1 (Saskatchewan only) and is not included
here for conciseness. Figure 3 shows the results of the optimization process, and
the minimum SD occurring at the zeroth iteration, with a steady increase in the
normalized SD as the number of iterations increased. Although Richter et al. [21]
found that optimization did occur when Federal Subdivisions were split vertically
and horizontally, the main finding was that specialized approaches were required to
address the large remote northern division of the province.

3.2 Manitoba

Unlike Saskatchewan, optimization did occur in Manitoba, albeit at different iter-
ations (IT) for roads/populated places (IT = 1) and landfills (IT = 5) as shown in
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Fig. 4 Optimized regions in Manitoba

Fig. 4. Road and population tend to optimize at the same iteration, indicating that
the two parameters may be more related to each other compared to landfills. This
finding was also evident in Richter et al. [21]. The size distribution of the regions
is similar to that of Saskatchewan, owing to the sparsely populated northern regions
of the province. Like Saskatchewan, specialized approaches to waste management
may be required in Northern and rural areas of Manitoba.

Figure 5 shows the normalized minimization of parameters. Unlike in Fig. 3,
where each curve had roughly the same shape, we see variation in the shape of the
curves in Manitoba, especially between landfills and populated places/roads. From
Fig. 1, the input tessellation appears much more regular in Saskatchewan (uniform
squares for the most part) compared to the more oddly shaped polygons present in
Manitoba’s input tessellation. It is likely that this causes the shape of the respective
curves to be more volatile in Manitoba compared to Saskatchewan. As discussed
by Richter et al. [21], the choice of best tessellation (in the event that optimization
doesn’t occur at the same iteration) would depend on which factor is more important:
landfills, populated places, or roads. This is a decision that would have to be made
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Fig. 5 Results of Thiessen polygon recursion on Federal Subdivisions in Manitoba
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by policy makers in the respective province and would depend on a number of other
factors.

Considering the relative magnitude of standard deviation however, we see that
the SD is smaller in Saskatchewan (Fig. 3) compared to Manitoba (Fig. 5), indi-
cating that the parameters are spread more equally (closer to the mean, less devia-
tion) in Saskatchewan compared to Manitoba. This may indicate that the proposed
‘optimized’ tessellation for Saskatchewan is more optimized than that of Mani-
toba, an interesting finding considering that Saskatchewan Federal subdivisions were
optimized at the input tessellation.

3.3 Interprovincial Analysis

Results from the interprovincial analysis indicate that, when considering Federal
subdivisions in Saskatchewan and Manitoba concurrently, optimization occurs at the
first iteration for all parameters. The optimized regions are shown in Fig. 6. Itis inter-
esting to note that the optimized tessellation for the inter-provincial analysis is quite
different from the optimized tessellations for Saskatchewan and Manitoba consid-
ered separately. The total number of Federal census boundaries remains constant at
41, while there is some overlap of regions across the Saskatchewan-Manitoba border.
This is especially pronounced in Northern regions, which may indicate that region-
alization is more beneficial in Northern regions compared to the more populated
southern regions. As an area of future work, it is suggested that sub-regions within
the provinces be considered separately.

Fig. 6 Optimized
inter-provincial regions A

0 125 250 500 km
I |
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Fig.7 Results of Thiessen Polygon recursion on Federal Subdivisions in an inter-provincial
analysis

Table 2 Optimized absolute standard deviations

Parameter SK MB Average Inter-provincial
Landfills 7.72 5.13 6.43 11.30
Populated Places 66.56 61.63 64.10 72.55

Road Length 2286.29 1436.71 1861.50 2942.28

Figure 7 shows the normalized standard deviation for each iteration. We observe
that the shape of the curves are generally similar, despite landfills being slightly
elevated for iterations 0—4. For each different set of input tessellations (Saskatchewan,
Manitoba, and interprovincial), the highest normalized standard deviation occurs
at the tenth iteration, which may indicate that a more regular pattern in the input
tessellation is likely to lead to optimization within ten iterations. In order to confirm
this finding, a study should be done which uses input tessellations with a less regular
pattern.

In order to determine whether the results from the interprovincial analysis are
better than those from the separate analysis of Saskatchewan and Manitoba, non-
normalized data are explored. A summary table of absolute standard deviation is
shown in Table 2.

Given the similarities between Saskatchewan and Manitoba with respect to their
waste generation characteristics, recycling behaviors, and management of waste
systems, one would expect the potential benefits of using jointed waste facilities
between the provinces. However, the results suggest that the standard deviations for
Saskatchewan, Manitoba, and the average of both provinces considered separately
(Average, shown in column 4 of Table 2) is less than that of the inter-provincial
analysis for all of the parameters considered. This indicates that using this method-
ology, it is advantageous to create waste management regions that respect current
provincial boundaries rather than an inter-provincial system, at least for Manitoba
and Saskatchewan.

Richter et al. [21] noted that remote northern regions of Saskatchewan required
a specialized approach to development of waste management regions. The authors
believe that the same is true in this study, since both Manitoba and Saskatchewan are
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similar in terms of distribution of population in the northern parts of the province.
It is believed that a similar approach, whereby the interprovincial input tessellation
is divided into vertical and horizontal subdivisions may improve the results of this
interprovincial analysis.

3.4 Practical Implications and Areas of Future Work

This study attempts to optimize waste management regions from an interprovincial
perspective for Manitoba and Saskatchewan. Future work involves the integration
of waste policies and laws related to interprovincial movement of waste. Richter
et al. [21] reported that the optimization results are sensitive to input tessellations.
In a future study, the boundaries for the combined SK-MB region will be first re-
defined before optimization. Furthermore, it may be possible to re-configure the
number of regions in each province after applying the recursion algorithm. From the
interprovincial analysis, it was observed that the newly defined waste management
regions tended to ‘cross-over’ the provincial border more often in Northern regions
compared to the southern regions. Studies have suggested that waste management
in Northern Canadian regions is more complex [16] and may require specialized
approaches [21].

An area of future work may include a temporal analysis of optimization. As noted
in the study, Saskatchewan Federal Subdivisions did not optimize, while Manitoba
did, possibly owing to temporal changes in populated places, roads, and landfill
locations. Recall that Federal census subdivisions, as defined by Statistics Canada
[23] are areas treated as municipal equivalents for statistical purposes. The fact that
Saskatchewan Federal Subdivisions were already optimized using this methodology,
while Manitoba Federal Subdivisions were not, may indicate temporal changes in
these parameters over time. Region development should perhaps not be static, but
rather a dynamic system that changes over time. It appears that interprovincial anal-
ysis is complex, and may benefit from other approaches, such as that presented by Li
etal. [18]. In the future, techniques such as Minimum Distance Maximum Receiving
(MDMR) may shed light on improvements to interprovincial movement of waste in
Canada.

4 Conclusions

In this paper, a novel recursion algorithm first introduced by Richter et al. [21] is
applied to an interprovincial analysis of waste management regions in Saskatchewan
and Manitoba in order to optimize the system. The results suggest that when consid-
ering Saskatchewan alone, Federal census subdivisions are already optimized based
on the distribution of landfills, populated places, and roads in the province. However,
it appears that specialized approaches are required in the province, due to the remote
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and rural nature in areas of the province. On the other hand, an optimized tessellation
of waste management regions in Manitoba is presented, indicating that there is room
for improvement with respect to waste management in Manitoba. The input tessella-
tions for Saskatchewan and Manitoba are significantly different, indicating the input
tessellation is important to the optimization process. Furthermore, when comparing
results from Saskatchewan and Manitoba, it is observed that the standard deviation
is smaller in Saskatchewan compared to Manitoba, indicating that the parameters
are more equally spread in Saskatchewan. For the interprovincial analysis, an opti-
mized tessellation is presented. However, the results show that it is best to create
waste management regions that respect current provincial boundaries rather than an
inter-provincial system, at least when considering Manitoba and Saskatchewan. A
number of suggestions for future work are provided. It is believed that this work will
help to drive and contribute to evidence-based waste policy in Canada.
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Stacking Different Spatial Statistics )
in a Novel Recursion Algorithm i
to Improve the Design of Waste

Management Regions in Saskatchewan

A. Richter, K. T. W. Ng, and N. Karimi

1 Introduction and Literature Review

Canadians have one of the highest waste generation rates in the world, generating
973 kg/cap in 2016 [32, 33]. Landfilling continues to be the most prevalent choice
for final disposal of waste in Canada [4, 36]. Low population density contributes, in
part, to increased costs for waste management [23]. In 2016, Canadians paid $1.4
billion to collect and transport waste, accounting for 41.3% of total expenditure on
all parts of the waste management system [34]. In Saskatchewan, expenditure on
waste collection and transportation totalled $77 million [34].

Regionalization is the process of encouraging municipalities to work together
and share resources to reduce costs and risks [12]. Regionalized waste management
systems have been implemented in some Canadian provinces [10, 11] and these
systems are common around the world [22, 35]. Regionalizing WMSs is a complex
and politically challenging task, involving factors such as population density, costs,
location of waste management infrastructure and environmental constraints [30].

The idea of regionalization has existed in Saskatchewan for quite some time,
but not solely in the context of waste management. Stabler and Olfert [31] intro-
duced a methodology to create labour market areas for economic regionalization
of the province to improve the efficiency of municipal government systems. They
noted that an inverse relationship existed between population density and region size.
With respect to healthcare systems Marchildon [18] noted that the creation of health
regions in the province was undertaken to save money and reallocate resources for
preventive care measures. With respect to waste management, Bolton and Curtis [3]
developed an environmental assessment method of siting landfills on a regional basis
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in Saskatchewan, but noted that the highly autonomous nature of communities in the
province made regional cooperation difficult.

Sectorizing, the process of diving a region into smaller parts [28], for adminis-
trative, political, or economic activities is common [7], and is important from both
a planning and operational standpoint. Often the development of regions for these
various uses is simply based on pre-existing natural or administrative boundaries
and lacks a scientific and theoretical basis [27, 37]. Furthermore, when considering
the design of regionalized waste management systems, geospatial dependency adds
to the complex nature of the problem. In Canada, low population density [23], and
other economic and social challenges in rural and remote northern communities [16,
17, 25] require approaches that differ from those in more populated areas.

Around the world, a small group of researchers have worked on the problem of
best defining regions for waste management. Chalkias and Lasaridi [5] used spatial
analysis to re-allocate bins to different sectors and therefore improve waste manage-
ment collection efficiency. Adamides et al. [1] noted the importance that spatial anal-
ysis and topology played in their multi-methodological analysis and development of
waste management regions. Using population distribution and estimates of waste
generation, they developed efficient waste management regions. Other researchers
have found that the design of regions and collection costs will vary depending on
urban and rural areas [6], location and demographics [15], and country influences
[21].

A large amount of research on regional co-operation has been carried out in
Italy, likely due to the high population density and topographical differences in the
country. Sarra et al. [29] used multi-stage data envelopment analysis to find the
optimal dimensions for cooperation for waste collection services in Italy. It was
found that the optimal number of inhabitants for this type of cooperation would not
exceed 55,000 [29]. Agovino et al. [2] studied the performance of different Italian
regions using data envelopment analysis. The results suggest that waste management
performance is optimized when citizens and local governments act jointly. The results
further indicate the importance of the topography and the local dimension of waste
management in the country.

Richter et al. [27] applied Centroidal Voronoi Tessellation to develop waste
management regions, thereby questioning the use of pre-existing administrative
boundaries for waste management purposes. Centroidal Voronoi Tessellation relies
on the geometric centroid of a region to create future iterations and tessellation devel-
opment. There are, however, different spatial statistics that can be used in place of
the geometric centroid to develop these tessellations. Furthermore, once optimiza-
tion has been reached using one spatial statistics, other spatial statistics may be able
to further optimize the tessellation, directly building on the prior optimization. The
objectives of this study are to: (i) stack different spatial statistics (mean and median
center) on top of the initial CVT algorithm and (ii) compare the results to those using
only the CVT algorithm to determine if the stacking method proposed in this study
can further improve the results of the CVT algorithm. The results from this study may
help to further develop data driven regions for waste management in Saskatchewan
and Canada.
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2 Methodology

2.1 Study Area

In this study Transportation Planning Committee areas (TPCs) are used to investigate
the ability of the so-called ‘stacking’ algorithm to better optimize waste management
regions. First, the Centroidal Voronoi Tessellation (CVT) algorithm was applied to
the transportation planning committees (shown in Fig. 1a). Optimization using the
CVT algorithm has been reported in previous work [27]. The optimization results
from the previous study suggest that landfills and populated places optimized at
the fourth iteration (shown in Fig. 1b), while roads optimized at the first iteration
(Fig. 1c). Area transportation planning committees have been used in Saskatchewan
since the late 90’s to help influence planning for transportation in the province [20].

There are 11 sub-regions in the area.

(c) Roads Optimized

(a) Area TPCs (b) Landfills and Population Optimized
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Fig. 1 a Area transportation planning committees (TPCs) prior to the CVT algorithm; and after
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Tabl.e 1 . Data type and Data Data type | References
acquisition
Area TPCs Polygon Derived from [14]
Roads Line Esri [8]
Populated places | Point Esri Canada (2014)
Landfills Point Government of Saskatchewan
[13]

2.2 Data Acquisition and Pre-Processing

The data obtained for this study is shown in Table 1, with the majority of the data
being obtained directly from local government open data portals. Where required,
data was clipped to the provincial boundary using ArcMap (v. 10.5.1).

2.3 Workflow and Spatial Statistics

The workflow for this study is similar to that used by Richter et al. [27]. In this study,
the starting tessellations are not the original area transportation planning committees,
but rather the tessellations that have already been optimized using CVT (Fig. 1b, c).
Instead of using the geometric centroid (shown in Fig. 2b), used by Richter et al.
[27], the mean and median center (shown in Fig. 2c, d) are applied. Mean Center is a
point constructed from the average x and y coordinates for all input features within
the study area. It is calculated using Eq. (1) [9]:

(D

Legend 1:4,110,195

@ Mean Center
A Geometric Centroid
¥r Median Center

Fig. 2 a Graphical set of points for which, b geometric centroid, ¢ mean center, and d median
center are shown
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where x;, y; are the coordinates for features i and n is the total number of features,
and X and Y are the point coordinates of the averaged x and y coordinates in the set.

The median center is a measure of central tendency that minimized travel from
itself to all other features in the dataset. The median center (dY;) is calculated iter-
atively, where at each step ‘t’ in the algorithm, a candidate point (X', Y') is found,
and then refined until it minimizes the Euclidean distance ‘d’ to all feature ‘I’ in the
dataset [9]. Mathematically it is expressed by Eq. (2) [9].

df =\ (X = X1 4+ (¥ - 71 @

Unlike the mean center (Eq. 1), the median center is robust to outliers [9].
Although the location of the mean and median centers are similar (Fig. 2¢, d), median
center accounts for travel distance, which may be important in the design of waste
management regions for minimized transportation costs.

The maroon points shown in Fig. 2 represent the populated places dataset, used to
calculate the mean and median center. The geometric centroid is independent of the
dataset, and relies solely on boundary geometry, while both the mean and median
center rely on the points and are independent of the boundary. For each sub-region in
the tessellations (shown in Figs. 1b, c¢), the mean and median centers are calculated
and used as input to the centroidal Voronoi tessellation algorithm. In other words, the
spatial statistic that is calculated is used as the ‘seed’ to create a mesh of Thiessen
polygons which are then clipped to the provincial boundary. This process is repeated
until the optimization criteria (explained in the next section) are met.

2.4 Optimization Criteria and Minimization Parameters

Three different parameters were used to check the optimization of the mesh of
Thiessen polygons: landfills (LFs), populated places (pop), and road length (road).
The number of landfills and populated places, and the length of road within each
created sub-region are calculated using the ‘summarize within’ tool in ArcMap (v.
10.5.1). The standard deviation of the number of landfill, populated places, and road
length are calculated in order to compare the data to the results from the previous
tessellation. Optimization occurs when the standard deviation for each of the parame-
ters (landfills, populated places, and roads) are minimized. This does not necessarily
occur at the same iteration. This optimization method was used in keeping with
Richter et al. [27] who supposed that optimized regions were those where the spread
of landfills, populated places, and roads were most equally spread across each region
in the province.

Similar to Richter et al. [27], standard deviation is used as the minimization
parameter. It is defined in Eq. (3) [19].
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Y i =)

n—1

SD = 3)

where y; is any number in the set, § is the mean of the set, and n is the sample size
(in this case, the number of polygons in the tessellation).

3 Results and Discussion

3.1 Applying Mean Center to CVT Iteration 1

Recall from Fig. 1 that landfills and populated places were optimized at iteration 1.
Applying the mean center spatial statistic to the tessellation shown in Fig. 1b yielded
improvement from the CVT algorithm. The resulting decrease in optimization metrics
(percent standard deviation, % SD) is shown in Fig. 3.

A percent decrease in percent standard deviation (% SD) of 5.2% was observed for
landfills, 6.7% for populated places, and 2.2% for roads. Only three iterations using
the mean center were required before increases in the % SD were observed. Results
reported using another spatial statistic [24], the central feature, yielded much larger
optimizations. We conclude that in this case, the stacking methodology proposed can
further optimize the tessellations than the original CVT algorithm which uses the
geometric centroid. However, the results suggest that the Central Feature Method
proposed by Richter et al. [24] is still superior to the method proposed herein. Next,
we look to see if further improvements can be made when using the tessellation
where roads were optimized using the CVT approach.

mLF_%SD

%SD

W Pop_%SD

Road_%SD

CVT_IT1 MC_IT1 MC_IT2 MC_IT3

Fig. 3 Optimization results applying the mean center algorithm to the first CVT optimized
tessellation
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6.2
6.15
6.1

6.05 BLF_%SD
W Pop_%SD

Road_%SD

CVT_IT4 MC_1T1 MC_IT2 MC_IT3

Fig. 4 Optimization results applying the mean center algorithm to the fourth CVT optimized
tessellation

3.2 Applying Mean Center to CVT Iteration 4

Applying the mean center algorithm to the tessellation presented in Fig. 1c, where
roads optimized using the CVT algorithm, a reduction in % SD is observed for roads,
but not landfills or populated places. This is shown in Fig. 4, and similar to the results
in Sect. 3.1, only 3 subsequent iterations are required. Recall that this application
uses the optimized tessellation for roads, which occurred at the fourth iteration using
the CVT algorithm. This is likely the reason that only roads are observed to optimize
when applying the mean center to the tessellation, unlike in Sect. 3.1 where all
parameters were observed to optimize further, despite the fact that the only landfills
and populated places were CVT optimized in that tessellation. The proposed stacking
algorithm may be more efficient at making improvements when the first algorithm
used (in this case, CVT) optimizes at a relatively low (less than four in this case)
number of iterations. Unfortunately, despite the reduction of % SD by 3.6%, the
proposed stacking algorithm still fails to have better results that than of the central
feature method proposed by Richter et al. [24]. Although the mean and median center
spatial statics are similar (see Fig. 2), we will explore and compare the results using
the median center in the next sections.

3.3 Applying Median Center to Iteration 1

When applying the Median Center spatial statistics to the optimized tessellation
for landfills and populated places via CVT algorithm, shown in Fig. 1b, we note
that all parameters are capable of further reduction in % SD. This is similar to
those results presented in Sect. 3.1, however, more iterations are required (Fig. 5).
Percent reductions in % SD of 10.3, 7.4, and 2.7 percent are observed for landfills,
populated places, and roads, respectively. This indicates that although the use of the
Median Center is more computationally demanding (ie. requires more iterations),
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6.6
6.4

6
5.8 mLF %
5.6 W Pop_%
5.4 M Road_%
5.2

5

CVT_IT1 MedC_IT1 MedC_IT2 MedC_IT3 MedC_IT4 MedC_IT5

% SD

Iteration

Fig. 5 Optimization results applying the median center algorithm to the first CVT optimized
tessellation

it is better able to reduce the % SD, yielding more efficient waste management
regions. One possible reason for this improvement in optimization is that the median
center is robust to outliers and can better account for travel distances [9], which
may be important for waste management problems [26]. Nonetheless, the proposed
method once again fails to improve upon the results using the central feature method,
presented by Richter et al. [24]. Next, we will investigate the results when considering
the fourth.

3.4 Applying Median Center to Iteration 4

The results when applying the Median Center spatial statistic to the optimized tessel-
lation for roads using the CVT method are more complex than those previously
presented. Most notably is the amount of iterations required for optimization to
occur, shown in Fig. 6. In total, 18 iterations were required before the algorithm

7

6

5

3 HLF %

2

1 W Pop_%
0 M Road_%

s c/\\ O& c,/\% c/\v c/\% c/\b c/\« (,/\% (,/\0) /\N /\N \:L <\
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Fig. 6 Optimization results applying the median center algorithm to the fourth CVT optimized
tessellation
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optimized. Unlike the previous results which showed some improvement, but failed
to improve upon the Central Feature Method proposed by Richter et al. [24], landfills
were better able to be optimized. The absolute standard deviation for landfills using
the method proposed in this study was 21.19, slightly less than the standard deviation
of 22.08 for landfills using the central feature method [24]. Populated places has a
similar SD of 177.91 (this method) compared to 177.63 using the central feature
method. Roads continued to be better optimized by the central feature method (SD
= 6675.56).

Figure 7 presents the different optimized tessellations for landfills in a side-by-side
comparison. Despite the different path used to obtain the results, and the computa-
tional complexity and demand of the algorithm proposed in this paper, there are
some striking resemblances between the two figures. Of special note is the resem-
blance of the northern divisions via the different methods. Larger differences in the
tessellation are observed in the southern part of the province. These results suggest
that there could be an infinite amount of different optimized tessellations through
different optimization algorithms. The computational demand and efficiency of the
algorithms may dictate their useability in future applications.

(a) LF Optimized using Central Feature (b) LF Optimized (proposed method)

1:11,065,288

Fig. 7 Comparison of optimized tessellations for landfills using central feature method [24] and
the newly proposed stacking algorithm
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4 Conclusions

This paper continues to build on methods first presented by Richter et al. [27], by using
different spatial statistics, namely the mean and median center, which are applied to
previously optimized tessellations in order to see if these spatial statistics can further
improve the optimization. The results show that the mean and median center spatial
statistics are able to slightly improve the optimization compared to the results of CVT.
However, in most cases they are unable to improve the results when comparing to
the results presented by Richter et al. [24], which uses the central feature method.
When applying the median center to the fourth iteration CVT optimized tessellation,
however, landfills were better optimized (absolute SD = 21.19 compared to 22.08
using the central feature method). Comparing the two tessellations reveals two very
similar tessellations, indicating that there may be an infinite number of optimized
tessellations. The computational demand for the proposed method is much higher
than that of the central feature method proposed by Richter et al. [24], indicating that
the efficiency of algorithms may dictate their use in certain circumstances. In the
future, using different types of population data that can better account for urban versus
rural areas and differences in population density would be useful from an engineering
and decision-making point of view. The results of this study have practical importance
in the development of regions for waste management. However, they are widely
applicable to many different regionalization problems.
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Temporal and Spatial Assessment m
of Landfill Gas Emission Near the City e
of Regina Landfill

Nima Karimi, Amy Richter, and Kelvin Tsun Wai Ng

1 Introduction

Urbanization and population growth lead to an increase in solid waste generation
worldwide. As an example, populated regions in the Caribbean and Latin America
were responsible for generating around 131 million tons of waste by 2005 which
is estimated to have a significant jump to around 179 million tons by 2030. Conse-
quently, need for engineered landfills seems clearer than ever before [17]. On the
other hand, there are countries like Germany that take new policies regarding 3R
approaches (reduce, reuse, recycle) seriously and planned to end landfilling prac-
tice by 2020. Some developing countries like Brazil also increasing its separation
and recycling rate both in municipalities and the private sector. On the other hand,
increasing population lead to a significant increase in waste generation as well.
It is also believed that larger countries with lower population densities are more
likely to use landfills than countries with higher population densities due to lower
average landfilling costs [17]. Considering the major countries in North America
shows that Canada also has around 16 times more landfills per hundred thousand
people compared to USA [4, 19]. Hence, landfilling is known as the first solu-
tion for Canada’s solid waste. Therefore, landfills have to be designed in a way
to prevent hazardous environmental effects [2, 20]. Even by aiming to minimize the
environmental damage, there are hidden inherited threats in landfill practice which
are regarded to be inevitable [1, 10, 11]. Such effects can be included but not limited
to water resources contamination adjacent to landfills [12] and health issues for
neighboring population [15]. In addition, one of the major concerns for such sites
could be the excessive landfill gas (LFG) release which in turn may cause hazardous
consequences as explosions [16].

N. Karimi (<) - A. Richter - K. T. W. Ng
University of Regina, Regina, Canada
e-mail: NKG797@UREGINA.CA

© Canadian Society for Civil Engineering 2023 145
S. Walbridge et al. (eds.), Proceedings of the Canadian Society of Civil Engineering

Annual Conference 2021, Lecture Notes in Civil Engineering 249,
https://doi.org/10.1007/978-981-19-1061-6_15


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1061-6_15&domain=pdf
mailto:NKG797@UREGINA.CA
https://doi.org/10.1007/978-981-19-1061-6_15

146 K. Nima et al.

LFG is the by-product of waste decomposition in landfills. The proportion of
methane is around 50 percent of the entire LFG [3]. Methane basically comes from
anaerobic decomposition stage after a provided environment which takes regularly
less than one year. On the other hand, it could be more efficient if it can be captured,
converted and used as an energy resource instead of being released to the atmosphere
and be a part of local air pollution issue and global climate change [3].

Landfills should be monitored using in situ sampling for soil, water and released
gases. Certainly, ground monitoring is cost and time consuming. This is where remote
sensing imagery could be a suitable substitute for in-situ monitoring and has been
vastly used in solid waste management within the recent years [7, 13, 14]. For
example, [7] used night time light satellite imagery in extracting suitable regions for
landfill sites. On the other hand, some literature used satellite images in defining the
attributable environmental changes within the disposal sites. For example, [9] used
land surface temperature (LST), normalized difference vegetation index (NDVI),
soil adjusted vegetation index (SAVI) and modified soil adjusted vegetation index
(MSAVI) to estimate the fluctuation of temperature as well as vegetation health. They
found an increase around 4 degrees centigrade in temperature within the agricultural
land adjacent to the disposal site and a drop in vegetation health due to the mentioned
vegetation indices. Increased land surface temperature in landfills was also observed
using remote sensing imagery in a local landfill in Glina, Romania [5].

For the current study, LST has been used to extract out probable methane release
spots to properly and efficiently locate the gas extraction system within Regina Land-
fill. Since the association between methane emission and land surface temperature
(LST) is estimated to be positive [6], LST could be used as a proxy in determining
potential gas extraction spots [7, 8].

2 Methodology

For the current study, Regina Fleet Street landfill located in northeastern part of
Regina, Saskatchewan is selected. With regard to the boundaries of the current land-
fill, the maximum occupied area is estimated to be 1,182,427 square meters. The
exact location of landfill with regard to the coordination system and boundaries is
shown in Fig. 1.

Details of the downloaded satellite imagery for the study area are shown in Table
1. The Landsat imagery was captured from February S5th to November 27th, 0-3
images per month and no images in January, June and December due to cloud cover
and atmospheric haziness.

After downloading satellite imagery and clipping out the area of interest, land
surface temperature was calculated using Landsat-8 handbook [18]. Based on the
handbook, prior to the calculation of LST, TOA (top of atmosphere radiance),
BT (brightness temperature), NDVI (normalized difference vegetation index), PV
(proportion of vegetation) and e(emissivity) were extracted out using Egs. (1)—(6).
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Fig. 1 Regina landfill boundaries and location in the province of Saskatchewan, Canada

Ly=My x Qca+ AL (1)

where

L, spectral radiance (watts/m? X sr X jLm)
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Table 1 Type of satellite
imagery, location and date of
images used in the current

Satellite details and spatial resolution: Landsat 8 OLI
(operational land imager) and TIRS (thermal infrared sensor)
level-1 data products/30 x 30 m

siudy Path/Row | Captured date Path/Row | Captured date
YYYY.MM.DD YYYY.MM.DD
36/25 2018.02.05 36/25 2018.07.04
36/25 2018.02.20 36/25 2018.08.28
35/25 2018.03.20 35/25 2018.08.29
36/25 2018.04.17 35/25 2018.09.12
35/25 2018.05.01 36/25 2018.10.30
36/25 2018.05.02 35/25 2018.10.31
35/25 2018.05.16 35/25 2018.11.27

M;  Band-specific multiplicative rescaling factor for the band (RADI-
ANCE_MULT _BAND_n, from the metadata of each downloaded Lansat8
scene)

AL Radiance additive scaling factor for the band (RADIANCE_ADD_BAND_n,
from the metadata)

Qc.a Level 1-pixel value in DN.

Using the computed spectral radiance, the BT is then computed:

BT = _ K ()

ln<f—Al + 1)

where

BT Temperature in kelvin where:

L;  TOA spectral radiance (Watts/(m? x srad x pm))

K; Band-specific thermal conversion constant from the metadata
(K1_CONSTANT_BAND_x, where x is the thermal band number)

K, Band-specific thermal conversion constant from the metadata
(K2_CONSTANT_BAND_x, where x is the thermal band number)”.

NDVI — Band5(near infrared band) — Band4(red band) 3)
" Band5(near infrared band) + Band4(red band)

NDVI —NDVImin \>
PV = €]

NDVImax — NDVImin

Emissivity(e) = 0.004 x PV 4 0.986 (®)]
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BT
LST = (6)

1+ (%) X In(e)

where, A, is equal to 10.8 pwm which is the centre of thermal band wavelength.
Reflectance (p) is related to Boltzmann’s constant (o), Planck’s constant (h), and
speed of light (c) as follows:

. hxc
P (1438 x 10-2m - k)

(7

After calculating LST, the sites with increased surface temperature separated from
rest of the landfill based on one standard deviation. Sites with surface temperature
higher than (Average + 1STDEV) have LST values thatare higher than over 80
percent of the landfill. In other words, such sites assumed to be suitable representative
for fugitive emissions. Therefore, areas with LST values over (Average + ISTDEV)
were reclassified as 1; and the remaining areas were set to 0. Finally, 14 binary maps
were overlaid and provided an integer map that its values range between 0 and 14.
Higher values show the higher frequency of continuous higher relative temperatures
and higher probability of being a methane flux source. A schematic map of the entire
procedure is shown in Fig. 2.

Fig. 2 Entire process of the
current study Landfill selection and
area extraction

Satellite imagery
selection and

download

Land surface Increased relative

temperature LST detection based
calculation within the *| on landfill average
Jandfill temperature and

STDEV
Displacement over Probable potential
time and report -t gas rel points
confirmation and polygons

Final potential
methane release
hot spot and current
gas extraction
system
comparison
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3 Results and Discussion

Since regions with higher LST were aimed to be filtered from the lower ones, values
over (average + 1standard deviation) were separated accordingly and shown in Fig. 3.
Lowest estimated temperature is around -20 °C for November whilst the highest one
was recorded for August which is over 30 °C. A considerable temperature difference
(around 10 degrees centigrade) between two adjacent days occurred on 30th and 31st
October which could be probably local temperature variations.

Final LST map for 4 scenes as the representatives of all seasons and 14 images
(Tablel) are shown in Fig. 4. For winter, there is a relative increase in LST at the
southern central part that was drawn to the southern western parts with lower temper-
atures. By going into the warmer seasons, for example in the spring season, the
northern central part also was detected as one of the probable methane sources. The
pattern of southern detected region also was shrunk and moved to southern edges
of the landfill. The STDEV for temperature changes in the winter was calculated to
be 0.77 degree centigrade whilst in the spring time it was 2.86 degree centigrade. In
other words, the lower ranges of variation (below 1 centigrade) probably couldn’t
be enough to differentiate relative higher surface temperatures. In summer and fall
seasons, the same pattern of relative higher temperatures was recorded for southern
and northern central part of the landfill and these sources have been linked through
the eastern edge of landfill. Not only the source of methane for landfill, but also the
location of the piled solid waste can be recognized by LST pattern.

As it is shown in Fig. 4 frequency of the occurrence (FO) map, the central part of
landfill was covered with vegetation areas. At the same time, there are visible access
roads to the northern and southern central parts of the landfill which could be the
path of trucks to unload waste along those detected sites. Ultimately, the FO map
shows the consistency of relative increased temperature for sources. Due to this map,
the major source for methane release is southern central and western region along
with north central eastern region. By comparison, the detected northern region has a

40.0

30.0
20.0
10.0 I I
0.0 _ _ _

o I
/\

Land Surface Temperature

-20.0

Satellite image acquisition date

Fig. 3 Values of land surface temperature + STDEV acquired for all 14 dates within Regina landfill
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Fig. 4 Location of relatively high surface temperature within Regina landfill for four seasons and
FO (frequency of occurrence) map that shows the major detected sources of methane

lower FO than the southern one. This could be due to the aging, type and volume of
waste. Since the methane emissions occur mostly due to the anaerobic decomposition
process for organic materials and it takes a relatively longer time than the aerobic
process, the southern part of landfill may fill earlier with a higher volume and contain
more organic materials than the northern part. This algorithm also could be used in
determining the capped (covered) and active sites of the landfills since capped ones
are filled earlier and may have higher LST.

4 Conclusion

In the current study, remote sensing imagery used to extract LST and monitor its
variation within Regina landfill. LST used to detect methane sources due to high
association between these two parameters. seasonal LST shows somehow similar
location of methane sources with negligible displacements. In order to take all LST
into account, relatively high surface temperature locations were separated from the
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rest of the landfill and reclassified as one. Summation of reclassified images shows
pretty much the same results as seasonal LSTs. The FO map discovered two major
sources located in the southern central-western and northern central eastern regions.
The FO for southern part (14) doubled the ones located in the northern sites (7).
It is believed that higher FO could be probably because of solid waste maturity,
high organic proportion and the higher volume of piled waste. Finally, the proposed
method could be used as a primary estimation factor for designing a gas extraction
network in an efficient way.
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Environmental and Economic )
Assessment of Municipal Landfill L
Locations in Saskatchewan and Manitoba

Karimi Nima, Richter Amy, and Kelvin Tsun Wai Ng

1 Introduction

Canada is using landfills as the most regular method for waste disposal [13, 21]. From
2002 to 2016, the entire amount of solid waste that collected in Canada had 11%
or 3.5 million tonnes increase. On the other hand, diversion rate also had a relative
increase around 39% or 2.9 million tonnes. Thus, increased rate of disposal (tonnage)
overweighs diversion rate, which consequently lead to an increase in landfilling
practice [23]. It is also verified that landfilling is the first selection for solid waste
treatment in Prairie Provinces of Canada [20]. Particularly, the number of landfills per
hundred thousand people is around 7.9 [7], which is a considerable amount compare
to 0.5 in US reported by 2015 [29].

Siting, managing and monitoring engineered landfills could be of major concern
in Prairie Provinces of Canada. Regarding to potential hazardous impacts of land-
fills in many environmental, economical and societal aspects, site suitability should
be implemented to consider the best places in locating such facilities. Since many
decision factors are engaged to select a better location, failure of such process could
result in unfavorable issues including adjacent soil and aquifer pollution from land-
fills leachate [19], uncontrolled toxic gas emission [2, 24] and health and aesthetic
issues for neighboring inhabitants [5, 25].

Due to all those concerns, a number of approaches were taken into action for
landfill site selection. This includes analytic hierarchy process (AHP) and fuzzifi-
cation techniques implemented to prioritize and normalize the output layers [3, 6,
16]. Furthermore, a major number of literatures applying Geographical information
system (GIS) with AHP and generally MCDM (Multi Criteria Decision Making)
functions has increased during the recent years [1, 12, 16]. For example, Kamdar
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et al. [12] combined morphological, environmental and societal parameters to obtain
the best possible sites for landfilling, Kamdar et al. [12] used GIS and AHP to assess
their data accessed from online portals and governmental organizations. The main
objective of current study is to estimate whether the active landfill sites in both
Saskatchewan and Manitoba provinces are well located considering major environ-
mental and economic issues or not. It is believed that comparing these two provinces
may clarify their potential weaknesses and help policy makers to focus on some
specific parameters that are being underweighted so far. On the other hand, current
study makes the best use of night time light satellite imagery in defining populated
areas rather than using authorized predefined boundaries for urban areas. This appli-
cation can clearly detect active anthropogenic sites which may remain hidden in
making decisions in favour of human being.

2 Methodology

For current study, two Prairie Provinces namely Saskatchewan and Manitoba that
are located in central part of Canada have been analyzed. Saskatchewan has borders
with Alberta from the west and Manitoba from the east. Most of its southern lands
covered by wheat agricultural areas and prairies whilst some forest lands covered
the northern parts. Its population is around 1,178,657 by the end of September 2019
which shows about one percent increase compare to its past year [10]. Manitoba
located at the eastern side of Saskatchewan with a population of 1,360,396 as of 2019
and its population density is around 2 people per square kilometer. Its largest city is
Winnipeg with a population of 665,000. Northern part of it mostly covered by forest
land whilst the southern part of it covered with scrublands, savannas and croplands.
Figure 1a shows the location of both provinces and Fig. 1b shows the precise land use
classification system in these two provinces. These classes obtained from Collection
6 MODIS Land Cover namely MCD12Q [26]. Details for classification systems can
be found from mcd12-user guide, V6 [27].

Since protected areas are those reserved for purposes like saving biodiversity and
nature, forest lands could be considered as a part of it [30]. Forest lands and water
bodies separated from MODIS classification system.

All mentioned three factors as urban areas, protected areas and water bodies
detected to assign a buffer zone for further protection whilst land surface temperature
functions individually and suitable zones are the ones with higher recorded surface
temperature. In other words, operating in landfill sites that are more likely to freeze
are less favorable and may increase the costs which in turn couldn’t be economically
feasible [3, 16]. Similar siting approach, using urban areas, protected areas; and water
bodies, were implemented in the literature [13, 14].

Land surface temperature (LST) retrieved from Collection-6 MODIS Land
Surface Temperature Product. This product provides mean monthly pixel based LST
by 200 x 200 km tiles and with a spatial resolution of around 5600 m [17]. For
current study, LST downloaded for July 2019. The entire area of interest (province
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Fig. 1 a Study area covers the prairie provinces of Canada namely Saskatchewan and Manitoba,
b separate detailed classes for Modis MCD12Q classification of two provinces

of Saskatchewan and Manitoba) is covered within 8 tiles. These tiles then mosaicked
to an aggregated unit layer. Final layer DN values changed to regular land surface
temperature in centigrade using Eq. (1) (MODIS 11 user guide 2020).

LST in centigrade = (DN values from MOD11B3 — v006 x 0.02) —273.15 (1)
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The basic circumstance in developing a multi criteria decision making tool is
assigning membership grade for each individual layer. This membership grade is
higher when the site is far away from a predefined under risk environment and thus
would be recognized as suitable. On the other hand, it is prevented to construct a
landfill up to a certain adjacent distance. This distance may vary based on loca-
tions and regulations. For current study, prevented distance for landfill construction
selected to be 1000, 500 and 1000 m for urban, protected areas and water resources
respectively [13]. Provided four fuzzified layers that ranges from O to 1 were over-
laid with equal 0.25 weight to create the final rasterized suitability map, called as
simple additive weighing method-SAW [15]. Since raster-based map couldn’t be
practical for defining the level of suitability for current active landfills, it is changed
to regional suitability map. The number of regions were selected by the number of
populated points. These points were defined earlier in nighttime light time series
image as lighter regions. Conversion of points to polygons (regions) were done by
using Thiessen polygons [4].

Location of all active landfills in Saskatchewan and Manitoba retrieved from
government of Saskatchewan and Manitoba respectively [8, 9]. The entire process
of current study shown in Fig. 2.

DMSP-OLS Nighttime Classification extracted from MOD11B3-V006 Land

Lights Time Series | collections MODIS landcover Surface Temperature
| »| Urban Areas »| Protected areas Land Surface
Temperature
| Water resources

Normalizing layers and using
p-| overlaid fuzzification mathod |-¢
for suitability map

Y

Using thiessen polygons based on
nighttime light images and zonal
statistics to regionalize suitability map
based on populated areas

Entering the location of all active
p| landfills to GIS and merging it
with regionalized suitability map

Interprovincial comparison for
Saskatchewan and Manitoba based |-
upon their landfills locations

Fig. 2 A schematic flowchart of total procedure for current study
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3 Results and Discussion

As shown in Fig. 3, since there is no landfill that its suitability drops below 0.75, both
provinces are likely operating satisfactorily. Due to relative interprovincial compar-
ison, Manitoba located its landfills in better places compare to Saskatchewan as 87%
of its landfills’ suitability ranking is above 0.9 and located at southern central part of
province. Most of these parts covered with grassland and croplands, are away from
protected areas and water resources that located in northern and central part of Mani-
toba respectively. On the contrary, the landfills that their suitability range from 0.8 to
0.9 located mostly in south eastern part of Saskatchewan. A strip of mixed forest and
shrub lands which considered as protected areas drawn from central west to east of
Saskatchewan that could be the reason of dropped suitability below 0.8 for this region.
Higher suitability ranking for landfills in Manitoba compare to Saskatchewan in this
study has been rooted in four decisive factors. In other words, summation of circum-
stances provides better sites within Manitoba for managers to locate their landfills.
Presence of two major cities in Saskatchewan (Regina and Saskatoon) compare to
one in Manitoba (Winnipeg) also could be another factor in dropping overall ranking
of landfills in Saskatchewan while they have to be far off from urban areas. In further-
ance, built up areas originates from night time light maps and the lighter areas, the
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Fig. 3 Suitability map of active landfills in Provinces of Saskatchewan and Manitoba
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more decrease in ranking for landfills that are in vicinity of such sites. Therefore, it
could also be implied that there are many hidden populated regions in Saskatchewan
rather than Manitoba and they naturally may locate their local landfills close to them
for a better accessibility, which in turn results in decreased suitability for landfills.
Suitability over 0.90 in province of Saskatchewan belongs to a region that located in
southwestern part and include 9.3% of the entire landfill in province. This region is
far away from protected areas, water resources, urban areas and may have had higher
relative surface temperature.

Despite the results of current study that suggests the more remote regions as the
more suitable regions, additional factors such as accessibility should be taken into
account, since collected solid waste have to be transferred properly through road
network to their final landfill sites. In other words, without any provided accessibility,
it may increase the primary costs for infrastructure which in turn may not be interest
of decision makers and managers.

With that being mentioned, closer regions to road network may have had higher
suitability score, whilst closest regions couldn’t be suitable because of aesthetic,
safety and road obstruction issues. Hence, a monotonic suitability algorithm has to
be defined for such parameters that is out of scope of current study. Thus, there are
several other major factors imbedded in landfilling practice to make the most feasible
decisions.

Figure 3 shows that night time light imagery is functioning good in separating
populated regions. The association between the number of polygons (higher in
southern part and lower in northern part for both provinces) and the density of land-
fills (higher in southern and lower in northern part) implies that populated regions
locate their landfills closer to themselves. In furtherance, there are separate poly-
gons in central part of Saskatchewan which shows that populated regions located in
central parts, but there are no detected landfills in these polygons. Therefore, these
populations may either transfer their solid waste to the closest southern landfills or
use another alternative way such as illegal dumpsites for their solid waste which is
not registered as an engineered landfill.

4 Conclusion

A multi criteria decision making tool used in conjunction with fuzzification method
to rank the site suitability of current landfills in provinces of Saskatchewan and Mani-
toba. In addition, satellite imagery used for the first time in determining urban and
built-up areas and it is believed that such method could bring more authentic results
rather than classification results. The results suggest that such methods could be
applied in coarser scales to compare the overall score of all landfills and bring up the
most suitable sites. Higher suitability ranking belongs to those that are far off from
protected areas (mixed forest and shrub lands), water resources, populated regions
and with higher land surface temperature. These parameters are highly satisfied in
landfills that are located in southern part of Manitoba. Central parts of both provinces
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known to be relatively low suitable compare to the rest of them. The reason behind it
could be interpreted differently. For example, water resources in central part of Mani-
toba may lower down the suitability whilst intensive forest lands in Saskatchewan
may be the dominant factor in decreasing the overall suitability. Thus, according to
findings, more parameters should be added to environmental and economical criteria
as decisive factors to make much more feasible comparisons.
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Utilization of Organic Wastes )
as a Bio-Resource: A Case Study of Corn | @&
Cobs in Nigeria

Osezele Stephen Anuge, Abhijeet Ghosh, and Kelvin Tsun Wai Ng

1 Introduction and Background

Nigeria has a land area of over 923,000 km? and is one of the most populous country
in the world. Waste management issues are of great importance in Nigeria, and these
issues have been reported by several studies [2, 7, 11, 23]. Nigeria bordering Niger
in the north, Cameroon in the east, and Benin in the west, as shown in Fig. 1.

Nigeria is a major corn producer in Africa and the 10th largest producer of corn in
the world, harvesting 9.2 million tonnes in 2011 [3]. Corn is grown in six geopolitical
zones of the country, and Northern Nigeria is the leading production base of corns. In
2006, the production of corn in the North-central geopolitical zone was about 31%
of the national production and increased to 44% in 2009 [15]. The main objectives
of this case study are to (i) identify various means of proper utilization of corn cobs
as a bio-resource in Nigeria, and (ii) discuss its benefits as well as the challenges
with respect to the Nigerian bio-resource industry.

Corn is a popular food in Nigeria which can be boiled, roasted, crushed, or
processed into other food products by locals. It is also regarded as the most important
cereal crop in Nigeria [3]. As a result of the popularity of corn crops in Nigeria, corn
agricultural wastes such as crop residues is high. If the crop residues are not properly
managed or utilized, it could pose serious threat to the environment and to the health
of the residents [15]. Utilizing the corn crop residues as bio-resource would reduce
the waste generated and generate revenue for the farmers [3].

Corn is a resourceful crop with a high socio-economic worth as all its deriva-
tives (grain, stalk, leaves and cob) can be processed into other food and non-food

O. S. Anuge - A. Ghosh (X)) - K. T. W. Ng
Faculty of Engineering and Applied Science, University of Regina, Regina, Canada
e-mail: abhijeeg @uregina.ca

K. T. W. Ng
e-mail: kelvin.ng @uregina.ca

© Canadian Society for Civil Engineering 2023 163
S. Walbridge et al. (eds.), Proceedings of the Canadian Society of Civil Engineering

Annual Conference 2021, Lecture Notes in Civil Engineering 249,
https://doi.org/10.1007/978-981-19-1061-6_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1061-6_17&domain=pdf
mailto:abhijeeg@uregina.ca
mailto:kelvin.ng@uregina.ca
https://doi.org/10.1007/978-981-19-1061-6_17

164 0. S. Anuge et al.

Niame
g //_,./ \
/ Z N = NS
> | N'Djamen;
' Kano el
0 o Maiduguri ]'e
\ o { X
.J <|l !
- Zaria I~
o
H‘\ Kaduna Biu rrKI/'\"hamua
r J [+] Bauchi Gombe B | P
b Jos “ e - - N
H )’J = . s .é ; =
Bel"l!l"l ( nge"a _Garoua
( L35
| Parakou/ ™ / N
| 4 Abuja J
1go’ J.“ ! o
| Ogbomosho Nasarawa |
J o '
l | Ibadan f
| ] o /
| Ir A\ J 4
oo Logos 7 Rys
Jorto-Novo@ T~ HngCily odhs Wl b
‘®Lome B o /
e § Cameroon
o, |
Port Harcourt C"'S'”_,'f
g T’ Bertoua
1 o
WS Douala
o

Yaounde
@

Fig. 1 Major cities in Nigeria [6]

related products [3]. The use of corn residues has been studied and reported by many
others, as discussed below. Corn crop residues are versatile, and they are used as
raw materials in many developed countries either as a source of energy generation
or construction materials [15].

In this case study, we will specifically explore the use of corn cobs as bio-resource.
Corn cobs are readily available in Nigeria compared to other biomass resources and
reusing these agricultural wastes would reduce waste management issue and lessen
the environmental impact in Nigeria.

2 Utilization of Nigerian Corn Cobs

A total of four potential reuse of corn cobs are identified from our literature review,
including (i) energy generation, (ii) construction and engineering applications, (iii)
animal feeds, and (iv) industrial effluent treatment. They are separately discussed
below.
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2.1 Energy Generation

As aresult of the over dependence on crude oil, alternative energy source in Nigeria
is much less explored. Corn cobs, or other crop residues, are good sources of energy.
Table 1 summarised heating values from various crops. Corn cob has a heating value
of 17.39-19.14 MJ/kg [15, 22], making it a potential thermo-chemical feedstock.
Compared to sesame stalks, corn cobs are at least 21.2% higher in heating value
(Table 1). As it is generated in large amounts in Nigeria, corncobs could serve as a
good potential feedstock for biofuels. The use of coal can be substituted with corn
cobs or blended with corncobs, reducing the reliance of conventional fossil fuels.
This would reduce air pollutants as harmful emissions from coal combustion are
significantly reduced. Compared with coal (0.8—-1.9% N and 0.7-1.2% S), corncobs
(0.41-0.57% N and 0.7-1.2% S) contain lower amounts of nitrogen and sulphur
[15]. Hence, less sulphur oxides are emitted during corncob combustion than coal
combustion. This is especially important in Nigeria, where its population is much
higher than other African countries.

Instead of direct combustion, corn cobs can also be used to generate fuel gas with
minimum processing such as drying and cutting. According to Ogunjobi and Lajide
[18], biochar generated from the pyrolysis of corncob can contribute 83.6 billion MJ
to the energy generation in Nigeria, and simultaneously preventing about 6.8 million
tonnes of CO, emission into the environment. According to Yu et al. [27], biochar
derived from the pyrolysis of corncob can also serve as direct carbon fuel cell yielding
a maximum power of 185 mW/cm? at a current density of 340 ™A/cm? and at 750 °C.

Hydrogen fuel can also be derived from corn cobs. A recent study by Tang et al.
[25] investigated hydrogen production from corncob using mesophilic bacterium
clostridium hydrogeniproducens. They found that corncobs pretreated with alkali
soaking, steam explosion, and acid explosion produce 90%, 86%, and 65%, hydrogen,
respectively, using enzymatic hydrolysates as the biocatalyst. Given the abundance
of corn cobs, they can be regarded as a potential hydrogen fermentation substrate.
Hydrogen can be used as alternative energy resource to drive zero-emission vehicles
with the use of hydrogen fuel cell [13].

Biagini et al. [4] studied gasification of corncob in a demonstration plant using a
downdraft reactor. It was reported that a satisfactory plant operability was obtained
with potential net power efficiency from 21.1-21.6%, gas specific production at
2 m?/kg, and gas heating value at 5.6-5.8 MJ/m?. The reported results are comparable

Table 1 Heating values from

. Crop residue Heating values, MJ/kg Reference
various crops
Corn cob 17.39-19.14 [15,22]
Cotton stalk 17.40 [9]
Wheat stalk 17.15 [22]
Rice straw 15.54 [8]
Sesame stalk 14.35 [28]
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to those of wood materials (chips, briquettes, and pellets) used as a feedstock in most
studies in downdraft gasifiers.

A recent study by Sulaiman et al. [24] examined the production of biomass as
energy source using plant residue pellets. The residues investigated were granulated
corn cob residues, granulated corn stalks, and an equal mix of granulated corn stalk
and corncob residues. The residues were compacted at a pressure of 200 MPa and
pelletized using cassava starch as a binder. The pellets were analyzed using emission,
proximate, ultimate, and calorimetry analyses. They reported that the equal mix of
corn cob and stalk residues exhibited the best properties with a low nitrogen content
of 0.64% and a hydrogen content of 6.22%. It also had a high heating value of
32.9 kJ/kg. Hence, it can be concluded that corn residues, regardless of residue
types, are good biofuels for energy generation. The results are significant given the
growth of population and its associated energy demand in Nigeria.

2.2 Construction and Engineering Applications

Corncobs can be used in manufacturing of low-cost particle boards, which can be
used in building construction. The use of corn cobs in construction applications has
the potential of using large amount of these agricultural waste. The use of waste
materials in engineering projects saves valuable virgin construction materials and
supports sustainable infrastructure. Faustino et al. [5] investigated the use of particle
boards made from corncobs as a sound-proofing material. They reported that particle
boards made from corncobs have comparable acoustic insulation properties when
compared to other conventional materials such as expanded polystyrene and glass
wool. Particle boards made from corn cobs could also serve as partition walls in
buildings [19]. Ecological characteristics of construction materials are increasingly
valued by architects and engineers. Concrete containing corncob-based aggregates
can be used in various building and construction applications.

As discussed in Sect. 2.1, energy generation appears to be an attractive use of the
corn cobs. Combustion and gasification of corn cobs produce ashes, and these ashes
could then be utilized as additives to improve engineering performance of Portland
cement. According to Adesanya and Raheem [1], ashes derived from burnt corn cobs
can served as pozzolanic material to produce blended cement. The ash derived could
also serve as a supplementary material for developing high performing and low-cost
aluminum hybrid composites [15].

The literature review results suggest that corn cobs are versatile and has great
potential in construction and engineering applications.
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2.3 Animal Feeds

The third identified use is the use of corn cobs as animal feeds [14, 16, 17]. Crop
residues are commonly used as feed for the livestock across the globe. Corn cobs can
be used as an ingredient pig feeds in Nigeria. A Nigerian study reported the effect of
corn cob meal on the growth and nutrient digestibility of 36 pigs [17]. They found
that up to 10% of corn cobs in pig ration has no negative impacts on the livestock
weight gain and other performance indicators. The major challenge associated with
the use of corn cobs as pig feeds is the lignocellulosic nature (20-30% lignin, 45-55%
cellulose, 25-35% hemicellulose) of the crop residue [10].

High fiber content in corn cobs, and alack of specialized digestive in pig’s digestive
track may reduce the digestion rate [ 10]. On the other hand, Kanengoni et al. [10] also
claimed that high dietary fiber associated with corn cobs hinders the production of
pathogenic bacteria in the intestines, promotes the growth of lactic acid bacteria, and
improves intestinal health of the pigs. Kanengoni et al. [10] further suggested that
alternation of the structure of the fibrous components in maize cobs can be achieved
by fermentation, heating, and grinding of corn cobs. The processed corn cobs can
then be used as feed for pigs.

Millet et al. [14] reported that a balanced diet using corn cobs can be used to
produce comparable meat and carcass traits with common feeding practice for organic
pork. The literature review results generally support the use of corn cobs as ingre-
dient for pig feeds. However, processing of corn cobs is typically required, and may
increase the material overall cost.

2.4 Industrial Effluent Treatment

The last identified use of corn cobs is for water and wastewater treatment. Due to
rapid population growth, clean water is a precious resource in Nigeria. Corn cobs,
as well as corn stalks, have been investigated for their suitability in the removal of
copper ion (Cu?*) from wastewater effluents. According to Mohlala et al. [15], corn
cob is more effective in the removal of copper than the corn stalk.

It appears that processed corn cobs offer wider range of applications in wastewater
remediation. Uranium is toxic, and weakly radioactive. According to Mahmoud [12],
powdered corncob can remove Uranium (VI) from an aqueous solution when applied
in a batch and a fixed bed system. However, uptake rate of uranium ion in a fixed bed
system is dependent on the bed height, the feed flow rate, and the initial concentration
of the solution [12].

A study by Shim et al. [20] investigated the use of silica extracted from corn cob
for treatment of contaminated water. They found that 84-88% Cu and 83-87% Cd
were removed from the contaminated water within 24 h. The corn cob silica beads
displayed are more effective in removing Cu and Cd from wastewater compared
to zeolite beads. In their study, the removal efficiency of Cd, Cu, and phenol were
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99%, 98% and 93%, respectively. However, it was also suggested that regeneration
of the silica beads for reuse could be a challenge [20]. Ultrafine amorphous silica in
nanoscale (50 nm) obtained from corncob could serve as potential future materials
for controlled release applications, wastewater treatment technology catalyst, as well
as dielectric materials [26].

2.5 Project Feasibility and Processing Cost

Figure 2 summaries the identified use of corn cobs with respect to the degree of
processing. Literature on waste reuse and recycling generally indicate that project
success depends on the required material processing cost, time, and expertise. As
such, we recommend reusing Nigerian corn cobs with no, or minimum processing
such as drying, cutting, and/or grinding. Specifically, we recommend the following
five corn cobs applications: (i) ingredient for animal feeds, (ii) fuel gas produc-
tion, (iii) insulation materials for construction projects, (iv) filtration materials for
wastewater treatment, and (v) bio-char production.

3 Benefits and Challenges of Utilizing Bio-Resources
in Nigeria

As ahighly populous country, proper utilization of bio-resources in Nigeria is impor-
tant socio-economically as it serves as a means of employment and income genera-
tion. Bio-energy industries would require skilled labor, contribute to a knowledge-
based economy, and establish new markets. These new bio-resource businesses are
likely to be in the rural area to take advantage of the cheaper land price and higher
availability of crop residue. Rural agriculture and meat and livestock industrials
might also benefit from these newly established bio-resource businesses. This would
increase the number of jobs in the rural sectors, improve the income of the locals,
and create wealth.

Itis believed proper utilization of bio-resources would lead to development of rural
areas in Nigeria. The bio-resource industry would attract investments, resulting devel-
opment in rural infrastructure [21]. Roads, railways, schools, power stations, clinics,
and research institutions are all important elements for a thriving rural community.
As shown in Fig. 3, commercialization of the corn cobs would attract other investors
and entrepreneurs for development of the Nigerian rural areas.

Some challenges are identified with the development of bio resource industries
in Nigeria. Lack of basic amenities in the rural areas may hinder the development
of the industries, especially at the beginning stage. Development of the bio resource
industry in Nigeria would likely require subsidiary funding from the government
either as long-term loans or through incentives [21]. However, getting these loans
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may be difficult because of the lower level of income within the rural communities.
Another issue would be the availability of skilled workers with adequate technical
knowledge in the bio resource industry in rural Nigeria [21].

Competing use of corn cobs could also be a potential challenge. In this case
study, several corn cob reuse approaches are identified. In the short term, approaches
with minimum processing are recommended. In the long term, a comprehensive
study on the economic and environmental performance of the alternatives should
be conducted to select the most appropriate approach to corn cobs. At a minimum,
the following three studies are recommended for implementation of a given project:
cost effectiveness study, product life-cycle analysis, and full environmental impact
assessment.



170 0. S. Anuge et al.

4 Conclusions

In Nigeria, corn cobs are used mainly for domestic cooking in rural areas, with a
large amount improperly disposed or left to decay in soil. Research efforts have been
made to use corn cobs in various applications. In this case study, potential reuse of
corn cobs is identified, including energy generation, construction and engineering
applications, animal feeds, and industrial effluent treatment. Literature review results
suggest that corn cobs are versatile and can be used in several applications with or
without further processing. We recommend reusing Nigerian corn cobs with no,
or minimum processing. Specifically, we recommend the following five corn cobs
applications: (i) ingredient for animal feeds, (ii) fuel gas production, (iii) insulation
materials for construction projects, (iv) filtration materials for wastewater treatment,
and (v) bio-char production.

Generated in large quantities, corn cobs may be an important resource in Nigeria.
Utilizing corn cobs as bio resource in Nigeria would be very rewarding as it is largely
available across the country. Unfortunately, a comprehensive study on the use of corn
cob is not yet available. This case study represents the first step in this area. Reusing
corn cobs contributes to local economy, reduces solid waste generated, and lessens
greenhouse gas emission.
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Applications of Geographic Information )
Systems to Site Waste Facilities Gzt
in Saskatchewan—Phase 1

Abhijeet Ghosh, Amy Richter, and Kelvin Tsun Wai Ng

1 Introduction and Literature Review

Solid waste in most scenarios meets its end in a landfill site. Canadians have chosen
land disposal or landfilling as the most popular way of disposing waste due to huge
availability of undeveloped land [12]. Most of the generated waste in Canada is sent
to landfills for permanent disposal [2, 25]. This has made Saskatchewan’s demand
for landfills grow considerably over the years. Without any restrictions from local
government on the per capita number of landfills in the province, Saskatchewan has
the highest number of waste disposal grounds, with approximately 454.4 landfills
per million people. Also, with increasing growth in the provincial population and
urbanization, the waste generated and disposed has constantly increased. As per
Ravindra et al. [17], the consequence of rapid urbanization is a large increase in
population density and as such, a large increase in the amount of municipal solid
waste being produced in urban centers around the world. Environmental impacts
associated with the use of landfill technology includes the generation of landfill gas
and groundwater contamination due to leachate, both are well documented in various
Canadian studies [3, 14, 19].

To deal with the high number of landfills, the concept of regionalization has grown
over the years. Regionalization of waste management systems includes municipalities
working together and delegating responsibilities to a central authority within a defined
geographic boundary [9]. Several Canadian jurisdictions have already employed
regionalized waste management systems, including Alberta [8]. The Government
of Saskatchewan also intends to regionalize their waste management system [10,
19]. Transfer stations or facilities have showed the maximum potential to help in
regionalization of these landfills. A Transfer station is an intermediate station between
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final disposal options and generation sources to increase the efficiency of the MSW
management system [16]. Management and study of spatial distribution of these
transfer stations in relation to existing operational landfills will play a vital role in
future planning and construction of new transfer stations.

Geographical Information System (GIS) approaches have been successfully
applied to site waste disposal sites and landfills. Geographical Information Systems
(GIS) have moved mapping from a historical role of provider of input, to an active
and vital ingredient in the “throughput” process of decision-making [22]. Faisal [6]
has mentioned the importance of remote sensing (RS) techniques in various aspects
of landfill management and Manzo et al. [11] has given importance to aerial photog-
raphy, space-borne, and air-borne sensors in continued improvement in planning and
management of solid waste sites. These newer methods have replaced the costlier
and time driven manual ground measurements.

Using GIS to site landfills and transfer stations have been conducted separately on
many occasions [23, 24]. This study combines siting of both and map all the closed
and open landfills and transfer facilities across the province. This enables study of the
relationship between the spatial distribution of both landfills and transfer facilities
in the province. As per Ramachandra [15], choosing best locations for the transfer
facilities is always challenging. Transfer facilities play an important role in waste
collection system such as: (i) reduction in transportation cost, (ii) reduction in the
volumes of solid waste because of the compaction process; (iii) reduction in the traffic
of the city [5], and hence newer locations for transfer facilities must be examined in
relation to existing landfill locations to make the locations economically sustainable.

1.1 Objective

The key objective of this study is to examine the spatial distribution of waste facilities
(active landfills, closed landfills, active Transfer Facilities, all closed facilities) in
Saskatchewan using Federal Census Subdivision. The use of transfer facilities will
be also evaluated using a new ratio known as LTR.

2 Methodology

2.1 Data Acquisition

The spatial data of the waste facilities used in this study have been obtained from the
official website of Government of Saskatchewan [7]. In this study, a landfill refers
to any permanent disposal site for municipal, industrial, and commercial solid waste
storage. Waste transfer stations are defined as facilities where municipal solid waste
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or other waste, is temporarily held and stored before heading to a landfill or waste-to-
energy plant. Usually, waste transfer stations follow a regular process flow starting
with arrival of waste, unloading, sorting, and processing in case it is connected to a
material recovery facility and finally compacting and reloading waste to outbound
trailers which in most cases end up at landfills.

The Federal Census Subdivision data is obtained for the censor year 2011.
According to official designations adopted by provincial/territorial or federal author-
ities, census subdivisions are classified into multiple types. As per Statistics
Canada, (2017) the province of Saskatchewan is divided in 18 subdivisions [21].
Under the Planning and Development Act, 2007, (the PDA) “subdivision” means, “a
division of land that will result in the creation of a surface parcel or the rearrangement
of the boundaries or limits of a surface parcel” [13].

2.2 Study Area

Saskatchewan, a prairie province in Canada is bordered by Alberta to the west,
Northwest Territories to the north, Manitoba to the east and to U.S. states North
Dakota and Montana to the South. Saskatchewan is selected because it has the
highest number of landfills per capita than other Canadian provinces. As per coker,
(2019) Saskatchewan has the highest number of waste disposal grounds (500), with
approximately 454.4 landfills per million people [4]. Saskatchewan has the lowest
population density (1.9 cap/km?) and the lowest waste diversion rate (154 kg/cap in
2016) among Alberta, Ontario, and Manitoba. The province’s population has seen
a constant growth and is estimated by the World Population Review to be around
1.12 million, where most of the population resides in the southern half of the province
[20]. Thus, with increasing population, the amount of waste generated will always
increase, demanding better waste management tools.

2.3 Landfill to Transfer Facilities Ratio

A landfill to transfer facilities ratio (LTR) is proposed in the present study to examine
the use of transfer facilities in Saskatchewan (Eq. 1). It is hypothesized that the use of
transfer station can reduce the total number of landfills by combining smaller landfills
to mega or regional landfills. Given the fact that Saskatchewan has the highest number
of landfill sites per capita, the use of LTR allows better waste management planning
and facilitate efficient use of landfills. The ratio is computed for each subdivision to
identify possible location for potential transfer facilities.

LTR — Number of operational landfills 0
"~ Number of operational transfer facilities
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3 Results and Discussion

3.1 Waste Facilities in Saskatchewan

Figure 1 shows the waste facilities and the 18 census divisions in the Province
of Saskatchewan. As mentioned above, Saskatchewan has the highest number of
landfills per capita than other Canadian provinces. Many factors such as available land
area, low population density, scattered population centers throughout the province,
lack of governance and less stricter regulations, and municipal politics can be the
reason for the high number of landfills in Saskatchewan. Thus, the number of landfills
and their geographical distribution is of importance to further analyze the associated
factors and implement waste management strategies.

As shown in Fig. la, more operational landfills are in the southern part of the
province, probably due to high population density. The number of operational land-
fills per subdivision ranged from nine to ten landfills to as high as thirty-four
to thirty-seven landfills, with an average of eighteen landfills per subdivision. In
general, higher operational landfill density subdivisions are located near the Alberta-
Saskatchewan and Saskatchewan-Manitoba borders. This suggests the possibilities
of shared waste facilities across inter-provincial borders. From Alberta and Mani-
toba’s point of view, the available space on the other side of the border; and being
close to the border thus reducing the transportation cost are other factors which could
have led to the huge number of landfills.

Figure 1b shows the spatial distribution of the closed landfills in Saskatchewan.
The number of closed landfills per subdivision ranged from two to five with few
subdivisions having about fifteen to twenty closed landfills. This averages out to be
about five closed landfills per subdivision. Unlike the spatial distribution of opera-
tional landfills, a considerably higher number of closed landfills are located at the
west side of the Province. The locations of these closed landfill site may represent
the spatial distribution of population in the past. It is hypothesized that the locations
of these closed landfills are closely related to the activities from the mining and gas
sector in the province. Another factor to be considered is Alberta’s population, which
increased by 40% between 1970 and 2000 [1]. This meant there was less available
space for landfills in Alberta, and more waste may have been transported to other
provinces. Given the presence of topographical constraint such as the mountains
between the British Columbia-Alberta borders, it is expected that several wastes
were transported to Saskatchewan landfills, particularly waste generated near the
interprovincial border. Further, the landfills close to Alberta-Saskatchewan border
met their end life much earlier than expected and thus had to be shut down. However,
more data is needed before a definite conclusion can be made.

Figure 1c shows the spatial distribution of the operational transfer facilities or
stations. The number of operational transfer facilities per subdivision ranged from
one to five with few subdivisions having about twenty transfer stations, averaging
around seven transfer stations per subdivision. No operational transfer station is
identified in northern Saskatchewan, which represents more than half of the total
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(a) Operational Landfills

(b) Closed Landfills
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(c) Operational Transfer Facilities

(d) Decommissioned Landfills

Fig. 1 Locations of various waste facilities in Saskatchewan
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area in Saskatchewan. The transfer stations in Saskatchewan as shown in Fig. 1c, are
not evenly distributed. A considerable high number of transfer facilities are in the
central region of Southern Saskatchewan. Transfer station is used for the temporary
deposition of waste, and this allows efficient use of waste collecting vehicle. When
both Fig. 1a and c are studied together, it is observed that the transfer facilities are
present in the areas of with minimum of operational landfills. The results suggest
that the present location of transfer facilities is appropriately located spatially.

Figure 1d shows the spatial distribution of the decommissioned landfills. The
number of decommissioned landfills per subdivision ranged from one to seven, with
an average of three decommissioned per subdivision. No decommissioned landfills
are identified in the Northern and South-west corner of the province.

3.2 The Use of Transfer Facilities to Reduce Landfill Number

A landfill to transfer facilities ratio (LTR) is used to examine the use of transfer facil-
ities in Saskatchewan. LTR for each subdivision is computed to identify possible
locations for additional transfer facilities. The LTR ranged from one to four except
for Northern Saskatchewan subdivision which had no transfer stations and two subdi-
visions in South Saskatchewan having about twenty landfills but only one and two
transfer stations, respectively. The average LTR is about six. Lower than average LTR
concludes the subdivision has moderate distribution of landfills and transfer stations.
However, it is recommended that more transfer facilities be used in areas with a
higher-than-average LTR, which, in this case would include northern Saskatchewan
and three other subdivisions. Richter et al. [18] noted the importance of a special-
ized approach to waste management in Northern regions. It is important to note
that the design of solid waste management system is complex, and the proposed
LTR is only applicable when assessing waste facilities spatial design within a pre-
determined boundary. The project is on-going, and the spatial distribution of these
waste facilities will be further investigated in a future publication.

3.3 Heat Maps of Waste Facilities in the Province

Figure 2 graphically illustrates the spatial densities of operational and closed landfills,
operational transfer facilities, and decommissioned landfills in Saskatchewan. The
heat maps are derived from the spatial densities, which equal to the number of the
facilities per unit area. The results suggest that the waste facilities are not evenly
distributed across the province. The hotspots (shown in red) are mostly located in the
southern part. The heat maps are consistent with the waste facilities count present
in Fig. 1. The results are important to waste managers and policy makers for siting
these waste facilities. This study suggests few subdivisions in the province which
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(a) Operational Landfills

(b) Closed Landfills
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(c) Operational Transfer Facilities

(d) Decommissioned Landfills

Fig. 2 Heat maps on waste facility density in Saskatchewan
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need newer transfer stations as described by the corresponding high operational
landfill to active transfer facilities ratio (LTR) ratios.

4 Conclusion

In this paper, all open and closed landfills and waste transfer facilities in the province
of Saskatchewan are mapped using Geographical information system (GIS) to
examine the special distribution and relationship between them. Solid waste manage-
ment is complex and there are many factors like accessibility, volume, per capita
production, and many more which are used in evaluating system design; however,
this paper focuses on analysis based on spatial distribution of landfills and transfer
stations within the defined boundary of Federal Census Division using a Landfill
Transfer Station Ratio.

The results presented in this study represent the first stage of a more compre-
hensive study on the use of GIS to study the efficiency of landfill technology in the
province. On average, there are about eighteen operational landfills and five closed
landfills per subdivision. There are about seven transfer station per subdivision. The
average decommissioned landfills per subdivision is three. More operational landfills
are located near the Alberta-Saskatchewan and Saskatchewan-Manitoba borders. It
was found that a higher number of closed landfills are located on the west side of
Saskatchewan. Transfer station and decommissioned landfills are not identified in
northern Saskatchewan, which consist of almost half of the total land area. Thus, it
is believed this is probably due to the spatial distribution of the populated places in
the province.

Operation Landfill to all the operational transfer facility ratio (LTR) is introduced,
to identify the subdivisions in the province which are more feasible to construct a
new transfer facility. Spatial densities of operational and closed landfills, operational
transfer facilities, and decommissioned landfills in Saskatchewan are shown using
heat maps. The results suggest that the transfer facilities are not evenly distributed
across the province. The LTR ratio calculated shows most of the subdivisions being
below the average LTR with exception of three subdivisions. These subdivisions are
more favourable for construction of newer transfer facilities.
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1 Introduction

Rapid growth of the integration of distributed energy resources (DER) is one of the
most significant and important trends in the electricity industry worldwide. DER
encompasses electricity generation systems, storage systems, and controllable loads
(i.e., demand response) connected to the distribution system at or closer to the final
consumers of electricity [3, 11]. Distributed Electricity Generation (DG) refers to
technologies that produce electricity at or near the final electricity consumers [1].
DG may serve a single facility (e.g., house, commercial building, college campus),
part of the microgrid, feed electricity to the distribution network, or a combination
of all of the above.

DG is gaining increased attention and proponents attribute many benefits to it.