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Abstract

Water scarcity has evolved into a global issue beyond the concern of deserts and arid areas.
Seawater desalination gained prominence as a means of producing drinking water in coastal
areas facing long-term water scarcity. However, desalination is known for its technical
complexity, energy intensive and incurring economic cost. The operation of desalination plants
raised concerns about their environmental impact, particularly regarding energy consumption
and the generation of high concentration brine waste. This master’s thesis focuses on designing
an autonomous desalination unit that operates using solar energy with the economic feasibility
and environmental impact assessment being evaluated. Two desalination units (Variant A:
reverse osmosis, Variant B: Mechanical vapor compression) and their photovoltaic systems
were designed based on insights from a thorough literature review. The reverse osmosis unit
was selected for environmental evaluation based on technical and economic parameters —
specifically because of lower energy intensity and lower investment cost. The designed Variant
A has a daily production capacity of 22.1 m?® with a specific electricity consumption is
5.6 kWh/m?, which is comparable to units of similar capacity. The photovoltaic system has an
electrical output of 209 kW, and consists of 36 panels covering a surface area of 95 m>. The
investment cost for this reverses osmosis system amount to $146,550 with a calculated payback
period of 5.6 years compared to Variant B, which has a payback period of 18.8 years. Out of
the 11 assessed environmental impacts, the global warming potential impact of Variant A is
identified as 335 kgCO2eq/1000m?>, with 42 % contributed by material manufacturing and 58 %
contributed by energy consumption. The environmental performance of solar-powered reverse
osmosis desalination unit was assessed in comparison to the environmental impact of electricity
supplied by the European and Czech grid mixes. Further research should focus on investigating
the environmental impact of the autonomous desalination unit by expanding the scope to
include the end-of-life management and transportation activities. Potential improvement could
also be identified by optimizing the photovoltaic system and comparing this unit with emerging
desalination technologies that are being researched.



Abstrakt

Nedostatek vody se rozvinul v globalni problém, ktery se jiz netyka jen poustnich a suchych
oblasti. Odsolovani motské vody se rozvinulo jakozto zplisob vyroby pitné vody v ptimoiskych
oblastech, které se zarovei potykaji s dlouhodobym nedostatkem vody. Ale odsolovani motské
vody je zndmé svou technickou komplexnosti, energetickou naro¢nosti a nutnymi investicnimi
naklady. Provoz odsolovacich zafizeni vzbudil obavy ohledné jejich dopadu na zivotni
prostredi, konkrétné kviili vysoké spotiebé energie a produkce vysoce koncentrované odpadni
solanky. Tato diplomova prace se zaméfuje na navrh malé autonomni odsolovaci jednotky,
kterd k provozu vyuziva solarni energii a vyhodnocenim jeji ekonomické proveditelnosti a
dopadi na zivotni prostiedi. Dvé odsolovaci jednotky (Varianta A: reverzni osmoza,
Varianta B: mechanickd parni komprese) a jejich fotovoltaické systémy byly navrzeny na
zéklad¢ reSerse literatury. Jednotka s reverzni osmézou byla zvolena na zaklad¢ technickych a
ekonomickych parametri — konkrétné kviili niz$i spotfeb& energie a nizS§im investi¢nim
nakladim. Navrzena varianta A ma denni kapacitu produkce 22,14 m® a jednotkovou spotiebu
elektiiny 5,6 kWh/m?, coZ je srovnatelné s jinymi jednotkami obdobné kapacity. Fotovoltaicky
systém ma vykon 209 kWp a sklada se z 36 paneldl, které zaujimaji plochu 95 m?. Investi¢ni
naklady systému s reverzni osmoézou ¢ini 146 550 dolart a prosta doba navratnosti je 5,6 let,
oproti variant B, kterd mé prostou dobu navratnosti 18,8 let. Z celkem 11 posuzovanych
environmentalnich vlivli, potencial globalniho otepleni varianty A byl vyhodnocen na
335 kg CO2eq/1000 m?, kde celkem 42 % zaujimal vliv vyroby a zpracovani materiald a 58 %
zaujima vliv vyroby energie. Environmentalni profil této solarni odsolovaci jednotky s reverzni
osmoézou byl hodnocen v porovnani s environmentalnimi vlivy dodavky elekttiny z evropskych
a cCeskych energetickych mixt. Dal$i vyzkum by se mél zaméfit na prozkoumani
environmentalnich vlivl této odsolovaci jednotky a zahrnout management zpracovani po konci
zivotnosti a transport. Potencial zlepSeni byl shledan v optimalizaci fotovoltaického systému a
porovnani této jednotky s nové se rozvijejicimi jednotkami, které jsou momentalné¢ ve fazi
vyzkumu.
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1 Introduction

Water scarcity is a growing concern worldwide. It can broadly be understood as the lack of
access to adequate quantities of water for human and environmental uses [1]. Simply put, it is
a phenomenon when water demand exceeds water supply in a certain area. It is estimated that
the freshwater demand per capita per year is approximately 1,500-1,800 m® on average
(including industrial and agricultural water), which is extremely difficult to meet in water-
deficient areas — many countries facing difficulty finding potable water or meeting the water
quality requirements set by the World Health Organization (WHO) [2]. The water quality
requirements set the standards for permissible impurity contents of <500 ppm for drinking

purposes, 1-3000 ppm for industrial use, and approximately 3000 ppm for agricultural use [2].

There are several technologies and measures for addressing water scarcity, including water
conservation measures, rainwater harvesting, groundwater management, wastewater reusing,
desalination and water transfer by moving water from one area to an area that is experiencing
water scarcity. Diversification of water sources is one of the effective approaches to dealing
with water scarcity. Desalination provides an alternative water source (e.g. seawater) that does
not depend on rainfall or surface water availability and reduces reliance on traditional water
sources. It is relatively reliable as it can be operated continuously regardless of weather
conditions or other external factors, with water free from impurities, minerals, and contaminants
being produced, making it suitable for various uses.

1.1 Problem Statement

Several desalination technologies have been proposed and established, however, with different
benefits and drawbacks. Desalination is known for its high energy consumption, representing
the major drawbacks on top of high costs, brine waste production and the potential impact on
marine life. The integration of renewable energy via an autonomous desalination unit could
mitigate the environmental impact of this energy-intensive process which contributes to the
increase of greenhouse gas emissions.

1.2 Objective

The aim of the study is to assess the current state of the art in the waste desalination field with
the goal of proposing a basic design of a small autonomous solar-powered desalination unit,
supported by environmental impact assessment to ensure environmental performance.

1.3 Scope of Study
The research scopes of this thesis are as follows:

L. To investigate the existing desalination technologies, the strength as well as the
potential for improvement from the economic, environmental and efficiency
perspective, reflected from the current research and development.

II. To propose a basic design of a small autonomous solar-powered desalination unit,
aiming for the features of reducing reliance on traditional energy sources, reducing
the environmental impact, increasing resilience or flexibility in terms of location
and installation without compromising the desalination efficiency.

12



I1I. To assess the environmental performance of the proposed unit, particularly the
greenhouse gas emission, compared to the existing study, by referring to the
functional unit of CO2eq per 1000 m* water.
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2 Water Scarcity

The objective of this chapter is to explain the problematics of water scarcity and related
environmental issues.

Water Scarcity can have negative effects on populations, the state of society, ecosystems,
industry, and agriculture in concerned areas. High water scarcity usually occurs in areas with
high population density, with the presence of much irrigated agriculture, areas with very low
natural water availability, and areas with polluted water resources (often it is the combination
of these factors) [1]. Mekonnen and Hoekstra [1] investigated the aspects of water scarcity in
detail and created a table, which displays the number of people facing low, moderate,
significant, and severe water scarcity during a given number of months per year (see Table I).

Table 1 Percentages of people facing different levels of water scarcity — edited from [1]

Percentage of people facing low, moderate,
Number significant, and severe water scarcity during n
of months months per year [%]
per year Low Moderate | Significant | Severe
(n) water water water water
scarcity scarcity scarcity scarcity
0 9.0 82.5 86.4 34.3
1 2.0 13.4 10.9 5.1
2 2.0 3.1 2.2 6.1
3 5.8 0.8 0.5 6.1
4 5.5 0.2 0.0 9.8
5 5.0 0.0 0.0 9.1
6 5.5 0.0 0.0 4.5
7 7.8 0.0 0.0 3.5
8 9.8 0.0 0.0 4.8
9 6.8 0.0 0.0 5.0
10 6.6 0.0 0.0 2.0
11 5.0 0.0 0.0 1.5
12 29.5 0.0 0.0 8.3

They found that 71% of the global population lives under conditions of moderate to severe
water scarcity at least 1 month of the year (nearly half of those people live in China and India)
and about 66% lives under severe water scarcity at least 1 month of the year [1]. These
percentages are likely to increase due to climate change, population growth, land use changes
and economic activities.

2.1 Influencing Factors

2.1.1 Geographical Location and Climate

Geographical location has been proven to be one of the factors significantly correlated with
water scarcity [1]. As mentioned above, areas suffering from low natural water availability tend
to suffer from long-term high water scarcity levels as well. These are the world’s arid areas —
Sahara, Gobi, Central Australia and Arabian desert [1]. Although water scarcity is a big concern
mainly in arid areas, it has started to become a growing issue also in southern European
countries which were experiencing more frequent drought periods during the 1990s — mainly

14



Greece, Spain, Portugal and France [2]. A survey done by the European Union (EU) has
indicated that up to 33 river basins are affected by water scarcity — that represents 11 % of the
EU territory and 17 % of the EU population [3]. Other countries concerned by water scarcity
due to its location or climate are India, China, Pakistan, United States, Mexico etc. [1]. In Libya
and Somalia 80% to 90% of the population experiences severe water scarcity year-round. [1]

World map with indicated areas suffering from water scarcity is presented in Figure 1.

o

- |
Number of months in whicl
water scarcity is >100%

No data - =

Figure 1 World map of blue water scarcity (Period: 1996-2005) [1]
2.1.2 Population Density

Population density is another factor at play as far as water scarcity is concerned [1]. The key
principle is that when a population grows on a limited area (growing water demand), the average
volume of water naturally supplied to the area usually stays constant'. This means that at some
point of steadily increasing population density the supply does not meet the demand for water.
This phenomenon usually occurs in densely populated areas such as cities (greater London area)
[1]. Rising levels of water scarcity have become a trend that goes hand in hand with increased
population growth and urbanization. Urban residential and industrial water demand is expected
to increase by 50-80% over the next 30 years [4].

2.1.3 Water-Intensive Agriculture

Water scarcity might be an issue in areas with heavily irrigated agriculture. Agriculture
consumes 70-86% of the worlds available water resources [5], [6]. One of the factors of rising
water scarcity in agriculture is unsustainable irrigation utilization which accounts to 52% of
total global irrigation [7]. Irrigation-heavy agriculture only exacerbates an existing problem in
regions already water scarce due to their climate or location (countries mentioned in 2./7./
Geographical Location and Climate such as China, India, Pakistan, Mexico). Crops considered
as water intensive are cotton, sugar cane, certain fruits and vegetables [7].

2.2 Potential Solutions

Water scarcity could be mitigated or prevented via different channels, including environmental
policy to protect the water resources from being degraded or depleted, economic instruments
to reduce the water demand, and engineering solutions to treat or recover the water quality for

! Rivers usually do not increase their average inflow, water reservoirs have constant capacity etc.
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a certain purpose. The sub-section further discussed the potential solutions from these three
aspects.

2.2.1 Environmental Policy

One of possible solutions to prevent water deficits could be governmental (or private) projects
focused on restoring natural freshwater ecosystems such as wetlands or forests? [8]. Another
measure could be protecting existing important water resources from pollution (for example
from agriculture or industry) by imposing stricter regulations. Conservation agriculture
practices are one of the approaches to reduce water use in agriculture.

2.2.2 Economic Solutions

Another possibility could be usage of economic instruments to discourage wasteful water
management in both residential and commercial sectors. Mekonnen and Hoekstra [1] propose
putting caps to water consumption by river basin. Another solution could be increasing the price
of freshwater, in other words taxation [8]. Water-saving behavior can be also achieved by
subsidizing efficient water use [8]. Some authors believe that decentralization and privatization
of water management institutions could have a positive impact on reducing water scarcity by
implementing free-market demand principles and improving water allocation [9] [10]. These
measures might have significant impacts on societies and economies, therefore thorough
analysis must take place before implementing such interventions on a practical level.

2.2.3 Engineering Solutions

Suitable engineering solutions could be beneficial for tackling water scarcity. The list of
engineering measures is long and depends on factors specific to the application. One of the most
straightforward is infrastructure repair (or building new infrastructure), especially in less-
developed countries. Other engineering solutions could be usage of better irrigation
technologies in agriculture, diversification of water resources such as reuse of wastewater (or
treated water) for non-potable purposes, rainwater harvesting for certain applications and
desalination of seawater (or brackish water) in coastal areas [8]. Desalination, on the other hand,
is the alternative for a region with traditional water sources are limited.

2 Applicable only to certain locations with suitable climate.
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3 Desalination of Seawater

3.1 The Role of Desalination in Solving Water Scarcity
3.1.1 Overview

Desalination (or desalting) refers to a water treatment process that removes salts from saltwater
or brackish water (seawater is often the raw water source for this process) [11] [12]. The desired
product is freshwater which can be utilized as drinking water or other applications. The first
type of desalination unit was built by the G. and J. Weir in 1885 in Glasgow (Scotland) [13]
and their company practically had a monopoly as a desalination unit builder until the 1940s
[12]. A major step in development came during World War II, when military establishments in
arid areas needed water to supply their troops [11]. In the late 1950s the first desalination plants
were installed — typically thermally driven [14]. The first reverse-osmosis-based desalination
plant for a municipality was realized 1977 in the USA® [12]. Since then, as the cost of energy
has progressively increased and properties of membrane materials have developed, membrane-
based desalination has become a more popular variant and currently is the most widespread

technology for desalination [12]. A timeline showing the development of desalination is shown
in Figure 2.

18th century 20 century
Evaporative :
S . - Evaporative - Today
PEElnaion su'ppl.l il desalination for civil Reverse osmosis
by steam engine in Urpose
military sector purp

Figure 2 The timeline of desalination technologies [12]

Desalination has grown to be one of the most important water scarcity adaptation and mitigation
options, predominantly in the Middle East, North Africa, North and Central America, South
East Asia and Australia and has become an essential part of drinking water supply in these
regions [15]. The number and capacity of desalination plants by geographic region and sectoral
use is displayed in Table 2.

Table 2 Global desalination statistics — edited [16]

Number of Desalination capacity
desalination
plants [million m¥/day] | [%]
Global 15,906 95.37 100
Geographic region
Middle East and North Africa 4826 45.32 47.5
East Asia and North Africa 3505 17.52 18.4
North America 2341 11.34 11.9
Western Europe 2337 8.75 9.2
Latin America and Caribbean 1373 5.46 5.7
Southern Asia 655 2.94 3.1
Eastern Europe and Central Asia 566 2.26 2.4
Sub-Saharan Africa 303 1.78 1.9
Sector use
Municipal | 6055 | 59.39 | 623

3 The installed capacity of this desalination plant was 11,350 m?/day [12].
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Industrial 7757 28.80 30.2
Power 1096 4.56 4.8
Irrigation 395 1.69 1.8
Military 412 0.59 0.6
Other 191 0.90 0.4

There are approximately 15,906 operational desalination plants globally with a total
desalination capacity of approx. 95.37 million m?/day (34.81 billion m?/year) [16]. Customer-
type breakdown of global desalination capacity is shown in Figure 3*. It indicates that
approximately 60% of the global capacity is being used in municipalities as drinking water and
approx. 30% is being utilized in industrial applications [16] [17]. Map of global distribution of
operational desalination facilities and capacities (>1000 m>/day) by sector of produced water is
displayed in Figure 4.

Power
stations
0,
Municipalities as I S
A Irrigation
drinking water 20,
0

Figure 3 Customer-type breakdown on the basis of global desalination capacity [17]

1 Capacity (m3/d) Customer Type .
o 1,000 - 10,000 ® Municipal
O 10,000 - 50,000 ® Industry

O 50,000 — 100,000 @ Irrigation
() 100,000-250,000 O Power

(>250,000 8, st

Figure 4 Global distribution of operational desalination plants [16]

With accelerating water stress levels (and awareness of water scarcity) desalination may start
playing a more strategic role in national security of water scarce countries. In this context it is
often referred to so called water-energy-food security nexus and desalination plays an

* The segment “others” includes plants for military purposes, units used in tourist facilities for drinking water
production, discharge, demonstration, process, and water injection [17].
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increasingly significant role in finding a sustainable solution to water crisis and possible food
insecurities [17]. In order to prevent such crises, it is important to find solutions to problems
that make it difficult or problematic to increase desalination capacity. These challenges are
described in the next chapter.

3.1.2 Challenges and Problems

Even though the development of new desalination plants has become a growing trend in the last
decades [17], there are challenges related to the process itself that must be addressed. These
challenges are mostly environmental (energy demand, water intake and brine discharge) and
economic (capital and operating costs) [16]. Even though these challenges slow down or
complicate developments of new desalination facilities, they could be the driving force behind
innovation and research of new more efficient and environmentally friendly desalination
methods. The main environmental challenges are briefly described in this chapter.

Increasing Energy Demand

The energy consumption (and efficiency) of desalination is dependent on individual plant, but
in general desalination is considered to be an energy-intensive process. Energy demand of
desalination is considered to be the most serious problem for developing new desalination
facilities [18]. It has been estimated that production of 13 x 10° million m*/day of desalinated
water consumes 130 million tons/year of fuel (oil) [19]. Apart from economic aspects of fossil-
fuel-powered desalination, another related aspect to rising energy consumption is the increase
of CO» emissions, which is why renewable energy desalination (RES) will be an attractive
opportunity to tackle all these issues (environmental and economic) at once. Another problem
with fossil-fuel powered desalination could be the lack of necessary energy infrastructure, such
as electricity, oil or gas, mainly in remote areas.

Water Intake

Studies have reported that by extracting water (for desalination plants) directly from the ocean
by open water intakes, marine fauna is inadvertently killed by impingement on intake screens
or are killed eventually during saltwater processing [20] [21].

Brine Discharge

Another major environmental challenge is the discharge of brine. Brine is a highly concentrated
waste stream (typically almost twice as saline as the intake seawater [17]) which may also
contain heavy metals, antifouling substances and other toxic chemicals [17] [20] [21]. Brine
released to the ocean tends to sink due to higher density and spread around the bottom of the
ocean and affect marine ecosystems [17].

In 2018, the global brine production was 141.5 million m*/day (51.7 billion m*/year), which is
approx. 50% higher than the total volume of desalinated water produced globally [16].
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3.2 Basic Principles & Classification

Currently, desalination can be installed using several technologies, but a desalination plant
typically includes [22]:

e Intake — consisting of pumps and pipes to take water from the source,

e Pre-treatment — consisting of the filtration of raw source water to separate solid particles
and the addition of chemicals to reduce corrosion inside the unit,

e Desalination — where freshwater is extracted from saltwater,

e Post-treatment — to correct pH levels by adding selected salts.

Desalination technologies (or plants) are generally evaluated (or designed) with respect to these
main parameters:

e Total capacity — the total volume of freshwater produced in certain time [m?/day,
m?>/year]. Based on this parameter, desalination plants can be divided into large-scale,
mid-scale, and small-scale facilities.

e Recovery ratio — the ratio of the amount of freshwater produced relative to the amount
of seawater taken in [%],

e Energy consumption — the energy (thermal or electrical) necessary to produce one cubic
meter of freshwater [m*/kWh, kWh/m?]

Desalination technologies can be classified into three main categories by Alkaisi et al. [23]:

Evaporation & Condensation, Filtration and Crystallization. Figure 5 shows a detailed
classification.
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Figure 5 Classification of Desalination Technologies - adopted from [12]

Evaporation & Condensation (also known as Phase-Change) technologies can be further
divided by the main energy source into mechanical processes and thermal processes. Thermal
technologies were the first desalination technologies to be historically utilized for civil
freshwater production [12] (also in 3.71.1 Overview). The main principle is to produce vapor
utilizing thermal energy and then condensate it. Most thermal processes involve heating water
to its boiling temperature to produce the maximum amount of vapor. Typically, the pressure of
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the system is reduced in order to lower the boiling temperature. The most common technologies
(usually for large-scale application) are Multiple-Effect Distillation (MED), Multi-Stage Flash
(MSF), Thermal Vapor Compression (TVC) [12]. The main method to produce freshwater by
evaporation and condensation while utilizing mechanical energy is Mechanical Vapor
Compression (MVC) [24].

Most filtration (also called membrane) technologies are essentially based on semi-permeable
membranes that permit or limit the passage of certain ions by three types of driving forces:
pressure, electric potential, and concentration gradient. Reverse Osmosis (RO) is the most used
technology for desalination [12]. Electrodialysis (ED) and Ion Exchange Resin (IXR) are used
to produce water with very low concentrations of salts [12]. Other techniques such as Forward
Osmosis (FO), Nanofiltration (NF) and Capacitive Deionization (CDI) are in development
stage [25] [26].

The Crystallization category comprises of that extract freshwater producing ice as intermediate
product. The main techniques are Secondary Refrigerant Freezing (SRF), Hydration (HY), and
Vacuum Freezing (VF) desalination. All these methods are currently in the research phase. [12]

The breakdown of current capacity by different desalination technologies (shown in Figure 6)
is: RO (67%), MSF (21%), MED (7%), ED/EDR (3%) and Emerging® (2%) [27]. As stated
above RO is the most used technology has been gaining momentum even in the traditionally
thermal market of the Persian Gulf [28].

.y 3% 2%
0

= RO
= MSF 21%
= MED

ED/EDR

= Emerging
67%

Figure 6 Graph of technology breakdown of installed global desalination - data from [27]

5 These emerging technologies are: Nanofiltration (57%), Electrodeionization (17%), Vapor Compression (3%)
and Other/Unknown (23%) [27].
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3.3 Evaporation & Condensation Technologies

Evaporation & Condensation (E&C) methods was already briefly introduced. In this chapter,
this type of desalination is further described and specific E&C processes are covered.

Commercially available evaporation desalination systems are mostly designed to boil water
multiple times in a series of vessels that operate at successively lower temperatures and
pressures [25]. When designing or modeling a thermal desalination plant (for example MSF or
MED), it is important to evaluate the optimal number of stages. Adding stages increases the
total surface area, therefore increases robustness of the system and therefore capital cost. This
effect is graphically illustrated in Figure 7.

Capital costs

¢— Optimal number of stages

Number of stages

Figure 7 Graph of the relationship between number of evaporation stages and capital costs

3.3.1 Multi-Effect Distillation

The first MED plant was built in Kuwait in the 1950s and used a triple-effect submerged tube
evaporator [12]. Even though it was the first technology used for large-scale desalination, MED
did not spread due to fouling (scaling) problems on the pipes and corrosion compared to other
thermally driven desalination processes [29]. This problem has been partially resolved in the
1980s by building around the concept of operating at lower temperatures to prevent corrosion
and minimizing fouling (scaling) [11]. Based on Top Brine Temperature (TBT), MED can be
classified as Low Temperature (below 90 °C) or High Temperature (over 90 °C) [12]. MED is
currently used also in food industries to extract juice from sugarcane, and to produce salts from
seawater [30].

MED uses multiple vessels (effects) arranged in a series with reduced pressure in each
subsequent effect — 8 to 16 effects are used typically [25]. The feed water is sprayed on the
outside of the evaporator tubes in a thin film to promote rapid boiling and evaporation. The
surfaces in the first effect are usually heated by steam from turbines (in case of a power plant)
or a boiler [11]. Steam is condensed on the colder inside surface. Vapor produced by
evaporation in one effect is condensed and the heat is used to boil the feed water in the next
effect, thus allowing water to undergo multiple boiling without supplying additional heat (with
the exception of the first effect). This lowers thermal energy consumption and electrical power
consumption [12]. In Figure 8 is shown a diagram of a MED plant with horizontal tubes, which
is also the most common heat-exchanger in MED applications [11] [12].
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Figure 8 Scheme of the MED process [12]
The Classification of MED Process

The multi-effect distillation has three configurations of the process including normal flow,
reversed flow, and parallel flow [18].

Normal Flow

Normal flow means that the feed water is going from the first effect to the last effect in a
sequence. The characteristics of this arrangement are [18]:

1) Since the vacuum degree increases gradually, the pressure of each effect is decreased
successively. Thus, there is no need for additional pump to get the feedwater from the last
effect to the next.

2) Since there is a temperature difference between the effects and it is decreasing by sequence,
the feedwater turns to superheated water at a relatively low pressure, as it flows through
the effects. This will create a little extra amount of steam and produce more freshwater.

3) Considering the high-concentrated feedwater with high viscosity in the latter effects, the
heat transfer coefficient is relatively low as the boiling point of the water is increasing.
This makes it hard to maintain the temperature difference between two adjacent effects.
Although for seawater desalination, this is not a serious issue because the concentrations
among the effects are not high enough.

Reversed Flow

Reversed flow means that the flowing direction of feedwater is reversed to the flowing direction
of heated steam. The pressure of the front effect is higher than the latter effect, that is why there
needs to be a pump to get the feedwater through the system. As the temperature is increasing
with the feedwater flowing through the effects, there is no flash evaporation between the effects
and there is a need to preheat to the boiling point. Thus, contra flow is suitable for high-
concentration and high-viscosity feedwater and is often used in chemical processes. [18]
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Parallel flow

Parallel flow means that each effect has an independent feedwater inlet. The heated steam-flow
into the first effect flows also to the rest of the effects. This arrangement is suitable for
applications with easily crystallizing feeds such as salt manufacturing. [18]

As for the seawater desalination process, the main objective is to obtain pure freshwater. Thus,
normal flow arrangement is the more suitable option than the latter two (also considering higher
heat utility efficiency of normal flow variant).

Advantages & Disadvantages
The main advantages of MED desalination are [12] [31]:

e low energy consumption,
e less critical levels of operating temperature and pressure equilibrium,
e high water quality.

The main disadvantages are [12] [31]:

e more complicated circuit equipment,
e tendency to scaling of the pipes.

In conclusion, since the MED process has lower operating temperature and pressure, it is
suitable for solar energy utilization (if equipped with the Multi-Effect Stack Evaporator®) [31].
Also, the MED system does not require a lot of energy (compared to other thermal desalination
systems) — it is a once-only process, which means that there is less liquid required to flow
through the system [18].

3.3.2 Multi-Stage Flash

Multi-Stage Flash (shorter version of Multiple Stage Flash Distillation) process has quickly
displaced early MED plants in the 1950s due to better resistance to scaling and currently is the
most widespread thermal desalination process globally [11] [16]. MSF is mostly used in
countries where costs of thermal energy are low — Saudi Arabia, the United Arab Emirates and
Kuwait [30].

MSF plants can be divided into two sections. The first section is the brine heater section, and
the second section is the heat recovery [12]. The principle behind MSF process is as follows
[18]:

1) Seawater is heated in a vessel called the brine heater by steam (spilled from a power plant,
typically).

2) Seawater is then pumped into a vessel — the flash room (also called a stage [11]) and is
then heated to certain temperature, as the pressure is controlled at lower than the heated
seawater saturated vapor pressure’.

6 The Multi-Effect Stack Evaporator (MES) is a type of evaporator, in which the effects are stacked on top of each
other. It provides stable operation even when sudden changes are made. [31]
7 The vacuum is obtained by the utilization of steam ejectors or vacuum pumps [22].
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3) The heated seawater becomes superheated water, the vaporization is fast, causing the “flash
effect”, and the temperature of seawater decreases.

4) The water vapor condenses on the wall of the exchanger pipe and becomes pure water.

5) Meanwhile, the incoming seawater is preheated in the exchanger.

Seawater flows into several flash rooms where pressure declines one by one. The temperature
of the seawater decreases as the concentration of seawater increases, until the temperature is
approaching the natural seawater temperature [18]. Typically, a MSF plant operates at the top
brine temperatures (see also 3.3.1). Operating a plant at the higher temperature limits (above
110 °C) increases efficiency, but also increases the potential for scale formation and accelerated
corrosion [11]. Usually, a MSF plant contains from 15 to 25 stages, and is built in units
producing from 4,000 to 57,000 m3/d [11].

The Classification of MSF Process
The process of MSF can be classified as a tubular and circular type [18].
Tubular
In the tubular type the seawater is heated to the highest temperature and then goes through the
heat exchanger. Then stage by stage process evaporation takes place until the last stage, when

the concentrated seawater is discharged out. A diagram of tubular (also through-flow) MSF
plant is displayed in Figure 9 and its temperature profile is displayed in Figure 10. [18]
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Figure 9 Scheme of the through-flow MSF process [12]
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Figure 10 The temperature profile of through-flow MSF process [18]
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In the circular type the concentrated seawater from the last stage is not discharged out
completely. Instead of a condenser, a heat rejection section is added and a large portion of
concentrated seawater is recycled and mixed with new feedwater [18]. This technique adds 2-
3 heat rejection stages to the process and is applied to increase the energy efficiency of big
desalination plants, composed of 19-40 flash stages [22] [32]. This type of MSF is used in more
recently built plants [12]. A diagram of circular (also recycling) MSF plant is displayed in

Circular

Figure 11 and its temperature profile in Figure 12.
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Figure 11 Scheme of the recycling MSF process [12]
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Figure 12 Temperature profile of a recycling MSF process [18]
Advantages & Disadvantages

The main advantages of MSF desalination are [12] [19]:

simplicity of the process,

high water quality,

suitable for high-capacity plants,

scale control and relatively simple maintenance.

The main disadvantages of MSF desalination are [12] [31]:

high energy demand,
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e precise pressure levels in different stages are required — some transient time is required
to establish the normal running operation,
¢ high investment cost.

In conclusion, since the MSF process requires some transient time to establish the normal
running operation, it has slow start up times and is therefore relatively unsuitable for solar
energy applications unless a storage tank is used for thermal buffering [31]. Due to the
robustness and reliable performance characteristics of the MSF process, it is suitable for large-
scale operations in locations with low fossil fuel prices.

3.3.3 Vapor Compression

Vapor compression (VC) is a technique based on liquid-vapor phase change. The process
generally is as follows:

1) Seawater is under environmental pressure and temperature is introduced into the
evaporation chamber and heated to saturation temperature.

2) Then the saturated steam is compressed by a compressor and is turned into superheated
steam in the cooling coil.

3) This superheated steam releases heat and turns into a new saturated steam and a part of
saturated water in the cooling coil.

4) This saturated water from the last stage exchanges heat with new incoming seawater.

5) Finally, the saturated steam condenses and is discharged from the system.

The Classification of VC Process

There are two types of vapor compression technology based on the type of energy used to
evaporate the feedwater: Mechanical Vapor Compression (MVC), which increases vapor
pressure using a mechanical compressor (powered by electricity), and Thermal Vapor
Compression (TVC), which uses thermal compressor supplied by high pressure steam (usually
spilled from a power plant) [12]. The diagrams of the MVC and TVC processes are displayed
in Figure 13 and Figure 14 respectively.
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Figure 13 Scheme of the MVC process [12]
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Advantages & Disadvantages

In this chapter, only the MVC process is discussed, because the TVC process is mostly used
coupled with large energy sources or as an additional technology for other thermal desalination
system [31]. The main advantages of the MVC process are [12] [18]:

e high water quality,
e low energy consumption (high efficiency),
e small volumes — no need for large energy sources.

The main disadvantages of the process are [18]:

e low production capacity — not suitable for large-scale operations,

e vapor-containing brine is carried over to the compressor, which leads to corrosion of
the compressor blades,

e susceptible to serious scaling on the boiler walls.

In conclusion, the MVC process is suitable for low or mid-scale applications, since it is limited
by the vapor compressor size, which is also the main energy-consuming element. Especially,
decentralized small-scale MVC units coupled with centrifugal compression distillation is a
promising method [18]. Additionally, it is not suitable for applications with low-grade energy
(heat).

3.4 Membrane Technologies

As stated at the beginning of this chapter (3 Desalination), membrane desalination processes
rely on semi-permeable membranes to separate salts from the seawater, imitating the function
of similar membranes in nature (for example in the human body).

3.4.1 Reverse Osmosis

RO is a process in which the seawater flows through a semi-permeable membrane under high
pressure and the dissolved material (salts) are separated without heating or phase change. In
comparison to other conventional desalination processes, RO is relatively new and has been
commercially successful since the early 1970s [11].
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This process is based on overcoming the natural phenomenon of osmotic pressure, which
naturally occurs (also in human body) when a semi-permeable membrane separates (is between)
two solutions with different concentrations of ions. Naturally, these two solutions are driven by
osmotic pressure to establish chemical equilibrium — one solution with the same concentration.
This phenomenon can be reversed by applying enough hydraulic pressure (higher than the
osmotic pressure), thus increasing the concentration gradient between the two solutions.
Therefore, most of the energy necessary to power this process is used for pressurizing the
feedwater. This concept is illustrated in Figure 15.
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Figure 15 The principle of osmotic pressure [12]

In the figure above are shown two solutions (pure and saline water) separated by a semi-
permeable membrane under four different scenarios. In scenario (a), the external pressure is
zero and the osmotic pressure naturally induces the flow of pure water solution to saline water
solution in order to create the concentration equilibrium. In scenario (b), the external pressure
is higher than zero, but not higher than the osmotic pressure. The flow of pure water into saline
water is not as high as in case (a) but is still present. In scenario (c), the external pressure is
equal to the osmotic pressure and no flow through the membrane occurs. In scenario (d), the
external pressure is higher than the osmotic pressure — the saline water flows through the
membrane (the natural flow is reversed).

The process in a RO desalination plant generally works as follows:

1) Feedwater is pumped from the seawater water source at the intake into the pretreatment
device.

2) During pretreatment, the feed water is removed from suspended solids by fine filtration
and acids or other chemicals are added to prevent salt precipitation and microbial growth
on the membrane surface [11].

3) The water flows into the high-pressure pump which pressurizes the feedwater and is further
pumped into a pressure vessel.

4) From the pressure vessel, the feedwater is pumped through the membrane into the post-
treatment device.

5) Post-treatment generally consists of preparing the water for distribution. Specifically, it
might consist of removing gases (such as hydrogen sulfide) and adjusting the pH [11].

The RO desalination (without pre-treatment and post-treatment) is displayed in Figure 16.
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Figure 16 Scheme of the RO desalination process [12]

Membrane Materials

The early membranes, developed in the 1960s, have been made out of asymmetric cellulose
acetate (CA) and were less permeable and had worse salt rejection ability. The membranes
required pressures exceeding 8.3 MPa at typical operating fluxes. CA membranes utilized an
asymmetric structure, in which the membrane consists of the same material throughout with a
dense layer on top and porous layer beneath. Modern CA membranes are still used in the
desalination industry, since they can tolerate low concentrations of chlorine, which is beneficial
for biofouling control. Although, they are susceptible to hydrolysis (especially if the operating
pH is less than approx. 4 or greater than approx. 7 and temperatures are higher than 30 °C),
which compromises the membrane’s salt rejection performance.

The more widespread types of membranes currently are thin-film composite (TFC) membranes
which provide greater salt rejection and higher water production per unit membrane area. TFC
membranes contain multiple layers made of different materials (thin — dense film, and porous
underlying material). The thin film usually consists of aromatic polyamide (PA) and the bottom
support layer is typically polysulfone. TFC membranes are stable over a broad pH range (2-11)
and can withstand temperatures higher than 45 °C. However, unlike CA membranes, they are
sensitive to strong oxidants such as free chlorine. Therefore, TFC membrane materials degrade
upon exposure to chlorine. Membranes used for desalination typically operate at feed pressures
of 5.5 to 6.9 MPa. [25]

Membrane Configurations

RO membranes are usually arranged in four configurations: plate-and-frame, tubular, spiral-
wound, and hollow fiber, although the construction of the membrane varies depending on the
manufacturer [11] [33].

Plate-and-Frame

These modules are among the first RO membrane modules, a flat sheet membrane is attached
to the two sides of a rigid plate. A number of plates are used that are stacked within a pressurized
support framework. The plates contain a grooved structure providing a path for the permeate
flow. The permeate leaves the module from one end, the brine (concentrate) leaves from the
other end. The illustration of plate-and-frame module is shown in Figure 17. [33]

30



End Plate

Support plate with
membranes on both sides

Permeate

Spacer

/ End Plate
Assembly Bolt

Figure 17 Plate-and-Frame membrane configuration [34]

Tubular Modules

A typical tubular module, shown in Figure 18, consists of a porous tube with an inserted or
surface-coated RO membrane. The tubes are made of ceramic, carbon, paper, plastic, or
fiberglass. Pressurized feedwater enters the tube from one end, water molecules permeate
radially through the membrane. Brine leaves from the other end of the tube. [33]
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Figure 18 Tubular membrane module [33]

Hollow Fiber

A hollow fiber module (displayed in Figure 19) is composed of numerous small-diameter fibers
contained within a pressure vessel. On one side, the module consists of an epoxy tube sheet
where the fibers ends are potted in epoxy while keeping them open for permeate flow. On the
other side, the fiber ends are sealed in epoxy to prevent bypassing of the feed to the concentrate
outlet. Pressurized feedwater enters the module through a core tube and the water molecules
permeate radially into the fibers and exit through the open fiber ends in the epoxy tube sheet
while the concentrate leaves the module at the same end as the feed inlet. [33]
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Figure 19 Hollow Fiber membrane configuration [33]
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Spiral-Wound

Spiral-wound (displayed in Figure 20) is currently the most common type of module used for
RO desalination. In this module two membrane sheets are placed together with a permeate
spacer (made of nylon or dacron) in between. These layers are wrapped around the permeate
collector tube to create a spiral configuration and placed inside a pressure vessel (also called
housing). Feed water flows axially along the length of the module. Spiral would modules are
cost-effective, possess high packing density, and allow for high mass transfer rates due to the
presence of feed spacers. However, they are difficult to clean and are susceptible to fouling if
pre-treatment is inadequate. [33]
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Figure 20 Spiral-wound membrane module [33]

Energy Recovery

To minimize energy losses of RO plants, an Energy Recovery Device (ERD) has been
introduced. The ERDs utilize energy of the brine stream or the feedwater stream (the pressure
of brine stream is practically the same as the saline input water). The ERDs can be classified as
centrifugal and isobaric devices [35].

There are two main centrifugal devices, the first one is a hydro turbine (Pelton) which extracts
energy from the brine stream and transfers it to the high-pressure pump. The pressure drop
inside the brine circuit is about 2-3 bar and the efficiency of the energy conversion is approx.
70% [12]. The second centrifugal device is the turbocharger, which uses a turbine to extract
energy from the brine stream and converts the energy to rotational energy which turns an
impeller that pumps another fluid stream. If the turbocharger is positioned properly between
two stages, it can reduce the need or even replace the interstage boost pump. [35]

The isobaric devices are more recent solutions that transfer energy without intermediate energy
conversions. They function by directly hydraulically pressurizing the feed stream via exposure
to the brine stream. One isobaric ERD is the rotary isobaric device also known as the rotary
pressure exchanger (RPX). The device is displayed in Figure 21.
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Figure 21 Rotary Pressure Exchanger scheme [12]
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In the device a ceramic matrix is taken into rotation by the brine flow, which enters the matrix
with a tangential speed component. The channels inside the matrix are connected by pipes with
pistons inside. High pressure brine pushes the pistons, which transfer the pressure and
pressurizes the feedwater as it leaves the device. Simultaneously, the feedwater flowing into
the device pushes the brine out of the channel on the low-pressure side. The process is
practically continuous because of the high rotary speed of the matrix and the number of internal
channels. [12]

Advantages & Disadvantages
The main advantages of RO desalination are [12]:

e uses only electrical energy,
e couplable with many renewable energy sources,
e low investment costs.

The main disadvantages of RO desalination are [12]:

e lower product water quality,
e tendency to biofouling (and non-biological fouling as well [31]),
e  high costs of membranes and chemicals.

In conclusion, the RO desalination is suitable for small-scale as well as large-scale applications.
RO is also compatible with multiple renewable energy sources. Compared to other desalination
technologies, RO generally offers lower capital costs [12]. Although, the operating costs can be
relatively high. Since the membranes are susceptible to biofouling, they should be changed
regularly (approx. every 4-5 years) [18] [31]. To prevent biofouling, chemicals are added to
pretreat the feedwater, but the chemicals also tend to disintegrate the material of the membrane,
adding to the problem of operating costs. Another disadvantage of RO systems is lower water
quality of the product, which generally has a concentration of salts (NaCl) approx. 300 ppm,
which still meets the standards of 500 ppm (set by the WHO for drinking water), but still is one
order of magnitude higher than water produced by thermal processes [31]. High salinity of
feedwater is problematic for RO technology [31].

3.4.2 Nanofiltration

Nanofiltration is a membrane filtration process used to remove dissolved ions or organic matter
to produce soft water — water with a limited number of ions that cause scaling (Ca?", Mg** etc.)
[12]. As the prefix “Nano” suggests, this technology removes particles through pores, ranging
from 1 to 10 nm. NF technology is used in applications such as water and wastewater treatment,
pharmaceutical industry, textile industry, and food processing, but it has found its way into the
desalination industry [36]. The saline feedwater is pushed through a semipermeable membrane
and disallow passage of divalent ions mostly, with an efficiency of 90-98% [12]. The principle
and scheme of nanofiltration technology is illustrated in Figure 22. The soft water produced by
NF has greater ion concentration than RO, therefore a lower pressure gradient must be applied
to the membrane (between 38 and 48 bar) [25].

Wafi et al. [37] have tested and compared nanofiltration with RO and found that the electrical
energy consumption (per m® of product water) of the nanofiltration plant was 29% lower than
RO plants. They also found that the quality of water from nanofiltration is equally comparable
to RO in respect of TDS, pH, cations, and anions. Although NF is still in the development
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phase, studies suggest that is going to compete on the desalination market, especially with RO
in brackish water applications [37].

Turek et al. [38] modelled a pilot-scale three-stage (RO-evaporator-crystallizer) desalination
system for brackish water from a coal mine. NF was used as a pretreatment method. The results
show that adding a two-pass NF can decrease the energy consumption by 21% (therefore cut
operating costs), increase salt recovery from 58.8% to 76.1%, and could also create economic
potential by using magnesium-rich waste stream for magnesium hydroxide recovery.

@ Monovalent ions

@ Bivalent ions Electrical motor
= Semipermeable )
= membrane Semipermeable
Sufing membrane
feedwater Softwater
—_— e —p
High | Brine
Pressure —
Pump

Figure 22 The working principle and scheme of nanofiltration technology [12]

Advantages & Disadvantages
The main advantages of NF desalination are [12] [37]:

e low energy consumption (lower than RO),
e water quality comparable to RO,
e variability of applications.

The main disadvantages of NF desalination are [12] [37]:

e produces soft water (a dilute saline solution),
e commercially unavailable for seawater applications,
e susceptibility to fouling.

In conclusion, even though NF desalination is still in the development phase with smaller pilot-
scale projects in operation, it is a promising technology that has proved itself as a cost-effective
alternative to RO (due to lower energy consumption and comparable water quality) [37] or as
pretreatment to other desalination technology [38].

3.5 General Trends in Research & Development

The trends and history since 1980 in research of desalination were documented by Jones et al.
[16] and are illustrated in Figure 23, which displays the historical development of published
literature on desalination.

On the right-hand side is a graph of the number of publications by desalination technology. The
exponential increase in publications can be also seen in RO research (which also complements
the data from Figure 6, as it shows RO being the most widespread technology currently),
followed by emerging technologies. The research of conventional thermal technologies has also
been growing, although at a lower rate — MSF is the least popular technology in research. [16]
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On the left-hand side is a graph of the number of publications on the topic of desalination by
categorization — since 1980, approximately 16,500 publications have been found in total. Based
on this graph, the exponential increase in technological aspects of desalination is the main driver
of desalination research, followed by the economic and energy aspects. The environmental
impacts of desalination were severely neglected with just 118 publications before 2000.
However, the number publications in this category are increasing at the fastest rate. [16]

One of the aforementioned environmental aspects of desalination — the production of brine in
particular — has been also studied by Jones et al. [16]. It has been found that the large volume
of produced brine poses a major environmental concern that requires better management. Even
though there are economic opportunities associated with brine in fish and halophyte production
systems, there is need to translate such environmental problem into an economic opportunity.
[16]

3.5.1 Renewable Energy Sources

Research and development of desalination has also shifted from conventional fossil fuel
powered plants towards renewable energy powered solutions. As previously discussed, energy
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Figure 23 Graphs of trends and history in desalination research [18]

consumption is a big problem in the desalination industry, thus coupling desalination with
renewable energy sources that supply at least a part of the necessary consumption is a more
attractive solution. Bundschuh et al. [39] found that renewable technologies can be successfully
combined with many desalination methods (based on global experience), although optimization
of some techno-economic aspects is necessary to make such systems effective in the long-term.
Possible combinations of renewable energy sources and available desalination technologies are
displayed in Figure 24. Mostly used renewable energy sources in the industry are solar thermal
energy, photovoltaics (PV), wind, and geothermal energy [40].

Above mentioned renewable energy technologies will be described further in this chapter.
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Figure 24 Combinations of RES with Desalination Technologies — adopted from [12]

Solar Energy

Solar desalination has made a breakthrough in the 20" century, as the first completely PV-
powered RO desalination plant was built in 1982 in Saudi Arabia on the eastern shore of the
Red Sea - it provided drinking water to a settlement of 250 people and the power source was
an array of 210 modules producing 8 kWp® [41] [42]. The solar energy option (thermal and
PV) has been experiencing big growth especially in the last decade, mainly because of improved
performance and efficiency characteristics, governmental subsidies, and decreasing costs of the
equipment material. The advantage of solar energy is the ability to generate thermal and
electrical energy. [39]

Solar thermal technologies extract thermal energy from the sun’s radiation using solar collector
or concentrated solar power technologies (CSP). These technologies are one of the most popular
and most common RES applications globally, especially used for energy-intensive processes
such as MSF, MED and VC. [39]

Solar electricity technologies are classified as photovoltaic or concentrator photovoltaics
(CPV), which are modules used to harness solar energy carried by photons into electricity via
photoelectric effect. [39]

Wind Energy

Apart from solar energy, wind energy is the most popular RES used and investigated in the
context of being coupled with desalination technology. However, the majority of publications
considers wind energy desalination used in combination with other RES (mostly solar power).
Nevertheless, in recent years the research of desalination processes powered exclusively by
wind energy has been gaining popularity. [39]

8 Unit kWp (kilowatt-peak) is a unit of maximum available power produced in reference (laboratory) conditions.
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3.5.2 Decentralization

Decentralization of desalination plants has been found to be an effective way to supply water
to remote areas. Additionally, small and medium-size decentralized water production systems
could eliminate the need to construct large water transmission infrastructure, which could
reduce the water levelized cost and environmental impact. However, when proposing a
decentralized system of desalination plants, it is important to consider the applicability of
decentralization regarding installation cost. RO has been found to be the most suitable
technology for decentralized installations. On the other hand, MSF and MED have been found
to be not suitable, since these technologies are not economically viable in small and medium
scale applications. [43]

3.5.3 Environmental Impact of Desalination

As has been stated earlier, the research of environmental impacts of desalination processes has
been gaining popularity in recent years. Lee and Jepson [44] have divided the available
literature into three main topics: 1) facility life cycle, 2) water cycle, 3) energy, chemicals and
materials.

The facility life cycle consists of three main subcategories: construction, operation and
maintenance (O&M), and disposal. O&M has been found to be the biggest contributor
(operation specifically) to negative environmental impacts of desalination regardless of
technology (MSF, MED, RO). The operation of desalination facility is the largest contributor
in most of the impact categories. These include acidification potential (AP), eutrophication
potential (EP), global warming potential (GWP), human toxicity potential (HTP), energy use
and others’. [44]

Water treatment is also a major contributor to environmental impacts, regardless of technology.
The environmental impact in the water cycle is mainly due to electricity consumption of the
treatment. Factors that play a role in environmental impact of water cycle can be also chemical
and membrane usage, raw water quality (the higher the salinity of feed water, the higher the
energy consumption), distribution of the water (mostly the distance between the plant and the
consumer), and state of the water infrastructure. Water treatment in the desalination process is
a major contributor to all the environmental impact categories, including AP, GWP, EP,
photochemical oxidation (PHO), depletion of abiotic resources (DAR), ETP (ecotoxicity
potential), cumulative energy demand (CED), freshwater use (FWU). [44]

As far as components (energy, chemical and materials) are concerned, the biggest
environmental burden is due to energy consumption. Chemical manufacturing contributes only
10% of greenhouse gas emissions (GHG), mostly from electricity used during the
manufacturing process [45]. A connection has been found between the rise in adoption of
renewable energy used to supply desalination plants and increased usage of chemicals. As the
desalination industry attempts to reduce the energy use and carbon footprint, the tradeoff is
reliance on new chemicals, thus increasing the negative environmental impacts of chemicals in
certain renewable energy desalination applications. The environmental impact caused by
materials is negligible compared to energy use and chemical manufacturing. [44]

% Marine aquatic ecotoxicity potential (MAETP), terrestrial ecotoxicity potential (TETP), photochemical oxidant
formation potential (POCP), freshwater ecosystem impact (FEI).
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As implied above, energy demand is the largest contributor to negative environmental impacts
of desalination. Several studies have been conducted to compare the LCA results of different
energy sources for desalination, including renewable energy sources. Among fossil fuels,
natural gas showed lower environmental burden and coal caused the highest negative
environmental impact. Renewable energy sources reduce the environmental burden. Solar
thermal reports better environmental performance than photovoltaic panels because PV panels
requires special raw materials. Studies show that RES are not equal across the different
desalination technologies. For example thermal methods such as MED and MSF generate more
benefits than RO when they adopt RES. [44]
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4 Methodology

As stated earlier in this thesis, the main outcome of this thesis is a basic design of a small
autonomous solar-powered desalination unit supported by environmental impact assessment.

This will be done by selecting suitable desalination technologies and performing basic designs
of desalination systems. These designed systems will be later compared and evaluated in regard
to their parameters and characteristics. Based on these criteria, one desalination system will be
selected for solar system design and sizing with an environmental impact assessment being
conducted. Figure 25 shows the flowchart illustrating the overall framework or methodology.

Techno- Environmental
Economic Impact
Study Assessment

Process

Selection

Figure 25 Thesis Methodology

4.1 Process Selection

In this chapter suitable desalination processes (technologies) will be selected for the next step
— basic design. In regard to process selection, Kalogirou [46] proposed these factors to be
considered:

1) The suitability of the process for renewable energy application,

2) The effectiveness of the process with respect to energy consumption,

3) The amount of freshwater required in a particular application, in combination with the range
of applicability of the various desalination processes,

4) The seawater treatment requirements,

5) The capital cost of the equipment,

6) The land area required or that could be made available for the installation of the equipment.

The first factor (suitability of the process for renewable energy application) is also one of the
obligatory objectives of this thesis. Regarding the second factor (effectiveness of the process
with respect to energy consumption), the energy necessary to produce the desired capacity of
freshwater of the proposed unit should be as low as possible, thus reducing overall energy
consumption and capital cost. The third factor concerns the capacity of the unit. The objective
of this thesis is to design a small-scale unit; thus, the unit is designed primarily for communities
with approx. 220 population equivalents (PE) and a total freshwater production capacity of 20
m? per day. The fourth factor concerns the quality of water produced. The WHO requirements
for concentration of impurity content are <500 ppm for drinking water. The objective is of
course to produce water as pure as possible. The fifth factor concerns the capital cost of
equipment but also labor. The design of the proposed unit should not be too complex as the
material cost, land cost, and labor costs tend to increase with size and complexity. The sixth
factor concerns the land area required to install the unit. This goes hand in hand with all the
other factors. The required land area is related to energy consumption (more solar panels
required increases the necessary area of installation), the capacity of the unit, and capital cost
(cost of land).
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Additional factors that should be considered are:

¢ salinity of the source seawater — higher salinity results in higher susceptibility to scaling,

e operating costs — different processes require different compounds for pretreatment or post-
treatment,

e maintenance complexity — some technologies require knowledgeable and trained staff to
operate and maintain the unit,

e reinvestment costs.

From the factors above and available literature an evaluation table (7able 3) has been created.

Table 3 Evaluation of different desalination processes [12] [31]

Criteria MED MSF MVC TVC RO NF
Suitability for §mall—scale No No Yes No Yes Yes
applications
Suitability for solar energy Yes No Yes No Yes Yes
Thermal energy
consumption [kl/kg] 230-390 190-390 - 145-390 - -
Electrical energy
consumption [KWh/m’] 1.5-2.5 4-6 6-12 1.5-2.5 3-6 2-4
Exergy efficiency < 6% <3% <8.5% <20% <32% | <45%
Water quality High High High High Low Low
Capital costs High High Medium High Low Low

Note: MED = multiple effect distillation, MMSF = multi-stage flash, MVC = mechanical vapor compression, TVC
= thermal vapor compression, RO = reverse osmosis, NF = nanofiltration

The technologies suitable for small-scale desalination are MVC, RO and NF. Even though
implementing other methods, such as MED and MSF, for small-scale applications is feasible,
the relative cost of equipment deems these methods not suitable, as reflected in Table 3. With
regard to energy consumption, one big advantage of MVC, RO and NF is that there is no
necessity for thermal energy supply to run the process. The exergy efficiency tends to be higher
in membrane processes and vapor compression methods. The water quality is high in all thermal
processes reaching concentration below 10 ppm of impurity content. On the other hand,
membrane processes tend to produce water with lower quality, although still under the WHO
limit.

The considered technologies proposed for basic autonomous desalination design powered by
solar energy and later environmental impact assessment that are consistent with the objectives
of this thesis are:

e mechanical vapor compression,
® reverse 0smosis,
e nanofiltration.

The first selected process for basic design is RO (variant A), because of its simplicity, efficient
energy utilization and the overall capital expenditures (CAPEX) are relatively low compared to
other methods. The disadvantages are lower water quality, operating expenditures (OPEX), and
the necessity for trained maintenance personnel.
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The second selected process for basic design is MVC with NF as pretreatment (variant B). This
combination has been proven to be a good option for small-scale remote applications. Even
though it is estimated that CAPEX will be relatively higher, the nanofiltration pretreatment will
mitigate the scaling problem of the MVC evaporator, therefore increasing the service life of the
equipment and lowering the necessary reinvestment. Additionally, the water quality of the
produced water is higher since it is treated thermally.

4.2 Basic Design Methodology

In this chapter, two desalination systems will be designed, which is one of the main objectives
of this thesis. The design methods include calculations, estimations, or direct selection of
specific products from the market. The design does not include the design of piping, seawater
intake part, and control of the system.

For calculations of both desalination units there are the same following boundary conditions
and assumptions:

e total production capacity: 20 m*/day,

e time of production per day: 12 hours of continuous operation,

total days of operation per year: approximately 355 days with 10 days left for larger
maintenance works,

calculation model: steady state

the only salt in seawater is sodium chloride (NaCl),

seawater intake temperature: 25 °C,

seawater intake salinity: 35,000 ppm,

seawater density is 1023 kg/m?, freshwater density is 996 kg/m?, brine density is 1045
kg/m?,

¢ maximum drinking water salinity: 500 ppm.

4.2.1 Variant A — RO Unit

The scheme of the proposed unit is in Figure 26 with the labeled streams being specified in
chapter 5. In this variant, the system works as follows: the feed seawater is pumped through a
particulate filter to filter out larger solid particles, and the pressure of the filtered water is
increased through a high-pressure pump. The pressure must be higher than the osmotic pressure
in order to get through the membrane effectively, filtered water leaves the RO module and is
ready to get post-treatment. Additionally, the brine leaving the RO module flows into an ERD
to recover some of the energy in the stream. This energy is transmitted to the seawater entering
the process.
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Figure 26 Variant A scheme
Material Balance
The first step is the material balance calculation of the desalination system. The calculations

follow assumptions and boundaries listed at the beginning of this chapter. The mass balance
can be described by the following system of equations (Eq. I-11).

M, =M, (Eq. 1)
M, = M, (Eq.2)
, = RI\I;'IZO (Eq. 3)
M, = M; — M; (Eq. 4)
Ms = Vp .% (Eq.5)
My, =M, (Eq. 6)

. - [kg]. . .
In equations above, M; , [Tg] is the mass flow rate in 1 to n-stream (the numbering is the same
. 3
as in Figure 26, RRgo [—] is the reverse osmosis recovery ratio, 1, [ZTy] is the daily production
. kgl . ) h.
capacity of the system, pp [m—g3] is the density of the produced water, and OT [M] is the

operating time per day.
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_ M3 X3 —Ms- X (Eq.9)
Xy = m
4
g (Eq. 10)
X5 =0.03—
5 kg

In the equations above X; [:%g] is the concentration of salt in 1 to n-stream (the numbering is

the same as in Figure 26).

To be able to solve this system of equations, it is necessary to determine the recovery rate of
the reverse osmosis membrane RRp,. The recovery rate is calculated in segment Reverse
Osmosis Membrane in this chapter. The system now contains 11 unknown parameters and 11
equations, therefore it is possible to solve this system.

Pretreatment

In the pretreatment section the intake seawater goes through a sequence of smaller procedures.
The first procedure is chlorination (dosing). Chlorine added to the seawater stream reacts with
water and creates hydrochloric acid, which dissociates and oxidizes the microorganism present
in the seawater. Then, the chlorinated water is dechlorinated by adding bisulfite to prevent
destroying the membrane. The second procedure is filtration, where larger particles are filtered
out. The third procedure is the addition of antiscalants to prevent formation of scales. This part
of the process is not included in the design.

Reverse Osmosis Membrane

Regarding the type of RO module, single-stage unit was selected with 3 parallel elements
(branches). The selected membrane is spiral-wound vessel M-S4040A shown in Figure 27 (the
datasheet can be found in Appendix I). The dimensions of the membrane are 4 inches in
diameter and 40 inches in length by the company Applied Membranes Inc. The biggest
advantage of this membrane element is that it offers high salt rejection rates of 99.4% at
minimum.

Figure 27 Single element membrane AMI M-S4040A (taken from Appendix 1)

The membrane has a permeate flow rate of 7.38 m?/day, the recovery ratio of a single element
is 8% at 55 bar pressure. The maximum pressure drop across the element is 1 bar. The minimum
recovery rate has been selected at 40%. The number of passes is calculated using
equations 12 and 14.
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Ve (Eq. 12)
RRtotal

Ve

. 3
Where Vp [mT] is the permeate flow which is determined by the permeate flow of a single

element and the number of parallel elements, and RR;,:4; [—] is the total recovery rate of the
unit which is calculated equation 13 defined by Vince et al. [47]:

np k-1
RR,,; = RR; + Z RR,, - 1_[(1 —RR) (Eq. 13)
k=2 =1

Where RRj, is the recovery rate of element number k, np [—] is the number of passes.

The number of passes was determined by incrementing the np parameter in the equation until
the total recovery rate parameter was above the minimal desired value of 40%.

High-Pressure Pump

The selection of a HPP is determined by the necessary input pressure of the membrane which
is around 55 bar in this case. After market research it has been decided that the proper HPP for
this application is APP (W) 5.1 by the company Danfoss A/S (the datasheet is shown in
Appendix 2. The pump is able to create a maximum outlet pressure of 83 bar; and has an
electrical power input of 15 kW at maximum speed and pressure. Another advantage of this
pump is the possibility of easy installation of energy recovery device. For that the HPP must be
equipped with a dual shaft electrical motor.

The selected HPP is shown in Figure 28.

Figure 28 Danfoss APP (W) 5.1 high pressure pump [48]

Energy Recovery

To reduce the necessary energy input of the HPP, the system highly benefits from installation
of an ERD. Danfoss A/S offers ERDs that are compatible with the APP pump series and are
suitable for lower flow rates. In this case, the hydraulic motor APM 2.5 has been selected (the
datasheet is shown in Appendix 3. The maximum volumetric flow rate up is 2.69 m>/h and the
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maximum recovered power is 5.3 kW at max. speed and pressure. The installation schematics
of the APM energy recovery (ER) motor coupled with the APP pump is displayed in Figure 29.

Feed
Figure 29 Installation of the APM motor and the APP pump (reference to Appendix 3)

The APP pump and APM ER motor are mounted on the dual shaft motor. The brine line is
connected to the ERD device, which utilizes the brine flow to recover energy.

Post-Treatment

In the post-treatment phase, calcium and magnesium are added to the produced water as well
as disinfection. The produced water is stored in two 5 m> water storage tanks. The total water
storage capacity is 10 m®, which is approx. one half of the total daily water production.

4.2.2 Variant B—- MVC Unit with NF Pretreatment

The scheme of proposed variant is displayed in Figure 30. In this variant, the system works as
follows: the feed seawater is pumped through a particulate filter to filter out larger solid
particles, the filtered water flows through a pump, which increases the pressure of the water up
to get through the membrane. The required pressure of 50 bar has been selected in order to
achieve salt rejection rate high enough to prolong the service life of the evaporator as well as
prolong the time between membrane changes. Then, the stream is divided into two separate
streams in 50/50 ratio. Both streams are preheated in parallel heat exchangers (first by newly
produced water from the evaporator, second by brine from the evaporator). The preheated
streams then enter the single-stage evaporator where they evaporate below atmospheric
pressure. The vapor is compressed by a centrifugal vapor compressor which turns said vapor
into superheated vapor which later condensates and releases heat to newly incoming feedwater.
Temperature and pressure values of streams 11, 12, 13 were taken from [49]. For other streams
they were estimated or calculated from energy balance equations.

The calculation considers heat losses to be negligible.
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Figure 30 Variant B scheme

Material Balance

The first step in designing this variant is the material balance of the system. The balance follows
the assumptions and boundary conditions listed at the beginning of this chapter 4.2. The balance
has been calculated in steady state conditions and can be described by the following system of
equations (Egq. 14-46):

M1 = M, (Eq. 14)
\ M Eq. 16
o, = Mo (Eq. 16)
RRyp
M5 = M; — 1\/'14 (Eq. 18)
M6 = M'15 (Eq. 19)
. My, (Eq. 20)
M, =—
7T 2
. My (Eq. 21)
Mg = —
87 2
My = My, — Mg (Eq. 22)
M‘10 = 1\/'19 (Eq. 23)



M, (Eq. 24)

M1 = R Re
M., = M, (Eq. 25)
Moy = M, (Eq. 26)
M., = Mg + M (Eq.27)
s =V 2 (Eq. 28)
Mo, = M, (Eq. 29)
M,y = M, (Eq. 30)

) < [kg] - . .
In equations above, M; , [Tg] is the mass flow rate in 1 to n-stream from Figure 30, RRyr [—]
is the recovery ratio of the nanofiltration module, RRyyc [—] is the recovery ratio of the

. 3
evaporation and condensation module (MVC section), 1, [;%/] is the daily production capacity

of the system, pp [%] is the density of the produced water, and OT [%] is the operating time

per day.
X=X, (Eq. 31)
X, = X3 (Eq. 32)
X, =Xs-(1—-SR) (Eq. 33)
X5 = M; 'X31\; M, - X, (Eq. 34)
5
X¢ = Xi5 (Eq. 35)
X, =X, (Eq. 36)
Xg = X (Eq. 37)
My Xy — Mg~ Xe (Eq. 38)
9 = M,
X10 = Xo (Eq. 39)
X1 =X, (Eq. 40)
X, = Xg (Eq. 41)
X13 = X1z (Eq. 42)



_ Myo-Xp0+ Ms - X (Eq. 43)

My,
X1s = 0.03 % (Eq. 44)
X16 = X7 (Eq. 45)
X17 = Xg (Eq. 46)

In the equations above X; , [,;ig] is the concentration of salt in 1 to n-stream from Figure 30;

and SR [-] is the salt rejection rate.

To be able to solve this system of equations, it is necessary to define some of the parameters of
the system such as: the recovery ratio of mechanical vapor compression RRy, - of 40% based
on literature [50], the recovery ratio of nanofiltration RRyr of 90 % and salt rejection rate SR
of 40%, which have been both selected based on literature [51]. That means that the system of
equations now contains 34 unknown parameters and can be described by 34 equations, thus this
system of equations has a solution.

Preheater

In order to start the MVC process, it requires an external thermal energy source. The selected
energy source is electric water heater Model ME by the company Hubell Heaters. The water
heater is specifically designed for marine use in a remote or offshore environment and has a
heating power output of 12 kW.

This water heater is only used when turning on the desalination unit. After the unit generates
enough flow rate of distilled water to create the necessary temperature difference in the heat
exchangers to recover the thermal energy, the heater is turned off. The necessary electricity
required to run this heater is supplied by the PV system.

Nanofiltration Pretreatment

The first part of the design is the selection of the nanofiltration membrane and the high-pressure
pump. The purpose of this pump is to create enough pressure to get the seawater through the
nanofiltration module and achieve the desired salt rejection rate of 40%.

The NF pretreatment consists of a single-stage one pass module. The selected membrane is
FilmTec™ NF-3838/30-FF by the company DuPont, which offers a maximum cross-flow of
6.8 m*/h, maximum operating pressure of 54.8 bar and a pressure drop of 1 bar.

The NF module is equipped with a high-pressure pump CRN 5-16 A-FGJ-A-E-HQQE (see
Figure 31) by the company Grundfos, which is able to pressurize the feed water up to 9.8 bar
at the flowrate calculated in the material balance. Using the Grundfos pump curve tool it was
calculated that the necessary power input of the pump is approx. 2 kW (see charts in Appendix
4).
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Figure 31 Grundfos CRN 5-16 A-FGJ-A-E-HQQE pump [52]

Compressor

The next step in designing this system is the calculation of the compressors performance and
power consumption. The purpose of the compressor is to increase the pressure of incoming
steam, thus creating superheated steam. The performance of the compressor is calculated in
equation 47 below:

W, = M12 - (hyz — hqp) (Eq. 47)

In this equation, M 5 [kTg] is the mass flow rate of the steam through the compressor, hq3[k//kg]

is the specific enthalpy of the steam feed, hy4[kJ/kg] is the specific enthalpy of the superheated
steam. Values of both enthalpies were obtained from steam tables and are based on temperatures
of vapor and superheated vapor of a typical MVC system from [49].

The power consumption of the compressor is calculated in equation 48:

W (Eq. 48)
P.=—
Ne

In this equation, W, [kW1] is the performance of the compressor, n.[—] is the efficiency of the
compressor, which was assumed to be 80%.

Evaporator

The next step is to calculate the heat transfer area. The reason why this parameter is important
in this design is that it affects the size and overall cost of the device.

The heat transfer area can be calculated using the equation 49:

A = Mg Lg + Mg - Cpv " (Trz — Té) (Eq. 49)
¢ Ue (Ts — To)
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In this equation, Lg [é] is the latent heat of stream 6, ¢, [kg—]K ] is specific heat capacity of the

vapor, T;3[°C] is the temperature of the superheated steam, T¢[°C] is the temperature of the
. kW . .
stream 6 (distilled water), U, [m‘;;] is the overall heat transfer coefficient of the evaporator,

which has been assumed to be 5 kW/(m?K).

Energy Recovery Section

The energy recovery section consists of two heat exchangers (HE). Plate-and-frame type of
HEs was selected in both cases. The performance of distilled water heat exchanger (PHE) can
be calculated using either eq. 50 or eq. 51 (energy balance):

Pprg = Mg - cpp - (Tg — T1s) (Eq. 50)
Ppug = M7 *Cpsw* (T16 — T5) (Eq. 51)

) . Tkg] . . . Tkg] .
In these equations, M [Tg] is the mass flow rate of the distilled water, M, [Tg] is the mass flow
) kj 1. ) )
rate of the seawater entering the heat exchanger, Cpp [—kg]K] is the specific heat capacity at

isobaric conditions of the distilled water, c,gy 2| is the specific heat capacity at isobaric
p kgK

conditions of seawater, T;5[°C] is the temperature of distilled water leaving the heat exchanger
(stream 15), T,[°C] is the temperature of seawater entering the heat exchanger (stream 7),
T16[°C] is the temperature of preheated seawater (stream 16).

The performance of brine water heat exchanger (BHE) can be calculated using either eq.52 or
eq. 53 (energy balance):

Ppup = Ms “Cpsw (Ty; — Tg) (Eq. 52)
Ppyp = M9 “Cpp° (To — T1o) (Eq. 53)

. . [kg] . .
In these equations, Mg [Tg] is the mass flow rate of seawater entering the heat exchanger (stream

. [kg] . . . ki . .
8), My [Tg] is the mass flow rate of brine entering the heat exchanger, ¢, [kg—]K] is the specific

heat capacity at isobaric conditions of the brine, Tg[°C] is the temperature of seawater entering
the heat exchanger (stream 8), T4[°C] is the temperature of brine entering the heat exchanger
(this temperature is calculated through specific enthalpy of the brine stream, which can be
obtained from brine tables [53], also shown in Appendix 5), T;4[°C] is the temperature of brine
leaving the heat exchanger (stream 10), T;,[°C] is the temperature of preheated seawater
leaving the heat exchanger (stream 17).

The heat transfer area affects the size and capital cost of these heat exchangers (cost of the heat
recovery section). The heat transfer area of both HEs is calculated using equations 54 and 55:

Ppyg (Eq. 54)
A = [m?]
PHE Uphe - ATlm,PHE
Pgug Eq. 55
Apyg = [mz] (Eq.55)

Ugne ATlm,BHE
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In these equations, Upyg [m—?;] is the overall heat transfer coefficient of the distilled water heat

kw . . .
exchanger, Ugyg [m_?;{] is the overall heat transfer coefficient of the brine heat exchanger,

ATy pue [K] 1s the logarithmic mean of the temperature difference of the distilled water heat
exchanger, AT, pyg [K] is the logarithmic mean of the temperature difference of the brine heat

exchanger. Since the HEs are in plate-and-frame configuration, the selected overall heat transfer
area was selected to be 4 kW/(m?K).

The above-mentioned logarithmic means can be obtained from equations 56 and 57:

(Ts — T1g) — (Tys — T7) (Eq. 56)
ATym,pue = T —T [K]
In L8 16
Tis =17
(To = Ty7) — (Tyo — Tg) (Eq. 57)
ATym,HE = To — T [K]
In =2 17
Tyo—Ts

Where T;[K] is the temperature of i-stream.
Post-treatment
In the post-treatment phase calcium and magnesium are added to the produced water, which is

then stored in two 5 m> water storage tanks. The total water storage capacity is 10 m?, which is
approx. one half of the total daily water production.
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4.3 PV System Design

The design of the PV system consists of three main steps: PV field design (module selection
and field sizing), selection of inverters, and battery selection.

The time of operation was assumed to be 12 hours per day, 355 days of the year.

4.3.1 PV Module Selection & Field Sizing

The idea behind selecting the right type of panels is that the panels should have high efficiency
as well as high power output and size. High efficiency of PV panels reduces the total number
of panels necessary and higher power output and panel size reduces costs related to frames and
mounting.

The reference panel used for designing the PV system is Q.PEAK DUO XL-G11S 580 (shown
in Figure 32) by the company Qcells USA Corp. with performance 580 kWp and surface are
of 2.64 m? (reference to datasheet in Appendix 6).

Figure 32 PV panel Q.PEAK DUO XL-G11S 580 (edited from Appendix 6)

The design of the PV system must take into account the location of the desalination unit, since
it directly affects the electrical energy output of the panels. The properties of the PV systems
of both variants were calculated using values of total solar irradiance (TSI) ranging from 1,500
to 2,150 kWh/m?. The value of TSI used for the purposes of the techno-economic study is set
at 2,150 kWh/m?, since the proposed desalination unit is likely to be implemented in locations
with similar TSI values'®.

Total annual consumption of electrical energy of the unit is calculated in eq. 58:

_ Piorar - OT - ODA (Eq. 58)

[MWHh]

10 Countries with high levels of long-term water scarcity (f.e. Egypt, Saudi Arabia, Turkey) also have high solar
irradiation levels as well (ranging from approx. 2000-2500 kWh/m?) [54].
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Where P;,rq1 [KW] is the total necessary input power of the unit (necessary electrical power

. . h. . . .
input minus energy recovered)'!, OT [@] is the operating time per day in hours per day,
days

ODA [ ] is the number of days of operation annually.

year

The total electrical input is calculated in eq. 59:

E
EPV — total [MWh] (Eq. 59)
Npy
Where np,[—] is the efficiency of the photovoltaic module.
The total surface area of the PV field is calculated in eq. 60:
_ 1000 Epy (Eq. 60)
Apy = TSI [m*]
Where TSI [kT:/Zh] is the total solar irradiance.
The number of PV modules is calculated in eq. 61:

Where Apyy [m?] is the surface area of one PV module.

Since the unit itself is expected to have smaller proportions, the PV panels could be put around
the unit with consideration to the fact that the unit could shield the immediate surroundings
from direct sunlight.

4.3.2 Inverter Selection

The next important component of the PV system is the selection of the inverter. The inverter is
selected so that the DC power input of the inverter is 20-30% bigger than the power output of
the PV modules.

For the PV system of variant A two SE100K (shown in Figure 33) and one SE66.6K inverters
by the company SolarEdge are selected. The maximum inverter efficiency stated by the
manufacturer is 98.3% (see Appendix 7).

For the PV system of variant B a combination of five SE100K inverters (as in variant A above)
and one SE90K inverter are selected.

' Tn calculations of variant A, the values used were taken from the datasheets.
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Figure 33 SE100K inverter by SolarEdge [55]
4.3.3 Battery Selection

For both desalination units, the set requirement for battery sizing is that the battery would be
able to supply at least 10% of the daily energy consumption of both units. The selected batteries
are Battery-Box Premium LVS 12.0 for variant A and a combination of Premium LVS 24.0 and
Premium LVS 8.0 for variant B. The Battery-Box Premium batteries are all made by BYD
Company Limited. The datasheet page is in Appendix 8.

4.4 Techno-Economic Study

In this section of the thesis, the economic aspect of both designed units is discussed. In order to
evaluate and compare the units, it is important to determine for both designed units the capital
cost, the operating cost, and the potential profit. Based on these numbers, it is possible to
calculate basic economic parameters such as the return of investment (ROI) from equation 62,
payback time from equation 63.

Crotar (Eq. 62)

ROI =
ACyp

[%]

In the equation above, Cyytq; [$] is the total initial investment, AC4p [$] is total accumulated
cash after economic assessment period.

Ctotal (E(]- 63)

PP =
CF

In the equation above, CF [%] is cash flow per year. In other words, the difference between

annual profits and operating costs.

Discount rate and inflation factors are not considered in this study.

4.4.1 Capital Costs

The capital costs (CC) consist of two main categories: cost of equipment (desalination
technology), cost of the PV system, cost of labor, and other costs. Cost of land is not considered.
The cost of equipment is determined by summarizing the purchase prices of all the equipment
— the purchase prices can be either calculated or estimated. The cost of the PV system is
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calculated separately from the equipment cost. For the purposes of this techno-economic study
the labor cost is calculated as 150% of equipment cost in evaluations of both variants. Other
costs have been estimated.

Variant A
Capital cost of variant A can be divided into the following sections:

e  reverse 0SMosis,
e  cnergy recovery,
e pretreatment,

e post-treatment.

The selected price of one RO membrane is $440 taken from [56].
Equipment costs of other sections have been estimated.

Variant B
CC of variant B can be divided into the following sections:

mechanical vapor compression,
energy recovery,

preheating,

nanofiltration pretreatment,
post-treatment.

The cost of MVC section consists of two components (price of evaporator and the compressor).
The price of the evaporator has been estimated based on market research and the price of the
vapor compressor has been estimated by calculating eq. 64 [50].

pout) _ ( e )0'7 (Eq. 64)

CCC=7364-M,,-<
1_770

Pin

) . kg . .
In this equation, M,, [Tg] is the mass flow rate of vapor, p,,: [bar] is the pressure of superheated

steam (leaving the compressor), p;, [bar] is the pressure of steam (entering the compressor),
n¢[—] is the efficiency of the vapor compressor.

The cost of energy recovery section consists of two components (price of PHE and BHE). Prices
of both components have been estimated by calculating equations 65 and 66 respectively [50].

CCpyz = 1000 - (12.86 — A%8, (Eq. 65)
CCpur = 1000 - (12.86 — A%8, (Eq. 66)

In these equations, Apyz[m?] is the heat transfer area of the PHE, Agy;[m?] is the heat transfer
area of the brine.

The cost of NF pretreatment consists of two components (price of the high-pressure pump and
nanofiltration module). The price of the HPP was estimated to be approx. $3,780 [57]. The price
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of nanofiltration is based on a price of similar membranes on the market was chosen to be $450
[58]. The capital cost of the nanofiltration module has therefore been estimated to be $600.

Equipment costs of other sections have been estimated.
PV System

Capital cost of the PV system is determined by the unit price per module, number of modules,
price of the inverter, price of a battery, and cost of additional equipment such as a controller,
cables and wiring etc. The price range of a single PV panel proposed in 4.3.7 is approx. $305
to $529 [59] [60], the selected price based on this range for one PV panel is $350. The number
of modules was also determined in chapter 4.3. /. The total price of the PV field is calculated in
equation 67:

CCpyr = Npy " UPpyy (Eq. 67)

Where UPpyy [$] is the unit price per PV module.

The prices of inverters CCjyy [$] are taken from [55]. The prices of batteries are taken from
mg-solar-shop website [61].

4.4.2 Operating Cost & Revenue Streams

The operating cost consists primarily of the maintenance cost, which has been estimated to be
$5,000/year, and the cost of chemicals, which can be calculated as approx. $0.25/m?* of product
water [62]. Another expense associated with the operation is the membrane replacement — every
5 years for membranes in variant A and every 6 years for nanofiltration membrane in variant
B. The calculation also considers the replacement of the PV system after 20 years.

The revenue of the desalination unit is generated by selling the water produced. The typical
price of water for units of similar capacity is $5.6-$12.9/m> [63]. The unit price of freshwater
was set to be $5/m? for both units to compare the key economic parameters.

4.5 Environmental Impact Assessment Methodology

In this chapter, the methodology of the environmental impact assessment of the designed unit
is presented. As stated in the theoretical part of this thesis, desalination is a very
environmentally impactful process and that is why the environmental factor should be taken
into account before manufacturing and installation. Therefore, the objective of the assessment
is to analyze the impacts of the manufacturing and operation of the designed unit.

The scope of the assessment is illustrated in Figure 34 and contains two parts. The first part of
the assessment encompasses impacts of the manufacturing of unit’s equipment materials. In
order to conduct this part of the assessment, it was necessary to obtain data and information
about the materials of each component of the unit — mostly from manufacturer datasheets and
published scientific literature. The second part of the assessment concerns impacts of the unit’s
energy consumption. In the second part, the impacts of the energy produced by the PV panels
is compared to two scenarios: 1) the energy consumed by the unit is produced by the European
energy market — RER energy mix, 2) the energy consumed by the unit is produced by the Czech
energy market — CZ energy mix. The reason for including the additional two energy supply
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scenarios is to compare the impacts of PV energy (renewable energy) production to other energy
sources. Comparing the energy sources between each other offers a broader context and better
illustrates the contrast between environmental impacts of renewable energy sources and
conventional sources, which is important to understand, since the energy consumption of
desalination processes is high.

Since the design of the desalination unit does not consider any specific location, the impacts of
transportation and construction are not a part of this assessment. Pretreatment and post-
treatment chemicals were also not included as these parts of the desalination unit were not dealt
with in detail in this design.

The functional unit used in this assessment is 1000 m> of desalinated water.

i
I
Chemical Production > |
|
Operation T , 1000 m3 of
| 1 freshwater
| Energy Production = 1
: Desalination |
Unit 1
I
I Component Materials |
Production L |
& == === —= = == = ,
Construction L
Construction and - [
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Shipping e
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End of Disposal
Service Life P
— - — — System Boundary R — Materai Eiow

Figure 34 Environmental Assessment Boundaries

The assessment has been conducted using openLCA software (version 1.11.0) and Ecolnvent
3.8 database, which contains data about different materials, emissions, methods and processes.
The used impact assessment method was the CML method, which classifies environmental
impacts into 11 impact categories:

e abiotic depletion — depletion of natural non-fossil resources such as ores or minerals
(the reference unit is the equivalent to 1 kg of extracted antimony)

e abiotic depletion (fossil fuels) — depletion of abiotic fossil fuels (the reference unit is
MJ)

e acidification — indicator the potential acidification of soils and waters by gases (the
reference unit is kg SO equivalent)

e cutrophication — indicates the potential enrichment of surface waters by nutrients (the
reference unit is kg PO4 equivalent),

e freshwater aquatic ecotoxicity — impact of toxic chemicals released into the environment
on freshwater organisms (the reference unit is kg 1,4-dichlorobenzene (1,4-DB)
equivalent),

e global warming (global warming potential) — indicates the potential global warming due
to emissions of greenhouse gases (the reference unit is kg CO» equivalent),

e human toxicity — the impact of toxic chemicals on humans (the reference unit is kg 1,4-
DB equivalent),
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e marine aquatic ecotoxicity — the impact of toxic chemicals released into marine
environments on marine ecosystems (the reference unit is kg 1,4-DB equivalent),

e ozone layer depletion — indicates emissions of chemicals that cause the destruction of
ozone layer (measured in kg trichlorofluoromethane (CFC-11) equivalent,

e photochemical oxidation — indicates the emissions of gases that cause the creation of
photochemical ozone in the lower atmosphere (the reference unit is kg ethene (C2H4)
equivalents),

e terrestrial ecotoxicity — indicates the release of toxic chemicals (like pesticides) into
terrestrial ecosystems (the reference unit is kg 1,4-DB equivalent).

Regarding the assessment results, it had been expected that the comparison between various
energy sources would show a significant difference between the impacts of solar energy and
electric grid mixes — the CZ energy mix in particular, since fossil fuels amount to 54% of the
energy mix (data from 2021)'? [64].

12 The fossil fuel representation in the CZ energy mix ranged from 52.5-59.5% annually since 2013 [64].
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5 Results & Discussion

In this chapter, the basic design results of both units are summarized and presented. The design
mainly focused on desalination technology equipment and PV system. The results are also
supplemented by economic analysis, which evaluates basic economic parameters. At the end of

the chapter, the environmental impact assessment results are presented and discussed.

5.1 Basic Design Calculations

5.1.1 Variant A

The first step in the basic design of variant A was the material balance calculation. The table
material balance and RO parameters (7able 4) is based on the scheme in Figure 26. The mass
flow rate of intake seawater is 4,213 kg/h and has a salinity of 35,000 ppm. This stream flows
into the RO membranes which divide it into two streams (permeate and brine). The total

permeate flow rate is 1,837.6 kg/h.

Table 4 Material Balance and general desalination properties — variant A

Material Balance

Stream [kz/;h] X [g/kg] [pl))(m] Stream type
1 4,213.0 35.0 35,000 | raw seawater
2 4,213.0 35.0 35,000 | filtered seawater
3 4,213.0 35.0 35,000 | high pressure (HP) seawater
4 2,375.4 61.8 61,844 | HP brine
5 1,837.6 0.3 300 permeate
6 2,375.4 61.8 61,844 | brine to discharge

General Desalination Properties

daily desalination capacity 22.1m’
number of parallel branches 3
number of passes 6
total feed seawater flow rate 4.1 m*h
total permeate flow rate 1.8 m*h
total brine flow rate 2.3m*h
recovery ratio 44.8%
minimum salt rejection rate 99.4%

Note: The ratio of the unit conversion of salt concentrations is 1000 g/kg = 1 ppm.
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The energy requirements and parameters of the designed unit are shown in Table 5. To achieve
these results, the electrical power inputs had to be determined based on the total operating time.
As per Table 5 Energy demand parameters — variant ATable 5, the HPP has the highest
electrical power input of 15 kW, which is relatively high, since the design considers the
maximum power input from the datasheet. The expected power input would be lower. Some of
the energy (approx. 5.3 kW) is recovered by the ER motor. The item “other” takes into account
additional energy demand caused by the unit such as the control unit, other electronics or energy
losses.

Table 5 Energy demand parameters — variant A

Electrical Power Requirements
Device Electrical Power Input
high pressure pump 15.0 kW
energy recovery -5.3 kW
other 0.3 kW
Total 10.0 kW
Energy Requirements
specific energy consumption 5.6 kWh/m?3
daily consumption 120 kWh/day
annual consumption 42,600 kWh/year

Based on calculated results, the required power input is 10 kW. Needless to say, the calculated
power input is higher than it would be in reality, since the assumed power input of the HPP
which was taken from the datasheet is the maximum energy input at maximum speed and
pressure. This assumption increases the specific energy consumption, which is 5.6 kWh/m? and
is still within the range of similar RO plants — the typical energy consumption per m> of water
produced of a RO desalination plant is 2-6 kWh/m? [12] [65]. The total annual consumption is
42.6 MWh considering the afore-mentioned 355 days of operation.

The results of energy demand obtained above have been used in calculation and sizing of the
PV system. The results of PV system sizing are shown in Table 6, which also puts into context

the relationship between the PV field surface area and the total solar irradiance.

Table 6 PV system parameters — variant A

'f::::ﬁs;:ll:;' Number of | PV Field Su;‘face EE Power PV Field Cost
[KWh/m?] panels [-] Area [m?] Output [KW,] [USD]
1,500 51 134.6 295.8 17,850
1,750 44 116.2 255.2 15,400
2,000 38 100.3 220.4 13,300
2,150 36 95.0 208.8 12,600
inverters — maximum DC power input 269.2 kW
battery capacity 12 kWh

Since it is assumed that the unit would be operating in an area with low freshwater availability
and higher sunlight exposure, the design takes into account the results with the highest total
solar irradiance. Therefore, the calculated PV system consists of 36 panels with a total power
output of 208.8 kW), which is higher than typical RO units of similar capacity, although not
uncommon. The typical range of the kW,-to-daily capacity ratio is between 0.2-14.6 kW,/m’
[63]. In this case, the ratio is equal to 9.3 kW,/m>. The surface area of the PV field is 95 m?.
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The power from the PV panels is distributed to the inverters with a maximum DC power input
0f 269.2 kW, which is approx. 28.9% higher than the power output of the PV panels.

5.1.2 Variant B

The results of material balance of variant B are displayed in Table 7. The mass flow rate of
intake seawater is 3,689 kg/h and has a salinity of 35,000 ppm. This stream flows first into the
NF pretreatment. Then the pretreated seawater at the total flow rate of 3,320 kg/h flows into
two heat exchangers where it is preheated before entering the evaporator. The total distilled
water (produced water) flow rate is 1.7 m*/h, while discharging 1.9 m>/h of brine.

Table 7 Material Balance and general desalination properties— variant B

Stream M X
number | [kg/h] X, [g/kg] [ppm] Stream type

1 3,688.9 35.0 35,000 | raw seawater

2 3,688.9 35.0 35,000 | filtered seawater

3 3,688.9 35.0 35,000 | pressurized seawater

4 3,320.0 21.0 21,000 | pretreated seawater

5 368.9 161.0 161,000 | high concentration (HC) brine

6 1,660.0 0.01 10 distilled water

7 1,660.0 21.0 21,000 | pretreated seawater

8 1,660.0 21.0 21,000 | pretreated seawater

9 1,660.0 42,0 41,990 | high temperature (HT) brine

10 1,660.0 42.0 41,990 | low temperature (LT) brine

11 3,320.0 21.0 21,000 | HT seawater

12 1,660.0 0.01 10 vapor

13 1,660.0 0.01 10 superheated vapor

14 2,028.9 63.6 63,628 | brine to discharge

15 1,660.0 0.01 10 chilled distilled water

16 1,660.0 21.0 21,000 | HT seawater

17 1,660.0 21.0 21,000 | HT seawater

General Desalination Properties

daily desalination capacity 20 m?
total feed seawater flow rate 3.6 m’h
total flow rate of produced water 1.7 m*h
total brine flow rate 1.9 m*h
nanofiltration recovery rate 90%
mechanical vapor compression recovery rate 50%
total recovery rate 45%

Note: The ratio of the unit conversion of salt concentrations is 1000 g/kg = 1 ppm.

The energy demand parameters and calculated equipment properties are shown in Table 8. After
assuming the heat transfer coefficients of the evaporator and both heat exchangers it was
possible to calculate the heat transfer surface area and heating power of all three thermal
devices. As far as the electrical devices are concerned, the compressor has the highest electrical
power input of 20.8 kW. Since the power input is based on theoretical calculation and assumed
total efficiency of 80%, it is likely that a custom-built compressor with higher efficiency and
compression ratio would have a lower input power.
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Table 8 Energy demand parameters — variant B

MVC & ER

Device Heat Transfer Heat Transfer Heating

Coefficient Surface Area Power
evaporator 5 kW/m?K 35.8 m? 1,075 kW
PHE 4 kW/m’K 1.7 m? 118 kW
BHE 4 kW/m2K 4.5 m? 103 kW

Electrical Power Requirements
Device Electrical Power Input
compressor 20.8 kW
high pressure pump 2.0 kW
other 0.2 kW
Total 23.0 kW
Energy Requirements

specific electric energy consumption 13.8 kWh/m?
daily electric energy consumption 275.4 kWh/day
annual electric energy consumption 97,767 kWh/year

The total electric power input required was calculated to be 23 kW and the largest energy
consuming device is the compressor and it accounts for 90.4% of the total power requirements.
The specific electric energy consumption is 13.8 kWh/m?, which is within the typical range for

smaller MVC plants (9-15 kWh/m?®) [12] [66].

The results of energy demand obtained above have been used in calculation and sizing of the
PV system. The results of PV system sizing are shown in Table 9, which also puts into context
the relationship between the PV field surface area and the total solar irradiance, similarly to
variant A. Since the specific electric energy consumption of this variant is higher than variant

A, the total size of the PV system is larger.

Table 9 PV system parameters - variant B

Solar Irradiance | Number of PV Field EE Power PV Field Cost
[KWh/m?| panels [-] | Surface | Output S|
Area [m?] [kWy]
1,500 116 306.2 672.8 40,600
1,750 99 261.4 574.2 34,650
2,000 87 229.7 504.2 30,450
2,150 81 213.8 469.8 28,350
inverters — maximum DC power input 595.7 kW
battery capacity 32.3 kWh

The expected solar irradiance was chosen 2,150 kWh/m? (for reasoning see chapter 5.7.1). The
PV system consists of 81 PV panels with a total power output of 469.8 kW,. The total surface
area of the PV field is 213.8 m?. The selected inverters have a total maximum DC power input

of 595.7 kW, which is approx. 26.8% higher than the power output of the PV panels.
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5.2 Economic Analysis

In this chapter the results of the techno-economic study are summarized and discussed. Analysis
of the capital costs, operating costs, cashflow and economic parameters needs to be done to
select the desalination unit variant for the environmental impact assessment. The total
investment cost, operating costs and revenue streams of each unit are then used in calculations
of cashflow and cumulative cashflow.

Equipment prices are mostly estimations and could change if the units were to be built
practically. The price of labor makes up 60% of the total investment and is the biggest expense

in both cases regarding the capital cost. The assembly and commissioning costs are dependent
on specific pricing details that are negotiated between the customer and the contractor.

5.2.1 Variant A

Overview of capital costs of unit variant A (RO) and variant B (MVC) is shown in Table 10.
The inventory consists of specific products or items with estimated cost.

Table 10 Capital costs — variant A

Section Equipment Cost [$] Note
AMI M-S4040A membranes 7,920 | membrane price from [56]
ORsesrlle(f:ies Danfoss APP 5.1 high-pressure pump | 3,000 | estimated
Dual shaft electric motor 1,000 | estimated
Energy Danfoss APM 2.5 motor 3,000 | estimated
Recovery
Pretreatment | Pretreatment equipment 1,000 | estimated
Post-treatment | Water storage tanks 1,000 | estimated
Panels Q.PEAK DUO XL-G11S 580 | 12,600 | panel price based on [59] [60]
PV System Inverters SolarEdge 14,790 pr%ce from [55]
Battery-Box Premium LVS 12.0 9,310 | price from [61]
Cables and wiring 1,000 | estimated
Other Valves and piping 2,000 | estimated
Sensory and control devices 2,000 | estimated
Labor Assembly and commissioning 87,930 | 150% of the equipment cost
Total 146,550 -

The total investment cost regarding the variant A desalination unit (reverse osmosis) is
approximately $146,550. The total cost of the desalination technology (sections: reverse
0smosis, energy recovery, pretreatment and post-treatment) is $16,920 and makes up
approximately 11.6% of the total investment. The total cost of the PV system is $36,700 and
makes up approx. 25% of the total investment. The most expensive items are the inverters which
make up 12% of the total investment. The potential for decreasing the investment costs is
mainly in finding equipment sold at a lower price (or locally manufactured and distributed).
Another way of lowering the investment cost is by lowering the cost of labor.

The operating costs and revenue streams of variant A are shown in 7able 11. Annual costs
associated with the operation are mainly general maintenance costs and the cost of chemicals
used for pretreatment of seawater. The replacement of membranes is also counted as part of the
operating costs. The reinvestment into the PV system is also taken into account after 20 years
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of operation. The main and only income stream is the sale of drinking water which is $35,500
per year if the considered price of drinking water is $5/m>.

Table 11 Operating Costs and Revenue Streams of Variant A

Type Value Frequency Note
General Maintenance & Operation $5,000 per year estimated
Pretreatment Chemicals $1,775 per year calculated based on [62]
Membranes Replacement $7,920 every 5 years | calculated based on [56]
HPP and ERD Replacement $6,000 after 10 years | based on chapter 4.4.1
Battery Replacement $36,700 | after 10 years | based on chapter 4.4.1
Revenue Streams
Drinking Water Sale | $35,500 ‘ per year ‘ calculated
Balance
Average revenue'’ | $26,376 | per year | -

The average net revenue (not considering the initial investment) is $26,376 per year, which is
approximately 18% of the initial investment. The total generated income after the assessed
period (20 years) is $527,510. The potential for increasing the average revenue is in lowering
the price of maintenance, finding cheaper (or more efficient) membranes for replacement on
the market, or increasing the unit price of drinking water. Another income stream could be
added by adding fixed fees such as distribution fees, reserved capacity fees, etc.

5.2.2 Variant B

Overview of capital costs of unit variant B (MVC) is shown in 7Table 12. The inventory consists
of specific products and products with calculated and estimated costs.

Table 12 Capital costs — variant B

Section Equipment Cost [$] Note
MVC Evaporator 53,786 | calculated in chapter 4.4. 1
Compressor 11,201 | calculated in chapter 4.4. 1
Energy Distilled water heat exchanger 14,398 | calculated in chapter 4.4. 1
Recovery Brine heat exchanger 16,199 | calculated in chapter 4.4. 1
Preheating Marine electric water heater 1,400 | estimated
NF Seawater pump 3,783 | estimated based on [57]
Pretreatment | Nanofiltration module 600 estimated
Post-treatment | Water storage tanks 1,000 | estimated
Panels Q.PEAK DUO XL-G11S 580 | 28,350 | panel price based on [59] [60]
PV System Inverters SqlarEdge 29,100 pr%ce from [55]
BYD batteries 23,521 | price from [61]
Cables and wiring 1,000 | estimated
Other Valves and piping 2,000 | estimated
Sensory and control devices 2,000 | estimated
Labor Assembly and commissioning 282,509 | 150% of the equipment cost
Total 470,848 -

13 Costs with payment frequency longer than one year are divided by their payment frequency [number of years]
to obtain the cost per year.
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The total investment cost regarding the variant B desalination unit (mechanical vapor
compression with nanofiltration pretreatment) is approximately $470,848. The total cost of the
desalination technology (sections: mechanical vapor compression, energy recovery, preheating,
nanofiltration pretreatment and post-treatment) is $102,368 and makes up about 21.7% of the
total investment. The total cost of the PV system is $81,971 and makes up about 17.4% of the
total investment. The expenses for the desalination technology equipment (MVC) are higher
compared to variant A — mainly because of the complexness due to the usage of thermal
technology. The most expensive item is the evaporator, which makes up approx. 11.4% of the
total investment. The potential for decreasing the capital cost is mainly in optimizing the PV
system. For the purposes of this thesis, the PV system was designed to be more robust to assure
enough electric energy generation for the designed unit. Another way of lowering the capital
cost could be by lowering the price of labor.

The operating costs and revenue streams of variant B are shown in 7able 13. In comparison to
operating costs of variant A, there is a difference in the cost of PV system replacement and
membrane replacement. There is also another cost added and that is the cost of evaporator and
the heat exchangers cleaning. The main and only revenue stream is the sale of drinking water
which is $35,500 per year if the considered price of drinking water is $5/m?>.

Table 13 Operating Costs and Revenue Streams of Variant B

Type Value Frequency Note

General Maintenance & Operation $5,000 per year estimated

Pretreatment Chemicals $1,775 per year calculated based on [62]
Evaporator & HE cleaning $2,000 every 2 years estimated

Membrane Replacement $450 every 6 years calculated based on [56]
HPP Replacement $3,783 after 10 years calculated based on 4.4.7
Battery Replacement $23,521 after 10 years calculated based on 4.4. 1

Revenue Streams
Drinking Water Sale ‘ $35,500 | per year ‘ calculated
Balance
Average revenue'* ‘ $26,292 | per year ‘ -

The average revenue (not considering the initial investment) is $26,292 per year, which is
approximately 5.6% of the initial investment. The total generated income after the assessed
period (20 years) is $525,846. The potential for increasing the average revenue is in lowering
the maintenance cost and optimization of the PV system replacement, which has been stated
above. Similarly to variant A, more cost-effective membranes would also help to increase the
revenue.

5.2.3 Cashflow Evaluation & Summary

As stated in the methodology chapter 4.4 the economic parameters considered are the payback
period, total cumulative cash after the assessed period, and the return on investment. The values
of these parameters were determined by calculating (and estimating) the capital cost, identifying
the operating cost and income. By putting the determined costs and income together in relation
to time, the cashflow table was obtained (shown in Table 14).

14 Costs with payment frequency longer than one year are divided by their payment frequency [number of years]
to obtain the cost per year.
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Table 14 Cashflow table — comparison

Variant A Variant B
Year Cumulative Cashflow | Income | Expenses Cumulative Cashflow | Income | Expenses
Cashflow S| S| S| Cashflow S| S| S|
[$] [$]

1 -117,825 | -117,825 | 35,500 | -153,325 | -442,123 | 442,123 | 35,500 | -477,623
2 -89,100 28,725 35,500 -6,775 -415,398 26,725 35,500 -8,775
3 -60,375 28,725 35,500 -6,775 -386,673 28,725 35,500 -6,775
4 -31,650 28,725 35,500 -6,775 -359,948 26,725 35,500 -8,775
5 -10,845 20,805 35,500 -14,695 -331,223 28,725 35,500 -6,775
6 17,880 28,725 35,500 -6,775 -304,948 26,275 35,500 -9,225
7 46,605 28,725 35,500 -6,775 -276,223 28,725 35,500 -6,775
8 75,330 28,725 35,500 -6,775 -249,498 26,725 35,500 -8,775
9 104,055 28,725 35,500 -6,775 -220,773 28,725 35,500 -6,775
10 109,550 5,495 35,500 -30,005 -221,352 -579 35,500 | -36,079
11 138,275 28,725 35,500 -6,775 -192,627 28,725 35,500 -6,775
12 167,000 28,725 35,500 -6,775 -166,352 26,275 35,500 -9,225
13 195,725 28,725 35,500 -6,775 -137,627 28,725 35,500 -6,775
14 224,450 28,725 35,500 -6,775 -110,902 26,725 35,500 -8,775
15 245,255 20,805 35,500 -14,695 -82,177 28,725 35,500 -6,775
16 273,980 28,725 35,500 -6,775 -55,452 26,725 35,500 -8,775
17 302,705 28,725 35,500 -6,775 -26,727 28,725 35,500 -6,775
18 331,430 28,725 35,500 -6,775 -452 26,275 35,500 -9,225
19 360,155 28,725 35,500 -6,775 28,273 28,725 35,500 -6,775
20 380,960 20,805 35,500 -14,695 54,998 26,725 35,500 -8,775

The cashflow table shows the expenses, income, cashflow and cumulative cashflow per year in
relation to time. The assessed time period was 20 years. The column Expenses [$] displays the
expenses and reinvestments associated with units operation each year, the column Income [$]
displays the annual total gross income generated by the units, the column Cashflow [$] (total
net revenue annually, roughly speaking) is a sum of the expenses and income. The Cumulative
Cashflow [$8] column displays the current financial state of the investment, as it takes into
account the capital cost and annual cashflow.

Based on the table above cashflow diagrams were obtained (shown in Figure 35 and Figure 36
for variant A and variant B respectively). These cashflow diagrams give a good idea about the
financial viability of both units. It is apparent from the cashflow diagrams that variant A has
lower initial investment cost, while having slightly higher annual cashflow (revenue) than
variant B. Therefore, variant A pays itself back quicker (and the cumulative cashflow turns into
positive numbers) and accumulates more cashflow by the end of the assessment period. In
comparison, variant B has a larger initial investment cost and slightly lower annual cashflow.
Therefore, the payback period is longer than variant A.
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Figure 35 Cashflow diagram of variant A
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Figure 36 Cashflow diagram of variant B

The exact payback period was calculated to be 5.6 years in the case of variant A and 18.8 years
in the case of variant B. The payback period of variant B is approx. 336% longer than the
payback period of variant A. Since there is just a small difference (approx. $84) between the
average annual revenues of both units, it is likely that the large capital cost of variant B (mainly
the MVC section and PV system section) is the main reason behind the difference between the
payback periods.

The total cumulative cashflow after the assessment period (20 years) is $380,960 for variant A
and $54,998 for variant B. From these numbers it is apparent that variant A is more
economically viable and offers up to 260% ROI after the assessment period. In comparison the
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ROI of variant B is 11.7%, which deems this variant unprofitable over the assessment period
based on used calculations and estimates. The overview of economic parameters considered in
this analysis is shown in Table 15.

Table 15 Overview of calculated economic parameters

UI.lit Beturn on | Cumulative cashflow Payb.ack Capital Cost Average Annual
variant | investment after 20 years period Revenue's
A 260.0% $380,960 5.6 years $146,550 $26,376
B 11.7% $54,998 17.9 years $470,848 $26,262

From the economic perspective, the more financially viable desalination unit is variant A —
reverse osmosis unit. The capital cost of variant A is approx. 69% lower than variant B and the
operating cost of variant A is higher by approx. 0.3%. Another advantage of variant A is also
the option to change the price of water and adapt to different market conditions.

One way of improving the economic parameters and making the investment into such
desalination unit attractive is to check and sign up for incentive programs authorized by local
governments. For example, the overall amount of renewable energy subsidies paid by the EU
has reached about €120 billion in 2020 [67]. These subsidies can decrease the total capital cost,
therefore decrease the payback period and increase the ROI.

5.3 Basic Design & Economic Analysis Conclusion

In this section, the results of the design section and the techno-economic study are presented
and discussed, and one designed variant will be chosen as the final variant and selected for the
environmental impact assessment.

Two different small autonomous desalination units have been designed, one with reverse
osmosis technology and one with mechanical vapor compression technology combined with
nanofiltration pretreatment technology. Techno-economic study was conducted on both
variants, which evaluated the OPEX and CAPEX of both units as well as their payback periods
and returns on investment.

Variant A desalinates water by reverse osmosis technology with a total calculated electric
power input of 10 kW and specific power consumption of 5.6 kWh/m?>. The unit is supplied by
a PV field with an electric power output of approx. 209 kW), that consists of 36 panels that
spread out on 95 m? of surface area. The total capital cost was estimated to be $146,550 and the
annual revenue was estimated to be $26,376. The payback period was calculated to be 5.6 years
and the return on investment after 20 years of operation is approx. 260%.

Variant B desalinates water by mechanical vapor compression technology with nanofiltration
pretreatment with a total calculated electric power input of 23 kW and specific power
consumption of 13.8 kWh/m?. The unit is supplied by a PV field with an electric power output
of approx. 470 kW, that consists of 81 panels that spread out on 213.8 m? of surface area. The
total capital cost was estimated to be $470,848 and the annual revenue was estimated to be
$26,262. The payback period was calculated to be 17.9 years and the return on investment after
20 years of operation is approx. 11.7%.

15 Does not consider the initial investment cost.
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Based on the technical properties and calculated economic parameters of both variants the unit
selected for the environmental impact assessment is variant A — reverse osmosis desalination
unit. The overall scheme of the proposed unit is illustrated in Appendix 9. The desalination
equipment (PV panels are not included) should be compact and should be able to fit inside a
shipping container. The PV panels can be placed around the unit and mounted by concrete
blocks, which enables easier construction, assembly and disassembly. If the PV panels were
collected, it would be possible to transport the entire unit efficiently. There is a potential for PV
system optimization, since the used calculation method did not consider any specific location
nor exact power consumption. If the PV system was implemented in a remote settlement, it
would be possible to use them as an electricity source for the settlement. Another advantage of
the higher number of panels is that it mitigates the impact of peak power output decline, which
typically occurs in PV panels over time.

5.4 Environmental Impact Assessment Results

As stated in the methodology chapter, the objective of the environmental impact assessment is
to evaluate the manufacturing and operation of the designed reverse osmosis desalination unit.
The boundaries of the assessment include manufacturing of the materials and energy
consumption of the designed unit per 1000 m*® of desalinated water (the functional unit).

After an extensive literature search and estimations, the life cycle inventory list (in Table 16)
has been created in order to primarily evaluate the Els (stated in the assessments methodology)
of the unit’s manufacturing (the secondary purpose is to conduct the assessment of the energy
production). The inventory lists important devices and equipment and their composition of
materials with weights. As there are reinvestments and purchases of new equipment expected
in its lifetime (also see chapter 5.2.7), these additional materials are included in the inventory
list. Moreover, the total weights of materials were converted to relation to 1000 m?* of product'®,
which is the functional unit of this assessment. Since the location of the unit’s components
manufacturing is unknown, the global market (GLO) was selected as a provider of all materials
in the Ecoinvent database. When the global market option was not available, the European
market was selected (RER).

As far as the material compositions of the equipment is concerned, the largest portion of the
weight is thermally pre-stressed glass, which makes 4.7 kg/1000 m? of product, followed by
steel (including stainless steel and regular steel), which makes total 2.9 kg/1000 m? of product,
assuming that the lifetime of the system is 20 years. Other used materials are various metals,
heavy metals and different types of plastics.

The material assessment results are graphically illustrated in Figure 37 and Figure 38, after
calculating the impacts of different sections of the unit and the total impact per 1000 m> of
product using the CML method. The calculated values of the ozone layer depletion potential
(ODP) impact were very low (in the order of 10 kg CFC-11 eq) across all sections, therefore
it 1s not displayed. Overall, the section with the highest values of negative environmental
impacts is the battery section.

16 The conversion has been done by dividing the total weight of material by the total amount of water produced
during the unit’s lifecycle and then multiplying it by 1000.
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Table 16 Life cycle inventory of RO desalination unit

Total Specific
Section Device Material Weight Weight Reference
[kg] [kg/1000 m?]
fiberglass with polyester resin 43.2 0.3
polyester (PET) with
polysulfone (PSF) layer and 86.4 0.5
RO polyamide (PA) layer 6
Membranes | polypropylene (PP) 25.2 0.2 y [enc]z;ix ;
(4x40") | polyester (PET) 32.4 0.2 PP
Reverse acrylonitrile butadiene styrene
Osmosis (Ar];};s) Y 86.4 0.5
polyurethane glue 28.8 0.2
stainless steel 306.0 2.0
HPP & cast iron 18.0 0.1 69
Electric 691,
Motor copper 18.0 0.1 Appendix 2
iron 18.0 0.1
Energy stainless steel 16.3 0.1 estimated,
Recovery ER Motor copper 0.9 0.01 Appendix 3
P Water polyvinyl chloride (PVC) 232.0 1.5
ost- Storage [69]
treatment Tank fiber reinforced plastic 58.0 0.4
thermally pre-stressed glass 743.0 4.7
semi-tempered glass 123.8 0.8
aluminum 222.9 1.4
PV panels | monocrystalline silicon 49.5 0.3 [70]’.
- Appendix 6
silver 0.6 0.004
polyvinyl fluoride 18.6 0.1
EVA adhesive layer 79.9 0.5
aluminum alloy 9.4 0.1
copper 37.1 0.2
PV steel 66.0 0.4
System Inverters - [71]
electronic components 12.2 0.1
packaging 16.8 0.1
polymers 2.5 0.02
lithium 110.9 0.7
graphite 64.7 0.4
Batte copper 30.8 0.2 [72],
vy electrolyte (LiPFs) 33.9 0.2 Appendix 8§
polypropylene (PP) 6.2 0.04
steel 61.6 0.4

As apparent from Figure 37, the battery section has the highest toxicity impacts (marine aquatic
ecotoxicity, freshwater toxicity, human toxicity and terrestrial toxicity) of all sections. This is
mainly due to the extraction of lithium and copper, which are generally known to have high
toxicity impacts [73] [74].
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The battery section accounts for 34-39% of the total unit’s toxicity impacts. As far as the global
warming potential (GWP) is concerned, the materials of the PV panels section and the battery
section account for 37% and 43% respectively, making up total 80% of the unit’s total CO;
emissions equivalent. Moreover, both sections account for 75% of the total unit’s abiotic
depletion (fossil fuel). This is mainly because of lithium extraction for the batteries and silicon
extraction for the PV panels. The extractions of both elements have been known to be energy-
intensive processes [73] [75]. Overall, the PV system has significantly higher environmental
impact than the other processes. The environmental impacts of the sections combined —
summarized environmental impacts of the designed desalination unit’s materials — are shown
in Figure 38.

The biggest contributor to abiotic depletion is the inverters section, since it contains copper
components and electronics. In the case of abiotic depletion (fossil fuels), the most impactful
sections are the PV panels and the battery. The levels of fossil fuels depletion correspond to
their GWP mentioned above. As far as other impacts are concerned, the largest contributor is
the battery section in all cases.
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1E+01
1E+00 I
1E-01
1E-02
m Abiotic depletion kg Sb eq H Abiotic depletion (fossil fuels) MJ
Acidification kg SO2 eq Eutrophication kg PO4--- eq
® Fresh water aquatic ecotox. kg 1,4-DB eq Global warming (GWP100a) kg CO2 eq
B Human toxicity kg 1,4-DB eq B Marine aquatic ecotoxicity kg 1,4-DB eq
Photochemical oxidation kg C2H4 eq | Terrestrial ecotoxicity kg 1,4-DB eq

Figure 38 LCA material manufacturing results — total impacts

The second part of the assessment investigated the impacts of the unit’s energy consumption.
The main input was the calculated specific electric energy consumption of 5.6 kWh/m?, which
makes 5.6 MWh/1000 m?® after conversion to the functional unit. Overall, to conduct this part
of the assessment, the same CML method was used as in the previous part. Specifically, the
main investigated impact was the global warming potential (GWP). In this part of the
assessment, the comparison between the PV electricity source, the European electricity grid
supply and the Czech electricity grid supply was included, to provide context.

The calculated results validate the assumption that the PV system is a way less negatively
impactful energy source than the energy supply from both grid systems. Compared to the PV
system, the impacts of both electricity grids were multiple times higher in some cases — the
comparison of impacts is shown in Figure 39, the total impacts of the PV energy production
are shown in Figure 40. The biggest contrast could be seen between the eutrophication
potentials of the Czech electricity grid supply and the PV system. The Czech electricity grid
had 61 times higher impact on EP than the PV system. As far as the key impact in this study
(the GWP) is concerned, the European electricity grid supply generates 11 times and the Czech

72



electricity grid generates 24 times the amount of CO; equivalents than the PV system per one
functional unit. A big portion of electricity produced in the Czech Republic comes from fossil
fuels — mostly coal plants (43.9%) and coal has a high carbon footprint [64]. The European
electricity market contains more renewable energy sources (approximately 22.3%), whereas the
share of renewable energy sources on the Czech market is lower (approximately 5.6%) [64]
[76]. These facts explain the differences between both electricity markets and the PV system
eventually.
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Figure 39 Environmental impacts of energy production - three sources comparison
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Figure 40 LCA photovoltaic energy production — total impacts
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In conclusion, the evaluated impacts of material manufacturing range between 41-54% of the
total unit’s impacts — the percentages are illustrated in Figure 41. The global warming potential
impact of the entire desalination unit is identified as 355 kg CO2eq/1000m? of desalinated water,
with 42% (117 kg CO2eq/1000m? in absolute units) contributed by material manufacturing and
58% (196 kg COeq/1000m* in absolute units contributed by energy production. After
conversion!’, the amount of kg CO: equivalents produced by the photovoltaic energy
production is 35 g CO2eq/kWh, which is comparable to the GHG emissions by PV panels listed
in other sources [77] [78].
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Figure 41 Environmental impacts of the unit — materials and energy comparison

17 The mass of kg CO; eq divided by 5564 kWh/1000 m? (specific electricity consumption) and multiplied by 1000.
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6 Conclusions

Desalination is an approach of producing drinking water in areas with long-term water scarcity
and access to seawater. Despite its numerous, it is crucial to acknowledge and address the
technological, economic and environmental drawbacks of the process. The main challenge is to
strike a balance between the benefits and drawbacks arising from its high energy consumption,
investment cost and waste production in the form of brine. However, as water scarcity continues
to grow as a widespread issue and the reliance on desalination increases, it becomes imperative
to mitigate and manage the environmental impacts of this technology.

The main objectives of this thesis were to design a small autonomous desalination unit which
is powered by solar energy and conduct a feasibility assessment on this unit. One of the main
outcomes of this thesis is the extension of knowledge about the environmental impact of
desalination powered by photovoltaic energy. Another practical outcome is the functional
small-scale unit, which can serve as a basis for a detailed design for a similarly designed unit,
suitable for drinking water production in remote communities.

Based on the state-of-the-art of desalination technologies, two units utilizing two different
desalination technologies were designed along with their corresponding photovoltaic systems.
The first unit utilizes reverse osmosis (membrane process), which provides low energy
consumption and low investment cost while maintaining acceptable water quality levels. The
second unit utilizes mechanical vapor compression (thermal process), which provides high
water quality and easy maintenance. Techno-economic study has been conducted on both units.
The designed reverse osmosis unit has a lower specific energy consumption of 5.6 kWh/m? and
is powered by 36 solar panels, compared to 13.8 kWh/m?® powered by 81 solar panels of the
designed mechanical vapor compression unit. The investment cost of the reverse osmosis unit
is $146,550, compared to $470,848 for the mechanical vapor compression unit. Based on the
energy consumption and economic parameters, the reverse osmosis unit was deemed a
preferable option and was selected for further environmental impact assessment.

The software openLCA software equipped with the Ecoinvent 3.8 database was used to conduct
the environmental impact assessment. The main purpose of the evaluation is to analyze the
impacts of the extraction of materials used to manufacture the unit’s equipment and evaluate
the impact of its energy consumption. To provide context for the energy consumption
evaluation, a comparison to other energy sources (European electricity market and Czech
electricity market) was performed. The method used in the assessment was the CML-IA
baseline method, where 11 environmental impacts were considered. As per the assessment
results, the largest contributor to negative environmental impacts is the unit’s battery and PV
panels. They contain a relatively high amount of extracted metals, minerals and other chemicals.
The impact of the unit’s energy consumption in the case of PV system electricity production is
significantly lower than production from the European or the Czech electricity markets. Global
warming potential was the primarily investigated impact. It was found that the GWP impact of
PV panel electricity production is 11 times lower compared to the European electricity market
and 24 times lower compared to the Czech electricity market, which proves that utilizing
photovoltaic panels to supply small desalination plants can be a sustainable way of producing
drinking water with lower harm to the environment.

However, the conducted design focused only on the main desalination technology and its
photovoltaic system. Moreover, the photovoltaic system was designed in a conservative manner
so it might require optimization to reduce its size. Additionally, the environmental impact
assessment took into account only the energy production part of the unit’s operation.
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Given these drawbacks, these are the follow-up suggestions on further research investigations:

e execute a detailed design of the pretreatment and post-treatment sections,

e optimize the size of the PV system,

e consider the pretreatment and post-treatment chemicals in the environmental impact
assessment,

e investigate the environmental impacts of seawater intake and brine production,

e compare the parameters of the designed unit with a unit utilizing an emerging desalination
technology.

The future research should be built on the designed unit and should investigate the
environmental impacts that are less covered in scientific literature. Even though small
autonomous desalination units offer an attractive solution to water scarcity, the unwanted
negative impact on the environment of their operation should be carefully assessed and
considered before building such units.
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List of Symbols & Abbreviations

Nomenclature
ABS  acrylonitrile butadiene styrene PHE distillate heat exchanger
AP acidification potential PHO  photochemical oxidation
BHE  brine heat exchanger PV photovoltaic
CA cellulose acetate RES renewable energy desalination
Ca>  calcium RO reverse osmosis
CAPEX capital expenditures RPX rotary pressure exchanger
CDI capacitive deionization TBT top brine temperature
CED  cumulative energy demand TDS total dissolved
CO;  carbon dioxide TFC thin-film composite
CPV  concentrator photovoltaics TVC  thermal vapor compression
CSP  concentrated solar power USA United States of America
DAR  depletion of abiotic resources VC vapor compression
E&C  evaporation & condensation VF vacuum freezing
ED electrodialysis WHO  World Health Organization
EI environmental impact
EIA environmental impact assessment | Symbol Meaning Unit
EP eutrophication potential A surface area m?
ERD  energy recovery device AC accumulated cashflow $
ETP  ecotoxicity potential C cost $
EU  European Union CcC capital cost $
EVA  ethylene-vinyl acetate CF cashflow $
FO forward osmosis c specific heat capacity kJ/(kg'K)
FWU  freshwater use E energy kJ, kWh
GHG  greenhouse gas h specific enthalpy kl/kg
GWP  global warming potential L latent heat kl/kg
HE heat exchanger M mass, mass flow kg, kg/h
HP high pressure N number -
HPP  high-pressure pump ODA  operating days annually days
HTP  human toxicity potential oT operating time hours
HY hydration p pressure MPa, bar
IXR  ion exchange resin P performance, energy input kW
LCA  life-cycle assessment ROI return on investment %
LiPFs  lithium hexafluorophosphate RR recovery ratio %
MED  multi-effect distillation SR salt rejection ratio %
MES  multi-effect stack evaporator T temperature °C,K
Mg*  magnesium TSI total solar irradiation kWh/m?
MSF  multi-stage flash distillation U overall heat transfer coefficient kW/m?K
MVC  mechanical vapor compression UP solar panel unit price $
NaCl  sodium chloride A% volume, volumetric flow m’, m¥h
NF nanofiltration w performance, energy output kW
O&M  operation & maintenance X salt concentration g/kg, ppm
OPEX  operating expenditures ATim log. mean temperature difference K
PE population equivalent n efficiency %
PET  polyester p density kg/m?
pH potential hydrogen
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Appendix 1 AMI M-S4040A Datasheet

ESMI" MEMBRaNES

Seawater Desalination RO Membrane Elements

AMI| high rejection and high productivity seawater reverse osmosis

rmembranes are specially designed for marine applications. AMI SWRO
membranes are ideal for seawater desalination in shipboard applications,

watermakers, land-based desalinators and sea-based desalinators.

PERFORMANCE SPECIFICATIONS

Model No. Single EBlement  Minimum Saff Stabilized Saff
Recovery (75} Rejection (%) Rejection (5E)
M-525144A ; : b 994 9.4
M-52521A 300 1.4 2.5x2 4 994 99,4
M-52540A 700 2,65 2.5x=40 3] 7.4 9.4
M-54014A 350 1.32 40 x 14 2 §9.4 9.4
M-54021A 800 303 40x2] 4 994 9.4
M-540404 1950 2.35 4.0 % 40 i G4 7.4

Mote: Performance specifications based on 32,000 mg/l sodivm chionde, 800 psi (5.5 MPa) opplsd presswre, 77°F [25°C) feed waoler

temperature, pH 8 and the recovery fsted in the table obove. Bement permeoie flow moy vary + 205

RECOMMENDED OPERATING CONDITIONS

& Maximum Cperating Pressure 1,000 psig # Moximum Feed Fow Rate

(& $hiPa)
& Maximum Cperating Temperature 1 13°F [45°C) o 2.5" Dio. Elerments & gpm
& Maximum Feed water S0 {15 min) 5 o 4" Dio. Bements 14 gpm
& Chilorine Tolerance 0 & Feed water pH Ronge [confiuea) 2-11
& Maximum Pressure Drop: |Spsig (| bar) | & Feed water pH Range [cleening - 30min)  1-13

Model Mo, I
centimaters | centimeters

M-525144A 14 35.4 2.5 b.4
M-52521A 21 533 ¥ 48 2.5 6.4
M-525404 40 101.6 38 74 2.5 6.4
M-54014A 14 35.6 12 30 38 5.3
M-54021A 21 533 19 48 iy 9.5
M-540404 40 101.6 38 Gé 39 o5

FLIECMEMBRENES [0 EFTTLI=E5R ARE TRADEMARKS OF APPLED MEMBRANES, INC. & 2002

SEELED)

MEamMBRaNES [

t{?ﬁﬂj 727-3711 @& www.appliedmembranes.com [ sales@appliadmembranes.com



Appendix 2 Danfoss APP High Pressure Pump Datasheet Pages

Danfli

Data sheet APP 0.6-43 / APP (W) 5.1-10.2 pumps

4.3 APP(W]5.1-10.2

Pump size APP (W) 5.1 APP (W) 6.5 APP (W) 7.2 | APP(W)B.2Z | APP (W] 102
Code number APP 1B0B3005 18083006 18083007 1E0B3008 18083010
Code number APP W 18083075 1B0B3076 18083077 18083078 1E0B3080
Geomatric crm'frey. 50.2 633 703 80.4 100.5
displacement | e, 106 386 4.29 491 613
Pressure
Max. outhet " barg 80 80 BO B BO
pressure
continuous psig 1150 1160 1160 160 1160
Min_outlet ¥ barg 20 20 20 0 0
o=l psig 290 290 290 200 290
inlet pressure | barg 05-5 05-5 0.5-5 0.5-5 0.5-5
cantinuous pslg 73-725 73-725 73-725 73-725 73-725
Max. inbst barg 5 5 5 5 5
presgure peak pslg 725 725 725 725 725
Speed
M wpe s rpm 700 700 700 700 700
continuous
b
Max. speed rpm 1800 100 1600 1800 1800
continuous
Typleal Now - Flow curves available initem 5
1000 rprmatmae | ™
e m*h 279 357 401 462 5.83
1500 rpn &t e, £
2 m¥h 419 536 6.01 6.93 E7S
HA00 1000 3 oL | o 475 18.87 7116 2438 10,82
pressure
RHOCH TP ALMAL | g 7213 2831 3174 3659 4633
pressure
Typleal motor size
1800 rprn 3t mace
e kw 15.0 185 220 220 300
1200 rpen 3t ma.
it hp 200 0.0 200 20,0 250
Torqueatmax. | Nm 7037 BRE1 SR 11255 140,59
outlet pressure | |pg; 51.83 65.36 7258 83.01 103.77
Media 5 2-50 2-50 2-50 2-50 2-50
temperature *F 356-122 I56-122 356-122 35.6-122 356122
Ambiant c 0-50 0-50 0-50 0-50 0- 50
temperature “F 32-122 32-122 32-122 32-122 33-132
Sound ¥
relovel | HEIAI 78 7B 7B 78 78
kg 30 30 30 30 30
Weight
ik 66 66 66 65 66

" For lower and higher pressure, please contact Danfoss,
* For speeds abowe 1500 rprm the pumg must be boosted at a pressure of 1-5 barg (14.5 - 71,5 psigh.

¥ Dependent on the Nall concentrathon.
* Measurements according to EN 150 3744:2010 / dBIAJL,, | | values are calculated. Measured at
max pressure and rpm fior a motod pump unit

= ERRTRAT O MerEN PRI AR AD £ 10 WA



Data shest

APP 0.6-43 /| APP (W) 5.1-10.2 pumps

5.3 APP (W) 5.1-10.2 flow curves at 80 barg (1160 psig)

o

.4@ S & & & & P J& &g

mih
Lok | APP (Wil0.2
100 l
9.0
&0 + APF (W) B2
70 :_APPM:?J
60 ? APP (W165
50 4 APP (W51
4D
3D
20 i
10 |

i
" ® & $ 3
B - ST e P
apm
FRr APP (W) 10.2
a00

AP (W) B2
50

APR (W) 72
oo :

APP (W) 65
50

AP (W) 5.1
00
150
100
50 pm
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Appendix 3 Danfoss APM Energy Recovery Motor Datasheet Pages

Danfts

Data sheet | APM 0.8 - 2.9 motors

3.2 APM1.8-2.9

Motar size APM1.B APM 2.0 APM 2.5 AMP 29
Code numbrer ARM COW 180F1N00 | TBOFTION 180F1102 1B0F1103
Geometric displace- | CTirev. %31 0.0 125 153
ment inrey. 0.57 0.6 0.76 093
Pressure
Mz indet barg B BR &0 8O
presune
conlinuaus psig TG0 1160 1160 1160
Min. inlet pressure barg Ll o 1a o
Contimuous pig 145 145 45 145
barg B5-5 05-5 A5-5 0L5-5
DOuilet pressure
peig 73-T715 3-T15 T3-725 73-715
Speed
Min. speed rpm T OO 700 700
May. speed
R % fpm 3450 3450 3450 3000
Typical performance
m'h 203 218 269 283
Maw. waterflow rin i3s 364 44.8 a7z
Gpm S L6 (L K] 125
Max. power at kW ig 43 53 56
max speed cont. and
Max pressure HP 52 57 7 76
Max torgue atmax, | MM 108 n7 147 180
D It a3 B6 108 13:2
Technical specifications
Sound pressure level | dEIA) 7 7 m 1]
2-50 2-50 2-50 2-50
Media ternperalure
F 356-1212 356 - 122 F6-122 35.6- 122
o 0-50 0-50 0-50 050
Ambient temperature
F 32-113 -1 2-12 Z2-122
- i ki 85 BE& BE BE
s 1% 1% 19 )

Canfoss | DCS (im | 2023.03

AIZ548465453 1 Ten-000102 | 5



Danfilé

Data sheet | APM 0.8 - 2.9 motors

11. Preferred system
design

APM 15 used for enengy recovery unit which con-
sists of an APP pump and an APM motor, both
connected to a double shafted eleciric motor
Energy recovery 1s obtained when high-pressure
brine from the membranes is fed to the APM that
corverts the energy In the pressurized brine 1o
machanical ensngy 1o be reused by the electric
meotor. As the APM has a fised volumetric dis-
placement, the recovery rate will be fined.

System example

Permeate

!

Chutlet

Motor

Ganfoss | DO (i | 2023.03

AIIS4B46545311en-000102 | 9
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Appendix 4 Grundfos Pump Curves Tool Results

| |crns-6, 3*a00 v, 500z

eta
[%]

{100

Faa

&80

7o

F30

{20

02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 3.2 34 36 3.8 40 42 44 46 48 50 52 54 56 58 60 62 64 66 6.8 70 72 74 76 7.8 80 82 8.4 86 858
Q=3.621 m¥h H=9851m
n=2335 mm Pumpad fiquid = Water
Liquid temparature dusing aparafion = 20 *C Denzity = 998 2 kg/m?
Ets pump = 57.4 % Ets pump+mator = 50.3 %
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Appendix 5 Brine Tables Page
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Appendix 6 QCells Q.PEAK DUO XL-G11 PV Panel Datasheet

Q.PEAK DUO XL-G11 -

SERIES

570-585Wp | 156 Cells
21.4% Maximum Module Efficiency

The ideal solution for:

| Emund mounted
= solar panes

acells

Bifacial energy yield gain of up to 20%

Low electricity generation costs

A reliable investment

Enduring high performance

Hol-Spot Prabect

Frame for versatile mounting options

Innovative all-weather technology

e Bl &

TUbSombebged |



Q.PEAK DUO XL-G11 SERIES

u Mechanical Specification
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Appendix 7 SolarEdge Inverter Datasheet Page

/ Three Phase Inverter with Synergy Technology

For 220V/230V Line to Line Grids
SES50K / SE66.6K / SE90K / SE100K

" 5 SExxK-sax Do
Applicable to Inverter with Part Number SES0K SEBB.EK ST

OUTPUT

Rate

Var

Wac

ADDITIOMAL FEATURES

STANDARD COMPLIANCE




Appendix 8 BYD Battery-Box Datasheet Page

TECHNICAL PARAMETERS PREMIUM LVS

==
= = BE E B E
y [F— P—
LVS 4.0 LVS B.D LW5 12.0 L¥S 16.0 LVs 20.0 LVE 24.0
Battery Modu e LWS (4 kivh, 1.2 V, 45 kg)
Muiiber of Medules 1 2 3 4 5 5
Lisahle Fnergy [1] 4 hh A kih 12 kWh 16 kWh 20 k'Wh 24 kWh
Max Com:, Duiput Current [2] 65 A 130A 1954 250 A 250 A 250 A
Paa< Output Current 2] 90AGs 180 A, 5e “TCA B8 360A, 58 360 A Ce 350A,55
TR (HA 650X 208 rim 60K 2BAmM 650 %28 mm 650 298 mm 352X 298mm 650 208
Weizht bt kg WS kg 154 kg 199 kg 234 kg 289 kg
Nominal Voltage L -
Operating Volage 40-57.6V
Opcrutlnchmperature ‘iC‘Ctn-IJSD’C .
Battery Cell Technclozy Lithium Iron Phosphate (cobalt-free)
Curnrruricat ivn CAN / R5485
Encloaire Protection Racing IP55
Round-1 np EfMciency zY5%
Szalability [2] Max. 64 Modales in Parallzl (256 Kwh) S ngle Tower Only
Certification VDE2510-50 / ECBZ619 ) CE/ CEC ! UN3B.3
Applications OM Grid / ON Grid+ Backup / OFF Grid
Warranty [4] 10 Years
Cornpalible Irmve ters Refer (o BYD Balteiy-Bux Preriarm LVS M rimurm Configuration Lis
Rated DC power 33kW 6.7W 10.0kW 12.8kW 12 Bk\W 12.8k0W
Short Cireul; Current - 2300A
[7] B Usal 57 conditions; 1005 DOD, 0.2C charge & discharge ot + 25 "C Systom Usable Enorgy may vary wits d fforent invertes brands
I';: IF':ll'.T-I|ILI|=| toweer functe 4 'r:-"j:ln:.w 1ble . .I1 III'I:-hnIi I ;:y’ modubs sar tower. LS 100 and LVS 240 can only be used as a singla tower
4] Conditionsapply, Refe- 1o BYD Battery-Box Premium Limitad Warranity Letter,
it i o e s e e et [ BATTERY
Chba Senvie Womms@@DY oM Sarve o yctems e G Emay  USecepentemane BOX




Energy Recovery
Device (APM 2.5)

Material Balance
- i
208.8 KWp PV Field S“‘f“m 3:?[‘1‘5”;1 A i“?;h] X;j[%’lgg] 32)[1’[1}’[;'51
36x PV panel (Q.PEAK DUO XL-G11S 580 kWp) > 4;213_[} e 3500 35_:000
3 42130 412 35.00 35.000
4 23754 227 61.84 61,844
5 1.837.6 185 030 300
6 23754 227 6184 61,844
Energy Requirements
Electrical Energy Energy
Device (equipment) Power Input | Consumption | Consumption
kW] [MWh/day] | [MWh/year]
4 4 ‘ 4 High Pressure Pump 15 0.180 63.9
- =-=-4d == Energy Recovery Device 53 -0.064 -22 578
v |/ (+) Other 03 0.004 1.278
————————— Battery 12 kwWh Total 10 0.12 42.6
Charge Controller (Battery-Box
————————— Premium 12.0 LVS) g [peak power output 2088 kWwp
T 1 O] 2z mmmber of panels B -
I DC * (E field surface area 950 m?
! E irverter power output 2692 kW
2x 100 kwW 66.6 kKW battery capacity 12 kWh
Inverter Inverter
SE100K SE66K
( ) ( ) Reverse Osmosis - 3 parallel branches, 6
! ! passes (membrane AMI M-S4040A)
I |
I AC I High Pressure Pump —p
! ! 5 (APP (W) 5.1) 5
I |
1 1 > > |
. . i O
1 I Filter I
| I 10 m3 Water
I L — - == === == > Storage (2x 5 m3
I Tank)
Product Water
6 (Feed) Seawater

Brine

* = Electrical Current

Proj ect: Design of Autonomous Desalination Unit

Project Type:  [Master's Thesis

Drawing Name: |Appendix 9 Scheme of Variant A: RO Desalination Unit
Author: Bce. Michael Kijanica

Date:

26.05.2023
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