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1.0 INTRODUCTION

The use of low-pressure, hollow fiber microfiltration (MF) and ultrafiltration (UF)
membranes has become increasingly prominent in drinking water treatment plant
configurations over the past 30 years in part due to the enactment of regulations such as
the Safe Drinking Water Act (SDWA) in 1974 and the Interim Enhanced Surface Water
Treatment Rule (IESWTR) in 1998. The SDWA established standards and treatment
requirements to protect public health from harmful contaminants while the IESWTR
served to enforce the removal or inactivation of Giardia and Cryptosporidium. In 1989,
one of the SDWA amendments required the EPA to enforce disinfection and filtration of
public water supplies?. Then, nine years later, the IESWTR compliance was aimed at
optimizing filtration processes®. The continuing establishment of rules and regulations for
drinking water often centered around one general topic - efficient filtration. Membrane
technologies have demonstrated success in satisfying sustainability criteria, including
minimal land use, flexibility, ease of use, and adaptability, as well as an effectiveness to
treat raw water®. Although MF and UF are highly successful in filtering out bacteria,
organic matter, viruses, and other contaminating substances, they are generally thought of
as significant energy consumers®. However, the context in which this assumption is made

is unknown.

Today, the topics of energy efficiency and sustainability in industry are becoming
increasingly more prominent, especially in the water sector as water-related energy use is

expected to increase as water-deficient states begin to implement more energy-intensive



treatment methods, such as desalination®. In most typical municipal governments,
drinking water treatment plants and wastewater treatment plants are the largest
consumers of energy accounting for 30 to 40 percent of total energy use, which equates to
2 percent of national energy consumed in the United States and roughly 45 million tons
of greenhouse gases (GHGs) that enter the atmosphere’. Energy consumers within water
treatment plants may include intake pumps, unit operations (such as coagulation,
flocculation, sedimentation, filtration, and disinfection), distribution pumps, and facility
equipment (notably lighting and HVAC)2. On average, the largest energy consumers in
drinking water treatment plants are generally pumping (both intake and distribution
pumping) and treatment processes. In previous research, it was estimated that on average,
water companies utilize 1.1 kWh/kgal (1100 kWh/MG) for water conveyance, 1.1
kWh/kgal (1,100 KWh/MG) for treatment, and 0.7 kWh/kgal (700 kwh/MG) for
distribution of treated water resulting in an average total energy consumption of 2.3
kWh/kgal (2,300 kWh/MG) where roughly 80% of the energy is used for water
conveyance®!°. Of course, the energy use for water treatment will depend on the raw
water source, water characteristics (which will determine the extent of treatment), plant
location, infrastructure and equipment age, and conveyance distance. Fortunately, energy
consumption at water treatment plants can be decreased by implementing more energy
efficient processes within the plant. The research being conducted focuses on comparing
the energy usage of MF and UF treatment plants to conventional granular media filtration
treatment plants to recommend opportunities to decrease overall plant energy

consumption. Ultimately, the opportunities recommended will seek to reduce greenhouse



gas emissions, treatment plant energy costs, and extend the life and efficiency of

treatment equipment to protect public health and decrease infrastructure costs.



2.0 BACKGROUND

2.1. Membrane Filtration
Low pressure, hollow-fiber membranes include MF and UF membranes.
The differences in characteristics and operation are described in the following

sections.

2.1.1. Microfiltration

MF is a filtration process that utilizes a porous, semipermeable membrane
to separate particles 0.1 to 10 microns (um) in diameter from the liquid
stream, specifically targeting colloidal solids, microorganisms, and bacterial
removal®. The larger pore size of MF membranes allows for the passage of
monovalent and multivalent ions in solution while preventing the
advancement of bacteria, microbes, and suspended solids by utilizing the
filtration mechanism of size exclusion. MF has been successfully applied in
wastewater treatment, potable drinking water, and separating oil-water
emulsions®. It should be noted that MF is most commonly used in
applications where total dissolved solids are not a problem as the pore size is
too large to reject the dissolved contaminants®?,

MF membranes are commonly manufactured from polymers such as
polyvinylidene fluoride and polysulfone or from other materials such as
cellulose acetate or ceramics®. The choice of membrane material depends

on the material’s hydrophobicity, chlorine/oxidant tolerance, and mechanical



durability, which encapsulate varying degrees of chemical resistance,
hydraulic resistance, permeability, and structural integrity®*.

Since the overwhelming majority of MF and UF membranes are hollow
fiber, high structural integrity is imperative to keep the active and support
layers of the fibers intact during cleanings. The membranes must be cleaned
regularly by pressurized backwash, maintenance chemical cleanings, and,
less frequently, clean-in-place processes (CIPs) to avoid membrane fouling
and maintain integrity and efficiency. In practice, MF operates at a higher
flux than UF which causes the fouling rate to be accelerated resulting in the
occurrence of more frequent backwash cleanings®. The typical pure water
flux for MF is 500 to 10,000 liters per meter squared per hour (LMH) while
that of UF is 100 to 2,000 LMH?®.

2.1.2. Ultrafiltration

Like MF, UF is a filtration process that utilizes a porous, semipermeable
membrane to separate particles 0.01 to 0.1 um in diameter from the liquid
stream, specifically targeting protein and virus removal in addition to the
colloidal solids, microbes, and bacteria that are removed in MFY’. The
smaller pore sizes of UF membranes allow for the passage of sugars, amino
acids, low molecular weight molecules, monovalent ions, and divalent ions
while preventing the advancement of colloids, fats, bacteria, suspended
solids, viruses, and proteins through size exclusion!®. UF has been proven to

be useful in applications including wastewater treatment, potable drinking



water, and chemical or pharmaceutical diafiltration and is successful in
pathogen removal and protein concentration®. Retention ratings for UF
membranes are typically stated as molecular weight cutoff, rather than by

nominal pore size like MF*°,

As with MF, UF membranes are also engineered from materials such as
polyvinylidene fluoride, polysulfone, cellulose acetate, or ceramic, and have
the same material considerations of hydrophobicity, chlorine/oxidant
tolerance, and mechanical durability!*. Although the pore size of UF
membranes is smaller than that of MF membranes, they require less frequent
cleanings due to the asymmetrical structure of the membrane causing
particles to not reach the filter body as readily*®. However, UF does require a
higher operating pressure than MF to drive the filtration. UF membranes
typically operate at a pressure between 30 and 100 psi while MF operates at
a pressure between 15 and 60 psi, which increases energy usage in UF
systems from operating pressure alone?. Despite the distinction in name,
pore size, and flux, MF and UF membranes are generally synonymous with

one another as the differences in operation are minimal.

2.1.3. Operation
Membrane operation consists of the module configuration and the

characteristics of backwash, maintenance chemical cleanings, and CIPs,



2.1.3.1.  Configurations
Membrane modules can be configured in two ways — pressure
vessel or submerged fiber. The operational characteristics of each

configuration are outlined in the following sections.

2.1.3.1.1. Pressure Vessel

Hollow fiber membranes can be designed in two main
configurations, the first of which is a pressure vessel. A pressure
vessel membrane configuration, also referred to as encased, can
operate as “inside-out” or “outside-in”. Inside-out feeds the input
flow to the inner surface of the hollow fiber membranes so the
inside acts as the separation layer?*. Pressure is then required to
push the water through the walls of the fibers to the outside of the
vessel resulting in the permeate outside the fibers and the
concentrate inside. Depending on the constituents in the water and
applied technique, the applied pressure will differ??. In a previous
study, the specific energy consumption of a pressurized membrane
system was determined to be 0.4 to 0.8 kwWh/kgal (0.1 to 0.2
kWh/m?) which includes the membrane unit, pre-treatment, post-
treatment, and pumping of the feed water?®. The techniques of
pressure vessel membrane configurations include operating in
dead-end mode or crossflow mode. In dead-end mode, water is

forced through the hollow fiber membrane with no bulk flow



which results in the formation of a cake layer on the surface of the
membrane?*. The advantage of dead-end mode is that it is less
expensive to operate than the alternative crossflow mode as the
feed water is not recirculated®. In crossflow mode, the flow is
tangential to the membrane surface resulting in the absence of a
cake layer due to the sweeping motion of the flow inside the
membrane?*. Therefore, crossflow mode can be operated at a
higher flux since the velocity of the water reduces the impact and
build-up of solids on the membrane surface. Crossflow mode is
more expensive to operate as the pumping energy and costs
associated with recirculating feed water through the fibers can
become expensive over time?®. The estimated specific energy
consumption of a crossflow system is 9.5 to 11.4 kWh/kgal (2.5 to
3 kWh/m?) as determined in a previous study?3. It should be noted
that pressure vessel membrane configurations treat less water at
the same flux when compared to submerged fiber configurations,
due to the smaller surface area inside the fibers, and are more
sensitive to large solids in the feed water as they have the
potential to clog the lumen and cause operational issues. Pressure
vessel configurations can also be operated as “outside-in” which is

described in the next section.
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Figure 1. Inside-out, dead-end mode membrane configuration

diagram.
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Figure 2. Inside-out, crossflow mode membrane configuration

diagram.

2.1.3.1.2. Submerged Fibers
The second possible design configuration for hollow fiber
membranes is a submerged fibers design. In a submerged fibers
membrane configuration, feed water flows in between the fibers

from one end of the membrane to the other as negative pressure



pulls the water through the walls of the fibers so permeate may
travel to the inside of the fibers, essentially flowing “outside-in"?®.
The configuration allows for more water to be treated at the same
flux since the outside of the fiber bundle has more surface area
than the inside also allowing for the design to be less sensitive to
large solids in the feed water. However, submerged fibers are not
typically operated in crossflow mode, which may be helpful for
treatment of high turbidity waters, as circulating feed water in a
tank is difficult to accomplish?. The specific energy consumption
of a submerged membrane unit process is estimated to be between
0.19 and 0.38 kWh/kgal (0.05 and 0.1 kwWh/m?) including the
membrane units, pre-treatment, post-treatment, and pumping of

the feed and product water?3,
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Figure 3. Outside-in membrane configuration diagram.
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2.1.3.2. Backwashing

Though MF and UF membranes are highly effective in increasing
water quality in terms of microbiological safety, fouling of the
membranes is a significant issue in their operation that results in
decreased membrane lifetimes, decreased constituent removal,
increased operational costs, and increased energy consumption?’.
Fouling is the process by which undesirable materials settle and
accumulate on the surface of the membrane causing flux drops,
increased pressure requirements, and production of lower quality
water?8, Fouling is often characterized by the mechanism and the
degree of irreversibility. The mechanisms of fouling include pore
blocking, pore constriction, and cake formation. Pore blocking is
primarily due to large, colloidal solids that block a membrane pore
entirely. Pore constriction occurs when natural organic matter (NOM)
and other adhesive constituents build up in and around pores causing
the available opening to become smaller. Cake formation is the buildup
of any unwanted matter on the surface of the membrane, induced by
biofouling, that can give some degree of additional filtration®14, The
fouling can then be characterized into the three classes of reversibility —
hydraulically reversible fouling, chemically reversible fouling, and
irreversible fouling*®. To maintain a membrane’s mechanical

durability, structural integrity, efficiency, and functional lifetime,
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hydraulic and chemical cleanings are implemented to remove reversible
fouling.

Backwashing is a means of physical cleaning by which a reversed
air or water flow is pressure-driven from the permeate side to the feed
side to loosen and separate foulants from the membrane surface that are
then removed with a backwash stream?’. Backwash operation is
affected by many parameters including feed water characteristics,
foulant characterization, membrane properties, and filtration operating
parameters; these parameters affect the interval, duration, and strength
of the backwash?’.

In terms of energy consumption, the interval and duration of the
backwash are critical. If a backwash interval is too long, the membrane
will not only fail to be cleaned properly, but the foulant will become
compacted causing it to be characterized as irreversible rather than
reversible fouling, which decreases efficiency and increases energy
demand required to feed the water through the membrane.
Alternatively, a high backwash frequency will result in the use of more
permeate for backwash water than is necessary, decreasing the net
productivity of the membrane filtration system in terms of producing
clean water. The system would then require increased energy inputs to
produce more permeate to reach demand?’. The duration of backwash

cycles should be set so that the cycle is long enough to effectively
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remove foulant build up without being too long that excess permeate
water and energy for backwash pumps are not consumed irrationally.
Using the backwash cycle duration, specific pumping energy can be

computed for both filtration and backwash steps using Equation 1

E = (QPAPP(%)ns)*'(QbWAwa(%)ns) (1)
p (QpAtri—QpwiAtyw)

where Qp and Qow are the average permeate and backwash flow rates,
APp and APy are the pressure head losses due to the membrane suction
pump and backwash, Ats and Aty are the durations of filtration and
backwash cycles, and s is the pump yield, usually assumed to be 0.7,
A previous study varied operating parameters related to both the
filtration process and backwashing to investigate filtration performance
and energy consumption. The study concluded that backwash duration
was one of the most influential parameters in energy consumption
having a relative impact of 26.3% and that the pump energy demand is
directly correlated to the filtration flux due to the pressure drop caused
by increased flux2. Many similar studies center around determining the
optimal operating conditions that would yield the highest filtration and
energy efficiency. Most drinking water treatment plants today utilize
variable frequency drives (VFDs) and programmable logic controllers
(PLCs) that automatically initiate backwash cycles triggered by a set

level of water treated in the system. Therefore, it is probable that
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backwash pumps and suboptimal operating triggers are causes for

increased energy consumption at treatment plants.

2.1.3.3.  Maintenance Chemical Cleans

In addition to hydraulic cleanings, chemical cleanings can be
implemented to remove reversible fouling on the surface of low-
pressure membranes. There are two types of chemical cleanings:
maintenance chemical cleans and CIPs. Maintenance chemical cleans,
or chemical washes (CW) occur more frequently for a shorter duration,
use lower concentrations for the chemical solutions, and are typically
not heated. CWs are used at a frequency between multiple times a day
to once per week depending on the treatment plant, feed water
characteristics, and membrane properties. Common types of CWs
include alkali or chlorine, acid, or biocide. Alkali or chlorine washes
are used to remove organic foulants and may use chemicals such as
NaOH. Acid washes are used to remove inorganic fouling and may use
chemicals such as HCI, H2SOa, or citric acid. Biocide washes are used
to combat biofouling and use chemicals such as Cl, and H20-, followed
by sodium metabisulfate for dechlorination®3. The CW process is not
thought to be a large energy consumer in terms of filtration energy
consumption as the chemical pumps are typically much smaller than

those used for backwashing and water conveyance.
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2.1.3.4.  Clean-in-Place

The second type of chemical cleaning method is a CIP. CIPs occur
less frequently than CWs for longer durations and use higher
concentrations of chemical solutions that are heated before application.
CIPs are conducted between once per week to once every 6 months
often using similar, if not the same, chemicals as used in CWs*3, The
goal of a CIP is to recover the flux, which is why longer soaking times
and higher chemical concentrations are required®. A typical CIP
procedure includes a warm water pre-rinse, heated chemical solution
wash, and then a warm water post-rinse. Efficient CIP processes,
including both the pre and post chemical rinses, result in an extended
lifetime of the membranes, decrease in cleaning costs, and lower
environmental impact from chemical waste streams®®.

CIPs typically heat the chemical solutions in large tanks before
pumping them through the membrane modules to increase the
effectiveness of the chemicals®. However, the heating of one or more
large tanks of chemical solution may be a large contributor to plant
energy consumption. Research has revealed that increasing the
temperature above 45°C has little impact on increasing CIP efficiency,
but higher temperatures can still be used¢. Keeping in mind that the
specific heat capacity of water is 4,200 Joules per kilogram per degree

Celsius (J/kg°C) and assuming intake water is around 25°C, it can be
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inferred that CIP heating consumes a large amount of energy that will
correspond to the frequency of the CIPs. For a typical 30-day CIP
interval, it was calculated that roughly 0.0038 kWh/kgal (0.0010
kWh/m?3) is required for the chemical reagent heating with this number
increasing with increasing CIP frequency®’. The intricacies of the
effects of seasonality on plant energy consumption will be discussed
later, though it should be noted that plants located in colder regions are
thought to use more energy in the CIP process as the intake from
surface water sources will be at temperatures lower than the assumed
standard 25°C and will therefore use more energy to reach the same

target CIP chemical solution temperature.

2.2. Granular Media Filtration
As previously mentioned, the selection of a membrane system over a
granular media system has become increasingly more popular over the last
decade though GMF is still a viable filtration process selection for drinking water
treatment. The characteristics and operation of a typical GMF system are

outlined below.

2.2.1. Overview
The term “conventional treatment” typically refers to some form of
granular media filtration (GMF), either slow sand filtration (SSF) or rapid
sand filtration (RSF), that can be configured for monomedia, dual media, or

multimedia use. GMF filters out particles down to a size of 10 pm in

16



diameter from the liquid stream to prevent large colloids and suspended
solids from entering the purified liquid stream which decreases the
frequency of fouling and blockages in downstream treatment as well as
overall turbidity®®2°, In practice, the liquid stream flows to the top of the
filtration system and then downward through the packed media bed to the
bottom under constant pressure*®. GMF uses depth filtration, as opposed to
cake filtration, to remove solids and pathogens which refers to the
mechanism by which particles adsorb to the filter media surfaces and allows
the entire depth of the bed to achieve particle removal rather than just the top
layer*. Particles are typically removed by one of three mechanisms
(interception, sedimentation, or diffusion) where the efficiency of the
mechanism is determined by the filtration rate, particle size, temperature,
density, and media design®.

Typical types of media used in a packed bed include sand, gravel,
anthracite coal, garnet, and granular activated carbon (GAC). In selecting
media, the particle size, density, surface properties, shape, and hardness
should be considered*'. GMF requires specialized, processed media and a
specific arrangement of that media in a packed bed to optimize filtration and
prevent head loss issues. The processing of the media creates a more
uniform particle size that assists engineers in designing the filtration
process?®. The arrangement of the bed must be so that the larger, less dense

media particles are on top, and the smaller, more dense particles are on the
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2.2.2.

bottom. The size arrangement will ensure no head loss in the system while
the density arrangement ensures that the media layers stay in order and does
not mix as the bed is fluidized during backwash*®. Mixed media will
essentially result in poor filtration and head loss issues**.

When compared to membrane filtration, GMF is less expensive to
construct and operate for medium to large plants, however it requires more
space and operator skill. GMF is considered more robust than membrane
systems and can therefore be combined with some chemical and biological
treatment processes without issue while membrane productivity is more
sensitive to the characteristics and concentration of suspended solids and
NOM*. However, membrane filtration is more effective at pathogen
removal when operated properly. The most significant downside of GMF, in
terms of operation, is that filter backwashing normally accounts for the most
in-plant energy consumption at a conventional drinking water plant, despite
backwash cycles occurring less frequently than in membrane systems, as
significant energy inputs are required to achieve complete bed fluidization
for particle removal“.

Operation
Granular media filtration operation generally consists of pumping
requirements and backwashing. The operational characteristics of both

pumping and backwashing are described in the following sections.
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most convenient for them. Additional email exchanges may have occurred after the
follow-up interview to clarify any forwarded data from the plant or if more data is needed
to conduct a full, in-depth analysis of the energy usage at the treatment plant.

After the first set of interviews were complete and data was collected, a second
set of interviews were conducted since a few of the 12 plants interviewed were unable to
provide data to be used in the study. To supplement and provide increased representation
of drinking water treatment plants in the US, additional interviews were set up with 2
other plants. The methodology for the additional interviews was a refined version of that
from the first set of interviews. Issues found in the methodology of the first set included
prolonged wait times for email correspondence and data collection as well as several data
points included in the master data sheet not providing the relevance initially expected.
Therefore, the same methodology and interview process was used as described in the
previous section with the exception that data was collected during the interview time,
rather than after, and directly recorded to the bill inventory and an updated version the
master data sheet, found in Appendix D. The updated master data sheet removed less
relevant data points, including energy costs, pH, flow rate, and flux, and added a column
for pressure. The breakdown of the 14 total plants interviewed for the study is illustrated

below.
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Figure 10. Size of treatment plants represented in all 14 follow up interviews conducted.

Figure 11. Type of treatment plant represented in all 14 follow up interviews conducted.
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Figure 12. Location of the treatment plants represented in all 14 follow up interviews

conducted.
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5.0 RESULTS

5.1. Preliminary Survey
From the preliminary survey, 34 responses were received which equated to 37

plants as some responses were from facilities that had multiple plants listed in their
description. Of the 37 total plants, only 24 had data reported for all the following: rated
capacity, average daily water production, and monthly energy use. Of the 24 responses
with a full set of usable data, only 18 were listed as GMF, MF, or UF plants. The
preliminary survey data was evaluated at various levels to include analysis of all 37
responses, the 24 responses with usable data, and the 18 responses categorized with the

relevant filtration methods.
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Figure 13. The percent of total capacity used for all 37 plants represented by the

preliminary survey responses with hatch marks denoting nanofiltration or reverse

osmosis plants.

The percent of total capacity used for all 37 plants represented in the survey is
plotted in Figure 13 by dividing the average daily water production by the rated capacity
reported in the survey. No identifier was given to any plant to ensure anonymity of
treatment facilities. From the data, it was found that on average, plants use approximately
43% of their rated capacity daily with two plants running near or at capacity. The rated
capacity of a treatment plant is typically determined by demineralized water demand,
potable water demand, utility water demand, and raw water demand®®. Since demand
rates fluctuate frequently and most plants do not operate at full capacity, the energy
consumption of a treatment plant cannot be determined by the rated capacity, but rather

the average daily, or monthly, water production.
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correlation to power use identified. The two points outlined in red indicate plants
that operate with direct filtration, meaning there is no coagulation, flocculation, or
sedimentation included in the treatment train before water is passed through
filtration. However, there are no clear trends to conclude that the two plants
conducting direct filtration use less energy than those that do not conduct direct
filtration as direct filtration is commonly used in the presence of very low
turbidity. Therefore, it can be stated that from the data collected, raw water
turbidity was not a more important driver of variability in energy use than other

factors.
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Figure 17. Raw water temperature and normalized energy use of the interviewed

treatment plants sized by capacity.
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Figure 17 displays the average yearly influent water temperature from 11
plants that reported temperature data after the interview. With the exception of
one point at 2 kWh/kgal, the data presents a trend of lower normalized energy use
at lower temperatures and increasing energy use at higher temperatures. However,
it is important to note that the temperature values for each plant plotted in Figure

17 are average values.
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Figure 18. Raw water pH and normalized energy use of the interviewed treatment

plants sized by capacity.

pH values were also requested from each treatment plant interviewed and
plotted with normalized energy use to determine whether any trend might exist.

From Figure 18, it can be concluded that the influent pH, and subsequent need for
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pH adjustment, has no impact on overall treatment plant energy use which is to be

expected as chemical dosing pumps have miniscule energy requirements.

Although turbidity, temperature, and pH had no observable impacts on
plant energy consumption, influent raw water characteristics may still play an
indirect role in overall power use but may be outweighed by other, more

significant energy consumers.

5.2.2. Operational Characteristics

Operational data, including the finished pumpage, flow rate, and
volumetric flux were also collected after each interview as these values were
hypothesized to be the most insightful into the effects on plant energy use. The
finished pumpage was defined and collected as the treated water leaving the plant
monthly, whereas flow rate was defined and collected as the water flowing
through the plant daily. As finished pumpage and flow rate depict the same data
on different time scales, only the finished pumpage data will be used in the
analysis as it coincides with the power data which was also collected on a
monthly basis. In a previous study, it was concluded that smaller utilities use
more energy per unit of water than medium to large utilities, therefore, the same

results were expected to be depicted in this analysis as well®.
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Figure 19. Water production and normalized energy use of the interviewed

treatment plants.

Table 1. Water production and normalized energy use of the interviewed treatment

plants ranked from lowest to highest normalized energy use

Plant ID Average Monthly Normalized Plant Size Plant Type
Water Production Energy Use
[MG] [kWh/kgal]
14 150.9 0.02 L MF
5 10.9 0.02 S UF
7 17.6 0.1 S MF
4 798.0 0.4 L UF
9 104.0 0.4 M C
2 219.2 0.6 M MF
8 402.0 0.7 L MF
3 219.2 0.8 M C
1 176.2 1.2 M UF
10 146.0 1.6 M C
6 259.2 2.0 L UF
13 44.4 2.2 S UF
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Table 1 lists the data from Figure 19 organized from lowest to highest
normalized energy use with plants 11 and 12 not providing data. From Figure 19
and Table 1, it can be concluded that the results of the study did not coincide with
those of the study previously mentioned as the small treatment plants did not
consistently have higher energy intensity. It is observed, however, that the
medium sized plants consistently correspond to a moderate energy use with small
and large plants corresponding inconsistently to either the lowest or highest
energy use. In addition, no clear trend is observed between the normalized energy
use and the type of filtration method, listed as the plant type in Table 1. Although
conventional filtration plants fell within + 0.4 of the average energy use of 0.8
kWh/kgal, a conclusion cannot be drawn that conventional plants use moderate
energy as the only conventional plants that participated in the study were those of
a medium rated capacity. Therefore, analyzing the water production alone for a
treatment plant does not provide enough information to conclude trends in energy

efficiency.
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Figure 20. Flux and normalized energy use of the interviewed treatment plants

including two small treatment plants.

Unfortunately, only 4 of the plants provided specific flux data. The four
flux data points were plotted with normalized energy use in Figure 20. The two
points outlined in red indicate small sized plants while the two points outlined in
blue are medium and large plants. With only four data points, there is a lack of
data to formulate a strong conclusion. In future development of this research, it is
suggested that more flux data be collected to conduct a complete analysis and

derive a strong conclusion regarding any trends with energy use.
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Figure 21. Pressure and normalized energy use of Plant 14.

In addition to finished pumpage, flow rate, and volumetric flux, pressure
was added as another operational data point to gather in the second round of
follow up interviews as pressure and energy are generally known to have a linear
relationship. Plant 14 reported pressure values from the strainer inlet which then
feeds into the membrane skids at the plant. Figure 21 depicts the average strainer
inlet pressure values over one year at Plant 14. It is observed that a lower
operating pressure corresponds to a higher normalized energy use with the lower
pressures used in the winter months which is the opposite of what is expected.
Plant 14 is located in Montana where influent water enters the train as a slurry in
the winter, which would typically be thought to increase pumping requirements,

and therefore applied pressure. It is hypothesized that the reverse trend depicted in
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Table 2. Bill inventory icon definitions.

Raw Water Pumps

Rapid Mix

Flocculation Basin

Sedimentation Basin

Filtration Feed Pumps

Membrane Filtration

Granular Media Filtration

Backwash Pumps

CIP Heating

Disinfection

HVAC System
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Lighting

Other/Additional Processes

Transfer Pumps

Distribution Pumps



Table 3. Icon process flow diagrams for each plant interviewed.
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It was hypothesized that the plants with the least amount of unit processes

included on the bill will be the plants with the lowest normalized energy use.
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Figure 23. Number of processes on each plant's energy bill compared to the

normalized energy use at each plant.

A trend between the number of processes and normalized energy use can
be observed between some of the plants in Figure 23, however, inconsistency in
normalized energy use between plants with the same number of processes are
noted. Although the number of unit processes alone does not explain energy use
in full, it does stand as a strong indicator and explains that multiple properties of a

treatment plant are needed to understand variability in energy use.
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5.2.3.1.  Statistical Analysis

Three statistical tests were used to determine whether information
about the character of a plant could be used to predict energy use in a
statistically significant way. These were a series of t-tests, an analysis of

variance (ANOVA) test, and a main effects model.

A series of t-tests were conducted to uncover any statistical
significance within the normalized energy use data in the presence or absence
of each item on the bill inventory. The bill inventory designated a Y or N to
each item to note whether it was included on the plant’s energy bill. The
presence and absence, or Y/N, designations were then used to run a t-test for
each item using JMP software. The results of all 12 t-tests are shown in
Appendix F. There was statistical significance associated with
presence/absence of rapid mix, flocculation basins, and distribution/high
service pumps with the test reporting p > |t| values of 0.0037, 0.0037, and
0.0573 and p >t values of 0.0018, 0.0018, and 0.0286, respectively. These
results suggest that presence of any of those three unit processes will increase
the energy use of a plant. Interestingly, other processes that would be expected
to account for high energy use did not test as being significant (e.g. high
service pumps). The small sample size of the data set and the possibility for
interaction effects among unit processes mean that additional tools should be

used in addition to the t-tests before drawing hard-and-fast conclusions.

57



ANOVA is a type of test that analyzes the difference between the means
of multiple groups and attempts to treat variables as independents. The test
was conducted to determine whether any items on the bill inventory had a
difference in mean that was statistically significant when compared to all
other items on the inventory. It was desired that the results from the ANOVA
test matched those from the series of t-tests to more robustly indicate
statistical significance related to the normalized energy use of certain unit
processes. From the test results listed in Appendix G, it is indicated that water
conveyance pumps and rapid mix, flocculation, and sedimentation processes
are the items that indicate plants having the highest normalized energy use.
The interpretation is supported by the observation that the plants with the
lowest normalized energy use in Table 3 were missing one or more of the
following: raw water pumps, rapid mix, flocculation, sedimentation, transfer
pumps, or distribution/high service pumps. Despite these observations, the
ANOVA test ultimately concluded that there was no statistically significant
difference between the means of any two groups indicating that the groups are

more than likely not considered to be independent of each other.

Since the ANOVA test indicated that the items on the bill inventory
were not fully independent of one another, a main effects model was used to
evaluate the effects of the items listed in the bill inventory on the normalized
energy use. The main effects model was run twice using a stepwise function in

the JMP software. The first run included all items on the bill inventory for
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which the software was able to calculate initial statistical estimates.
Flocculation basins, GMF, HVAC, lighting, and the “other” category were
excluded because either too many or not enough plants had these unit
processes. The test was then run a second time without the items with the
largest p-values, including distribution pumps and disinfection, to provide a
more accurate model. The results from both model runs are listed in
Appendix H. The first run of the model reported that filtration feed pumps,
backwash pumps, and transfer pumps were the items that had the highest
effects on normalized energy use though none of the results conveyed any
significance with p-values all greater than 0.19. The second run of the model
reported that transfer pumps, sedimentation basins, and raw water pumps were
the items that had statistically significant effects on normalized energy use
with logworth values of 1.717, 1.298, 1.285 and p-values of 0.019, 0.050, and
0.051, respectively. The model also reported that in the presence of transfer
pumps and raw water pumps, energy consumption at a treatment plant was
0.97 and 0.66 times higher, respectively, than in the absence of those two
items. In the presence of sedimentation basins, however, energy use was
estimated to be 0.78 times lower than in the absence of the unit process. Yet,
since all logworth values reported were lower than a value of 2 and the results
of the model did not match those from the t-tests or ANOVA test, the main

effects model results are not considered conclusive.
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It is thought that the small data set, comprised of only 14 treatment
plants, did not provide enough data to reveal consistent, robust, and complete
statistical test results, and/or the nature of treatment plant operations is such
that presence/absence of particular unit processes is not a sufficient
characteristic to predict energy use. A more robust approach might take into

consideration a first-principles engineering analysis of each process.

5.2.3.2.  First Principles Analysis

With the t-tests, ANOVA test, and main effects model not providing any
strong indications of data significance, due to small sample size, it was
theorized that the energy consumption at each treatment plant could be

predicted through first principles.

To calculate the energy use per month for raw water pumps, flocculation,
sedimentation, membrane filtration, granular media filtration, disinfection,

transfer pumps, and distribution pumps, Equation 2 was used

E = QOpgh 2)

where E is the energy use in Joules per month, Q is the monthly flow in
meters cubed varying with each plant, p is the density of water equal to 1000
kg/m?®, g is gravity equal to 9.81 m/s?, and h is the differential head in meters
estimated to be 43, 1, 1, 10, 4.5, 2, 2, and 63 for raw water pumps,
flocculation, sedimentation, membrane filtration, granular media filtration,

disinfection, transfer pumps, and distribution pumps, respectively. These
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values would certainly vary from plant to plant, but we did not collect them in
each case. Instead we chose a few plants that seemed representative, and for

which we had differential head data, to use in the analysis.
To calculate the energy use per month for rapid mix, Equation 3 was used
E = QPyv 3)

where E is the energy use in kWh per month, Q is the monthly flow in meters
cubed varying with each plant, and Py is the power per unit volume estimated

to be 40 kWh/m?3.

The monthly energy use for backwash pumps for membrane and granular

media systems were calculated separately using Equation 4

E =Q(1-¢)pgh 4)

where E is the energy use in Joules per month, Q is the monthly flow in
meters cubed varying with each plant, and (1-¢) is the recovery efficiency
estimated to be 0.05 and 0.005 for membrane filtration and granular media
filtration, respectively. p is the density of water equal to 1000 kg/m?, g is
gravity equal to 9.81 m/s?, and h is the differential backwash head in meters

estimated to be 10 and 4.5 for membrane and GMF, respectively.
The monthly energy use for CIP heating was calculated using Equation 5

E = 0.02Q(30-T)cpVerp ®)
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where E is the energy use in Joules per month, and Q is the monthly flow in
million gallons varying with each plant multiplied by 0.02 which creates a
unitless value for the frequency for CIPs per month based on the plant flow. T
is the temperature of the water in degrees Celsius varying with each plant, ¢,
is the specific heat of water equal to 4182 J/kgC, and Vcip is the volume of the

CIP tank estimated to be 6500 gallons, or 24635 kg of water.

As for HVAC energy, a rate of 0.005 watts to heat 1 ft® of air 1°C was used

in Equation 6
E = 0.005Vyt(22.8-T) (6)

where E is the energy use in kWh per month, Vj is the total volume of the
buildings at the facility estimated to be 24,000 ft3, t is the time of HVAC
operation assumed to be 24 hours per day for 30 days per month, and T is the
outside air temperature varying with each month with 22.8°C assumed to be

the average temperature desired inside the buildings.

Lastly, energy consumption associated with facility lighting was estimated
using a facility in upstate South Carolina as lighting data was not collected for
any plant interviewed in the research process. The lighting energy was
calculated to be 6,500 kWh per month for the reference plant and assumed to

be uniform for all plants in the study.
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The predicted total monthly energy use using first principles was

calculated for each plant and plotted with the actual, reported energy use in

Figure 24.
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Figure 24. Predicted versus actual monthly energy use.

The first principles approach at predicting monthly energy correlated with
actual use with an R? value of 0.827 as depicted in Figure 24. This indicates
that the information collected in during the interview process, coupled with
the further estimates and assumption described here, can explain about 83
percent of the plant energy use. To achieve a better explanation/prediction,
one would need to gather additional information, such as more precise

pressure and head values, accurate HVAC heating and cooling information,
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and better knowledge of backwash and clean-in-place frequencies and

runtimes.

5.3. Plant Anecdotes

With such a vast assortment of unique treatment plants from across the US, many
had interesting insights or case-history experiences discovered within the data or
during the interviews. The engaging bits of information gathered through the
interview process were presented in the form of anecdotes listed in this section. The
anecdotes serve to provide more enlightenment as to the ways in which different
treatment plants operate and potential recommendations that plants can implement to

save energy during operation.

5.3.1. Seasonality - Plant 1

Plant 1 is located in Tennessee where temperatures can get as high as 92
degrees Fahrenheit in the summer and as low as 30 degrees Fahrenheit in the
winter. The range of temperatures throughout the year significantly impacts the
energy consumption at the plant due to its effects on viscosity and heating
requirements. Viscosity of a fluid is one of the properties that is highly susceptible
to temperature®’. The viscosity of a fluid is observed to decrease as the
temperature of that fluid increases®. Therefore, it can be predicted that in winter
months, the viscosity of the water will increase which will elevate the pumping
requirements of the plant to overcome viscous friction forces of the fluid and
ultimately increase the overall energy consumption at the plant along with

increased winter heating requirements.
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Plant Power Use [kWh]

Plant 1 provided data spanning from January of 2017 to December of 2020

which was plotted to display the effects of seasonality on power use as depicted in

Figure 25. The normalized energy use has also been plotted to depict the seasonal

differences in both temperature and viscosity as illustrated in Figure 26.
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Figure 25. Plant 1 power use and water production over 4 years.
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Figure 26. Plant 1 normalized energy use.

It is apparent that there is a distinct cyclical trend associated with
seasonality in discussing both energy use trends and, of course, temperature. As
previously stated, the decrease in temperature increases the viscosity of the
influent water making it more power intensive to pump the flow through the plant
as the power requirements must increase to overcome viscous frictional forces.
Seasonal energy trends can also be credited to differences in demand. Typically,
demand in the summer is higher than that in the winter. Depending on the
difference between a plant’s summer demand and winter demand, the plant and
subsequent processes and pumps may work more efficiently at higher demand
which would decrease normalized energy consumption. In Figure 25,
discrepancies between finished water and power use are observed in the winter

months between October and April. The trend depicts that more energy is

66

Oct-20



required to produce less water in the winter than in the summer keeping in mind
that winter demand is typically lower. In the summer months, trends in power use
and finished water are synonymous with one another. Therefore, it is concluded
that winter months require more power than summer months despite summer

months producing more overall water due to increased demand.

5.3.2. Looping Membranes - Plant 4

Plant 4 is located in California where air temperatures can get as high as
90 degrees Fahrenheit in the summer and as low as 46 degrees Fahrenheit in the
winter; however, highs in the winter are typically around 68 degrees Fahrenheit,
which provides much less of a temperature difference than Plant 1. Since the
range of temperatures throughout the year do not have drastic differences between
seasons, the viscosity is affected to a much lesser extent. Yet, similar trends in
increased energy use for lower production of water is still observed in the winter.
The plant power use and finished water for one year was plotted in Figure 27 to

convey the noted trend.
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Figure 27. Plant 4 power use and water production over one year.

The discrepancy in power use and finished water distinctly noted from
September 2019 to March 2020 may be concluded to be due to increased
viscosity, and therefore increased pumping requirements, however it is in fact due
to the plant’s “looping membrane” practices. The plant typically runs the
ultrafiltration membranes at a minimum level of 20 MGD, even when the plant is
off-line. When water production drops below a minimum level or water
production ceases, 20 MGD is simply looped through the membranes until the
plant returns to production. The practice allows the plant to proceed from zero
production to full production in as little as 45 minutes. The looping also provides
a pre-treatment benefit as the cycled 20 MGD of raw water is filtered in the
membranes and returned to the raw water supply facility downstream of the plant.

Therefore, anywhere where power consumption is high where water production
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Figure 30 exhibits small changes in pressure over a wide array of
temperatures. Previously, it was hypothesized that colder temperatures increase
the viscosity of the influent water which, in turn, increases pumping requirements
to overcome additional frictional forces. Yet, the pressure data from Plant 14
suggests that temperature does not have much of an effect on operating pressure
as the series of pressure varies only by 4.41 psi from the minimum to the
maximum pressure with the minimum pressures occurring during periods of cold
temperatures. It was previously described with Figure 21 that in the winter, the
plant only uses two out of the four sets of strainers and applies backpressure on
the two sets online to allow for the feed pumps to increase efficiency. The
procedure is done in the winter as the influent water is too clean from ice and
snow melt runoff causing the membrane modules to become too clean as well
resulting in a lack of backpressure in the system. The applied winter backpressure
producing a pressure drop in the system along with the fact that the plant is
primarily gravity fed may aid in justifying the lower pressures used with the
colder influent water. Nevertheless, it can be assumed that temperature is not the

main driver of operating pressure.
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6.0 LIFE CYCLE ASSESSMENT

6.1. Introduction
Many industries and businesses are beginning to apply more emphasis on the
environmental impacts of their activities as society has become increasingly more
concerned with environmental preservation and sustainable practices over the last decade.
Therefore, industries have begun to investigate the environmental performance of product
systems and individual processes, beyond environmental compliance, to determine
methods to decreasing overall environmental impact®2. One method to evaluating

environmental performance is life cycle assessment.

LCA is defined by the International Standards Organization (1SO) as a method
used to analyze the environmental aspects and possible impacts over the course of a
product’s life cycle®. LCA commonly encompasses cradle to grave, evaluating all
environmental impacts through raw materials extraction, material processing,
manufacturing, distribution, use, and end of life disposal. The environmental impacts
LCA attempts to address include, but are not limited to, human health, ecosystem health
or toxicity, climate change and global warming potential, and resource depletion. In
addition to evaluating potential impacts on the environment, LCA can also help to
compare inputs and outputs for alternative products, determine what points in a life cycle
have the greatest impacts, aid in developing new products with low impacts, and provide
a comprehensive baseline for companies and industries. LCA requires the formulation of

a goal and scope, an inventory analysis, impact assessment, and interpretation of results.

7



Though energy consumption is a factor of high concern when comparing filtration
alternatives for a water treatment plant, there are other environmental factors that are
important to take into consideration as well to encompass the overall environmental
impact of a filtration method. Therefore, an LCA will be conducted between membrane
filtration and granular media filtration to collate the potential impacts of cumulative
energy consumption, ecosystem toxicity potential, and global warming potential over the
average 6-year life span of a membrane filter. The LCA will ultimately aim to inform
drinking water treatment plant designers and plant operators of the energy use associated
with a membrane and conventional filtration system over an average lifetime and the
ways in which the energy use of these systems can be optimized, or potentially lowered,

to decrease the overall environmental impacts in addition to energy consumption.

6.2. Goal and Scope

The first step in an LCA is the goal and scope definition which is comprised of
four items: procedures, goal definition, scope definition, and function/functional unit. The
initial step not only helps the audience understand the purpose of the study, but it will
also help those conducting the study consider all possible methods, purposes, outcomes,
and applications of the LCA that can be useful for the intended goal®*.

As previously outlined, filtration systems are highly successful in filtering out
bacteria, organic matter, viruses, and contaminating substances to provide safe drinking
water for individuals. The LCA will be defined by comparing a generalized membrane
product system to a conventional product system under the functional unit of a 1 MGD

treatment plant over 6 years which establishes the study as a comparative, attributional
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LCA. The analysis will use the cumulative energy demand and TRACI life cycle impact
assessment (LCIA) methods in the openLCA software to examine the impact categories
of cumulative energy demand, ecosystem toxicity potential, and global warming
potential. Membrane filtration systems are commonly associated with the idea of
significant energy use; however, this reputation may be avoided if the sources of high
energy use were identified and optimized. The result would be the potential for more
drinking water treatment plants adopting the membrane technologies that would produce
safer drinking water for the public in addition to lowering cumulative energy demand.
Other, more direct, environmental concerns such as ecosystem toxicity potential and
global warming potential will also be evaluated due to the impact potential from the
routine membrane chemical cleanings as well as less frequent CIP processes. To maintain
and upkeep the integrity and efficiency of the membrane units and granular media filters
at a treatment plant, the technology must be cleaned on a regular basis through
backwashing and chemical cleanings. The frequency of the chemical cleanings is
dependent on the water intake volume and characteristics at every treatment plant, but
generally, most treatment plants in the US use sodium hypochlorite and citric acid as the
cleaning agents. Sodium hypochlorite can be very toxic to aquatic systems if there is not
enough organic matter for it to react with before reaching the environment, and it can also
result in the formation of trinalomethanes (THMSs) which are potential carcinogens®.
Citric acid can be corrosive in the environment, if found in large quantities, as it can
prevent seeds from germinating or create an acidic soil environment for other species to

live and grow in. The EPA reports, however, that small doses of citric acid in the

79



environment is not likely to cause any adverse human or environmental health effects as
citric acid is naturally found in the environment through plant production and animal
tissues and fluids®®. The chemical cleanings will also contribute to GWP as the emissions
can come as a result from the synthesis and transportation of the chemicals. Typically, the
chemicals are synthesized at a chemical plant, separate from the water treatment plant,
and transported to the water treatment facility for later use causing emissions from the

vehicles used in the transportation.

Since the LCA will primarily focus on the filtration system alone, the study will
be carried out as a gate-to-gate study, therefore only including the use phase. The LCA
stages to be included are goal and scope, life cycle inventory (LCI), LCIA, and
interpretation. The life cycle phases to be included are the chemical manufacturing,
chemical transportation, filtration system, chemical cleaning, and backwashing as
depicted in Figure 31 and Figure 32. A limitation of the LCA will come from the fact
that the study is only encompassing a gate-to-gate analysis as no related production
equipment or labor, for example the chemical plant, water treatment plant, membrane
construction, or granular media materials extraction will be included. The study will also
generalize membrane systems by not specifying a difference between MF and UF
membranes since the operating conditions are assumed to be relatively the same and
openLCA databases will not be accurate in separating the two from one another. In
addition, the study will assume that the 1 MGD treatment plants built in the study are
generally controlled by programmable logic controllers (PLCs) and variable frequency

drives (VFDs) therefore eliminating the need to include labor in the study.
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Figure 32. Initial LCA flow diagram for a granular media filtration system®®.

6.3. Life Cycle Inventory

LCl is the second stage of an LCA study that attempts to establish a baseline of

information for the system to depict the overall energy consumption, resource use, and
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environmental loadings®’. LCI typically includes a bill of materials, inputs and outputs,
and categorization of unit process flows as elementary, product, or waste streams.
Provided in this section will be a flow diagram of each system depicting the inputs and

outputs into each unit process as well as a bill of materials table that categorizes the life

cycle streams.
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Table 5. Granular media filtration input/output bill of materials.

Unit Process Inputs Flow Type Outputs Flow Emissions
Type to
Backwashing | Water Elementary | Water Waste Water
Energy Product Solids Waste Water/Land
(electricity)
Granular Backwash Elementary | Solids Waste Water/Land
Media Water Elementary | Filtered Product | -
Filtration Water (Plant Product Water
Flow)
Energy
(electricity)
Filtered Filtered Water | Product - - -
Water

6.4. Life Cycle Impact Assessment

Life cycle impact assessment (LCIA) is defined as the third phase of an LCA that

is aimed in quantitatively evaluating the significance of the potential impacts of a product

system on the environment. The Society of Environmental Toxicology and Chemistry

(SETAC) and SETAC - Europe Working Group on Impact Assessment (WIA)

organizations are responsible for outlining and developing the LCIA standards®*. LCIA

consists of both optional and mandatory elements. The mandatory elements include

selecting impact categories, assignment of LCI results, and calculation of results.

Optional elements include calculating magnitude of category indicators, grouping,

weighting (valuation), and data quality analysis®®.

The environmental impacts to be evaluated by the study will include cumulative

energy demand (electricity usage), ecosystem toxicity, and greenhouse gas emissions as
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ATcpVfcrp
0.26

ChemCleanHeat = (10)

where AT is the change in temperature between the influent water and the heated
chemical solution. The influent water temperature is 18 degrees Celsius on average with
the acid solution heated to 30 degrees Celsius and the chlorine solution heated to 20
degrees Celsius. Cp, is the specific heat of water which is 4182 J/kgC, V is the CIP tank
volume known to be 6,500 gallons for each chemical solution, and fcip is the CIP
frequency assumed to be once per month. Calculated for 6 years, the energy required for

the CIP process is 1.05e11 J, or 29166.7 kWh.

The energy required to operate a granular media filter, GMF_energy, was

calculated using Equation 11

1000Qpghtn

GMF _energy = 262106

(11)

where Q is the flow rate equivalent to the functional unit of 1 MGD, or 157.71 m%h, p is
the density of water known to be 1000 kg/m?, g is gravity equal to 9.81 m/s?, h is the total
head averaged to be approximately 12 m, t is the time, in seconds, of pump operation
assumed to be 24 h/d with an assumed pump efficiency, », of 0.75. Calculated over 6

years, the energy required by a granular media filter alone is 9.76e11 J, or 271111.1 kWh.

The energy required to operate a membrane filter, MF_energy, was calculated

using standard principles through Equation 12

MF _energy =P *xV (12)
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where P is the pressure through the system commonly between 0.3 and 2.1 bar for low
pressure membrane systems, so an average value of 1.2 bar was used. V is the volume of
water fed through the filtration system equal to the functional unit, 1 MGD. Converting
the units and calculating to encompass 6 years, the energy required by membrane

filtration alone is 9.95e11 J, or 276388.9 kWh.

The mass of sodium hypochlorite required for the membrane filtration CIPs over

the 6-year lifespan of the membranes, SH_mass, was determined using Equation 13

SH_mass = V¢p (?Tz) pfcip (13)

where Vcip is the volume of solution used in the CIP estimated to be 200 L, ssn is the
percent concentration of the sodium hypochlorite solution assumed to be 1.5%, p is the
density of sodium hypochlorite equal to 0.0065 kg/L, and fcip is the frequency of the CIPs
which was assumed to be once per month. Calculated for 6 years, the mass of sodium

hypochlorite necessary is approximately 239.76 kg.

The value of the volume of water flowing through the plant, WaterThroughPlant,
was simply equal to the functional unit of 1 MGD which, calculated for 6 years, was a

total volume of 2.19e9 gallons.

The energy required for backwashing a granular media bed,

bwPumpEnergy GMF, was determined using Equation 14

bwPumpEnergysur = (QPtyw fow) + (Eastasfow) (14)
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where Q is the flow rate required to fluidize the bed and P is the pressure required to
pump the backwash water from the bottom of the bed to the top. Q and P were
determined from a previous study which reported a Q and P of 170 m%h and 2.76 bar,
respectively?. tyy is the time that each backwash cycle takes to complete approximated to
be 28 minutes per cycle, and fow is the frequency of backwashing the media bed which
was assumed to be one cycle per day. Eas is the energy use of a typical air scour system
reported to be 289.9 kWh/d and tas is the time that each air scour cycle takes to complete
assumed to be 4 minutes per cycle®", Since air scour generally occurs with hydraulic
backwashes, the frequency of each is assumed to be the same. Calculated over 6 years,

the energy required by granular media backwashing is 5.43e10 J, or 15083.3 kWh.

The energy required for backwashing membranes, bwPumpEnergy MF, was

determined using Equation 15

1000Qpghtpu
bwPumpEnergyyr = 2 * % + (Eastasfow) (15)

where Q is the flow rate of the backwash water assumed to be 883 gpm, p is the density
of water known to be 62.4 Ib/ft3, g is gravity equal to 32.17 ft/s?, h is the height of the
membrane skids averaged to be 10 m, t is the time, in seconds, of backwash pump
operation assumed to be 24 cycles per day with each cycle lasting approximately 3
minutes with an assumed pump efficiency, », of 0.75. The upstate South Carolina plants
that influenced the calculation were all larger than 1 MGD, so the number of pumps was
decreased to an estimated 2 pumps to reflect that of a 1 MGD plant. Eas is the energy use

of a typical air scour system reported to be 289.9 kWh/d and tas is the time that each air
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scour cycle takes to complete assumed to be 4 minutes per cycle®"?, Since air scour
generally occurs with hydraulic backwashes, the frequency of each is assumed to still be
every 30 minutes. Calculated over 6 years, the energy required by membrane

backwashing is 2.92e11 J, or 81111.1 kWh.

Lastly, the distance traveled to transport the mass of citric acid and sodium hypochlorite,

transport_dist, was calculated using Equation 16
transportgiss = mrdgr (16)

where mr is the total mass of chemicals transported and drr is the roundtrip distance for
each chemical shipment to the plant. It was assumed that chemicals are shipped in from
sites no further than 50 miles (80.5 km) from the treatment plant and that a chemical
shipment occurs every 3 years. Since 200 L of each chemical solution is pumped from an
8160 L tank for each CIP, it can be calculated that 40.8 CIPs can be conducted before the
chemical tanks are emptied. Since the frequency of CIPs is once per month, a new
shipment is therefore not needed for 40 months, or 3.3 years. In the timeframe of 6 years,
only one chemical shipment will occur which makes mt and drt equal to 158.8 kg and

161 km, respectively. Calculated over 6 years, the transportation is 25,566.8 kg*km.

It should be noted that the following flows were pulled in from the LCA database:
electricity, heating, citric acid, and sodium hypochlorite. The energy and chemical flows
from the database were assigned providers that were specific to the South Carolina
energy grid and global market, respectively. Cumulative energy demand and TRACI

were then used as the LCIA methods as CED is a separate method that will only focus on
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the energy consumption of each product system, and TRACI is a US-based method that
will accurately account for US environmental sensitivity regarding ecotoxicity and global

warming potential.

GMF 1,030,300 MJ
MF 1,399,066 MJ
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

M Filtration Process M Backwashing m CIP Heating B Chemicals

Figure 35. Cumulative energy demand of MF and GMF processes.



APPENDIX D: REFINED MASTER DATA SHEET
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Process Number of Plants Mean Normalized Variance
with Process Energy Use
[kWh/kgal]

MF 11 0.773 0.577
Disinfection 10 0.787 0.441
BW Pumps 14 0.804 0.501

HVAC 14 0.804 0.501
Lighting 14 0.804 0.501
Other 14 0.804 0.501

CIP Heating 10 0.835 0.594
GMF 3 0.919 0.344
Filtration Feed Pumps 9 0.924 0.664
Sedimentation Basin 8 0.970 0.535
Transfer Pumps 8 0.981 0.624
Raw Water Pumps 7 1.019 0.736
Distribution Pumps 9 1.036 0.600
Rapid Mix 10 1.063 0.458
Flocculation Basin 10 1.063 0.458
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APPENDIX H: MAIN EFFECTS MODEL RESULTS

Response Normalized Energy Use [kWh/kgal]
Effect Summary

Source LogWorth PValue
Filtration Feed Pumps 0.712 i 0.19427
Backwash Pumps 0.659 | 0.21947
Transfer Pumps (between or after unit processes) 0.590 | 0.25722
Raw Water Pumps 0.587 | 0.25885
Rapid Mix 0.449 | 0.35523
Sedimentation Basin 0432 | 0.36955
Membrane Filtration 0.357 | 0.43950
CIP Heating 0.277 | 0.52789
Distribution/High Service Pumps 0.167 | 0.68093
Disinfection 0.083 I 0.82529
Lack Of Fit
Source DF Sum of Mean Square F Ratio
Squares
Lack Of Fit 2 030175525 0.150878 0.6058
Pure Error 1 0.24905336 0.249053 Prob > F
Total Error 3 0.55080861 0.6724
Max RSq
0.9620

Summary of Fit

RSquare 0.916053
RSquare Adj 0.636231
Root Mean Square Error 0.428489
Mean of Response 0.844778
Observations (or Sum Wgts) 14

Analysis of Variance

Source DF Sum of Mean Square F Ratio
Squares

Model 10  6.0106045 0.601060 3.2737

Error 3 0.5508086 0.183603 Prob > F

C. Total 13 6.5614131 0.1791

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept -2.564737  1.000577 -2.56 0.0830
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Term

Raw Water Pumps

Rapid Mix

Sedimentation Basin

Filtration Feed Pumps
Membrane Filtration

Backwash Pumps

CIP Heating

Disinfection

Distribution/High Service Pumps

Transfer Pumps (between or after unit processes)

Estimate
0.5475962
0.8800816

-0.7091
0.6602748
0.7748958
1.6530005
-0.524743

0.126188
0.2417479
0.8897061

Std Error
0.394096
0.807013
0.673226
0.396288
0.871674
1.068119
0.737091
0.524239
0.532977
0.637547

t Ratio
1.39
1.09

-1.05
1.67
0.89
1.55

-0.71
024
0.45
140

Prob>|t|
0.2588
0.3552
0.3696
0.1943
0.4395
0.2195
0.5279
0.8253
0.6809
0.2572

Response Normalized Energy Use [kWh/kgal]
Effect Summary - Model Run Without Factors with Large PValue

Source LogWorth

Transfer Pumps (between or after unit processes) 1.717

Sedimentation Basin 1.298

Raw Water Pumps 1.285

Backwash Pumps 1131

Filtration Feed Pumps 0.915

Rapid Mix 0.752

Membrane Filtration 0.528

CIP Heating 0.463

Lack Of Fit

Source DF Sum of Mean Square F Ratio

Squares

Lack Of Fit 3 040904447 0.136348 1.0303

Pure Error 2 0.26466509 0.132333  Prob > F

Total Error 5 0.67370957 0.5269
Max RSq

0.9597

Summary of Fit

RSquare 0.897322

RSquare Adj 0.733038

Root Mean Square Error 0.367072

Mean of Response 0.844778

Observations (or Sum Wgts)

Analysis of Variance

14
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PValue
0.01918
0.05032
0.05189
0.07396
0.12152
0.17695
0.29673
0.34415



Source DF Sum of Mean Square

Squares
Model 8 5.8877036 0.735963
Error 5 0.6737096 0.134742
C. Total 13 6.5614131

Parameter Estimates

Term

Intercept

Raw Water Pumps

Rapid Mix

Sedimentation Basin

Filtration Feed Pumps

Membrane Filtration

Backwash Pumps

CIP Heating

Transfer Pumps (between or after unit processes)

F Ratio

5.4620
Prob > F
0.0389*

Estimate
-2.481775
0.6563172
0.9860385
-0.784782
0.6137005

0.862659
1.6895307
-0.598971
0.9728106
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Std Error
0.643413
0.258382
0.627583
0.305921
0.329432
0.740758
0.749757
0.573523

0.28583

t Ratio
-3.86
2.54
1.57
-2.57
1.86
1.16
2.25
-1.04
3.40

Prob>|t|
0.0119*
0.0519
0.1769
0.0503
0.1215
0.2967
0.0740
0.3442
0.0192*



