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RESUMEN

Este proyecto propone la produccion de 50 KLD de agua potable a partir de agua salobre
y pluvial en una planta mévil de tratamiento de agua. Este proyecto tiene como objetivo
proporcionar agua potable a los municipios que se han visto afectados por desastres naturales y
carecen de acceso a agua potable. Se desarrollé un disefio preliminar y estudio de viabilidad
mediante la seleccion de la tecnologia apropiada, el disefio de un proceso y el desarrollo de un
analisis economico. Para el tratamiento de aguas salobres y pluviales, el proceso se definié para
tener un tanque de sedimentacion, filtros de carbon activado, membranas de 6smosis inversa y un
tanque de desinfeccion. Ademads, se establecid el uso de dos bombas y dos tamafios de tuberia
diferentes con diferentes caracteristicas. Se observo que el proyecto tiene un ROI del 53% y un
PBP de 0,51 dias lo que lo hace econdémicamente viable. Ademas, se demostrd que el sistema
podria lograr agua potable si se inyecta agua de mar. La implementacion de este proyecto

conduciria al acceso a agua potable segura a precios asequibles y facilmente.

Palabras clave: tratamiento mévil de agua, 6smosis inversa, agua salobre, aguas pluviales,

tratamiento de agua, agua potable.



ABSTRACT

This project proposes the production of 50 KLD of drinkable water from brackish and
stormwater in a mobile water treatment plant. This project is aim for providing drinkable water to
municipalities that have been affected by natural disasters and lack access to drinkable water. It
was developed a preliminary design and study of feasibility by selecting the appropriate
technology, designing a process, and developing an economic analysis. For treating both brackish
and stormwater the process was defined to have a sedimentation tank, activated carbon filters,
reverse osmosis membranes, and a disinfection tank. In addition, it was established the use of two
pumps and two different pipe sizes with different characteristics. It was observed that the project
has an ROI of 53% and PBP of 0.51 days which makes it economically viable. Moreover, it was
demonstrated the system could achieve drinkable water if seawater is injected. The implementation

of this project would lead to access to safe drinkable water at affordable prices and easily.

Keywords: mobile water treatment, reverse osmosis, brackish water, stormwater, water

treatment, drinkable water.
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1. INTRODUCTION

1.1 Background

1.1.1 Water as a right for people and access during a natural disaster

According to [1] drinking water is a type of water that has been previously treated
according to regulations and standards for human consumption. These regulations depend on the
location of the water that has been consumed. Moreover, drinking water is a crucial resource for
human beings and without it, people could die. Therefore, a lot of international institutions have
established water to be a human right. For example, in 2010 the UN Human Rights Council
(HRC) adopted a resolution recognizing the existence of a human right to access
safe drinking water [2]. In addition to that, SDG 6 states “Ensure availability and sustainable

management of water and sanitation of all” [3].

However, sometimes drinkable water cannot be accessed due to some extraordinary
situations. For example, in 2017 when Hurricane Harvey appeared, the Texas Commission on
Environmental Quality (TCEQ) reported that 61 public-water systems (PWS) were rendered
inoperable at the height of the storm, and more than 200 systems had to issue boil-water notices
(BWNs) [4]. Therefore, drinkable water was not easily available, and if it was it was very

expensive (almost $100 per bottle of water) [4].

1.1.2 Characteristics of drinkable water
As mentioned before, water standards are determined by the location where it is

consumed. In this study, the EPA (Environmental Agency Protection) standards will be used



15

since the water quality data of brackish and stormwater is used from Texas, U.S. [5]. Also, the
data was compared to the WHO (World Health Organization) in the case that there were no
available standards in the EPA [6][7][8][9][10][11][12]. It is worth highlighting that there are
several standards of drinking water quality. But it will be prioritized the levels of the pollutants

and variables that are commonly found in brackish and stormwater (see Annexes).

1.1.3 Definition of brackish water and stormwater and their qualities

Stormwater is defined as the rainwater that has all the pollutants of a watershed
characteristics, surrounding hydrogeology, etc. [13]. This type of water has a different type of
pollutants however, for this design it was established to use the data from hurricane Harvey. On
the other hand, brackish water is defined as water with TDS content between freshwater
(<500 mg 1"! TDS) and seawater (33 000-48 000 mg 1! TDS). It can also be found as brackish

groundwater in subsurface saline aquifers. Or a mix of river water and seawater [14].

1.2 Presentation of the Project
1.2.1 Objectives of the Project

1.2.1.1 General Objective
Perform the preliminary design and study of the feasibility of a 50 KLD mobile water
treatment plant of stormwater and brackish water to provide drinkable water for a
municipality of 2000 people during a natural disaster.
1.2.1.2 Specific Objective
For achieving the general objective stated previously the following specific objectives are
planned:

1. Search for the most suitable technology for treating brackish and stormwater.
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2. Design the process through the sizing of equipment and pumps.
3. Determine the economic viability of the project with economic indicators (ROI and

PBP).

1.2.1.3 Justification of the project

Nowadays, approximately 2 billion people don’t have access to safe drinking water [15].
Consequently, people had to drink available water like stormwater, brackish water, etc. But this
type of water doesn’t meet the standards of drinkable water [16][17] and therefore a lot of
diseases are caused like diarrheal disease, respiratory distress, reproductive and fertility
problems, neurological disorders, and death [18]. As a result, is important to reduce the
infections and diseases of people with treatment of water.

While some communities and families have their private wells it has been demonstrated
that the drinkable water produced there sometimes does not meet the standards for drinking it
[16]. After Hurricane Harvey, some private wells reported that the total coliform occurrence was
1.5 times higher, and Escherichia Coli was 2.8 times higher [16]. Although some of the owners
of the private wells added chlorine to protect the water against bacteria, the lack of knowledge of
the owners lead to a bad disinfection process and there were a significant amount of bacteria left
in the water [16]. Thus, during natural disasters, it would be better if drinkable water is provided
by a system that ensures quality water.

During Hurricane Harvey, the cost of damages was raised to 131Billion dollars in
industry, which includes the drinkable water treatment industry [19]. This caused a lot of
communities to lack drinkable water and the stores started to rice the price of water. Some
reports show that after the hurricane the cost of a bottle of water cost as much as $99 [4]. If it is

considered, that the volume of a bottle of water on average is 16.9 oz [20] and the damages of
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the hurricane lasted for 4 months [4], the cost of water per liter per day would be $1.65.

Moreover, if it is considered a community of 2000 people that consumes 50 KLD (kiloliters per

day) the cost will rise to as much as $82534.23 per day. As a result, this amount of money could

be used for developing the system that has been proposed which makes the project feasible.
1.2.1.4 Expected results from the implementation of the project

The main result of the implementation of the project would be access to safe drinkable
water for a municipality of 2000 people after a natural disaster. As it was mentioned previously,
due to the lack of drinkable water people would usually get diseases that could let them die [18].
However, with the implementation of the system, the risk of death during and after a natural
disaster would be reduced.

Implementing the project will also help to wisely allocate government funds. Previously,
it was mentioned that the U.S. government had to invest in boiling systems for providing safe
drinkable water to the communities [4]. In addition, people would be spending a lot of money on
buying water [4]. However, with the implementation of this project, the U.S. government could
use that money to restore the homes and buildings that were destroyed and, people would spend
their money on other needs after the disaster like food, shelter, restoring their homes, etc.

Finally, another expected outcome of the project would be easy access to drinkable water.
Before, it was mentioned that people usually had to construct their private wells to get water or
had to travel to get it [16]. Nevertheless, with the implementation of the project people will have

easy access to water given that the system for treating water is mobile.
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2. DESIGN BASES

2.1 Description of raw water

2.1.1 Stormwater
After searching for sources, the data that’s going to be used for designing the system was

obtained from [16][21][22]. The data were obtained during Hurricane Harvey from at least 326
private wells of stormwater. Some chemical parameters of water had a mean that meet the
standards of drinkable water, but the percentage of exceeding standards was at least 10%.
Therefore, it was analyzed each set of data and it was established that the mean value of a
parameter was going to be used when the percentile of exceeding standards was below 4%. If the
parameter had a percentage of exceeding standards of at least 10%, the 90 percentile value was
going to be used. Therefore, the following data were obtained (see Table 1).

Table 1. Chemical data of stormwater

Chemical Measurement
Arsenic 2.8 ug/L
Cadmium 0.5 ug/L
Chromium 8.6 ug/L
Fluoride 0.4 mg/L
Nitrate 0.7 mg/L
Uranium 2.1 ug/L
Total coliform | 172.0 cfu
E. Coli 10000.0 | gene copies/ mL
Copper 34.2 ug/L
Lead 3.6 ug/L
Chloride 240.4 mg/L
Copper 34.2 ug/L
Fluoride 0.4 mg/L
Iron 768.3 ug/L
Manganese 109.6 ug/L
Sulfate 16.4 mg/L




Zinc 171.8

pne/L

TSS 122.0

mg/L

2.1.2 Brackish water

19

Brackish water data was obtained from [17]. This set of data was selected because it has

the chemical composition of 12 private wells all around Texas. Some chemical variables from
the data were very spread and some statistical analysis was done. The mean, the standard
deviation, and the first and third quartile were calculated. Using the interquartile rule [23], the
outlier values were rejected and the mean was calculated again. As a result, the following table

was obtained with the new means of each parameter (see Table 2).

Table 2. Data of brackish water

Parameter | Measurements
pH 8.01
TDS 6603.27 | mg/L
Calcium 407.67 | mg/L
Magnesium | 183.25 | mg/L
Potassium 13.72 | mg/L
Sodium | 2109.13 | mg/L
Bicarbonate | 901.44 | mg/L
Chloride | 2871.30 | mg/L
Fluoride 1.48 mg/L
Nitrate 32.61 |mg/L
Sulfate 1761.74 | mg/L
Silica 37.34 | mg/L

2.2 Exceeding values from chemical data

After the data of both brackish and stormwater was processed it was compared with the

standards [5][6][7][8][9][10] and as a result, the following pollutants are addressed in the design

(see Table 3 & 4).
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Table 3. Stormwater parameters that do not meet drinkable water standards

Chemical Measurement
Total coliform | 172.0 cfu
E. Coli 10000.0 | gene copies/ mL
Chloride 240.4 mg/L
Iron 768.3 ug/L
Manganese 109.6 ug/L
TSS 122.0 mg/L

Table 4. Brackish water parameters that do not meet drinkable water standards

Parameter | Measurements

TDS 6603.27 | mg/L
Calcium | 407.67 | mg/L
Magnesium | 183.25 | mg/L
sodium |2109.13 | mg/L
Bicarbonate | 901.44 | mg/L
Chloride |2871.30 | mg/L

Nitrate 32.61 |mg/L
Sulfate 1761.74 | mg/L

2.3 Location of the project
The system is designed in theory and has no specific location because is a mobile system.
However, since the quality of water depends on the place that is stored and every water treatment
process is specifically tailored to each type of water, the system will only be useful within the
location of the data used. In this case, the system will perfectly work in Texas since the data used
was from that place. Nevertheless, the values being used are the most conservative ones (worst
case scenario). This means that the system designed is capable to adapt itself to various sources

of brackish water and stormwater from all around the world.
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2.4 Limitations of the system

One of the limitations of the system is the standards of drinking water that were
previously mentioned. However, there are some other limitations like the availability of brackish
water and stormwater. In the case of brackish water, there are approximately 10 major aquifers
and 20 minor aquifers in Texas that could be used for the system [24]. The most important major
aquifer is the Gulf Coast Aquifer System, and the most important minor aquifer is the Rustler
Aquifer. It is worth mentioning that both aquifers are located around the zones where most of the
hurricanes have occurred in the past decades [25]. Therefore, the minimum predicted amount of
brackish water available in that region is 3,086,100 acres/feet [24].

In the case of stormwater during Hurricane Harvey, it was reported that almost 52” of
rain fell in three days along in the Gulf Coast Region in Texas [26]. Consequently, during natural

disasters stormwater is available for treatment.

3. SELECTION OF TECHNOLOGY USED

According to [27], mobile water treatment systems can be incorporated into standard
trailers or trucks. Thus, fitting the system into a trailer is one of the challenges of the
project. Consequently, it is important to consider the size of the equipment that will be used in
the system and considered different scenarios. For example, [27] developed a system for
brackish water treatment in India with screening and reverse osmosis (RO) membrane as unit
operations. Another example is the system proposed by [28] which is developed for valley water,
seawater, underground water, and steam water-flooded water. This system is composed of 4-unit

operations, coagulation, pore control fiber, activated carbon, and disinfection with UV light. As a
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result, from the two systems proposed what is commonly used for treating saline water are RO
membranes, thus this type of membrane could be considered as the main treatment of the system

being designed.

3.1 Pretreatment

Usually, the first treatment of water is a physical treatment because it prevents the
plugging of more advanced treatments, thus they can last longer[29]. The first treatment is
sedimentation since its perfect for reducing TSS (Total soluble solids) which are always present
in any type of water obtained from natural sources [19]. It is worth mentioning that although
other types of pretreatments could be more efficient than sedimentation and with less space
usage, rectangular sedimentation tanks are an easy and cheap way to remove big solids.
Moreover, there are minimal to no pretreatments for tubular membranes because of their cost-
effective implications in small mobile water treatment [27], and using sedimentation tanks is one
of the few options left.

In addition, it is planned to use filtration as a unit operation after the sedimentation tank.
This is because of two big reasons. The first reason is that filtration is an efficient and cheap
option for protecting against flocking any forward operation of the system [30]. The second
reason is that water being treated contains significant concentrations of different metals that
should be reduced, such as iron, and filtration is the cheapest and most efficient method to do so
[31] [29]. There are different types of filtration units however, it will be selected the pressure
filter one because it is normally used for small systems, some equipment does not need a
backwash flow and the operation is continuous [29].

Finally, it is planned to use an antiscalant before the RO membrane system. This is

because the RO membranes tend to plug, but with an antiscalant, this process is delayed and
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membranes could operate longer [31][30][19]. In addition, for cleaning the residues of the
antiscalant, the RO membranes should be cleaned every day at 10 am and 6 pm by flowing 30
min of 0.5M citric acid [32].

3.2 Primary treatment

For the primary treatment, it was selected reverse osmosis (RO) membrane operation
because one of the objectives of the system is to treat brackish water and the best economic-
efficient option is reverse osmosis [28] [29][30][33]. Even though, some researchers may claim
that thermal membrane distillation could be a better option, “reverse osmosis can produce fresh
water at one-third of the cost of membrane distillation, RO membranes can eliminate from 95 —
99% TDS with nearly 100% of heavy metals, organic matter, viruses and bacteria, and RO
membranes are easily used in compact systems” [27].

3.3 Disinfection

Even though there is no real need for additional disinfection since the RO membrane
selected can reject around 2 — log to 3 — log of different bacteria and viruses [34][35][36][37].
Mobile water treatment plants in Texas are subjected to regulations that establish to do a 4 —log (
99.99%) disinfection for viruses and bacteria [38].

The three main methods of disinfection are ozone, chlorination, and UV light
[39]. Therefore, to consider which is the best option for the treatment it was developed a decision
matrix with values from 1 (worst option) and 3 (best option) (see Annexes).

From the data of the matrix [29][33], it is concluded that the best option is chlorine since
it is relatively safe, it has strong power for inactivation of viruses, the system implementation is
simple and it has a long-lasting effect. However, there are several ways in which chlorine is

presented. The most common ones are chlorine gas, calcium hypochlorite, and sodium
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hypochlorite. For selecting the best option, a decision matrix was developed with values from 1
(worst option) and 3 (best option) (see Annexes).

As it is concluded from the data of the matrix [39], the best option is sodium hypochlorite
since it is very safe to handle, the system implementation is simple and it is not necessary to use

a high amount of it to perform good disinfection.

4. DESIGN OF PROCESS AND PLANT

4.1 Mass balance and sizing of equipment
4.1.1 Disinfection unit
For developing the mass balance of the system, it was planned to start backward

considering that the target was 50 KLD (9 gpm). To develop the mass balance it was first
determined the CT value at 4 log, according to regulations for disinfection with chlorine
previously mentioned [38]. The CT value of 6 mg*min/L [40] was selected because there are not
just bacteria in stormwater but some viruses as well [16][4][41]. Also, the final concentration of
chlorine after leaving the reactor was selected to be 2 mg/L, which is two units below EPA
standards [5]. Also, this value ensures that there won’t be any harm to human health. Finally,
with the CT value, it was calculated that the volume of the disinfection reactor is 27.5 gal and 3
min the residence time (see Annexes). From the decision matrix (see Annexes), CWS-1354 is
selected as the retention tank because it is chlorine-resistant, it has a 30-gallon capacity, it is
cheap, and it can operate at a higher pressure than the other retention tanks. The dimensions of

the retention tank are 60” in length and 13” in internal diameter.
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In addition, it was calculated the chlorine flowrate to the retention tank. A mass balance
of chlorine was developed (see Annexes) based on the previous statement that the outlet
concentration of chlorine is 2ppm. In addition, for the calculations, it was considered that the
initial solution of chlorine should be 5% according to standards of sodium hypochlorite used in
houses [39][42]. As a result, the flow rate should be 0.000367 gpm, which was neglected from
the general balance because the flow rate is insignificant to the inlet flowrate of water and outlet

flowrate of water.

4.1.2 Permeation Unit

The mass balance started with the Filmtec™ Seamaxx™ — 440 RO membrane with a
recovery of 45% [30]. Consequently, with the mass balance, it was determined that it should be
used 3 series membranes (see Annexes). Thus, the membrane is 40” in length and 1.125” in
internal diameter.

For the antiscalant dosing, it was done a mass balance (see Annexes) with a dosing
concentration of the antiscalant between 0.02 — 5 ppm [43][44][45]. After, an antiscalant was
selected using a decision matrix (see Annexes). The selected antiscalant used was SpectraGuard
111 because it can be operated in brackish water and stormwater, also it can control up to 7
compounds to prevent fouling and it has no phosphate presence. In addition, the antiscalant
solution should be diluted to 10% wt [39][46]. For this project, dosing of 0.2 ppm was selected to
prevent overdosing or underdosing. Finally, the flowrate of the dosing rate is 0.0000359 gpm
(see Annexes).

4.1.3 Filtration unit
First, a pressure filter was selected since it could be easily used in small water treatment

plants, the operation can be continuous, and could use an automatic backwash [29]. In addition,
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for designing the filter it was selected 6 gal/ft*2*min which is a common filtration rate for
pressure filters [47]. As a result, the internal diameter of the filter was obtained to be 25.13” and
an inlet flow rate of 20.66 gpm.

Afterward, it was researched for different types of filters and a decision matrix was
developed (see Annexes). US water MIF — 250 filter was selected because it can purify iron up to
12 ppm, it has included 1 pretreatment unit, it has an automatic oxidant backwash with hydrogen
peroxide, it is cheap and the maximum flow rate to operate the system is10 gpm. Thus, by doing
the mass balance it was determined that it should be used 2 filters (see Annexes). It is worth

mentioning that each filter has a diameter of 13” and a length of 54”.

4.1.4 Sedimentation tank

First, was selected 14 um was the diameter of particles since most of the particles found
in stormwater were bigger or had a similar diameter [48]. After, it was assumed that the particles
could be modeled by Stokes Law, and the settling velocity was obtained [29]. Assuming a height
of the tank of 38” the residence time was obtained (1.9h). Therefore, with that data, the volume
of the sedimentation tank was calculated to be 2385.83 gal (see Annexes).

After it was researched for the size of the rectangular sedimentation tank, it was founded
that no tank would exist of such dimensions. Therefore, it was decided that at the time of buying
equipment, the tank would be sent to a manufacturer to make the actual size tank. Meanwhile,
for modeling this system it was decided to use the biggest and thinnest tank found which has a
capacity of 1250 gal. Consequently, with a mass balance, it was calculated that 2 tanks should be
used in the system with dimensions of 130” in length, 81" in width, and 38” in height.

In addition, to enhance the sedimentation of the particles it was selected to use some

plates per tank. Although the size of the plates was already established by the supplier, the slope



27

of the plates was not and it is planned to be 45° for best performance [29]. Finally, it was

calculated the number of plates needed for sedimentation and it was divided by the number of

tanks (7 plates per tank) (see Annexes).

4.1.5 Controllers and valves

It is established that there will be at least two pumps on the system that will be sized in

the next section. The first pump will be for starting the flow in the system. The second pump will

be used to obtain the desired operating pressure of the RO membrane. Consequently, the system

is presented in the following diagram where the green pipeline is the reject flow of the

membranes (see Figure 1).
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Figure 1. General mass balance of the system with controllers and valves.
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Before the system is used it should be added some controllers and valves to have a safer

design and operability. After each pump, two check valves will be used to prevent the pump
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from being damaged in case of a backflow [49][50]. Moreover, for maintenance purposes or
changing purposes of equipment, a butterfly valve will be put before each piece of equipment
[51]. For the sedimentation tank, a level indicator could be placed, but since the sedimentation
tank will be constructed, it can have a transparent wall so that the level of water could be seen
from the outside.

About the pressure filter, a pressure gauge will be implemented beside the butterfly valve
before each filter for assuring that the filter works at 94.7 psia [52]. Moreover, each of the RO
membranes will have a pressure gauge and a flowmeter to assure the operating conditions of the
membrane beside the butterfly valve [53][54]. Also, each reject flow of the membrane will have
a pressure gauge and a reject valve for controlling an overpressure and assuring the correct
operation of the membrane until it is plugged [53][54]. In addition to the butterfly valve, the
disinfection process will have a pressure gauge before the contact tank because the tank can
operate up to 125 psia[55]. Finally, the system will have a flowmeter at the end of the system to
assure the targeted flow rate [49] (see Annexes).

4.2 Energy balance
4.2.1 Dimensions of the system

First, for the transportation of the facility design it was established the use of a truck with
dimensions of 3277 x 96 x 102” (see Annexes) [56]. Given the dimensions of the truck, it was
decided to put the sedimentation tanks outside the truck to save inside space. As a result, a
diagram with the unit operations was made in Autocad to determine the hydraulics of the system
(see Annexes). Additionally, the system was divided into two sections A and B for performing

the pump's head requirements in each case.
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4.2.2 Energetic requirements Part A
First, for determining the head requirement of pump 1 a diagram of part A was designed
(see Figure 2). Point A starts at the outlet of pump 1 and point B is established at a tee of the pipe
after the outlet of the filtration unit. According to the datasheet of the filter, it can operate at 100
psia. Thus, at point B the absolute pressure will be 94.7 psia [57]. Also, it is worth mentioning
that for hydraulic losses the height of the adsorber was considered twice because the filter has the
inlet and outlet at the top part of it. Moreover, the sedimentation tank was neglected for the

hydraulic calculations since it is opened to air [58][59].

H/»Adsorber
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AMembrane

a

edimentation tank

130.0

Figure 2. Hydraulic size of Part A of the system

Since there are different flow rates in each section of the pipeline it was established a
different pipe diameter for each section. Considering the flowrate of each section and the

diameter of the pipes available on the market, it was calculated the velocity of each pipeline (see
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Table 5 & Annexes). Moreover, the velocity of each pipe was checked to be between 98.43 -
59.06 in/s since that is the usual range of hydraulic velocity in a water treatment system[59].

Table 5. Velocities of every pipe in the system.

Velocity (in/s) | Inside diameter (in) | Flowrate (gpm)
91.88 1.033 20
87.15 0.75 10

For calculating the head loss of fittings it was applied the minor loss equation and K
values were obtained with Le/D values for elbows, tees, inflows, outflows, check valves,
butterfly valves, pressure gauges, and flow gauges (see Annexes) [58]. Moreover, PVC pipes
were selected to use for the project since they are best suited for water treatment systems, they
can tolerate pressures up to 150 psia and they are very cheap compared to the type of pipes
[58][59].

By using the dimensions information, it was calculated the height of point B to point A
(see Annexes). In addition, with the lengths of the dimensions, the minor losses were calculated
by using the Darcy — Weishbach equation and an approximation of the friction factor proposed
from [58](see Annexes). It is worth highlighting that the specific weight used was the one of
water at 68°F since it is the average temperature of the year in Texas [60]. Finally, it was
calculated the head loss of the velocities at point A and point B since there is a change in the
inside diameter (see Annexes). With all the information obtained on the head losses of pressure,
head losses of velocity, and minor losses of length and fittings; Bernoulli’s energetic equation
was used, and the head of the pump was calculated to be 2610.0 in or 66.29 m (see Annexes).

It is worth mentioning that the NPSHa of this pump was calculated assuming that this

pump will be delivered on a well of brackish water or in a tank full of stormwater that is opened
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to atmospheric pressure. In addition, it is considered that the pump will be submerged 78 inside
water. With this information, it was calculated the static pressure head and the vapor pressure
head of water assuming a temperature of 68°F [60]. As a result, it was obtained that the NPSHa
of the system is 319.38” (see Annexes).

For selecting the pump, it was searched for a pump that had a big head and a small
flowrate. The perfect suit was a submersible pump since it is designed for operating in wells that
have a very long depth but a low flow rate is needed [59]. Consequently, a decision matrix was
developed for the selection of the pump (see Annexes).

The model ASPS8 - 10 is the most suitable option for the system since it correctly meets
the requirements of flowrate and head. In addition, it is one of the cheapest options, it is made

with stainless steel and less energy is needed for the pump since it operates with solar panels.

4.2.3 Energetic requirements Part B
Part B was divided into two subsections. The first subsection is established to begin from
point B of section A to pump 2 and the second subsection is established to begin from pump 2 to

point B of section B.
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Figure 3. Hydraulic graph of Part B

4.2.3.1 Outlet pressure of subsection 1

First, it was assumed that the velocity in point A and the velocity at the inlet of pump 2
will be the same at a steady state. In addition, the pipe being used will be a PVC pipe of 1”
because there are no parallel flows as it was previously mentioned. For calculating the head loss
of fittings Le/D values were found for each case (see Annexes) [58].

With the data obtained, the fittings and minor head losses were calculated (see Annexes).
In addition, with the dimensions of the pipes, the minor head losses of the system were
calculated with the Darcy — Weishbach Equation and an approximation of the friction factor
proposed from [58](see Annexes). Finally, with the minor head losses, the difference in heights,
and hydraulic velocity; Bernoulli’s equation was used and the inlet pressure to the pump 2 was

found to be 95.57 psia (see Annexes).
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4.2.3.2 Sizing subsection 2

First, it was established that the pipe being used will be a 1’ black steel pipe before the
flow is divided for the three membranes and a black steel pipe %4 after the flow is divided (see
Figure 3). In addition, the type of pipe was changed from PVC because of the high pressure
being delivered by pump 2 (800 psia). Finally, for calculating the head loss of fittings,
controllers, and valves the Le/D value was found for each case and each type of pipe (see
Annexes) [58].

Using ft values of a steel pipe and K values the fitting's minor head losses were calculated
for each type of pipe (see Annexes). Second, the minor losses were calculated according to the
dimensions of Figure 3 with the Darcy — Weishbach Equation and an approximation of the
friction factor proposed from [58](see Annexes). In addition, the head pressure loss was
calculated from the outlet pump pressure to the membrane inlet pressure at the last branch. It is
worth mentioning that the principle of equal pressure in parallel branches was established for the
calculation of this part [58] (see Annexes). Moreover, the head velocity loss was calculated with
the different velocities in the different pipes (see Annexes). Finally, using fittings minor head
losses, minor losses, the difference in heights, the pressure head, and the velocity head
Bernoulli’s equation was used and the inlet pressure to the pump 2 was found to be 19639.76 in
or 498.84m (see Annexes).

For the calculation of the NPSHa of this pump, it was considered point A from Figure 3
as the beginning of the system for calculating NPSHA. With this information, it was calculated
the static pressure head, the head minor losses, height, and the vapor pressure head of water
assuming a temperature of 68 degrees Fahrenheit [60]. As a result, it was obtained that the

NPSHa of the system is 2640.52” (see Annexes).
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For the selection of the pump, it was searched for a pump that had a big head and a small
flowrate. The perfect suit may be a submersible pump since it is designed for operating in wells
that have a very long depth but a low flow rate is needed [59]. However, the pump cannot be
submerged since it must be in the middle of the system between two pipes. Therefore, a
multistage centrifugal pump with a small flowrate was searched. Also, the possibility of using
two small pumps in series was searched as well, but it was discarded because due to a high
incidence of seal failures in the second pump. Consequently, a decision matrix was developed for
the selection of the pump (see Annexes).

The model 6-50 from ZHONGDA PUMPO is the most suitable option for the system
since it correctly meets the requirements of flowrate and head. In addition, it is one of the
cheapest options, and less energy is needed. Although the pump is not made of stainless steel it
has a better efficiency since it is only needed one pump and not two pumps in series.

4.3 Purification
4.3.1 Sedimentation tank

For this case, it was researched an efficiency of a similar rectangular sedimentation tank.
Although the researched tanks have significantly different sizes, the efficiencies lay around 60 —
70% for TSS [61][62][63]. Therefore, it was determined that the efficiency that was used in the
system would be 65%. Consequently, the mass balance was developed and the data after
sedimentation for stormwater was obtained (see Annexes).

Although the concentration of TSS did not achieve the requirements established by the
regulations it is a good treatment to get rid of big solids like slit, clay, decaying plant and animal
matter that can be in eighter stormwater or brackish water and that could floc the filtration unit

easily [31]. In addition, the remaining TSS concentration will be reduced with the filtration unit.
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4.3.2 Filtration
In the case of the filtration, since it was already selected the US water filter with catalytic
carbon, the efficiency of removal was taken from the datasheet of the product [57]. In the case
that there was no available information, the efficiencies were obtained with the most
conservative value from papers that used catalytic carbon for water treatment (see Annexes)
[64][65][66].
4.3.3 RO membrane
For the Filmtec™ Seamaxx™ — 440 membrane the removal efficiencies of contaminants
were taken from its datasheet [67], with that data it was simulated the process (see Annexes). It
is worth mentioning that although the reduction of E. Coli and total coliforms is significantly
important, the results do not meet the EPA requirements mentioned previously, therefore it is
needed a disinfection treatment.
4.3.4 Disinfection unit
Finally, for the contact tank, it was searched for the datasheet [55], and it has established
a 4-log (0.9999%) volume for 9 gpm. Consequently, the final concentration of each contaminant
and each type of water was obtained (see Table 6 & 7).

Table 6. Purification data of stormwater after the disinfection process.

Chemical Measurement
Total coliform 0.00 cfu
E. Coli 0.01 gene copies/ mL
Chloride 2.40 mg/L
Iron 7.68 ug/L
Manganese 1.10 pg/L
TSS 0.00 mg/L




36

Table 7. Purification data of brackish water after the disinfection process.

Parameter Measurements
TDS 13.22 mg/L
Calcium 3.61 mg/L
Magnesium 0.16 mg/L
sodium 1.08 mg/L
Bicarbonate 4.51 mg/L
Chloride 2.87 mg/L
Nitrate 0.49 mg/L
Sulfate 0.58 mg/L

5. ECONOMIC EVALUATION

5.1 FCI (Fixed Capital Investment)

For calculating the FCI the cost of each piece of equipment was obtained by contacting
each supplier. In addition, it was also considered the costs of the pipes and fittings of each of
them. Moreover, it was considered the cost of the plastic gallons used for storing water [68].
Consequently, it was used Lang factors of installation, instrumentation and controls, electrical
systems, legal expenses, engineering, and supervision [25]. With those factors, the costs of each
piece of equipment added up and it was multiplied by a factor of 6 since the system is a liquid
[25]. Finally, the Total Capital Investment of the project was $77448.98 (see Annexes).

For each piece of equipment, it was considered a linear depreciation during the duration
of each warranty. In the case that there was no warranty data for the equipment it was established

a depreciation of 5 years which is the minimum depreciation of equipment in the industry [25].



Table 8. Cost of equipment and their depreciation.

Equipment Cost ($) | Depreciation (years) | Lineal depreciation ($/year)
Pump 220 3 73.33
Pump 4489 5 897.80
Membrane
SEAMAXX 2685 5
FILMTEC 537.00
Filtration unit 1799.9 7 257.13
Sedimentation tank | 5582 5 1116.40
Plates for tank 700 5 140.00
Storing tanks 1298 5 259.60

5.2 OPEX (Operating Cost)

For this entry, it was searched for the energy that each equipment needed according to
their datasheet (see Table 9). The energetic requirements were added up and the total energy
obtained is 12.1 kW. Therefore, since the system will be placed in areas where the access to
electricity is exceedingly difficult it was searched for a battery of 13 kW that costs around

$15600. It is worth mentioning that there is no charge for engineers since it is a charitable

project, it will be considered a volunteer.

Table 9. Amount of energy per equipment

Equipment Energy[ vcvoaI::;l]mptlon
Chlorinator tank 0.022
Filtration system 0.18
Motor of pump 2 11
Motor of pump 1 0.75
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Moreover, for the operation cost, it was considered the flowrates of each of the chemicals

needed for the filtration, antiscalant, and disinfection process. Knowing the cost of the chemical

per volume it was multiplied by their respective flowrates and the cost per day was obtained (see



38

Table 10). Finally, multiplying the cost obtained for the time of operation (3 — 4 months) and
adding them up an OPEX of §79223 per year was obtained.

Table 10. OPEX total costs per year.

Solutions Size | Unitary cost ($) | Number of units | Total cost ($/year)
Hydrogen peroxide (gal) 5 29.95 73 2180.36
Sodium hypochlorite (L) 10 684.5 74 50653.00

Antiscalant (L) 10 700 8 5600.00
Catalytic Carbon (ft"3) 0.5 99.95 208 20789.60
5.3 ROI and PBP

Since this project is a community service project there are no incomes at all. However, to
cover the operation costs and the cost of the equipment and become a self-sustainable project it
was assumed that the cost of water would be $2 per gallon of water which is approximately twice
the cost of a gallon nowadays [69]. However, it is very charitable value considering that during
hurricanes a bottle of drinkable water could cost as much as $99 [4]. In addition, it was assumed
that the supply of water would be for 3 months which is the time that it was found contaminants
in drinking water during a hurricane [4]. Considering that the flowrate of the system is 50 KLD
and zero tax on the system [70]. With the previous data, it was calculated the annual net after-tax
profit. Consequently, with the data of depreciation, OPEX, and FCI 53% of ROI and 0.0014 yr
of PBP were obtained which makes the system very feasible (see Annexes).

5.4 Net present value (NPV)

At last, it was assumed based on the historical data of hurricanes that the system would be

used every other year two times a year [71]. In addition, it established a discount factor of 4% to

the U.S. dollar considering future events in the world [72]. Moreover, the working capital
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investment of the project was taken to be 25% of TCI [73]. Also, it is considered 5 years of cash
flow since the average warranty of the equipment used for the system has that amount of
warranty. Finally, by adding all the annual net after-tax profit, the NPV of the project is

$2213248.84.

6. SENSITIVITY ANALYSIS

Because one of the main purposes of the project is to provide people with drinkable water
during disasters, as well as the fact that it is feasible from an engineering standpoint and
economically, seawater could also be a viable source of water. Therefore, this chapter analyzes if
the system can purify seawater. Consequently, the following data was selected for this scenario
(see Table 11) [74][75][76][77].

Table 11. Data of Quality of Seawater

Parameter Measurement
pH 7.9
Na+ (ppm) 10,570
Mg2+ (ppm) 1,276
Ca2+ (ppm) 447
K+ (ppm) 393
Cl— (ppm) 19,325
SO42- (ppm) 2,740
NO3—(ppm) 160
Br— (ppm) 67
F— (ppm) 1.3
TSS (ppm) 289.75
TDS (ppm) 33000.00
Iron (ppm) 0.06
Turbidity (NTU) 0.99
E. Coli (CFU/mL) 21.60
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With the help of the efficiencies used previously for each piece of equipment during the
purification process, it was calculated that the final concentration of the impurities (see

Annexes)[57][64][651[66][671[551[78][79][80].

Table 12. Final concentration of seawater contaminants after treatment.

Final
Parameter 8
concentrations
Na+ (ppm) 5.4118
Mg2+ (ppm) 1.1303
Ca2+ (ppm) 3.9595
K+ (ppm) 11.7900
Cl— (ppm) 19.3250
SO42- (ppm) 0.8943
NO3—(ppm) 2.4000
Br— (ppm) 0.2010
F— (ppm) 0.0078
TSS (ppm) 0.3042
TDS (ppm) 66.0528
Iron (ppm) 0.0006
Turbidity (NTU) 0.0024
E. Coli (CFU/mL) 0.0000

After comparing the final concentration of each of the parameters of the contaminants of
seawater with the parameters of drinkable water [6][7][8][9][10][11][12], it was determined that
the system is capable of purifying this type of water as well. However, it is worth considering
that the data was obtained from the Mediterranean Sea due to the lack of data from other seas.
This means that the system can also be used in different locations other than the Mediterranean
Sea if these locations have less contamination than the data used in this case.

In addition, according to researchers [65][66][78][79], activated carbon can purify water

contaminated with organic compounds which makes the system more robust to different types of
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water. Moreover, RO membranes have at least 2-log removal of bacteria and viruses, and the
disinfection tank was designed for a 4-log removal. Therefore, the system has a total of 6-log

removal which makes the system very powerful for removing strong viruses and bacteria [29].

7. CONCLUSION

The feasibility and preliminary design of a 50 KLD drinkable water mobile water
treatment plant for stormwater and brackish water was studied. This system solves the problem
related to the lack of drinkable water during natural disasters and the unsafety procedures done
by citizens for purifying water. Likewise, the system showed to be an innovation in water
treatment systems since it is a mobile unit, and it can deal with two types of water.

In the first place, the most suitable technology was selected for treating both brackish and
stormwater. It is concluded that the use of sedimentation tanks, activated carbon filters, and
antiscalants are an economically viable pretreatment solution for RO membranes. Moreover, it is
concluded that the use of both RO membranes and disinfection tanks could achieve a 6-log
removal of microbes.

Second, by knowing the final flowrate of 50 KLD of the system, it was possible to build
the mass balances and the energy balances for sizing equipment and pumps. These calculations
determined that the system should have some parallel flows and a high energetic requirement.
However, with the use of solar panels used for providing energy to the pumps, the energy

requirements were reduced.
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Third, the economic analysis determined that the project is also economically viable. In
this part, it was possible to identify the values of the operational cost, the cost of containers, and
the cost of equipment. Although this project was implemented considering twice the value of a
gallon of drinkable water today in the US, it is charitable for a natural disaster situation.
Moreover, with the sensibility analysis, it is concluded that the system has a robust design that
can also manage seawater.

Although the system is already economic and technically viable it can still be improved.
In the first place, recirculation of the reject flow could be performed with evaporators. This could
reduce the use of source water and could be beneficial in cases where there is not enough water
for treatment available.

Finally, another improvement of the system could be the recovery of energy by using a
turbine. After the water passes through the membranes it still has a lot of pressure and this
pressure could be minimized with the use of a turbine which recovers energy and makes the

system safer.
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9. ANNEXES

9.1 Annex A — Abbreviations and terminology

9.1.1

Specified terminology

Brackish water: Is defined as water with TDS content between freshwater

(<500 mg 1! TDS) and seawater (33 000—48 000 mg 1! TDS). It can as brackish
groundwater in subsurface saline aquifers. Or a mix from river water and seawater.
[14]

Stormwater: Is rainwater that has all the pollutants of the watershed characteristics,
surrounding hydrogeology, etc. [13].

Desalination: Is a process of removing minerals, contaminants or salts from
wastewater, brackish water and sweater for industrial or domestic purposes [81].
Mobile desalination: Is a desalination system that can move or be moved freely [81].
Reverse osmosis (RO): Is a process that occurs at high pressures in which water
passes through a membrane leaving behind concentrated salts [82].

Osmosis: Is the movement of water across a selective membrane to reduce the
concentration difference of a solute between a concentrate and permeate solution
[83].

Total Suspended Solids (TSS): Portion of total solids retained by the filter with a
specific pore size measured after being dried at a specific temperature [29]. They can

include slit, decaying plant and animal matter, industrial wastes, and sewage.
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Turbidity: It is a measure of the cloudiness of the water sample due to clay, slit,
organic matter, plankton, and other microscopic organisms.

Total Dissolved Solids (TDS): Mixture of colloidal and dissolved solids that pass
through the filter that are evaporated and dried at a specific temperature [29].

Inside diameter (ID): Is the measure of the distance from the center of a pipe to the
inner wall of it [84].

Well water: Is water that comes from the ground and it is usually stored underground
[85].

Drinking water: Is water that has been previously treated according to regulations and
standards for human consumption [1].

Hurricane: Is a strong tropical cyclone, typhoons and similar systems that have a low
pressure system that derives its energy from evaporation at the sea [86].

Seawater: Is a saline solution that contains a lot of salts like sodium, magnesium and
some major anions like sulfate ions and chloride ions [87].

High permeability: An easy flow of a fluid through a porous material [88].

Water treatment: Is a made up system of unit processes operated in series that can
purify water to certain desired extend [89].

Green water infrastructure: Is a system that mimics, protects or restores the natural
cycle of water through water management [90].

Chlorination: Is a common disinfection process that uses chlorine to treat water [91].
Disinfection: Is a physical or chemical treatment performed to reduce the amount of

microorganisms present to an acceptable level [92].



e Antiscalant (AS): Group of organic and inorganic chemicals, most of them organic
compounds man-made that prevent fouling of RO membranes and nano filters by
preventing the formation and precipitation of crystallized mineral salts from scale

[81].

9.1.2 Abbreviations

T: Residence time [min]

) mg * min
CT: Contact time [T]

. . myg
C: Concentration of chlorine [T]

V:Volume of reactor of chlorine [L]

gal
F: Outflow [T]

l
Fciin: Inlet flowrate of chlorine [%]

Xc1in: Inlet concentration of chlorine [wt%]

al

Fuyu: + Outlet flowrate of chlorine mixture [QT]

Xc1out: Outlet concentration of chlorine [wt%]

Feed: Flowrate of feed of RO membrane[gpm]
Fpermeate: Flowrate of permeate [gpm]
Fantiscalant,in: Feed flowrate of antiscalant [gpm]
Xantiscalant,in: Inlet concentration of antiscalant [%owt]

Fyater,in: Feed flowrate of water [gpm]
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F,:: Outflow of antiscalant solution [gpm]

Xantiscalant,out: Outlet concentration of antiscalant [%wt]
. . . . m
v,: Velocity of particle sedimentation [?]

Re: Reynold's number [dimensionless]

3 3 3 - lnz
J: Kinematic viscosity |—
s

m
u: Horizontal velocity of water at the sedimentation tank [?]

N: Number of baffles

N per tank: Number of baffles per tank

in
v: Internal velocity of water in a pipe [—]
s

3
in
Q: Flowrate of water in a pipe [T

D: Internal diameter of a pipe [in]
Pg: Presure at point B of the pipe [psia]
P,: Presure at point A of the pipe [psia]
. Specific weidht [ b ]
y:Specific weig P~
: . . . n
vg:Velocity of water inside the pipe at point B [?]

in
vy:Velocity of water inside the pipe at point A [?]

] in
g: Gravity [S—Z]

f: Friction factor [dimensionless]
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e: Roughness of pipe [in]
h;11: Minor loss of 3/4" pipe [in]
hy1,: Minor loss of 1" pipe [in]
L: Length of pipe [in]

h;,: Fitting losses of pipe [in]

Keibows 90°: Resistance coef ficient of elbows of 90° [dimensionless]
Kreo: Resistance coef ficient of a Tee [dimensionless]|
Kinfiows: Resistance coef ficient of inflow [dimensionless]
Koutriows: Resistance coef ficient of outflow [dimensionless]

K neck vaes: Resistance coef ficient of check valves [dimensionless]
Kputterfiy vaives: Resistance coef ficient of butterfly valves [dimensionless]

Kpressure gauge and flow gauge’ ReSistance coef ficient of pressure gauge and

flow gauge [dimensionless]

L
Be : Equivalent leght ratio [dimensionless]

fr: Friction factor in the pipe [dimensionless]
Zg: Relative height at point B [in]
z4: Relative height at point A [in]
hy: Requiered head of pump [in]
NPSHa: Net Positive Suction Head available [in]
hyp: Vapor pressure head of the liquid at the pumping temperature [in]

hy: Static pressure head (absolute)above the fluid in the reservoir[in]
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hg: Elevation dif ference from the level of fluid in the reservoir to the centerline of
the pump suction inlet [in]

hs: Head loss in the suction piping due to friction and minor losses [in]

. myg
TSS,y¢: Outlet of total suspended solids [T]

: myg
TSS;,: Inlet of total suspended solids [T]



9.2 Annex B — Water quality standards

Table A 1. Summary of standards of drinkable water

Contaminant Maximum Contaminant Level
MCL (mg/L)
Aluminum 0.05
Antimony 0.006
Arsenic 0.01
Bicarbonate 196
Bromide 2
Cadmium 0.005
Calcium 100 — 200
Chloride 250
Chromium (total) 0.1
Copper 1.0
Fluoride 2.0
Free Chlorine 4.0
Iron 0.3
Lead 0.015
Magnesium 52.1
Manganese 0.05
Mercury (inorganic) 0.002
Nitrate (measured as Nitrogen) 10
Nitrite (measured as Nitrogen) 1
pH 6.5-8.5
Potassium 82 -164
Sodium 20
Sulfate 250
Total Coliforms (including fecal coliform 0
and Escherichia Coli)
Total Dissolved Solids (TDS) 500
Total Soluble Solids (TSS) 25
Turbidity (NTU) 0.3
Uranium 0.03
Zinc )
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9.3 Annex C — Mass balance

9.3.1 Retention tank calculations

CT  6mg*min/L

C 2mg/L = 3min

T =

F 550gal/h 1h
_—— *

T 3 min 60 min 275 gal

Volume of product 30 gal _
Volume obtained ~ 27.5 gal -

Amount of tanks =

9.3.2 Flowrate calculation of the sodium hypochlorite dispenser

Ferin =7

| Xcl,in =12.5% wt

»
»

. =9
Fwater,m *

F,ut = 550.2 gal/h
Xcl,out =2 mg/L

Figure A 1. Mass balance of sodium hypochlorite at the contact tank.

FCl,in * Xcl,in = Foyt * Xcl,out
gal _39CL mL water 1L water
_ Four * Xcroue >50.2 Ror2r 107 el g Water 103 ml water _ gal
Ferin = = =0.022—
: X1 g Cl h
cl,in 0.05
g Sol

Ferin = 3.67%107* gpm



9.3.3 Membrane calculations

Feed = 1 56m3 1000 L 1 hour 0.2641 gal
=1.56—+« * *
ee o Imd 60 min 1L

= 6.87 gpm

al
g — = 3.09 gpm

Fpermeate = Recovery x Feed = 0.45 x 6.87 min

Actual Feed ~ 9.17 gpm
Membrane feed  3.09 gpm -

Amount of membranes =

Total Feed = 6.87 gpm * 3 = 20.6 gpm
Total Permeate = 3.09 gpm * 3 = 9.27 gpm

Total Reject = 20.6 —9.27 = 11.33 gpm

9.3.4 Flowrate calculation of the antiscalant dosing

Fantiscalant.in =

= 0
' Xantiscalant,in =10 % wt

»
B
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Fwater,in =21 gpm

Fout = 21 gpm

Xantiscalant,out =02 lng/L

Figure A 2. Mass balance for the antiscalant system.

Fantiscalant,in * Agntiscalant,in — Fout * Xantiscalant,out

21 gal 0.2 +10-39 antiscalant

F ' o Fout * Xantiscalant,out — min L Sol
antiscalant,in Xantiscalant.in 01 g antiscalant «1.17 g Sol
: g Sol " 1073L Sol

Fantiscalant,in = 3.59%107° gpm



9.3.5 Filtration calculations

20.66 gpm
6 gpm/ft?

_ , 4 x3.44 ft?
Diameter of the filter = B —— 2.09 ft

Diameter calculated  2.09 ft
Diameter available =~ 1.08 ft -

Area of the filter = = 3.44 ft?

Amount of filters =

9.3.6 Sedimentation tank and plates calculations

For the sedimentation tank:

386.22;—2 « (2.5 —1) * (5.51 * 107*)2 in?

in
v, = — = 0.00549 —
in S
18 0'00004528T
0.00549 % « 0.73%5.51 % 10~%in
Re = — = 0.001238
0.00004528%
This confirms the assumption of Re < 1
] ] 0.9652m ]
Detention time = — = 6927.42 s = 115.46 min
0.000139 <

Real volume of tank = 20.66 gpm * 115.46 min = 2385.83 gal

2385.83 gal

Amount of tanks = 1250 gal

For calculating the number of plates

0.00549 ==+ 39.37 in * cos (45°)

in in
u= + 0.00549 5 * cos (45°) = 0.1590 "

0.9842 in
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N =

in3

0.0513 -+
min

38 in * 0.984 in 0.1590%

4
=7

N per tank = >

=14
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9.4 Annex D — Energy balance

9.4.1 Dimensions of the system
Truck dimensions of Seatac [56]:
l .
28' Pup Trailer

Cargo: 327" x 96" x 102"
CBM: 12

28" Overall Length

ﬁ

13° 6"
Overall
Height

Figure A 3. Truck dimensions.
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Roll Door
102°
Exterior
¢ Width >
100"
Interior
= width |
D —— T
1047
Interior
Height

l

Door Opening
98" x 104~
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edimentation tank

Figure A 4. Different sections of the mobile water treatment system
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9.4.2 Determination of the diameter of each section in the system
For 20 gpm = 77 in"3/s

3

in
-9 o —9188m
VT TDZT T1033Zin? T s
) s 7
For 10 gpm = 38.5 in"3/s
i3
0 385
V= D? = o7z 87.15—
Ty T
9.4.3 PartA
9.4.3.1 Pressure losses
Pz — P, 94.7% - 14.7%
Head loss of pressure: = Ln b N~ —2222.22in
0'03601'11_3

9.4.3.2 Velocity head losses

P02 P02
2_,2 8715225 —91882 L1
A S S .
> = o = —1.09in
g 2 386.09 7

%
Velocity head loss:

9.4.3.3 Minor losses
For 10 gpm

Total length from point A to point B =95 in



Diameter of the pipe = 0.75 in
The roughness of plastic pipe = 0.000012 in
Velocity of the pipe = 87.15 in/s

Kinematic viscosity of water at 68 °F = 0.0001298 in"2/s

pxD 87155 %0.75in

Re = - 503386
9 0.0001298 -
0.25 0.25
f_log T 57% 1 L, _ 574 = 0013
37+D/¢ T Re0d 7. 075 _ '503386°7
7 * 5000012

fon2
frLep? 0013%85in%87.152 ree
— : = 14.86in

2g+D 2%386.09 75 * 0.75 in

hpi11 =

For 20 gpm

Total length from point A to point B =50 in
Diameter of the pipe = 1.033 in

Roughness of plastic pipe = 0.000012 in
Velocity of the pipe = 91.88 in/s

Kinematic viscosity of water at 68 °F = 0.0001298 in"2/s
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v«D 91885 %1033 in

Re = 5= —— = 730957
0.0001298 =~
_ 0.25 _ 0.25 0012
f_l 1 +5.74 _1 1 + 5.74 o
°837%D/e " Rev® OB, T033 " 7309577
" 0.000012
in?
f*L*vAZ 0.012 % 50 in * 91.88% —
hLl.Z = 2 D = m S = 660 in
g 2 +386.09 5 *1.033 in
9.4.3.4 Fitting losses
Table A 2. Resistant coefficient for fittings, valves, and controllers
Fittings Number of units | Le/D K
90° elbows 5 30 3.6
Tee 1 60 1.44
Inflows 2 0.78 1.56
Outflows 2 0.78 1.56
Check valves 1 150 3.6
Butterfly valves 4 45 4.32
Pressure gauge and Flow gauge 4 1.15 4.6

2
2 : Vg
h;, = K+ —
k2 29
= (Kelbows 90c + Kree + Kinflows + Koutflows + Kcheck vatves

+ Kbutterfly valves + Kpressure gauge and flow gauge)



70

L, L, Le L,
hp, = (#amount *p* fr + #amount * " fr + #amount * D + #amount * D

amount = f amount = f amount _e) —2
+ + # * * + # * * + # * *
° D T D T ° D Zg

hi, =(5%30%0.024+ 1%x60%0.024+ 2x0.78+2*0.78+ 1150 * 0.024 + 4 * 45

2
0.024 + 4% 1.15) x ————— = 203.39
i T L15) * 6.0 m
9.4.3.5 Pump head
Pgp— P, vp? — U,°
hpzhL2+ h1_2+ h1_1+T+ZB—ZA+ Zg

h, = 203.39in + 6.60 in + 14.86 in + 2222.22 in + 156 in — 1.09 in = 2610.0 in
=66.29m
9.4.3.6 NPSHa of pump
NPSHa = — hyp + hg, + hg— hy
NPSHa = —9.48 + 407.60 — 78.74 = 319.38in

9.4.3.7 Pump selection chart

Capacity

Single

Phase US.gpm 0 53 106 13.2 158 185 211 264
m*/h 0 1.2 24 3 36 4.2 48 6
1/min 20 40 50 60 70 80 100
Total head in meters

4SP3-06 0.5 0.37 18 36 20 450 37 33 29 26 23 19 13 -

45P3-09 0.75 0.55 2 48 25 450 56 S0 43 40 35 28 19 7
4s5P3-12 1 0.75 25 6.3 35 450 74 66 58 53 46 37 26 9
45P3-15 1.5 1.1 34 86 45 450 93 83 72 66 s7 47 32 "
4S5P3-18 15 1.1 34 86 45 450 112 99 86 79 69 56 39 13
45P3-22 2 15 44 10 55 450 136 21 106 97 84 68 a7 16
4SP3-25 2 15 44 10 55 450 ::‘ 155 138 120 110 96 78 54 18
4sP3-32 3 22 6.2 14 70 450 198 176 154 141 123 99 68 23
45P3-39 4 83 20 80 450 242 215 187 172 149 121 83 29
4SP3-44 4 3 83 20 80 450 272 242 21 194 169 136 94 32
4SP3-58 5.5 4 103 27 100 450 359 320 279 255 222 180 124 42
4SP3-80 7.5 55 14 495 a4 384 352 307 249 17 58
4SP3-110 10 7.5 185 - - - 681 606 528 484 422 342 236 80

Figure A 5. Operation Pump 1 chart




9.4.4 Part B — Subsection 1

9.4.4.1 Minor losses
For 20 gpm
Total length from point A to pump =5 in
Diameter of the pipe = 1.033 in
The roughness of plastic pipe = 0.000012 in
Velocity of the pipe = 91.88 in/s

Kinematic viscosity of water at 68 °F = 0.0001298 in"2/s

v«D 91.88= %1033 in

Re = = 730957
9 0.0001298%
0.25 0.25
f_log 1 574 _log 1 . _ 574 = 0012
37xD/e | Re0? 27, L1033 " 730957°7
-/ * 0.000012

02
f*L*UAz 0012*5171*87152%
= S° = 0.66in

29 *D

huy = in
2 * 386.09 Z* 0.75in



9.4.4.2 Fittings losses

Table A 3. Resistant coefficient for fittings

Fittings Number of units | Le/D K
90° elbows 1 30 0.66
Tee 1 60 1.32
Inflows 1 0.78 0.78

V42
hip = Z K E - (Kelbows 90° + Kree + KinflOWS) S

h (# e by o e p v o t Le) va”
= * — % * — % * — | % —
12 amoun D fr amoun D fr amoun D 29
91.882 ﬁ
Ry, =(1%30%0.022+ 1%60%0.022+ 1%0.78) x———35— =30.17 in

2 % 386.09 ;—’Z

9.4.4.3 Pressure calculation
P, ) lb
B, = (7 +24— 2z, —hyy — hLl) xy = (2348.54 + 47 —30.17 — 0.66) in * 0.036 o

= 95.57 psia

9.4.5 PartB - Subsection 2

9.4.5.1 Pressure losses

Py — P 800 %— 85.28%
Head loss of pressure: ” P = Ln M~ — 19817.57 in

0.0360 -2
n




9.4.5.2 Minor losses
For 7 gpm
Total length from elbow to point B =3 in
Diameter of the pipe = 0.75 in
The roughness of plastic pipe = 0.0018 in
Velocity of the pipe = 61.00 in/s

Kinematic viscosity of water at 68 °F = 0.0001298 in"2/s

pxD 61005 %0.75 in

73

Re = 3 v 352370.16
0.0001298T
0.25 0.25
f= log 1 + 5.74 log 1 + 5.74 =0.025
3.7x*D/e = Re®° 374 0.75 352370.1599
" 0.0018

S

fon2
felru? 0025 %3 inx61.002 2

hL1.1 = - [
29 D 2 % 386.09 ;—721 % 0.75 in

For 20 gpm

Total length from pump to tee =4 in
Diameter of the pipe = 1 in
Roughness of plastic pipe = 0.0018 in

Velocity of the pipe = 91.88 in/s

=0.49in



Kinematic viscosity of water at 68 °F = 0.0001298 in"2/s

pxD 91885+ 1.033in

Re = — — = 730957.313
9 0.0001298 7
0.25 0.25
f _log 1574~ 1 N 5.74 = 0.023
3.7+ DJe " Re%d g3 - . 1033 7 730957.289%
-/ *0.0018

02
f*L*vAz 0.023*41:71*91_882%
hirz = = - ST —0971in
2 ES D in
g 2+386.09 o *1.033 in

9.4.5.3 Fittings losses

Table A 4. Resistant coefficient for fittings, valves, and controllers for 3/4" pipe

Fittings Number of units | Le/D K
90° elbows 1 30 0.72
Tee 1 60 1.44
Qutflows 1 0.78 0.78

Check valves 1 150 3.6
Butterfly valves 3 45 3.24

Pressure gauge and Flow

gauge 6 1.15 6.9

Table A 5. Resistant coefficients for fittings for 1" pipe

Fittings Number of units | Le/D K
90° elbows 2 30 1.44
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For 20 gpm
2
Uy
hioq = Z K * E = (Kelbows 90° + Kree + Koutflows) * o

h —( unt * — + unt * — + unt e) 2
= ( #amount * — * f. #amo * — x f. #amount * — ) * —
L21 D T D T D 29

61.002 @
hupq=(1%30%0.024+ 1%60%0.024+ 1%0.78) x ———5——=14.17 in

2 % 386.09 ;—Tzl

For 7 gpm

2 2

Uy Uy
hiz1 = Z K * Z = (Kelbows 90°) * Z

V42

L
hipq = (#amount * Ee * fT) * Z

in2
n
91.882 —-

hipq1 = (2%30%0.024) * —Sm = 15.74 in
2%386.09

9.4.5.4 Pump head

Pgp— Py Up™ — Uy

hp = h’LZ.l + h’LZ.Z + h1.2 + hl.l + +ZB - ZA +

hy, = 14.17in + 15.74in + 0.49 in + 0.971 + 19817.57 in — 6.11 in = 19844.39 in
= 504.05m = 1653.7 ft
9.4.5.5 NPSHa of pump
NPSHa = — hyp, + hg, + hg— hf

NPSHa = —9.48 + 2625.83 + 55— 30.83 = 2640.52 in
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9.5 Annex E — Purification of the system

9.5.1 Sedimentation tank removal system

TSSou:

TSSi,

=1-0.65

TSS,yue = 0.35 % 122.0 = 42.7 ppm

Table A 6. Purification data after sedimentation tank unit of stormwater

Chemical Measurement
Total coliform | 172.0 cfu
E. Coli 10000.0 | gene copies/ mL
Chloride 240.4 mg/L
Iron 768.3 ug/L
Manganese 109.6 ug/L
TSS 42.7 mg/L

9.5.2 Filtration removal system

Table A 7. Purification data of the filtration unit of stormwater

Chemical Measurement Efficiency After treatment
Total coliform 172 cfu 0.00 172.00 cfu
E. Coli 10000 | gene copies/ mL 0.00 10000.00 | gene copies/ mL
Chloride 240.4 mg/L 0.90 240.40 mg/L
Iron 768.3 pg/L 0.99 7.68 pg/L
Manganese 109.6 pg/L 0.99 1.10 ng/L
TSS 42.7 mg/L 0.99 0.43 mg/L




Table A 8. Purification data of the filtration unit of brackish water

Parameter Measurements Efficiency After treatment
TDS 6603.27 mg/L 0.3328 4405.70 mg/L
Calcium 407.67 mg/L 0.1142 361.11 mg/L
Magnesium 183.25 mg/L 0.1142 162.32 mg/L
sodium 2109.13 mg/L 0.9488 107.99 mg/L
Bicarbonate 901.44 mg/L 0.5000 450.72 mg/L
Chloride 2871.3 mg/L 0.9000 287.13 mg/L
Nitrate 32.61 mg/L 0.5000 16.31 mg/L
Sulfate 1761.74 mg/L 0.6736 575.03 mg/L

9.5.3 RO removal system

Table A 9. Purification data of the RO membrane of stormwater.

Chemical Measurement Efficiency After treatment
Total coliform 172 cfu 0.99 1.72 cfu
E. Coli 10000 | gene copies/ mL 0.99 100.00 | gene copies/ mL
Chloride 240.4 mg/L 0.99 2.40 mg/L
Iron 7.683 ug/L 0 7.68 ug/L
Manganese 1.096 pg/L 0 1.10 pg/L
TSS 0.427 mg/L 0.997 0.00 mg/L

Table A 10. Purification data of the RO membrane of brackish water.

Parameter Measurements Efficiency After treatment
TDS 4405.702 mg/L 0.997 13.22 mg/L
Calcium 361.1141 mg/L 0.99 3.61 mg/L
Magnesium 162.3229 mg/L 0.999 0.16 mg/L
sodium 107.9875 mg/L 0.99 1.08 mg/L
Bicarbonate 450.72 mg/L 0.99 4.51 mg/L
Chloride 287.13 mg/L 0.99 2.87 mg/L
Nitrate 16.305 mg/L 0.97 0.49 mg/L
Sulfate 575.0319 mg/L 0.999 0.58 mg/L
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9.5.4 Disinfection removal system

Table A 11. Purification data of stormwater of the disinfection process.

Chemical Measurement Efficiency After treatment
Total coliform 1.72 cfu 0.9999 0.00 cfu
E. Coli 100.00 | gene copies/ mL | 0.9999 0.01 gene copies/ mL
Chloride 2.40 mg/L 0 2.40 mg/L
Iron 7.68 ug/L 0 7.68 pg/L
Manganese 1.10 ng/L 0 1.10 ug/L
TSS 0.00 mg/L 0 0.00 mg/L

Table A 12. Purification data of brackish water of the disinfection process.

Parameter Measurements Efficiency After treatment
TDS 13.22 mg/L 0 13.22 mg/L
Calcium 3.61 mg/L 0 3.61 mg/L
Magnesium 0.16 mg/L 0 0.16 mg/L
sodium 1.08 mg/L 0 1.08 mg/L
Bicarbonate 4.51 mg/L 0 4.51 mg/L
Chloride 2.87 mg/L 0 2.87 mg/L
Nitrate 0.49 mg/L 0 0.49 mg/L
Sulfate 0.58 mg/L 0 0.58 mg/L




9.6 Annex F — Decision matrixes

9.6.1 Disinfection methods

Table A 13. Decision matrix for selecting the disinfection process.

Disinfection | Safe Residual | Inactivating Cost System
o R A . .. | Total
process | system | disinfectant| viruses | (cheapest) | simplicity
Ozone 1 1 1 1 1 5
Chlorine 2 3 2 3 3 13
UV light 3 1 1 2 3 10
Table A 14. Decision matrix for selecting the type of chlorine.
. . . Safe to | Shelf | System | Amount
Disinfection process handle [fts || sy || e Cost | Total
Calcium hypochlorite 1 3 3 2 2 11
Sodium hypochlorite 3 2 3 3 2 13
Chlorine gas 1 3 1 2 8
9.6.2 Selection of equipment
Table A 15. Decision matrix for the type of retention tank.
Name Capacity Res1sta.nt Operating ' Total Total
(gal) | to chlorine | pressure (psi) | cost
UT30 3 3 1 3 10
HP-7 3 3 1 2 9
Mixmaster 2 3 2 1 8
CWS - 1354 3 3 3 3 12
UT30 3 3 1 2 9
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Table A 16. Decision matrix for the type of antiscalant.
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Name Feedwater Compmfnd Phosphate Total
source controlling presence
SpectraGuard 111 3 3 3 9
Titan ASD 3 2 3 8
Pretreat Plus Y2K 2 2 1 5
Pretreat Plus 100 2 1 1 4
RPI 3000A 3 1 1 5
Table A 17. Decision matrix for selecting the filtration unit.
Amount of . . Flow
Name Material | pretreatment | Backwash Purlffcatlon using Total Total
. of iron cost
units gpm
Iron Max - 10 1 1 3 3 3 3 14
WF4-P 3 3 1 2 3 1 13
081-MXF-GS-250 3 3 1 1 3 1 12
MIF - 250 3 2 2 3 3 3 16
CAFO0O9%48 1 1 3 3 1 3 12
Table A 18. Decision matrix for selection of pump 1.
Power |Discharge
Provider hel;/[da?ft) Fiow::)te Cost |supplied head Total
&P (HP) material
DAYTON 2 3 1 3 3 12
DAYTON 3 2 1 3 3 12
DAYTON 2 3 2 3 2 12
WALPA 2 2 2 3 1 10
SINCR 3 3 3 3 3 15
OEM 3 1 3 1 3 11




Table A 19. Decision matrix for selection of pump 2.

Supplier

Max head (ft)

Flowrate (gpm)

Cost

Power

Material

Total

ZHONGDA
PUMPO

3

3

1

GRUNDFOS

o

GRUNDFOS

GRUNDFOS

— | —
S |W

GRUNDFOS

FLOWSERVE

FLOWSERVE

FLOWSERVE

FLOWSERVE

FLOWSERVE

D[R [N |W (N[N [N

B[R (DD |W W [N [N

| [ | | | | = 9 | N

[ et | et [t | e [ | N | 9 | DN

1
3
3
2
1
1
1
1
1

=N | (X0 [(Q|O|©O
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9.7 Annex G — Economical analysis

9.7.1 Lang factors usage

Table A 20. Detailed Lang Factors for fluid processing.

Direct costs Factor

Installation 0.47
Instrumentation and
Controls 0.36
Electrical Systems 0.11
Indirect costs

Legal expenses 0.04
Engineering and supervision 0.33
Total 1.31

Table A 21. FCI and TCI Lang factor.

9]

FCI Lang Factor
TCI Lang factor 6

9.7.2 Annual net after-tax profit

$2  13208.60 gal 90 days
*

Tgal * day year = $2377548.47

Annual income =

Annual net (after — tax) profit
= (Annual income — Annual operating cost — Depreciation)
* (1 — Tax rate) + Depreciation

= ($2377548.47 — $79222.96 — $3281.26) * (1 — 0) + $3281.26 = $2298325.51
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9.7.3 ROI and PBP

Annual net (after — tax) profit

ROI =

$2298325.51

PBP

TCI

* $4357036.23

Annual net (after — tax) profit $2298325.51
= *

Depreciation

9.7.4 Net present value (NPV)

$3281.26

Table A 22. Cash flow for 5 years of the project.

* 100 = 53%
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= 0.0014 years = 12.33 hours

Year 1 2 3 4 5
Working capital Investment 1089259.06 | 1089259.06 | 1089259.06 | 1089259.06 | 1089259.06
Savings 0.00 4755096.94 0.00 4755096.94 0.00
Operating cost 0.00 79222.96 0.00 79222 .96 0.00
Discount Factor 1.04 1.08 1.12 1.17 1.22
Investment 3630863.53 0.00 0.00 0.00 0.00
Depreciation 3281.26 3281.26 3281.26 3207.93 3207.93
Annual after-tax profit -1132829.42 | 3879282.70 | -1225268.30 | 4195832.17 | -1325250.19
Cumulative discounted cash flow -1132829.42 | 2746453.28 | 1521184.98 [5717017.15| 2213248.84




9.8 Annex H — Sensitivity Analysis

Table A 23. Seawater purification analysis.
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Parameter | Measurement | Sedimentation | Filtration | Permeation | Disinfection | Standards Final.
concentrations
Na+ (ppm) | 10570.00 0.0000 0.9488 | 0.9900 0.0000 | 30.0000 5.4118
Mg2+ (ppm) | 1276.00 0.0000 0.1142 | 0.9990 0.0000 | 52.1000 1.1303
Ca2+ (ppm) 447.00 0.0000 0.1142 | 0.9900 0.0000 | 100.0000 |  3.9595
K+ (ppm) 393.00 0.0000 0.0000 | 0.9700 0.0000 | 82.0000 | 11.7900
Cl- (ppm) | 19325.00 0.0000 0.9000 | 0.9900 0.0000 | 250.0000 | 19.3250
SO42- (ppm)|  2740.00 0.0000 0.6736 | 0.9990 0.0000 | 250.0000 |  0.8943
NO3—(ppm) 160.00 0.0000 0.5000 | 0.9700 0.0000 | 10.0000 2.4000
Br— (ppm) 67.00 0.0000 0.0000 | 0.9970 0.0000 | 2.0000 0.2010
F— (ppm) 1.30 0.0000 0.4030 | 0.9900 0.0000 | 2.0000 0.0078
TSS (ppm) 289.75 0.6500 0.0000 | 0.9970 0.0000 | 25.0000 0.3042
TDS (ppm) |  33000.00 0.0000 03328 | 0.9970 0.0000 | 500.0000 | 66.0528
Iron (ppm) 0.06 0.0000 0.9900 | 0.0000 0.0000 | 0.3000 0.0006
T&‘?%l)ty 0.99 0.0000 0.2000 | 0.9970 0.0000 | 0.3000 0.0024
E. Coli
21.60 0.0000 0.0000 | 0.9900 09999 | 0.0000 0.0000

(CFU/mL)




9.9 Annex I — Information of each decision matrix

Table A 24. Informational data of the decision matrix for contact tanks.

85

Operating
Name Capacity (gal) Resistant to chlorine pressure Total cost
(psi)

UT30 30 Yes 75 370.83
HP-7 30 Yes 75 667
Mixmaster 90 Yes 100 1053.66
CWS - 1354 30 Yes 125 489

UT30 30 Yes 75 599

Table A 25. Informational data of the decision matrix of dosifiers.

Capacity | Can contain
. Water meter of the chlorine
Name Pump included Valves included tank and Cost
(gal) antiscalants
J-PRO-22 Yes Yes No 35 Yes 649
Tamco 3059 No No No 30 Yes 133.46
RM-35-24 Yes No No 30 Yes 389
STS30NC Yes Yes No 30 NO 465.79
EWATER-
1YX001 Yes No No 21 Yes 388
410-CLBOOST Yes Yes Yes 15 Yes 1195




Table A 26. Informational data of the decision matrix of antiscalants.
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Name Feedwater source Compmfnd Phosphate presence
controlling
SpectraGuard Brackish and stormwater 7 No
Titan ASD Brackish and stormwater 6 No
Pretreat Plus Y2K All types of water 6 Yes
Pretreat Plus 100 All types of water 4 Yes
RPI 3000A Brackish and stormwater 5 Yes
Table A 27. Informational data of the decision matrix of filtration systems (Part A).
UL Purification
Name Material Cost Energy used pretreatment | Backwash .
. of iron
units
Iron Max - 10 NOt avallgble 1645 120 v - 60 hz 0 Automatic up to 12
information ppm
WF4-P Greensand 3611.7 24V - 60 Hz 3 Not | wptoll
automatic ppm
081-MXF-GS- Greensand 3865.5 Less than 2§ electricity per ’ Not . up to 6 ppm
250 year automatic
MIF - 250 Catalytic carbon/ | 5646 3 12V - 60 Hz 1 Oxidation | UP%° 12
Gravel ppm
CAF0948 Not available 1099.99 120 V AC power 0 Automatic | P© 13
information ppm




Table A 28. Informational data of the decision matrix of filtration systems (Part B)

Flow using | Number LT
Producer g . of product | Total cost
gpm of units in
Rain dance water systems 10 3 10 4935
Pentair 10 2 12 7223.4
US Water 10 2 13 7731
US Water 10 2 13 5212.72
Rainfresh 6 4 13.5 4399.96
Table A 29. Informational data of the decision matrix of pump 1
. Max head Flowrate Pow?r Discharge
Provider Type of pump (ft) () Cost supplied head
&P (HP) material
DAYTON Submersible deep well 221 20 850.66 1 Stainless steel
DAYTON Submersible well 200 35 930.1 2 Stainless steel
DAYTON Submersible deep well 221 20 741.4 1 Thermoplastic
WALPA Centrifugal water pump 183.7270341 | 31.70064628 | 70 | 2.950248597 Cast Iron
SINCR | Submersible s;lilszer Borehole 119 7887139 20 220 2 Stainless steel
OEM Multistage pump 190.2887139 220.14 199.74 | 14.75124299 | Stainless steel

87



Table A 30. Informational data of the decision matrix of pump 2
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Max head | Flowrate Power
Supplier Name Type of pump Cost supplied | Discharge head material
(ft) (gpm) (HP)

ZPII)[OJI;/ICI})](?A '6-50 Centrifugal pump 1968.503937 22 No data | 4.023066 Cast Iron
GRUNDFOS CR, CRN 45/ 7 stages Multistage centrifugal pump 850 15 11800 50 Cast Iron
GRUNDFOS CR, CRN 10-17 stages Multistage centrifugal pump 820 15 5464.8 15 Stainless Steel
GRUNDFOS CRN 32-10-2 stages Multistage centrifugal pump 870 15 15791.2 40 Stainless Steel
GRUNDFOS MPVN 3550 rpm Centrifugal pump 1600 20 No data 100 Bronze fitted
FLOWSERVE HED Between Bearings Pumps 2100 20 No data | No data Stainless Steel
FLOWSERVE DMX - RO Single case pump - multistage 2789 Nodata | Nodata | No data No data
FLOWSERVE DVSH - RO Single case pump - axially split 1968 No data | Nodata | No data No data
FLOWSERVE Molten Salt VTP Vertical Pump 1740 No data | Nodata | No data No data
FLOWSERVE MSP Vertical Pump 2955 No data | Nodata | No data No data




