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Abstract

The global population explosion accompanied by industrial and
technological expansion demand an increasing rate for energy
consumption, especially, in form of electricity. That urges the search for

clean energy sources to reduce the pollution caused by fossil fuel.

The clean (or renewable) energy sources are of intermittent nature that
can’t obey stable provision of electricity to our communities, and can’t be
sure to follow the peak of electricity demand. To bypass the problem of
intermittency and to synchronies between energy production and
utilization, an energy storage system must be applied. Different energy
storage systems are used, like batteries, pump hydro-energy storage system

(PHES), etc.

The current thesis aim to design an energy storage system for Nablus
western wastewater treatment plant located in Deir Sharaf. The plant
consumes a huge energy of about 2,261,762 kWh annually. The PHES

system was chosen as a storage system.

To achieve the requirements for such storage system two reservoirs of
water were needed each of them has a capacity 24000 m?3, a pipe connects
between the above reservoir and the below reservoir of 310 m long and DN

630 mm and a reversible Francis turbine of 563 kW.
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To accommodate such design in wastewater treatment plant a
comprehensive study of economic feasibility and environmental impact is
needed. This can be accomplished by life cycle assessment (LCA) by
which we can assess the construction environmental impact. The LCA was
conducted by using openLCA 1.4.2 software. The software includes a
CML baseline method which include 10 categories of environmental

impact.

Five phases of PHES design; production, transportation, excavation,
maintenance and disposal or recycle phase, were underwent LCA
according to I1SO 14040. The results of environmental impact of production
phase of PHES assessed by LCA were compared with lead acid battery
storage system within the same range of life span and storage capacity, in

addition to the capital cost between two storage systems.

For PHES phases, it was found that the Production phase carries the
highest environmental impacts, followed by the End of life phase and

maintenance Phase.

The excavation phase and the transportation phase always represented a
negligible contribution. The results of comparison between the production
phases for the two systems was found to be a higher impact for climate
change and acidification categories for the lead acid battery system more
than PHES. On the other hand, the production phase in PHES carries a
higher contribution on the Eutrophication and Human Toxicity impact

categories.
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The economic study in this thesis was checked by using the present worth
analysis. Based on the technical component’s cost and life span for the two
system, the feasibility study result shows that the PHES system is more
fiscal than lead acid battery storage. The present worth for PHES was
estimated at 651765 $ with the same life time of batteries and the same

energy storage quantity.



Chapter One

Introduction

Introduction

Energy plays an important role in the world economy, security and politics.
Each country needs to develop its resources and policies relating to energy
and related environmental contaminants for better future planning. The
major source of world energy comes from fossil fuels. Total world
consumption of marketed energy expands from 549 quadrillion British
thermal units (Btu) in 2012 to 629 quadrillion Btu in 2020 and to 815
quadrillion Btu in 2040—a 48% increase from 2012 to 2040 (EIA, U.,
2016). As world population explodes, in earth with limited amount of fossil
fuels, it may not be possible that natural resources of fossil obey energy
demand of the entire world. Some estimates show that there may be only as
few as 20 years of oil left if the world keeps with the increasing
consumption, The increasing trend in world energy consumption can be
attributed to two main reasons: a growing world population and developing
countries [W1]. The world population has been increasing at a more
dramatic rate than it ever has been. The other contributor to the increasing
amount of production of energy is the developing countries, because they
are in the process of becoming industrialized. Countries must take action
to promote a greater use of renewable energy resources, so that we can be
well prepared when the supplies of fossil fuels are not as plentiful as they

seem today.



Renewable energy is a hot topic these days as renewable sources are
renewable, sustainable, and abundant and environment friendly. Unlike
fossil fuels, they are not going to expire soon as they are constantly
replenished. There are a lot of points in favor of renewable energy, like low
gas emission, they offer stable energy prices, reliable and continuous, and
operation of renewable energy are at low cost. Despite, renewable sources
have their own shortcomings. They are intermittency, unable to produce
large quantity of energy, their plants need large area and high

developmental cost, and not available everywhere

Across the world, renewable energy capacity has increased dramatically
due to falling prices, policies favoring renewable energy, and concern over
greenhouse gas (GHG) emissions from fossil fuel generators. A key
problem with generation from renewable sources is intermittency: solar
generators only produce when the sun is shining, but the sun isn’t always
shining nor the wind is always blowing. Intermittency has the potential to
hugely affect the economic value, or equivalently the social costs, of
renewable energy. Utilization of energy storage systems will be a major
step in the solution to the use of renewable energy along with the current
issues of reliability, stability, and power quality. Energy storage systems
for a long time have been utilized in many forms and applications. Today’s
energy storage technologies are used to achieve electric power systems of

higher reliability and to contribute to the broader use of renewable energy.



The global demand for electricity is huge, and it’s growing by
approximately 3.6 percent annually with the growing importance of
renewable energy sources, scientist and engineers are anxious to enhance
efficiencies and to lower the costs of these technologies. Yet, there seems
to be only a handful of technologies available that are efficient enough and
also economical. Storing energy isn’t an easy task, as most of us know. Our
smartphone battery only lasts for about a day laptops only a few hours; the
range for electric cars is limited to only little more than a 100 kilometers;
and these are only examples for comparatively small devices(Oberhofer, &
Meisen, 2012). Now imagine the problem of storing energy at the level of
hundreds to thousands of wind turbines and photovoltaic cells. For
technical reasons, however, the amount of electricity fed into the power
grid must always remain on the same level as demanded by the consumers
to prevent blackouts and damage to the grid. It leads to situations where the
production is higher than the consumption or vice versa. This is where
storage technologies come into play — they are the key element to balance

out these flaws.

The decision maker has to choose in between of the different modalities of
energy storage. Electrical energy storage systems differ in between in
many parameters of relevant parameters, cost, and environmental impact.
These parameters should be evaluated against the potential benefit of
adding storage to reach a decision about the type of storage to be added.

The best method to assess the electrical storage systems and to weight the



benefits against the drawbacks is the life cycle assessment of these storage

systems to put in the hands of decision maker the best method of storage.

Life cycle assessment is a ‘“cradle-to-grave” approach for assessing
industrial systems. “Cradle-to-grave” begins with the gathering of raw
materials from the earth to create the product and ends at the point when all
materials are returned to the earth. Life cycle assessment enables the
estimation of the cumulative environmental impact as well as the cost
analysis of industrial systems. LCA methodology is based on ISO 14040
and consists of four distinct analytical steps: defining the goal and scope,
creating the life-cycle inventory, assessing the impact and finally
interpreting the results. In Palestine among the energy consuming plants
are waste water treatment plants, many of these are scattered along the
Palestinian map. Near Nablus, about 10km west, a waste water treatment
plant is located in Deir Sharaf, it was established by German-Palestinian
Financial Cooperation project "Nablus West Sewerage in Dir Sharaf'
village”, the plant is planned to treat three million cubic meters of raw
sewage. The waste water from the city of Nablus flows by gravity into a
valley where it is received by the plant near the west exit of Deir Sharaf
town (Saleh, 2014). The average annual energy consumption of the plant is
2,261,762 kKWh. It was calculated by taking the average consumption from
January until the end of July 2014 (Homeidan, Marie, & Hasson, 2015).
The limited revenue of such projects is challenging, and put into account
the running energy cost to be obtained from renewable energy sources. The

renewable energy use provides an intermittent supply of energy which



mandates the use of energy storage system; the pumped hydro-energy

storage system is an example of methods to be used in WWTP.
The main objectives of current thesis are:

Highlight the different modalities of energy storage systems and compare

between them.

Design a pumped hydro-energy storage system that fits the required energy

storage demand of the western wastewater treatment plant.
Perform a Life cycle assessment of the proposed PHES.

Compare the life cycle of the proposed PHES with lead acid batteries.
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Chapter Two

Classification of EES systems

2.1 Classification of EES systems

In these days, reduction in greenhouse gas emissions is the important
essay, especially with increasing demand of electricity, so Electrical
Energy Storage (EES) is recognized as underpinning technologies to have
great potential in meeting these challenges. And because the electricity is a
flow, so it’s important to convert it to storable form such as potential,
Kinetic, chemical, or thermal energy. This chapter shows a classification of
EES according to the form of energy used (Carnegie, Gotham, Nderitu, &
Preckel, 2013).

In Figure 2.1 EES systems are classified into mechanical, electrochemical,

chemical, electrical and thermal energy storage systems.

Electrical energy storage systems

Mechanical Electrochemical Electrical
Secondary batteries Double-layer
=@ Pumped hydro - PHS Lead acid / NiGd / NiMh / Li / NaS Capacitor - DLC
- Flow batteries Superconducting
E Compressed air - CAES Redox flow / Hybrid flow magnetic coil - SMES
Flywheel - FES Chemical Thermal
Hydrogen Sensible heat storage
Elecirolyser / Fuel cell / SNG Molten salt / A-CAES

Figure (2.1): Classification of energy storage according to energy form (ICE, 2011)



2.1.1 Mechanical Energy Storage System:

2.1.1.1 Pumped Hydro Energy Storage (PHES):

PHES is the most widely adopted utility-scale electricity storage
technology. Furthermore, PHES provides the most mature and
commercially available solution to bulk electricity storage. It serves to
stabilize the electricity grid through peak shaving, load balancing,

frequency regulation, and reserve generation.

PHES first use was in Italy and Switzerland in the 1890s and the first
large-scale commercial application in the USA was in 1929. There are over
200 unit and 100 GW of PHES in operation worldwide, which is about 3%

of global generation capacity (Chen et al., 2009).
Technology description:

PHES allows to store and generate energy in a mechanical storage
mechanism, which stores potential energy from water that is raised against
gravity, employing the gravitational differences between two water storage
reservoirs. The way it operates is by pumping the water through a pump
from a lower reservoir to a higher one. For doing this, it needs an input of
electricity in order to run the pumped mode. Then, when there is a
requirement for production of electricity, the water is allowed to flow back

through a turbine from the higher reservoir back to the lower.

The typical rating of PHES is about 1000 MW (100 MW-3000 MW) and

facilities continue to be installed worldwide at a rate of up to 5 GW per



year. The rating of PHES is the highest all over the available EES (Chen et
al., 2009), and the Typical discharge times range from several hours to a

few days (ICE, 2011).

The efficiency of modern pumped storage facilities is in the region of 70%
- 85%. However, variable speed machines are now being used to improve
this. The efficiency is limited by the efficiency of the pump/turbine unit
used in the facilities (Gonzalez et al. 2004, p.51) PHES facilities range
widely from “10-100 “hours of output energy, at several hundred MWs of
rated power with the life time about 30-50 years and more (IPCC, 2009 ;

Gonzalez et al.2004).
2.1.1.2 Compressed Air Energy Storage (CAES)

CAES is the only other commercially available technology (besides the
PHES) capable of providing very large energy storage deliverability (above

100 MW with single unit).

Conventional gas turbine generation is the work base of CAES. It
decouples the compression and expansion cycles of a conventional gas
turbine into two separated processes and stores the energy in the form of
elastic potential energy of compressed air. During low demand, energy is
stored by compressing air into an air tight space, typically 4.0-8.0 MPa. To
extract the stored energy, compressed air is drawn from the storage vessel,
heated and then expanded through a high pressure turbine, which captures
some of the energy in the compressed air. The air is then mixed with fuel
and combusted with the exhaust expanded through a low pressure turbine.

Both the high and low pressure turbines are connected to a generator to



produce electricity. The waste heat of the exhaust is potentially captured

via a recuperator before being released.

CAES systems are designed to cycle on a daily basis and to operate
efficiently during partial load conditions. This design approach allows
CAES units to swing quickly from generation to compression modes.
Utility systems that benefit from the CAES include those with load varying
significantly during the daily cycle and with costs varying significantly
with the generation level or time of day. In addition, CAES plants can
respond to load changes to provide load following because they are

designed to sustain frequent start-up/shut-down cycles (Chen et al., 2009).

CAES systems also have improved environmental characteristics in
comparison with conventional intermediate generating units. CAES has a
relatively long storage period, low capital costs and high efficiency (Chen

et al., 2009) with storage efficiency of 85% (Andrijanovits et al. 2012).

The storage period can be over a year, longer than other storage methods

except for the PHES due to very small losses.

Capital costs for CAES facilities depend on the underground storage
conditions, ranging typically between $400 and $800 per kW

(Andrijanovits et al. 2012).
2.1.1.3. Flywheels ES.

The functionality of a flywheel system is quite simple and you may have
even played with it when you were kid. Remember the toy cars that kept

going after spinning their wheels. Those were powered by a flywheel. So,
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basically a flywheel is a disk with a certain amount of mass that spins,

holding kinetic energy.

Modern high-tech flywheels are built with the disk attached to a rotor in
upright position to prevent gravity influence. They are charged by a simple
electric motor that simultaneously acts as a generator in the process of

discharging (Oberhofer, & Meisen, 2012).

When dealing with efficiency however it gets more complicated, as stated
by the rules of physics, they will eventually have to deal with friction
during operation. Therefore, the challenge to increase that efficiency is to
minimize friction. This is mainly accomplished by two measures: the first
one is to let the disk spin in a vacuum, so there will be no air friction; and
the second one is to bear the spinning rotor on permanent and
electromagnetic bearings so it basically floats. The spinning speed for a
modern single flywheel reaches up to 16.000 rpm and offers a capacity up
to 25kilowatt hours (kWh), which can be absorbed and injected almost

instantly (Oberhofer, & Meisen, 2012).

To store energy in an electrical power system, high-capacity flywheels are
needed. Friction losses of a 200-tons flywheel are estimated at about 200
KW. Using this hypothesis and instantaneous efficiency of 85%, the overall
efficiency would drop to 78% after 5 h, and 45% after one day. Long-term

storage with this type of apparatus is therefore not foreseeable.

And the Commercial fly wheel storage units are expected to last 100,000

charge-discharge cycles (lbrahim, Ilinca, & Perron, 2008).
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2.1.2 Electrochemical EES:

Rechargeable/secondary battery is the oldest form of electricity storage
which stores electricity in the form of chemical energy. A battery
comprised of one or more electrochemical cells and each cell consists of a
liquid, paste, or solid electrolyte together with a positive electrode (anode)
and a negative electrode (cathode). During discharge, electrochemical
reactions occur at the two electrodes generating a flow of electrons through
an external circuit. The reactions are reversible, allowing the battery to be

recharged by applying an external voltage across the electrodes.

Batteries can respond very rapidly to load changes and accept co-generated
and/or third-party power, thus enhancing the system stability. Batteries
usually have very low standby losses and can have a high energy efficiency

(60-95%).

The construction of a secondary battery is facilitated by the short lead
times, potentially convenient sitting, and the technology’s modularity
(Gonzalez et. al., .2004). However, large-scale utility battery storage has
been rare up until fairly recently because of low energy densities, small
power capacity, high maintenance costs, a short cycle life and a limited

discharge capability. In addition, most batteries contain toxic materials.

Hence the ecological impact from uncontrolled disposal of batteries must
always be considered. Batteries that are either in use and/or potentially

suitable for utility scale battery energy storage applications include lead
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acid, nickel cadmium, sodium sulphur, sodium nickel chloride and lithium

ion (Chen et al.,2009).

The lead-acid battery is the oldest known type of rechargeable battery and
was invented in 1859 by the French physicist Gaston Planté. Even though
the concept is over 150 years old the lead-acid battery is still known for its
cost-effectiveness today. They are often used in cars (as starter batteries,

known as SLI batteries), wheelchairs or golf carts

A lead-acid battery usually has several in-series connected cells, each
delivering 2 volts (V) and each consisting several spongy pure lead
cathodes, positive loaded lead oxide an-odes and a 20 —40 percent solution
of sulfuric acid that acts as an electrolyte. When dis-charged, both the
anode and the cathode undergo a chemical reaction with the electrolyte that
progressively changes them into lead sulfate that releases electrical energy
in the process. This reaction can be almost completely reversed by
supplying the electrodes with electricity, which is the reason a lead-acid

battery can be recharged.

Lead acid battery has a low cost ($300-600/kWh), and a high reliability
and efficiency (70-90%). It is a popular storage choice for power quality,
UPS and some spinning reserve applications. Its application for energy
management, however, has been very limited due to its short cycle life
(500-1000 cycles) and low energy density (30-50 Wh/ kg) due to the

inherent high density of lead. Lead acid batteries also have a poor low
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temperature performance and therefore require a thermal management

system (Chen et al., 2009).

2.1.3 Electrical Field (Super Capacitors)

Super capacitors, also known as electric double-layer capacitors, store
energy physically in the electrostatic charges of two plates. As their name
suggests, they are derived from traditional capacitor technology; however,
super capacitors have energy densities on the order of one hundred times
that of conventional capacitors: since the energy stored is proportional to
the area of the plates, the energy density can be increased dramatically by

using porous carbon to maximize surface area.

Although their energy density is still lower than that of most batteries,
super capacitors have faster charge/discharge cycles (a unit can be charged
in about 10 seconds), higher power densities, and are capable of cycling

millions of times and are thus virtually maintenance free (PROSER, 2011).

There are two basic double-layer capacitor electrode configurations,
symmetric and asymmetric. Symmetric configurations have identical
electrodes, while asymmetric designs have different electrodes (Carnegie,

Gotham, Nderitu, & Preckel, 2013).

Moreover, since they store energy physically, they can be deeply
discharged without suffering capacity losses or damage. Given these
characteristics, super capacitors could potentially be a valuable technology
for frequency regulation or other applications that require short, high

power bursts of energy. While they have been used in uninterruptible
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power supply systems, super capacitors are a relatively young technology
that will require significant cost reductions before it can be commercialized

and made useful on a grid-scale (PROSER, 2011).

2.1.4 Magnetic Energy Storage
Superconducting magnetic energy storage is achieved by inducing DC
current into a coil made of superconducting cables of nearly zero

resistance, generally made of niobiumtitane.

(NbTiI) filaments that operate at very low temperature (-270 C). The current
increases when charging and decreases during discharge and has to be

converted for AC or DC voltage applications (ICE, 2011).

One advantage of this storage system is its great instantaneous efficiency,
near 95% for a charge—discharge cycle (Anzano, 1989). Moreover, these
systems are capable of discharging the near totality of the stored energy, as
opposed to batteries. They are very useful for applications requiring
continuous operation with a great number of complete charge— discharge
cycles. The fast response time (under 100 ms) of these systems makes them
ideal for regulating network stability (load levelling). Their major
shortcoming is the refrigeration system which, while not a problem in itself

is quite costly and makes operation more complicated.

Massive storage projects (5000-10,000MWh) require very large coils
(several 100m in diameter) that generate enormous electromagnetic forces.
They have to be installed underground to limit infrastructure costs

(Ibrahim, llinca, & Perron, 2008).
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2.1.5 Chemical Energy Storage: Fuel cells-Hydrogen Energy
Storage (FC-HES)

Fuel cells are a means of restoring spent energy to produce hydrogen
through water electrolysis. The storage system proposed includes three key
components: electrolysis which consumes off-peak electricity to produce
hydrogen, the fuel cell which uses that hydrogen and oxygen from air to
generate peak-hour electricity, and a hydrogen buffer tank to ensure

adequate resources in periods of need.

Oxidation-reduction between hydrogen and oxygen is a particularly simple
reaction which occurs within a structure (elementary electrochemical cell)
made up of two electrodes (anode—cathode) separated by electrolyte, a

medium for the transfer of charge as ions.

There are many types of fuel cells, such as: Alkaline Fuel Cell (AFC),
Polymer Exchange Membrane Fuel Cell (PEMFC), Direct Methanol Fuel
Cell (DMFC), Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel
Cell (MCFC), and Solid Oxide Fuel Cell (SOFC).

The basic differences between these types of batteries are the electrolyte
used, their operating temperature, their design, and their field of

application. Moreover, each type has specific fuel requirements.

There are several hydrogen storage modes, such as: compressed, liquefied,
metal hydride, etc. For station applications, pressurized tanks are the
simplest solution to date. Currently available commercial cylinders can

stand pressures up to 350 bars.
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2.1.6 Thermal Energy Storage (TES)

Thermal energy can be stored thermo-chemically, or stored as
sensible/latent heat. TES technologies balance the energy demand and
energy production. For example, the solar energy would be available
during the night time or in the winter season if it is stored previously. In
hot climates, the primary applications of thermal energy storage are cold
storage because of large electricity demand for air conditioning (Chen,

2013).

TES systems can be classified into low-temperature TES and high-
temperature TES depending on whether the operating temperature of the
energy storage material is higher than the room temperature (Chen et al.,

2009).

To some up a detailed table that contains the advantages, disadvantage,

power rating and storage time for each system is given in appendix A.
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Chapter Three

Life Cycle Assessment

3.1 Introduction
Achieving ‘‘sustainable development’ needs to select a perfect product
which has the minimal environmental impact compared with other

products environmental impacts (Nitkiewicz & Sekret, 2014).

Every products pass through stages, starting with resource extraction,

production, use/consumption, and finally disposal (Rebitzer et al., 2004).

These activities in the products life have their environmental impacts. To
compare which product has minimal environmental impact over their life
cycle and to view environmental exchanges life cycle assessment (LCA) is

used.

3.2 Life Cycle Assessment Definition

LCA is a technique for estimating the environmental aspects and potential
impacts related with a product. The LCA definition from 1SO 4040 is
compilation and evaluation of the inputs, outputs and potential
environmental impacts of a product system throughout its life cycle (ISO

14040, 2006).

LCA can be defined as a tool to assess the environmental impacts used
throughout a product’s life cycle and consider all features or aspects of

natural environment, human health, and resources (Korres et al., 2010).

The environmental burden of products at all stages in their life cycle can

be analyzed by LCA from the extraction of resources, through the
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production of materials, product parts and the product itself, and the use of
the product to the management after it is discarded, either by reuse, by

recycling, or by final disposal (Guinée, 2002).

In other way, Life cycle assessment (LCA) is a methodological framework
for estimating and assessing the environmental impacts attributable to the

life cycle of a product from cradle to grave (Rebitzer et al., 2004).

Comprehensive environmental life cycle assessments (LCA) idea was
conceived in the USA in the late 1960s and early 1970s. While nearly
congruous ideas were being developed in Europe at approximately the

same time (Guinee, 2010).

Figure 3.1 shows the stages of LCA starting from extraction and processing
of raw materials, pass over manufacturing then transportation and

distribution, use, reuse and maintenance, recycling, finally disposal.

Primary Extrach ¢ ¢ I
resources xlrachion ) Reuse ) Emissions
I and —| Production — Use s andfor | Disposal | and wastas
processing recycle

Figure (3.1): LCA stages
3.3 Life Cycle Assessment Phases

According to ISO 14040 the LCA divided into four main phases as

illustrated in figure 3.2:
1. Goal and scope.

2. Inventory analysis.
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3. Impact assessment.

4. Data interpretation.

-~ _
- N
Scope and Goal RS
i ~
~
Life Cycle Inventory |<{=—> Data Interpretation
~
~
Life Cycle Impact . -
Assessment
J __/

Figure (3.2): Phases of a Life Cycle Analysis

3.3.1. Goal and Scope Definition

The goal and scope determine the process of conducting LCA and its
outcome. For example, when one use LCA, the goal used to identify the
hot spot in manufacturing process so the company already can use the

result to reduce the environmental impact.

As another option, the company may wish to provide the LCA data to
customers who use this product as a raw material, or can be utilized from

the basis of LCA result to market the product (Curran, 1996).

In each case, the assumptions, data and system boundaries may be
different. It is important that these are defined in accordance with the goal

of the study.

In goal and scope and before boundaries are determined, functional unit

must be defined and presented obviously.
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The boundary of the system in full LCA involves all stages in life cycle

from extraction of raw to disposal. That’s what called from cradle to grave.

In some case it’s not suitable or possible to include all stage of the life
cycle. In this case, usually the scope of such studies is taken from cradle to
gate, not grave, that means follow product from extraction raw material to
the factory gate. This because some products have different uses or maybe
it is an intermediate product. Figure 3.3 illustrates the above mentioned

definition of the boundary (Curran, 1996; Azapagic, 2006).

Primary
resources
i System boundary: from ‘cradle to grave’ T E
U (N h
1 System boundary: from 'cra‘c,jle to gate” !
3 . y
1 i
Extraction T Product T 0 Product T Waste
and » manufacture = Product use re-use or disposal
processing _ -3 recycling
Emissions
and wastes

Figure (3.3): Stages in the life cycle of a product from”cradle to gate” and from cradle to grave
(Azpagic, 2004).

3.3.2. Inventory Analysis

The aim of the ‘Inventory analysis’ is to identify and quantify the

environmental burdens in the life cycle of the activity under study.

There are many things determine the environmental burden such as the
material used energy consumption, emission to air, sewage discharge, and

solid waste.

Inventory analysis includes the following steps:



21

— Detailed definition of the system under study.

— Data collection.

— Allocation of environmental burdens in multiple-function systems.
— Quantification of the burdens.

There are many important factors to determine the authenticity of Impact
Assessment, the most important emphasis on the data calculation and flows

allocation (Azapagic, 2004).

This data required for each process within the boundary system, which

classified under many main heading such as: (ISO 14040, 2006)

Energy inputs, raw materials inputs, ancillary input, other physical inputs
product, co-product and waste, emission to air, discharge to water and soil
Other environmental aspects

An inventory may be conducted to aid in decision making by enabling

companies or organizations to:

* Develop a baseline for a system’s overall resource requirements for

benchmarking efforts.

* Identify components of the process that are good targets for resource-

reduction efforts

 Aid in the development of new products or processes that will reduce

resource requirements or emissions.
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» Compare alternative materials, products, processes, or activities within

the organization.

» Compare internal inventory information to that of other manufacturers.

Managers using LCA to aid decision (Babu, 2006).

Following a preliminary system definition in the ‘Goal and scope definition
phase’, detailed system specification must be carried out in the ‘Inventory
phase’ to identify data needs. A system is defined as a collection of
materially and energetically connected operations (including, e.g.,
manufacturing process, transport or fuel extraction) which performs some
defined function. The system is ‘separated’ from the environment by a

system boundary; this is illustrated in Figure 3.4 (Azapagic, 2004).

e — e e e e e e e e e e e e e e e e e e e e e e —

=== =====s=s=s=s==s===s========s=========x=
Ia:' ” Environment %wh
| i
:: Subsystems Svet System boundary ::
ystem

:: Energy  rt-—=g---------- -4—1 Functional output(s) ::
:n g - > i

. |
|: Materials .J |__L|: Emissions :,
:Ix b — | Wastes ;':
\\\_.._ ________________________________ __"//

Figure (3.4): Definition of system, system, system boundary and environment (Azapagic,
2004).
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3.3.3. Impact Assessment
In LCIA, the inventory is analyzed for environmental impact. This can be
achieved by classification, characterization, normalization; and evaluation

(Azapagic, 2004).

For each substance, a schematic response pathway needs to be developed
to describe the environmental mechanism of the substance emitted. Along
this environmental mechanism, impact category indicator result can be

chosen either at the midpoint or endpoint level.

Midpoint impact category, or problem-oriented approach, translates
impacts into environmental themes such as climate change, acidification,

human toxicity, etc.

Endpoint impact category, also known as the damage-oriented approach,
translates environmental impacts into issues of concern such as human
health, natural environment, and natural resources. Endpoint results have a
higher level of uncertainty compared to midpoint results but are easier to
understand by decision makers (Chatzisymeon, Foteinis, & Borthwick,

2016).

The impact assessment method implemented in this study is a CML

baseline which is defined for the midpoint approach (SimaPro, 2016).
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The impact categories of CML base line are presented below:
1. Acidification

Acidic gases such as sulphur dioxide (SO,) react with water in the
atmosphere to form “acid rain”, a process known as acid deposition. When
this rain falls, often a considerable distance from the original source of the
gas (e.g. Sweden receives the acid rain caused by gases emitted in the UK),
it causes ecosystem impairment of varying degree, depending upon the
nature of the landscape ecosystems. Gases that cause acid deposition

include ammonia (NHjs), nitrogen oxides (NOx) and sulphur oxides (SOxy).

Acidification potential is expressed using the reference unit, kg SO,
equivalent. The model does not take account of regional differences in
terms of which areas are more or less susceptible to acidification. It
accounts only for acidification caused by SO, and NOy. This includes
acidification due to fertilizer use, according to the method developed by the
Intergovernmental Panel on Climate Change (IPCC). CML has based the
characterization factor on the RAINS model developed by the University

of Amsterdam.
2. Climate change

Climate change can be defined as the change in global temperature caused
by the greenhouse effect that the release of “greenhouse gases” by human
activity creates. There is now scientific consensus that the increase in these
emissions is having a noticeable effect on climate. This raise of global

temperature is expected to cause climatic disturbance, desertification,
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rising sea levels and spread of disease. Climate change is one of the major
environmental effects of economic activity, and one of the most difficult to
handle because of its broad scale. The Environmental Profiles
characterization model is based on factors developed by the UN’s
Intergovernmental Panel on Climate Change (IPCC). Factors are expressed
as Global Warming Potential over the time horizon of different years,
being the most common 100 years (GWP100), measured in the reference

unit, kg CO2 equivalent.
3. Depletion of abiotic resources

There are many different sub-impacts to be considered in this case. In a
general way, this impact category in referred to the consumption of non-
biological resources such as fossil fuels, minerals, metals, water, etc. The
value of the abiotic resource consumption of a substance (e.g. lignite or
coal) is a measure of the scarcity of a substance. That means it depends on
the amount of resources and the extraction rate. It is formed by the amount
of resources that are depleted and measured in antimony equivalents in
some models or water consumption (in m3), kg of mineral depletion and MJ

of fossil fuels.
4. Eco-toxicity

Environmental toxicity is measured as three separate impact categories
which examine freshwater, marine and land. The emission of some
substances, such as heavy metals, can have impacts on the ecosystem.

Assessment of toxicity has been based on maximum tolerable
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concentrations in water for ecosystems. Eco-toxicity Potentials are
calculated with the USESLCA, which is based on EUSES, the EU’s
toxicity model. This provides a method for describing fate, exposure and
the effects of toxic substances on the environment. Characterization factors
are expressed using the reference unit, kg 1, 4-dichlorobenzene equivalent
(1, 4-DB), and are measured separately for impacts of toxic substances on

(Acero, Rodriguez, & Ciroth, 2015).
m Fresh-water aquatic ecosystems

m Marine ecosystems

m Terrestrial ecosystems.

5. Eutrophication

Eutrophication is the build-up of a concentration of chemical nutrients in
an ecosystem which leads to abnormal productivity. This causes excessive
plant growth like algae in rivers which causes severe reductions in water
quality and animal populations. Emissions of ammonia, nitrates, nitrogen
oxides and phosphorous to air or water all have an impact on
eutrophication. This category is expressed using the reference unit, kg POy
3 equivalents. Direct and indirect impacts of fertilizers are included in the
method. The direct impacts are from production of the fertilizers and the
indirect ones are calculated using the IPCC method to estimate emissions

to water causing eutrophication (Acero, Rodriguez, & Ciroth, 2015).
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6. Human toxicity

The Human Toxicity Potential is a calculated index that reflects the
potential harm of a unit of chemical released into the environment, and it is
based on both the inherent toxicity of a compound and its potential dose.
These by-products, mainly arsenic, sodium dichromate, and hydrogen
fluoride, are caused, for the most part, by electricity production from fossil
sources. These are potentially dangerous chemicals to humans through
inhalation, ingestion, and even contact. Cancer potency, for example, is an
issue here. This impact category is measured in 1, 4- dichlorobenzene

equivalents (Acero, Rodriguez, & Ciroth, 2015).
7. Ozone layer depletion (Stratospheric ozone depletion)

Ozone-depleting gases cause damage to stratospheric ozone or the "ozone
layer”. There is great uncertainty about the combined effects of different
gases in the stratosphere, and all chlorinated and brominated compounds
that are stable enough to reach the stratosphere can have an effect. CFCs,
halons and HCFCs are the major causes of ozone depletion. Damage to the
ozone layer reduces its ability to prevent ultraviolet (UV) light entering the
earth’s atmosphere, increasing the amount of carcinogenic UVB light
reaching the earth’s surface. The characterization model has been
developed by the World Meteorological Organization (WMO) and defines
the ozone depletion potential of different gases relative to the reference
substance chlorofluorocarbon-11 (CFC-11), expressed in kg CFC-11
equivalent (Acero, Rodriguez, & Ciroth, 2015).
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8. Photochemical oxidation (Photochemical ozone creation potential)

Ozone is protective in the stratosphere, but on the ground-level it is toxic to
humans in high concentration. Photochemical ozone, also called “ground
level ozone”, is formed by the reaction of volatile organic compounds and
nitrogen oxides in the presence of heat and sunlight. The impact category
depends largely on the amounts of carbon monoxide (CO), sulphur dioxide
(SO), nitrogen oxide (NO), ammonium and NMVOC (non-methane
volatile organic compounds). Photochemical ozone creation potential (also
known as summer smog) for emission of substances to air is calculated
with the United Nations Economic Commission for Europe (UNECE)
trajectory model (including fate) and expressed using the reference unit, kg

ethylene (C,H,) equivalent (Acero, Rodriguez, & Ciroth, 2015).
3.3.4 Interpretation

This stage presents the whole and full finding of the impact assessment.
The result shall be suitable with the goal and the scope of the study,
providing a clarification of the Ilimits of the pattern and some

recommendations for further studies.

This phase is aimed at system improvements and innovation, and it

includes the following steps:
— ldentification of major burdens and impacts;
— Identification of ‘hot spots’ in the life cycle;

— Sensitivity analysis; and
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— Evaluation of LCA findings and final recommendations.

Quantification of environmental impacts carried out in ‘Impact assessment’
phase enables identification of the most significant impacts and the life
cycle stages that contribute to these impacts. This information can then be

used to target these ‘hot spots’ for system improvements or innovation.

Before the final conclusions and recommendations of the study are made, it
IS important to carry out sensitivity analysis. Data availability and
reliability are some of the main issues in LCA since the results and
conclusions of an LCA study will be determined by the data used.
Sensitivity analysis can help identify the effects that data variability,
uncertainties and data gaps have on the final results of the study and
indicate the level of reliability of the final results of the study (Azapagic,

2004).
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Chapter Four
Methodology

Adoption of pumped hydro energy storage project in wastewater treatment
plant -Nablus depends on the consideration of a range of technical and
economic factors. A further and increasingly important factor for material
specifies, in a world where sustainable development is a key issue, is the
associated environmental performance of material applications from the

perspective of manufacturing and product performance.

Among the tools available to evaluate the environmental performance of
PHES, life cycle assessment (LCA) provides a holistic approach to
evaluate environmental performance by considering the potential impacts
from all stages of construction the PHES project, including manufacturing,
operation, maintenance and end-of-life stages. This is referred to as the

gate-to-grave approach (WSA, 2011).

4.1 Goals and scope
The goals of this study are to evaluate the environmental impacts of PHES
and perform simple economic feasibility. The obtained results may help

decision makers to adopt such method or not.

To achieve the aforementioned objectives; the geographic features of the
site should be analyzed. A sufficient elevation difference should be
available between the storage tank and the plant where the turbine to be
installed. The necessary design of the hydro system should be performed

carefully.
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The Pumped hydroelectric energy storage is the most mature and largest
storage technique available. It consists of two large reservoirs located at
different elevations and a number of pump/turbine units during off-peak
electrical demand, water is pumped from the lower reservoir to the higher
reservoir where it is stored until it is needed. Once required (i.e. during
peak electrical production) the water in the upper reservoir is released
through the turbines, which are connected to generators that produce

electricity (Chen et al., 2009).

In evaluating the environmental performance of PHES, the analysis is
divided into five stages or phases: production phase (manufacturing the
product), transportation, land excavation to build the reservoir,

maintenance, and end of life.

The functional unit chosen in this study is 1MJ stored during one day and it

indicates the amount of energy stored in a time unit.

The origin of the input of electricity required to run up the pumped mode
can be supplied by any available renewable energy source such as solar PV

or biogas.

4.2 Expected Audience

The LCA results of this study can be viewed as a holistic perspective that is
capable of providing information about the whole system. That helps
stakeholders such as municipalities, scientific researchers, and the
Palestinian Energy Authority (PEA), and Environment Quality Authority

to take necessary decisions.


https://www.facebook.com/Environment-Quality-Authority-Palestine-471108729586418/
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4.3 System description overview

4.3.1 Nablus western wastewater treatment plant as a case study
(WWTP)

The targeted Wastewater treatment plant is located in western area of

Nablus, in Deir Sharaf village between Nablus and Tulkarm cities.

The average annual energy consumption of the plant is about 2,261,762
kWh. This value is calculated based on monthly consumption from January

until the end of July 2014 (Homeidan, Marie, & Hasson, 2015; [W2]).

The required area, pipe length, slopes and elevation differences of the
slected site for PHES determined using ArcGIS software. Figure 4.1
contains the mentioned parameters based on calculations from the

software.

Governoratg’_ :

Figure (4.1): GIS for the Proposed PHES
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Using figure 4.1, the following data were obtained:
Available maximum head is 320 m, and available area on this point is 6280

square meter.

Available minimum head is 250 m( at wastewater treatment plant level as a
reference), and the available area on this point is 18192.50 m?. Available

elevation difference 320-250 = 70 meter.

Referring to the downhill slope, the necessary pipe length between the

highest point and the reference point is 310 m.

4.3.2 The pumped hydro reservoir energy storage (PHES) system
design

Installing a pumped hydro energy storage system helps to store the energy
needed to run the plant from renewable sources when this type of energy is
not available, and thus reduces the amount of electricity demand from the

municipality and also reduces the operating cost.

Depending on energy consumption of WWTP, the renewable energy
source (solar or biogas) should be high enough to provide the necessary
power for the plant and store the excess energy to be used as needed

(Levine, 2007).
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4.4 System Boundaries

4.4.1 Conceptual Boundaries

The following two figures present two sketches of the system boundaries.
Figure 4.2 provides a general overview of the system boundaries. More
details considering different process and resources employed at each phase

are illustrated in Figure 4.3.
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pumped hydro energy production :
reversible Francis turbine , HDPE sheets and
pipe.

Excavation of the two reservoirs.
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Figure (4.2): general overview for PHES system boundaries.
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Figure (4.3): Details boundaries for PHES system
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4.4.2 Geographical Boundaries

Although Nablus western wastewater treatment plant is considered as a
case study for the PHES, the geographical boundaries were extended to
include countries where some components are manufactured and imported

from.

The considered Francis turbine (GUGLER Water Turbines GmbH,
company) is manufactured in Austria. It was assumed that the turbine has
been transported by freight ship from a nearest port called Koper in Austria

to the Ashdod port in Israel.

The HDPE sheets are produced in India-Ahmedabad, which were assumed
to have been transported by freight ship from India port directly to Ashdod

port.

The HDPE pipe is manufactured in Central tube —Italy, it was assumed to
have been transported by freight ship from Ravenna port to Ashdod port
directly.

The aforementioned equipment were assumed to be transported by lorry
from Ashdod port to the Station of Deir- Sharaf with total distance of about

87 km.

4.4.3 Time horizon (lifetime)

According to the lifetime for PHES components, the lifetime (time
horizon) of the LCA for PHES is set to 50 years (IPCC, 2009; ACPA,
2007; Riesterer, 2013).



38

4.5 Functional Unit

Functional unit for this study has been predefined as an amount of energy
stored over a period of time. Within the scope of this study, the selected
functional unit is 1MJ stored during one Day( MJ.Day) and it indicates the

amount of energy stored in a time unit of one day.

A regime that the pumped storage hydro plant will be applied in (Deir-
Sharaf wastewater treatment plant). The main aspects of this regime ; that
interesting for this study, is the possibility of enhancing the renewable
share at the grid by storing the capacity of energy from renewable sources

as solar, and introducing it back to the market at peak hours.

The objective of this study is to design and assess the environmental
impact of installing a pumped hydro energy storage plant that uses treated

water that stores sufficient potential energy to be used when needed.

The data about the Deir Sharaf station was collected from several
references, the research revealed that the average annual energy

consumption of the plant is 2,261,762 kwh.

4.6 Design of Pumped Hydro Energy Storage-Reservoirs
Necessary flow rates, size and dimensions of the reservoirs, diameter
penstock pipe, and other important parameters were determined using fluid

mechanics and hydrodynamics engineering.
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Given hydraulic head, output power and efficiency, the necessary flow

rates were calculated using equation 4.1
P=v.Q.H.n 4.1
Where,

P = generated output power [kKW].

Q = fluid flow in during power generation [m?3 /s].

n = turbine efficiency

v=p g = water specific weight [9.81 kN/m?],

Where:

p = fluid density in [kg/m®] = 1000 [kg/m3] for water.
g = gravitational acceleration [m/s?] = 9.81 [m/ s?].

H = hydraulic head height in meters [m].

Depending on the Ludin— Bundschu empirical equation, the inner diameter

of the pipe can be calculated using the following equations (BULU, n.d.):

Where:

Hgross < 100m — D = /0.05 Q> (m). 4.2
Hydraulic radius: R =§ (m). 4.3
Identical flow velocities: V = :fz (? ). 4.4

Friction Loss as Per Manning Relation:
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Manning relation computes the friction loss in pipe flow in terms of
roughness coefficient, flow velocity, penstock length and hydraulic radius

as sgiven in equation 4.5 (Singhal & Kumar, 2015) :

4.5

The volume of the reservoir is calculated by multiplying the value of flow

rate by storage time, as given in the following equation:
V=Q x Time. 4.6

Then the depth of reservoir calculated by eq.4.7

volume of reservoir

4.7

Depth of reservoir =

used land area

Mechanical energy equation can be used to calculate the pressure in

penstocks of a hydroelectric plant as in eq. 4.8:

72 72

hahf+ DoV P VL 4.8
pg 28 pg 28

where:

P is the fluid pressure

2 is the fluid density

v is the fluid velocity

g is the gravitational acceleration

= is the elevation of the fluid above a fixed reference point.


http://energyeducation.ca/encyclopedia/Acceleration_due_to_gravity
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The above mentioned design steps are summarized in the flow chart shown

in figure 4.4.
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Figure (4.4): Pumped hydro energy storage design flowchart
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4.7 Economic Analysis
For evaluating cost of the project economically, present worth analysis

equation is used (Blank & Tarquin, 2012):

AW-= [turbine cost + pipe cost + sheet cost] [[i{:f:] + [land cost +excavation
cost][i] + SV[ turbine cost +pipe cost +sheet cost][m;n_l]. 4.9
And the capitalize cost equal: PW=AWI/i 4.10
Where:

SV: salvage value is 0.05 of initial cost.
I: interest rate estimated as 0.1
n: useful life equal 50 years .

The economic analysis for each part of PHES is represented in the flow

charts in the following figures:

Excavation reservoirs

s |

| The cost of excavation used the digger machine
| determined by contractor

‘ about 3.86 $/m?

‘ excavation. i

1 hydraulic | skid-steer
digger \ loader

|

| cost for digger reservoir |
| with volume 24000 m? =
93000 $

for two reservoirs:
293000 $

Figure (4.5): Economic analysis of Reservoirs excavation.
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N
N
l Required Reservoir N
S \
with A=70%70 m & depth 5 m \
are used to calculate the HDPE 24000 m3 :
Geomembrane sheets area.
J depth of reservoir
HDPE sheets shape and the area of i
L reservoir:
surface area 70°70 m2
Find the area of depth 5 meter
sheets:
The total area of one with available area land
reservoir = 70°70 + 70°5'4
= 6300 m2
Multiply this area by sizing W
factor purpose taken it 10% sheets mass:
6300 1.1 = 6930 m2 Mass = volume (area * thickness) * densit
= 6930 m2 * 0.003 m* 940 kg/m3 For two reservoir
» 19 542.6 kg per reservoir L:I!l of needed HDPE 1954262
m&'——: #39085.2 kg
7
From the indiamart comapny
the cost of sheet
total cost for required sheets Rs 105/1KG

Rs105/1Kg "0.0149487 $/Rs = 61 348 §

total sheets cost for two reservoirs:
39085.2kg *

hydro power projects
can be classified by
head:

Head may be classified as follows:
N

*high head above 75 m.
* Medium head 40-75 m.
*  Low head 3-40 m.
*Ultra low head < 3 m

v

the design speed of a
turbine is largely
determined by the head
under which it operates.

Francis turbine are used
to exploit medium heads

with this study head is

Figure (4.6): Economic analysis of HDPE Geo membrane sheets

From GUGLER Water
Turbines GmbH
company

the price for such Francis
turbine+generator+inlet
valve+hpu will be around

70 m, so Francis
turbine is fit for it

Power 563 kW. flow

220,000 $.-ex works

The weight of turbine

rate 0.67 m3/s

water head 70 meter

Turbine can be classified as
high head , medium head or
low head machines

+ generator ... is
around 5500 kg

Figure (4.7): economic analysis of Francis turbine.
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Pipe HDPE

performance . Nl ladins Maximum ID (inner DN (outside

Density length of pipe thickness thickness diameter) diameter)630

69.33 kg/m. 310 meter . Smin37.4 mm A Smax39.4 mm ), 253.25 mm. nm

A

h 4

from Centraltubi company ,the cost is :
188%/m

3

the cost of required pipe equal :

\ 310188 $/m = 58,280 $

Figure (4.8): Economic analysis of HDPE pipe.

4.8 Impact Assessment

The open LCA software (version 1.4.2) has been used to implement life
cycle impact analysis. There are several impact assessment methods in this
software, the most updated databases are Ecoinvent 3.1, needs, elcd, and

agribalys [W3].

This section describes the impact categories that will be investigated in this
study. These impact categories are calculated using CML (baseline)

method.

CML (Institute of Environmental Sciences) method created by the
University of Leiden in the Netherlands in 2001 contains more than 1700

different flows (Guinée et al., 2001).

The method is divided into baseline and non-baseline, the baseline being

the most common impact categories used in LCA. This is considered in
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this study. Table 4.1 shows the impact categories that the software

considers (Acero, Rodriguez, & Ciroth, 2015).

Table 4.1: Impact categories included in the method CML (baseline).

(Source: Acero, Rodriguez, &Ciroth, 2015)

Method: CML (baseline)

Impact category group

Name of the impact category in the method

acidification

Acidification potential - average Europe

Climate change

Climate change - GWP100

Depletion of abiotic resources

Depletion of abiotic resources - elements,
ultimate reserves

Depletion of abiotic resources - fossil
fuels

Ecotoxicity

Freshwater aquatic ecotoxicity - FAETP
inf

Marine aquatic ecotoxicity - MAETP inf

Terrestrial ecotoxicity - TETP inf

Eutrophication

Eutrophication - generic

Human toxicity

Human toxicity - HTP inf

Ozone layer depletion

Ozone layer depletion - ODP steady state

The inventory process is considered as that challenging step in

investigating the life cycle assessment of any process or product. In this

research, and since there is no enough data available in the literature, the

inventory was created by scaling down some systems. Some necessary data

were also obtained from the manufacturers.
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Figure 4.9 summarizes the analysis phases of LCA by a flow chart

life cycle phases

Goals and scope

life cycle inventory

analysis

N

cycle environmental impact

life cycle impact CML- baseline is used for fife N
assessment
assessment

goal: to evaluate the

environmental impacts
of PHES.
with Functional unit 1

= &)

transponing

phase

X

end of life excavaﬂ
phase phase

")

MJ stored during one
day

—
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Figure (4.9): LCA phase’s flow chart for PHES

4.9.1The production phase

Production phase analysis includes the manufacturing process of the PHES

components. These components are reversible Francis turbine including

generator, inlet valve, fluid transferring pipe, and HDPE (geomembrane)

sheets for reservoirs.
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4.9.2 The Transporting phase

Transporting the components from the manufacturer plant to the final
destination represent an important part of studding life cycle assessment. It

necessary to take into account all intermodal freight transport as needed.

Internet website [W4] has been used to determine the distance from origin

of manufacturer plant to the final destination charge.
4.9.3 The Maintenance phase

During the operation of station some parts need maintenance. Based on life
time of PHES only some parts from subsystem of PHES needs

maintenance. This part was also considered in this study.
4.9.4 The End-Of-Life phase

This phase consists of two stages, the disposal and recycling if possible.
The nature of the materials is the key to decide the best method for end of

life for each.
4.9.5 The excavation phase

This phase considers the excavation of necessary reservoirs. The hydraulic
digger and skid steer digger are considered as the main used machines for

this purpose.
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Chapter Five

Results and Discussion

Energy storage systems have been utilized in many forms and applications
for a long time. Today’s energy storage technologies are used to achieve
electric power systems of higher reliability and to contribute to the broader

use of renewable energy.

Energy storage technologies can be generally divided into three main
groups: mechanical, electrochemical and electromagnetic storage (ICE,
2011). From these technologies the Pumped hydroelectric storage system

(PHES) is the most mature form of energy storage.

Pumped hydroelectric facility construction is often constrained by low
variation in topographic elevation and water availability (Carnegie et al.,

2013).

In Palestine, the availability of surface water, i.e rivers and lakes is of
major constrains, but water treatment plants offer a solution that overcome
the water availability constrains. In Nablus, the West Wastewater treatment
plant is in hand to implement the PHES as there is large water amount
available nearby mountainous area with sufficient altitude; in addition the
Wastewater treatment plant itself needs an enormous energy supply, PHES
can offer part of this supply to reduce the energy costs. Wastewater
treatment plants consume large amounts of energy then it’s necessary to
find renewable energy sources for example solar, wind energy, etc. As the

renewable energy is often intermittent, the need of storage system is
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mandatory to run the Wastewater treatment plant facilities continuously

without interruption.

This thesis entails the life-cycle assessment of PHES as an energy storage
option to be applied in the Nablus western wastewater treatment plant. In
order to assess this system according to environmental and economic
impact; a simplified design of the PHES was carried out based on real

energy consumption data of the plant.

The design, the economic feasibility, and the environmental impact of
PHES for Nablus western wastewater treatment plant were conducted in

details and the results are illustrated in the following sections.

5.1 Pumped Hydroelectric Energy Storage (PHES) design:

The design of a PHES plant often begins with a site that is in a desirable
location and has favorable geotechnical with an adequate water source,
upper and lower reservoirs possibilities, and reasonable head conditions.
For this purpose, a reasonable geotechnical site is assumed to exist, and the
focus is on the technical characteristics and the facilities that contribute to a

successful PHES plant.
5.1.1 Power Consumption of the plant:

To calculate the technical specifications of a pumped hydroelectric site,
basic fluid power equations are used. Given hydraulic head, system
efficiency, and an upper bound on flow rate, the power generation capacity
of the pumped hydroelectric istation can be calculated by use equation (Eqg.

4.1)
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in the case of Nablus WWTP, the hydraulic head, the flow rate can be
determined depending on proposed storage and operating time, this leads to

know the pipe diameter which will be adopted.

The hydraulic head is given by analysis the topographic area of the site by
ArcGIS and GeoMOLG software, the analysis revealed that the two main
points, namely the lowest and the highest points of the of the proposed site
are 250 and 320 m above the sea, respectively. As a result, available

hydraulic head is 70 m.
Efficiency of such pumped storage plant is equal to 85% (Tilahun, 2009).

The corresponding flow rate required to achieve the specified power was
identified by trial and error, an evaporation losses of 5% was considered in

this study.

The design is based on 10 hours of storage to cover 14 hours of operating,
this assumption is generally reasonable when solar energy (PV) is

considered as the source of renewable energy.

5.1.2 The required storage capacity:

The average annual power consumption of the WWTP is 2,261,762 kWh

(Saleh, 2014) this value is equivalent to a power of %ﬁ = 258

year

KW. Operating power: 258 kW.

Operating and needed power for storage is approximately 620 kW,
considering that the operating time equals to 10 hours and storage time

equals to 14 hours.
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14 h (operate)

258 *[ 1+( 10 h (storage)

)] =619.6 kKW

This value needed for storing energy by PHES for 10 hours.
5.1.3 Hydraulic dimensions of Penstock:

Studying pumped hydro energy storage system in any site needs good
knowledge of the area and also there is a need to create a preliminary

design for such systems.

Pumped hydro energy system PHES in this study consists of two large
reservoirs located at two different elevations, pump/turbine unit, pipe
(penstock) that connects between the two reservoirs where water flows

through. Figure 5.1 illustrates the layout of PHES system.

Upper
Reservoir

Low Demang

’ Hgh Demand
Turbines for pumping and

Lower Reservoir electricity generation

Figure (5.1): layout of the pumped hydro energy storage system

During off- peak electrical demand, water is pumped from the lower

reservoir to the higher reservoir where it is stored until it is needed.

Water head is 70 meter, and pipe length is 310 meter, these are determined

by the use of the Geo-MOLOG and ArcGIS software.
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Figure 5.2 illustrates the horizontal dimension between the reservoirs; it
was important to determine the decline (slope) of hill which refers to the
length of the pipe. Pythagorean Theorem was used to determine the length

of the pipe as:

Pipe’s Length = v/302.47 2 + 702 =310 m.

{
i
,;;,

FudicarmiGovernorate

Figure (5.2): the horizontal distance between the reservoirs (source: Geo-MOLOG)

The power generation capacity of a pumped hydroelectric installation can
be calculated using equation (4.1) depending on the type of the turbine
which is reversible Francis turbine which can operate as a pump during the

off peak hours, and as a turbine for power generation during peak demand
[W5].

The necessary flow rate and the diameter of the penstock can be calculated
by trial and error method in both modes as the friction losses depends on

the flow rate.
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In turbine mode:

Ph,tz Y. Q Ht 0
Pht : generated output power [KW] in turbine mode.
Q : volumetric fluid flow rate [m3 /s].

Qu. volumetric fluid flow rate [m3 /s]. In turbine mode the sub number 1, 2

... refers to the number of trial.

H:: total head in turbine mode where, H; (total) = H gross - hs,
The following relation can be used to the pipe diameter.
(9812 .Qr1.(70m—hf) .0.85) = 258 kW

h¢ is unknown and depends on the liquid velocity which also depends on
volumetric flow rate. The unknown can be solved by trial and error as

illustrated in the following steps:
Trial 1:
Assume hf; = 0 (initial guess) then:

258 =(9.81+ 0.85+ 70+ Q1)

ma3

m3

When Q;-0.44 — H; (total) = 70 m.

Depending on the Ludin— Bundschu empirical equation, one can determine

the inner diameter of the pipe as the following (BULU, 2016):

ngoss < IUDTH —* D = :fD.DS QS (m)
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Hydraulic radius: R =g (m).

Identical flow velocities: V = jq (?).

DZ

By using the previous three equations the diameter and radius and identical

flow velocity will be:

D;=30.05 x 0.443 =0.459 m.

0..45%9

R; = =0.11m.
Vi = e ‘L”M_‘L =265 =
i w0459 5

Friction Loss as Per Manning Relation:

Manning relation computes the friction loss in pipe flow in terms of
roughness coefficient, flow velocity, penstock length and hydraulic radius

as sgiven in equation 4.11 (Singhal, & Kumar, 2015):

411

210=2.65%«0.009° .
he = = 3.35 m, this value named hy,
0.11%4/3

Trial 2, new guess for hp=3.35m
Using equation ..........
Ph.t = 'YQ (ngoss —hfz)n

258 = [9.81 » Q, » (70-3.35) « 0.85]

Q.= 0.464 '”’*—3
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Using the second value of flow rate and Friction Losses

Q.= 0.464 '”’*—3 hp=3.35m.

D,=1/0.05Q> =3/.05.(0.464)* =0.469 m.

_ 0.464

Ry = " =0.117 m.

V,= 22987 _ 5 68 mis. then h will be:
mo=0,4692
hes= (310 »268%+0.009") _ 316 m.

(0.117%4/3)
These lead to:
Q3=0.46
D3=0.468 m
R;=0.117m
V3=2.667 m/s
hty=3.12 m.
Third iteration
hi=3.12 m
258 =9.81 « Q,+(70-3.12) - 0.85
Q.=0.46
D,=0.468
R4=0.117

V4=2.668 m/s
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hﬁ:ﬁloxzéﬁ?mﬂﬂo?]:Blen
(0.117"4/3)

With equal last two value, the desired value of hs; can be taken as 3.12

meter.

After all above steps the Preliminary penstock design at turbine mode is:
Vi=2.668 (7), hf=3.12m, Q= 0.46(”’*5 ), D= 0.46 m, P,=258 kKW.
The obtained value of flow rate (in turbine mode) (Qt=0.46'”’*T3 ), the volume
of the reservoir can be calculated as

Vol. =Q x Time.

Vol. = (0.46'”’*?3). (14 h). (3600) = 23184 m?

Assume evaporation losses of 5%. (Postel et al., 1996)
Vol. =23184 m?® *1.05 = 24 000 m?.

The volume of one reservoir is = 24000 m2,

The depth of the reservoir can be calculated by dividing the reservoir

volume by available land as:

. [ ir _ 24000 m?
Reservoir Depth = 225ume of reservorr ™ _ =3.8m, to save some area

land use area 6280 m2

the depth can be taken as 5 m.

After studying the available area in the site and comparing them with the
desired size, an upper reservoir size is designed with 70-meter length, 70-

meter width and 5 meter depth, this also was applied to the lower reservoir.
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Pump mode:

Q _ reserveir's velume
=

pumping time

24000 m°

10 h= EEUUE

Q,= =0.67 1

The inner diameter of the pipe at pump mode:

D= 2/0.05.Q° =7/0.05.(0.67)° =0.549m.

R ,= 0.137m.

V= =2 =28 mis

mo=0,5349°

h 1. = (310 * 2.8°* 0.0092)/ (0.137%3) = 2.8 m.

P, = y.Q.(Hgross+hf.p) _[0.81=067 =70 +2.8)

1 _
h.p n 085 =563 Kw.

The summary of Preliminary design of penstock at pump mode:
Vp= 2.8 m/s, h;,=2.8 m/s, Qp= 0.67 m3/s, Dp =0.549 m, Ph.p= 563 kW.

5.2 maximum pressure in the penstocks

In order to determine the pipe thickness, the maximum possible pressure in
the pipe should be determined. General the maximum pressure in such
system is at the pump exit, by applying the mechanical energy equation
between the pump exit and the surface of water at upper reservoir as in
equation 4.8.

%6 P, Vi

P
ha-hf+ —+—L+7="+"+7
pg 28 rg 28
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where

Ha is 0 m (no mechanical device between the pump exit and the water

surface in the upper reservoir.

H: is Headloss (m) or frictional losses as per manning relation (here hf 2.8

m).

2z

2.8
2+9.81

Pi=(— + 2.8+ 70)*9.81 =710 kPa; (P1 is the maximum pressure).
Because the mire losses were neglected nd taking in to account safety

factor larger pipe that resist higher pressure was selected (10 bars).

Comparing the cases of pump and turbine modes, the higher value for the
pipe diameter is in pumping mode, which is depending on the higher 549
mm. from HDPE pipe dimensions standards in (appendix B) choose the
closest pipe is sdr =17; And PN 10 Table 5.1 shows the other

specification of the pipe .

Table (5.1): HDPE pipe specifications

DN (outside diameter) 630 mm
Minimum thickness Smin 37.4 mm
Maximum thickness Smax 39.4 mm
Tolerance S 3.9
Density 69.33 kg/m.
Length of pipe 310 m.
ID (inner diameter) 553.25 mm.
Pipe Weight 21492.3 kg
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5.3 Characteristic of the final design for PHES
The proposed pumped hydro energy storage system (PHES) for WWTP in

Deir-Sharaf -Nablus is a 563 kW reversible Francis turbine plant.

During off-peak electrical demand, water is pumped, using excess energy
generated by other sources like renewable energy, from the lower reservoir

to the higher reservoir where it is stored until it is needed.

Once required, i.e. during peak electrical demand, the water in the upper
reservoir is released through the turbines, which are connected to

generators that produce electricity.

Generation and pumping can be accomplished by single-unit, reversible
pump-turbines, that allow the power station to generate electricity during

peak hours then pump it back into the reservoir during low demand hours.

The PHES consists of two reservoirs, the upper reservoir located at
elevation of 70 meter above the lower reservoir. Treated wastewater

effluents from the wastewater plant is considered as the storage medium.

It has been previously described in details how to determine the size and
dimensions of the reservoirs. The reservoirs are designed with equal
capacity and capable of storing enough water to store and generate the

needed energy

And along the slope of the selected hill, a HDPE pipe (penstock) of 310
meters was designed for transferring the water between the reservoirs

through the turbine-pump assembly.
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5.4 Economic Analysis for PHES

The prices of turbine is considered to be 22 thousand euros as indicated by
manufacturing company (GUGLER Water Turbines GmbH) The price
includes the Francis turbine, generator, inlet valve and HPU (hydraulic

power unit) (Gugler, 2016).

The price of previously specified HDPE pipe was taken as 188 $/meter,

based on cost index for Palestine Plastic Industrial Co. (PPIC).

The geomembrane sheet price was taken as 105 Rs/kg (Rs: Indian Rupee,

1USD=65 Rs), as indicated by IndiaMART company [W6].

The cost of land was taken according to the local land price within the

specified location as 16925 $ per dunam.

The cost of excavation was specified by local contractors of 3.86 $ per

cubic meter excavation.

By applying eq.4.10 and eq.4.11 and using costs in table 5.2 the present
worth and annual worth analysis for PHES were calculated. The annual
worth (AW) and the present values (PW) of the plants were 65176.54,
651765.4 $, respectively.


http://www.indiamart.com/
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Table (5.2): PHES elements costs

market/3%$/m?)

Items Cost ($)
Land(area 4900 m?) 829325
Turbine + generator +inlet valve +HPU 220,000
HDPE pipe(310 meter) 58,280
HDPE sheet for lower reservoir 30674
HDPE sheet for upper reservoir 30674
Excavation two reservoirs 2*(93000)
HDPE pipe 2480
HDPE sheet for upper reservoir (civil work /local 18900
market/3%/m2)
HDPE sheet for lower reservoir(civil work /local 18900

5.5 Life Cycle Assessment of Phases

5.5.1 The production phase

The Production phase analysis includes: the manufacturing process of the
Parts of PHES system the materials used for manufacturing the main parts
of the reversible Francis turbine, the polymer and manufacturing process of
HDPE sheets and pipe. The necessary data were obtained from literature

and Ecoinvent 2.2, and ecoinvent 3.1 data base included within the life

cycle assessment.

5.5.2 The Transportation phase

The transportation of materials were consider through roads and ships from

the production sites to the location of the PHES plant as needed.
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The aforementioned products are expected to be transported by ships to a
port called Ashdod and then by roads to the specified location.
SeaRates.com website was used to determine the distance from origin

destination [W4].

The Francis turbine is manufactured in (GUGLER Water Turbines GmbH,
company) in Austria, It was assumed to be transported by freight ship from

nearest port called Koper in Austria to the Ashdod port.

The HDPE sheets are produced in India-Ahmedabad, which were assumed

to be transported by freight ship from India port directly to Ashdod port.

The HDPE pipe is manufactured in Centraltubi —Italy, it was assumed to
have been transported by freight ship from Ravenna port to Ashdod port

directly.

Then they were transported by lorry from Ashdod port to Station of Deir-
Sharaf, Nablus. Over a distance of 86.9 km. the data inventory for

Transporting the Turbine, Pipe and sheets is given in appendix C.

Figure 5.3 below represents the maps of transportation of each component.
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Figure 5.3: map of transportation of PHES elements [W4]
5.5.3 Maintenance phase

The life span of the PHES plant is taken as 50 years. For maintenance
phase, only the moving parts were considered, of these, the turbine system
Is the most part that needed maintenance. For this reason, maintenance and
replacement of the turbine parts such as Guide Vanes and a runner were

considered, as needed (Torres, 2011).



64

5.5.4-End of life phase

The end of life phase is an important phase where the disposal of some
components and the possibility of recycling others are considered. In case
of PHES, the disposal of most part of the turbine while recycling of HDPE

sheets and pipe can be investigated.

The used Ecoinvent database considers only incineration and landfilling
but not recycling. Thus, the disposal routes for polyethylene considers only
the energy required for crushing HDPE pipe or sheet. The environmental
Impact for this phase was taken as the same impact from producing the

required electrical energy.

The turbine and similar metallic material were not considered as a
recyclable material due to complexity of alloys. Thus these material was

considered as a disposable ones.

5.5.5- Excavation phase:

At this stage, mainly a hydraulic digger and skid-steer loader were the
necessary machines for digging and excavation of the reservoirs. The
resultant environmental for the excavation process was investigated using

the Eco-invent database.

5.6 Environment Impact Assessment

The CML base line (Center of Environmental Science of Leiden
University) method was used to investigate the environmental impacts of
PHES. The results of the environment impact of the aforementioned phases

will be discussed in the next sections.
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CML proposes a set of impact categories and characterization methods for
the impact assessment step. The impact assessment method implemented in
this study was CML-IA methodology which is based on midpoint
approach. There are two versions of CML methods. The baseline and non-
baseline methods. The baseline method considers the most common impact

categories. In this study baseline method is used (Guinee et al., 2001).

Tables 5.3 — 5.6 tables includes LCA input data (inventory data) for PHES
system. Which are used as a base to assess the impact of each phase in the

PHES.
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-GLO

material activity Database process Flow Unit | Quantity
property
high strength
micro alloyed

Labvrinth steel & stainless | steel, low-alloyed -

S:alyrmt steel GLO Mass kg | 9.29E-07
carbon steel steel, unalloyed - GLO Mass kg | 4.64E-07
heat treatment
steel hot rolling, steel - GLO Mass kg | 4.64E-07

Py Spiral sheet rolling, chromium

@ Cgls'}?] Stainless steel | steel - GLO Mass kg | 2.55E-06
@ g Carbon Steel steel, unalloyed - GLO Mass kg | 2.55E-06
w

=) .

@ | Guide steel, chromium steel

T Vanes Stainless steel 18/8 - GLO Mass kg | 4.64E-07
2

=} steel, chromium steel

z Runner Stainless steel 18/8 - GLO Mass kg | 1.21E-06
c hot rolling, steel - GLO Mass kg | 4.64E-07
o

3 Pressure steel, chromium steel

Shaft Stainless steel 18/8, hot rolled — GLO Mass kg | 2.31E-02
High Strength
Microalloyed steel, low-alloyed -

Steel& Stainless GLO Mass kg | 6.49E-07

Covers steel

polyethylene, high
density, granulate - Mass kg | 3.91E+04
HDPE sheets GLO
calendering, rigid
T sheets - GLO Mass kg | 3.91E+04
O
0 -
m polyethylene, high
density, granulate - Mass kg | 2.15E+04
HDPE pipe GLO
extrusion, plastic pipes Mass kg | 2.15€+04
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Table (5.4): inventory data for maintenance phase

Material activity Database process Flow Unit | Amount
property

Guide Vanes | chromium steel | steel, chromium steel 18/8 Mass kg 6.43E-03

Runner chromium steel | steel, chromium steel 18/8 Mass kg 1.67E-02




Table (5.5): inventory data for End of life phase
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Disposal . Flow .. | Amount
POSE Material Flow Unit
for turbine property (per FU)
Dis covers Covers steel, low-alloyed - GLO Mass kg 6.49E-07
steel, chromium steel 18/8 -
Dis runner Runner Mass 3.62E-06
GLO kg
Dis spiral spiral sheet rolling, chromium steel -
Mass 5.10E-06
casing casing GLO kg
Dis guide guide steel, chromium steel 18/8 -
Mass 1.39E-06
vanes vanes GLO kg
Dis pressure pressure
shaft shaft steel, chromium steel 18/8, hot Mass 2.31E-02
rolled - GLO kg
steel, unalloyed - GLO Mass kg 1.02E-06
Dis-labyrinth labyrinth
hot rolling, steel - GLO Mass kg 1.02E-06
seal seal
steel, low-alloyed - GLO Mass kg 1.02E-06
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Table (5.6): inventory data for Excavation phase

Machine used Flow Unit | Amount
property
excavation, skid-steer loader — RER Volume m?® 2 02E-01
excavation, hydraulic digger — RER Volume m3 2.02E-01

5.6.1 Environmental Impact of the Production Phase:

The environmental impact analysis of the production phase of PHES
system was analyzed using the LCA software. As clear in figure 5.4, the
marine aquatic eco-toxicity is the predominate impact of this phase. the
marine aquatic eco- toxicity of production phase was found to be
equivalent to the effect 453.97 kg 1,4- dichlorobenzene According the
depletion fossil fuel of 19.50342 MJ) was found to be the second largest
effect of this phase. This can be explained by the high energy input used in
manufacturing of components needed in production of the devices. The
use of large quantities of chromium steel in constructing the turbine which
contributes in 61.35% of Marine aquatic eco-toxicity due to the use of
Nickel and chromium in steel manufacturing Nickel contribution in marine
Eco toxicity of more than 37% of total impact. Using of chromium VI

contributes in 88.56% of human toxicity in the production phase.
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The Human toxicity, fresh water aquatic eco toxicity, and climate change
were also found to be affected during the production phase. The effect was

less pronounced than others.

In the production phase, high energy input is linked to turbine
manufacturing, calendaring and extrusion processes of HDPE sheets and
pipe. Burning fossil fuel will lead to an increase in greenhouse gas
emissions ecotoxicity, and human toxicity. Using CML (baseline) method,
the fossil fuel consumption values in this stage were found to be: 55.0%
Oil, 38.54% natural Gas, and 6.03% Coal corresponding to 10.72677,
7.51730 and 1.17528 MJ, respectively. Note that the use of Oil has a very
high impact on Marin Eco toxicity. studies of the emission levels from
experimental burns have shown that about 85 to 95% of the burned oil
becomes carbon dioxide and water, 5 to 15% of the oil is not burned
efficiently and is converted to particulates, mostly soot, and the rest, 1-3%,
is composed of other combustion by-products (e.g. nitrogen dioxide,
sulphur dioxide, carbon monoxide and poly aromatic hydrocarbons) (Broje,

2015).
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Table (5.7): shows detail about the environmental impacts of the

production phase

Impact category Reference unit Result

Acidification  potential - | kg SO2 eq. 0.00282

average Europe

Climate change - GWP100 kg CO2 eq. 0.702645

Depletion of abiotic | kg antimony eq. 3.93E-06

resources - elements,

ultimate reserves

Depletion of abiotic | MJ 19.50342

resources - fossil fuels

Eutrophication - generic kg PO, eq. 0.003426

Freshwater aquatic | kg 1,4-|0.348755

ecotoxicity - FAETP inf dichlorobenzene eq.

Human toxicity - HTP inf kg 1,4-|1.908263
dichlorobenzene eq.

Marine aquatic ecotoxicity - | kg 1,4- | 453.9788

MAETP inf dichlorobenzene eq.

Ozone layer depletion - ODP | kg CFC-11 eq. 1.06E-08

steady state

Photochemical oxidation - | kg ethylene eq. 0.000224

high Nox

Terrestrial ~ ecotoxicity - | kg 1,4-10.062322

TETP inf dichlorobenzene eq.
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production phase impacts
453.9788365

100 19.5034204
1.9082628
1 — —
7026453 348754604
0.01
0.002820094 0.003426188
0.0001
000001 3.92982E-06
1E-08

B Acidification potential - average Europe

B Climate change - GWP100

m Depletion of abiotic resources - elements, ultimate reserves
Depletion of abiotic resources - fossil fuels

B Eutrophication - generic

B Freshwater aquatic ecotoxicity - FAETP inf

B Human toxicity - HTP inf

B Marine aquatic ecotoxicity - MAETP inf

B Ozone layer depletion - ODP steady state

B Photochemical oxidation - high Nox

W Terrestrial ecotoxicity - TETP inf

062322491

000224477

1.06005E-08

Figure (5.4): environmental impact assessment results for production phase.
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5.6.2 Environmental Impact Assessment Analysis of End-of-Life Phase
The result of the environmental impact assessment analysis of the end of
life phase is given in Figure 5.5, it contributes significantly to the

environmental impacts of they take the second rank after the production

stage.
End-Of-Life phase impacts m Acidification potential - average
Europe
1000 Climate change - GWP100
10 I Depletion of abiotic resources -
-_— elements, ultimate reserves
0.1 Depletion of abiotic resources - fossil
fuels
0.001 M Eutrophication - generic
m Freshwater aquatic ecotoxicity -
0ooo1 FAETP inf
B Human toxicity - HTP inf
P00001
B Marine aquatic ecotoxicity - MAETP
1E-09 inf ]
End of Life phase B Ozone layer depletion - ODP steady
state

Fig (5.5): Environmental impact assessment analysis for end of life phase.

This phase includes two end of life processing methods, the disposal and
recycling in many opportunities, recycling is impossible whenever it is
necessary to re-extract the heavy metals from the dead turbine parts. On the
other hand, the HDPE is easy to be recycled either to be partially used in

production of new product or to be pyrolyzed.

According to the results of the environmental impact of disposal and
recycle phase as given in table 5.8 , the Marine aquatic ecotoxicity has

the highest value of 278.4136 kg 1,4-dichlorobenzene eq. this is due to
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nickel, ion, and chromium VI in steel which generally used in the

production of turbine set parts.

Table (5.8): analysis results of the end of life for disposal and recycling
methods ways.

Impact category Reference unit | Disposal Recycling
impact impact

Acidification potential -| Kg SO2 eq. 4.12E-04 191E-05

average Europe

Climate change - GWP100 | Kg CO2 eq. 8.74E-02 4.06E-03

Depletion of abiotic | Kg antimony

resources- elements, | eq. 3.59E-06 2.07E-09

ultimate reserves

Depletion o_f abiotic | MJ 1 06E+00 9 59E-03

resources - fossil fuels

Eutrophication - generic Kg PO'44eq. 2 83E-03 5.39E-06

Freshwater aquatic | Kg 1,4-

ecotoxicity - FAETP inf dichlorobenzen 3.05E-01 2.01E-03
e eq.

Human toxicity - HTP inf Kg 1,4-
dichlorobenzen 1.82E+00 1.90E-03
e eq.

Marine aquatic ecotoxicity - | Kg 1,4-

MAETP inf dichlorobenzen 2.78E+02 6.35E+00
e eq.

Ozone layer depletion - |Kg CFC-11 eq. i i

ODP steady state 4.46E-09 1.09E-11

E_hotochemlcal oxidation - | Kg ethylene eq. 3.73E-05 4.66E-07

igh Nox

Terrestrial ~ ecotoxicity - | Kg 1,4-

TETP inf dichlorobenzen 6.11E-02 2.03E-05
e eq.

The striking in the results in Table 5.8 is the high values of Human
toxicity, Freshwater aquatic Eco toxicity, Climate change, Ozone layer

depletion, photochemical oxidation, and Depletion of a biotic resources.
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Due to turbine element disposal compared to the recycling HDPE sheets
and pipe, this means that most of the environmental impact at this stage is
due to disposal of the turbine where it consumes about 1.061958648 MJ of

fossil fuel energy.

5.6.3 Environmental Impacts of Maintenance Phase
The distribution of environmental impacts along the different phases of the
plant life cycle can varies significantly depending on the mass of material’s

parts that are format the system.

In this phase some of turbine parts like Guide Vans and runner have to be
replaced, because the guide vane system is highly affected by sediment
erosion due to highest absolute velocity and acceleration, and the runner is
effected by turbulence erosion due to fine sand is always susceptible at the
trailing edge of the blade. Also because of high relative velocity, most of
the particles will also move towards outer diameter in the runner outlet and
hence more effect of erosion can be observe there (Neopane, Dahlhaug, &

Cervantes, 2011).

According to Table 5.4 which contains the data inventory of the reversible
Francis turbine that need maintenance. Steel has the major share of parts
need maintenance. As previously stated, the elements included in the
fabrication of steel have high environmental impact especially on marine
aquatic eco toxicity. Figure 5.6 and Table 5.9 show the environmental

impact results of the maintenance phase.
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Table 5.9: Environmental impact assessment results for maintenance
phase.

Impact category Reference unit Result

Acidification potential - average | kg SO- eq.

Climate change - GWP100 kg CO; eq. 7.97E-02

Depletion of abiotic resources - | kg antimony eq. 3.58E-06

elements, ultimate reserves

Depletion of abiotic resources - | MJ 0.944309

fossil fuels

Eutrophication - generic kg PO4* eq. 0.002476

Freshwater aquatic ecotoxicity - | kg 1,4- 0.302077

FAETP inf dichlorobenzene eq.

Human toxicity - HTP inf kg 1,4- 1.811413
dichlorobenzene eq.

Marine aquatic ecotoxicity -|kg1,4- 277.3893

MAETP inf dichlorobenzene eq.

Ozone layer depletion - ODP | kg CFC-11 eq. 3.97E-09

steady state

Photochemical oxidation - high | kg ethylene eq. 3.42E-05

Nox

Terrestrial ecotoxicity - TETP | kg 1,4- 0.061089

inf dichlorobenzene eq.
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Maintenace phase impact

F_

B Acidification potential - average
Europe
B Climate change - GWP100

Depletion of abiotic resources -
elements, ultimate reserves
Depletion of abiotic resources -
fossil fuels
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B Freshwater aquatic ecotoxicity -
FAETP inf
B Human toxicity - HTP inf

W Marine aquatic ecotoxicity - MAETP
inf

B Ozone layer depletion - ODP steady
state

B Photochemical oxidation - high Nox

B Terrestrial ecotoxicity - TETP inf

Fig (5.6): environmental impact results of maintenance phase

5.6.4 Environmental Impact of Excavation Phase:

The environmental impact analysis results of the excavation stage (phase)

are presented in Fig 5.7, significant effect on marine aquatic eco-toxicity,

depletion of abiotic resources - fossil fuels and Climate change - GWP100

can be seen..

The aforementioned Increase in Depletion of abiotic resources - fossil fuels

and Climate change is due to high consumption of diesel fuel by skid steer

loader and hydraulic digger.

Based on LCA software results, Marine aquatic eco-toxicity - MAETP, and

climate change GWP are mainly affected by the type of fuel used. In this

case 89.33% of fuel used from oil crude while only 6.36% is from natural

gas.
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The environmental impact results of excavation phase is listed in table

5.10:

Table (5.10) environmental impact assessment results of excavation
phase.

Impact category Reference unit | Result
Acidification potential - average Europe | kg SO eq. 1 60E-03
Climate change - GWP100 kg CO, eq. 2.13E-01
Depletion of abiotic resources - | kg antimony eq.
elements, ultimate reserves 4.85E-08
Depletion of abiotic resources - fossil | MJ
fuels 2.94E+00
Eutrophication - generic kg PO4 eq. 3.80E-04
Freshwater aquatic ecotoxicity - FAETP | kg 1,4-
inf dichlorobenzene

eq. 1.21E-02
Human toxicity - HTP inf Kg 1,4-

dichlorobenzene

€q. 3.32E-02
Marine aquatic ecotoxicity - MAETP | Kg 1,4
inf dichlorobenzene

edq. 3.89E+01
Ozone layer depletion - ODP steady | kg CFC-11 eq.
State 2.60E-08
Photochemical oxidation - high Nox kg ethylene eq. | 4.24E-05
Terrestrial ecotoxicity - TETP inf Kg 1,4-

dichlorobenzene

eq. 6.76E-04
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EXCAVATION phase impacts
100 38.91820027

H Acidification potential - average

10 Europe

2.940953132
H Climate change - GWP100

1
. Depletion of abiotic resources -
0. 1271803 elements, ultimate reserves
Depletion of abiotic resources - fossil
001 33235394 fuels
1208481 o .
B Eutrophication - generic
0.001 0.001601998
006757550 Freshwater aquatic ecotoxicity - FAETP
0.000379905 inf
0.0001 n
B Human toxicity - HTP inf
3785E-05

[y

0.00001
B Marine aquatic ecotoxicity - MAETP inf
1.000001
m Ozone layer depletion - ODP steady
0000001 state
B Photochemical oxidation - high Nox
4. 84511E-08
1E-08 2.60001E-08

Figure (5.7): the environmental impacts results of excavation phase for PHES

Fig.5.8 shows the environmental impacts during the five phases of the life
of PHES. It seems that the production Phase contributes to the bulk of the
damages. End of life phase and maintenance also contribute significantly in
the system’s life cycle impact. Therefore, the mass of the PHES’s
components plays an important role in its life cycle. Excavation phases
does not contribute significantly as the case in previous phases with the
exception of their impact on the Marine aquatic eco-toxicity, which
somewhat looks big. The impact of Transportation phase almost non-exist

compared with the other phases.
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5.7 Comparison between Pumped hydro and lead acid battery
energy storage systems.

To determine if the Hydro pumped energy storage system is of a value over
other storage systems, the LCA of this system must be compared to another
storage system which can store the same quantity of energy required; 362
KW in 10 hours. One of these systems is the batteries. Literature review
offered many studies of LCA for batteries, and the results shows that lead-
acid batteries have the lowest cradle-to-gate production energy, fewest
carbon dioxide and pollutant emissions, while other batteries have higher

values in all three categories (Sullivan, & Gaines, 2012).

For this reason, a comparison between the PHES system with the lead acid
battery. Will be carried out. Mainly the production stage of PHES will be

considered as it has highest environmental impact.

The comparison is based on the results of this study and a study that was
published in (Diyala Journal of Engineering Sciences, 02, June 2016)
which entitled GATE” LIFE CYCLE ANALYSIS OF BABEL LEAD
ACID BATTERY (Kassir et al., 2015).

Lead acid battery of 135Ah capacity is investigated according to
International Organization for Standardization (1SO)14040 framework for
LCA, to identify the four major contributors to the environmental impacts;
Eutrophication, Global Warming, Human Toxicity, Acidification (Kassir

et al., 2015).


http://context.reverso.net/translation/english-arabic/entitled
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The goal of the study has to explore the potential environmental impact of
Babel Lead acid battery and highlight the processes where the hotspots of
environmental impact occur, while scope definition involves specifying the
Functional Unit (FU), which has “delivering electricity throughout a
chemical reaction with an energy storage capacity of 135Ah which

corresponds to the weight of (29.207) kg (Kassir et al., 2015).

The number of batteries needed for store 362 kW in 10 hours, for 50 years:

362 kW x10 k 50 years
135 Ah x12 Vlf
1000

=11,173 battery for the whole system.

10 vears

5.7.1 Environmental impact comparison results:

In this section, comparison of the environmental impacts for Lead acid
battery (capacity of 135Ah) throughout the production processes and
pumped hydro energy storage system, according to the 1ISO (14040-14043)
series of standards. The impact assessment method employed was; the
Centre of Environmental Studies (CML-midpoint). Software is used to
process the collected data. The comparison was focused on four potential
environmental impact categories. These are: [Global Warming Potential

(GWP), Acidification, Eutrophication, and Human toxicity].

Environmental impacts of lead acid battery production and PHES system

are given in table 5.11.
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Table (5.11): Environmental impacts of lead acid battery production
and PHES system.

Impact Reference unit | result of PHES result of Lead
category per F.U F.U=1MJ.1day. acid battery
F.U=29.207 kg.
Acidification kg SO, eq.
: 2.82E-03 2.15E-01
potential
Climate kg CO, eq.
7.03E-01 1.34E+02
change
Eutrophication | kg PO™, eq. 3.43E-03 2.08E-03
Human kgl,4-
toxicity dichlorobenzene 1.91E+00 4.14E-01
eq.

A unified functional unit for the two system should be used for a valid
comparison, the function unit of lead acid battery, as per the literature, is

29.207 Kg.

If the impact category multiplied by (326,330 kg) -which is the weights of

11,173 batteries-, the impact will definitely in (kg equivalents).

134 kg COZ eq.

Global Warming: x 326,330 kg =43,728,220 kg CO; eq.

I . 0.215 kg 502 .
Acidification —:-——2~g---°%d

x 326,330 kg = 70,160.95 kg SO; eq.

. . 0.00208 kg PO4 .
Eutrophication : g

x 326,330 kg =678.7664 kg PO, €q.
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0.414 kg 1,4—dichlorobenzene eq
F.U

Human Toxicity: x 326,330 kg = 135,100 kg

1,4-dichlorobenzene eq.

For pumped hydro energy storage system (PHES), the Functional unit as

default is

237,834 MJ. 1day.

0.702645 kg CO, eq.

Global Warming: x237834 MJ.1day = 167,112.8 kg CO;

eq.

. 0.00282 kg 50, eq.

Acidification x 237834 MJ.1day = 670.69 kg SO, eq.

. . 0.00208 kg PO .
Eutrophication : i

x237834 MJ.1day= 814.819 kg PO, eq.

1908263 kgl.d4—diclorobenzene eq.
F.U

Human Toxicity: x 237834 Ml.lday =

453849 kg 1,4-dichlorobenzene eq.

The results for the two system after a unified functional unit summarized in

the following figure 5.9.
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comparison of the environmental impacts for Lead acid batteries and PHES
system throughout the production processes

100000000 43,728,220

10000000

453849
1000000
167,112.80 70,160.95 135,100
100000

10000
1000
100
10

1

670.69 814.819 678.7664

PHES Lead acid battery

m Acidification potential m Climate change Eutrophication Human toxicity

Figure (5.9): the comparison of the environmental impacts for lead acid batteries and PHES
system throught the production process

The results for comparison analysis (figure 5.9) show the great differences
in GWP and acidification impact categories between the two storage
systems in the production phase. The reason for that is a Lead oxide
emissions result from the discharge of air used in the lead oxide production

process.

The greatest global warming impact occurred mainly as a result of using

lead in manufacturing.

The impact was found to be the result of using energy in the extraction,
smelting and purification at the first stage of manufacturing process. The
acidification impact was caused from the manufacture of pure lead and lead
alloy where both of them had an effect akin to that on global warming

(PREMRUDEE et al., 2013).

For the Eutrophication and Human Toxicity impact categories, the PHES

effects higher. This is due to the manufacturing steel that include nickel
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(Cempel, &Nikel, 2006) that significantly effects in human toxicity and

eutrophication as explained previously.
5.7.2 The Economic analysis comparison:

Pumped hydro energy storage system is an interesting venture if the capital
cost for the entire life of the system is economically feasible. Therefore we
must compare the total cost of the system with the other system. In this

study, the PHES is compared with lead acid battery storage system.

Based on actual project in Palestine, The cost of one battery:

170 ——x 1.62 kWh= 2754 ——;( 135 A.12V =1.62 KWh for one

batt&rv’

battery).

The cost of the whole batteries in the storage system for 50 years =275.4
: x11,173 batteries = 3,077,044.2 $.

battery

Based on the analysis performed in section 5.4 capital cost of the PHES

was 651765.4 $. While it was 3,077,044.2 $ for Battery storage system
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Chapter Six

Conclusions and Recommendations

6. 1 Conclusions

In this study a pumped hydro energy storage system was designed for
western waste water treatment plant in deir sharaf-nablus. By studying the
geographical location of the plant, the elevation and availability of water
in addition to the available unused area were among the factors that give

enormous opportunity to use this type of storage system (PHES).

The final design consists of two water storage reservoirs with a capacity of
24000 m? for each. Water transfers between them through a pipe of 310
meter in length. The most important element in this storage system is the
turbine which depends on the height difference between the reservoirs and
the water flow rate. The most appropriate option for the PHES in this study

was found to be a Francis turbine of 563 kW.

After finishing the design, a life cycle assessment was applied for
evaluation the system (PHES), which divided into five phases, based on

CML-baseline method.

The LCA of this system was compared to another storage system
(Batteries) which stored the same quantity of energy required. Based on

1SO14040 used CML base line method.
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For PHES phases, it was found that the Production phase has the highest
environmental impacts, The next is the End of life phase and maintenance

Phase.

The excavation phase and the transportation phase always had a negligible
contribution. For this reason, only the production phase was chosen in

comparison with LCA battery.

The results comparison between the production phases for the two system
shows the higher impacts for climate change and acidification categories

for the lead acid battery system in comparison with PHES.

On the other hand, the production phase in PHES has a higher contributor

on the Eutrophication and Human Toxicity impact categories.

The economic study in this thesis was checked by using the present worth
analysis. based on technical component’s cost and life span for the two
systems, the feasibility study result shows that the PHES system more
economically feasible than lead acid battery storage, because present
worth for PHES was estimated at 651765.4 $ with the same life time of

batteries and the same energy storage quantity .

Annual worth value (65176.52 $) was used in this thesis to know the price
of energy storage by PHES during the life time (50 years). In Palestine by
use an easy way; AW will be divide on (5630 *365 kWh /year), so that the
result will be 0.0317 $/kWh. This indicates that the PHES is very feasible

as a storage system in Palestine compared with the cost and consumer
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prices of electricity in Palestine which reaches the average of 0.13 €/kWh.

(0.14 $/kWh).

6.2 Recommendations
Based on the finding in this research, the following recommendations can

be drawn:

1- Western waste water treatment plant for Nablus city was taken as the
case study for this research. Since there are a lot of such plants in west
bank it is recommended to study the technical and feasibility of applying

such systems in other waste water treatment plants.

2- The most of energy in wastewater treatment plant is consumed by the
aerobic digestion which requires to pump large quantities of air through the

wastewater.

Therefore, compressed air storage system could be a good choice for
wastewater treatment. So its recommended to study such systems where is
no need to recover the stored energy as electrical energy but the

compressed air can be used directly for the aeration process.

3- During this study, there was a lack of information regarding the
inventory of Francis turbine, so it’s recommended to perform a detailed
study of life cycle assessment of hydro turbines in general and particularly

the Francis turbine.
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Appendices
APPENDIX A
A. comparison table for electrical energy storage
Energy storage Advantages Dis advantages Power rating | Storage
system time
1. Fast respond on 1. Requirement of large
turning on turbines. volume of water resources | 100-5000 MW | Hours to
2. Rapid response to 2. Requirement months
offset generation considerable amount of
variability land and with specific type
Pumped storage of
hydro plant | 3. Store energy output | 3. conditions
technologies during lower value
periods
4. Prevent wind 4.  Construction of
curtailment and avoid reservoirs and dams is
new transmission resources intensive and
investments
5. “Shape” prices by 5. expensive
optimizing schedules of
wind output and storage
6. Allows for better 6. Is highly dependent
integration of renewable | of location, can’t be
into the system constructed anywhere.
7. Opportunities of
utilizing energy/power
storage as solutions for
8. ensuring a constant
output of energy from
renewable production
9. sources as wind,
solar and others
10. Expand reserve
capacity to protect the
system of load
conditions where
11. Faults cause load
eXCess.
12. Low operation and
maintenance
requirements
CAES is its large | low round-trip efficiency | 5-300 MW Hours to
CAES capacity. and geographic limitation months

of locations.
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1. Low maintenance and

1. High acquisition costs

2. Long lifespan: up to | 2. Low storage capacity. Second
20 years. 0-250 KW to
flywheels 3. Almost no carbon 3. High self-discharge minutes
emissions. (3 —20 percent per hour).
4. Fast response times.
5. No toxic components.
1. Easyandtherefore | 1. Veryheavy and
cheap to produce bulky.
2. Mature technology, | 2. Rather short lived.
more than 150 years of
experience and
Lead acid battery | development. <50 MW
3. Very high surge-to- | 5. Cannot be stored in a
weight-ratio; capable of | discharged condition.
delivering a high jolt of
electricity at once, which
is why they are as
suitable as car starters.
4. Easily recyclable. 3. Environmental
concerns: although pretty
safe, lead is very toxic and
exposure can cause severe
damage to people and
animals.
4. Corrosion caused by
the chemical reactions.
5. Low energy density
— poor weight-to-energy
density limits use to
stationary and wheeled
applications.
1. Highest energy 1. Very expensive
density in commercial
Lithium available batteries with
lon battery huge potential <1MW

2. Provides higher
voltages per cell (3.7V
compared to 2.0V for
lead-acid)

2. Complete discharge
destroys the cells

3. Low energy loss:
only about 5 percent per
month

3. Deteriorates even if
unused (Lifecycle of about
5 years)

4. Lithium and
graphite as resources are
available in large
amounts

4. Lithium is
flammable in contact with
atmospheric moisture
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5. Relatively low self-
discharge — self-
discharge is less than
half that of NiCd and
NiMH.

6. 6.Low
Maintenance — no
periodic discharge is
needed; no memory

1. high energy density

1. Relatively high cost

(50-75 Whlkg), (_$1000/kWh) due to the
Nickel cadmium expensive manufacturing <50 MW
batteries process.
2. arobustreliability | 2. Cadmium is a toxic
heavy metal hence posing
issues associated with the
disposal of NiCd batteries.
3. Verylow 3. High maintenance —
maintenance battery requires regular full
requirements. discharge to prevent
crystalline formation
1. Very high energy 1. The NasS battery Hours
density. needs to operate at a high <10 MW
Sodium sulphur temperature (300 350 C). up to
2. Excellent cycle life, | 2. Initial capital cost is 3,000
another issue (_$2000/kW cycles
and _$350/kWh).
3.  Low-cost materials,
4. High efficiency.
1. Highenergy density | 1. low energy density
(5 times higher than (_120Wh/kg)
Lead acid)
ZEBRA 2. Large cells (up to 2. .power density (_150 | 5-500 Kw

500Ah) possible

W/kg).

3. Cycle life better
than 1000 cycles

3. only one company,
the Beta R&D (UK), in the
world produces this kind of
battery

4. Tolerant of short
circuits

5.  Safer than Sodium
Sulfur cells

6. Typical cell failure
is short circuit which
does not cause complete
failure of the battery.
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7.  Low cost materials

1. High
efficiency.

energy

1. 1.The power density
and energy density of
RFBs are low

2. Short response time. | 2. require the most cells | <3 MW
(each cell has a voltage of
1.2 V) in order to obtain
Vanadium redox the same power output as
battery (VRB) other flow batteries.
3. Long cycle life. 3. VR batteries are very
7y Independently complicgted in rela_tion to
tunable power  rating f[:r?nventloqal batterrlles, as
energy capacity. ey require much more
5. do not have the parts  (such _ as pumps,
: . sensors,  control  units)
issue of cross-mixing of ; . -~
oo . while providing similar
positive and negative .
characteristics.
electrolytes
6. (Unique versatility,
specifically their MW
power and  storage
capacity potential).
1.  low cost and wide | 1.  not fully developed
availability of the active | for commercial | <1 MW
Zinc bromine | materials applications yet, probably
battery (ZnBr because of its high self-
battery) discharge rate
2. highest energy | 2.  (100% discharge).
density of all flow
battery
3. cell voltage 1.8v 3. Low energy density.
4. low efficiency.
Polysulphide High power capacity; | 1.  During the chemical
bromide battery | long life time reaction small quantities of | <15 MW
(PSB). bromine, hydrogen, and
sodium sulphate crystals
are produced.
2. Low energy density;
3. low efficiency
1. High efficiency;
2. long life cycle Low energy dens_ity;_ few
power system applications
Super Capacitors | 3. faster | Note: their energy density | 0-300 Kw Sec-
charge/discharge is still lower than that of hours
cycles(a unit can be
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charged in about 10
seconds)

4, higher  power
densities, and  “are
capable of  cycling
millions of times and are
thus virtually

maintenance free.

most batteries

1. its great
instantaneous efficiency

1.Low energy density;

Superconducting | 2. Near 95% for a | 2.high production cost; 0.1-10 MW Minutes -
magnetic energy | charge—discharge cycle. hours
storage (SMES) | 3. Are capable of | 3.potential adverse health
discharging the near | impact
totality of the stored
energy, as opposed to
batteries.
4.  Fast response time
(under 100 ms) of these
systems makes them
ideal for  regulating
network stability (load
levelling).
1. High efficiency 1. High cost due to
expensive materials like
platinum 0-50 MW Hour -
2. Clean. Carbon free | 2. Requires fuel months

Fuel cells—
Hydrogen energy
storage (FC-
HES)

when using H2 and O2.

3. Can use renewable | 3. Reliability still

fuels evolving.

4, Do not need | 4. Durability,

recharging. particularly at high
temperatures.

5. Can run | 5. Robustness. Many are

continuously (as long as
fuel is available)

sensitive to
and contamination.

temperature

6. Provides base load
power (good
complement to
renewables)

6. Hydrogen fuel not

readily available

7. No moving parts

7.  Little (but growing)
infrastructure for hydrogen

delivery

8. No noise

8.  Safety concerns with
hydrogen (though it is less

dangerous than gasoline)

9.  Certain types are
well  suited to CHP
applications

9. Low density of fuel,

compared to gasoline
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10. Fuel can be made
from water which is
abundant or many other
things

11. Highly scalable—cell
phones to power plants.

12. Well suited
for distributed
generation, eliminating
distribution losses.

13. Can be run in
reverse ~ for  energy
storage, producing
hydrogen from
electricity and water

10. Could become
irrelevant if batteries got
good enough

TES.CPS.CHP

1. Reduced energy
consumptions and
carbon footprint.

2. Reduced initial
equipment and
maintenance costs.

3. Reduced pollutant
emissions such as CO?2.

4. Increased flexibility
of operation, efficiency
and effectiveness  of
equipment utilization.

5. Process application
in portable and
rechargeable way at the
required temperature.

6. Isothermal  and
higher storage capacity
per unit weight.

TES is large system
requird to build the initial
infrastructure.

0-60 Mw

Minutes
to
months

(Oberhofer, 2012 ; Chen et al., 2009 ; Ibrahim et al.,2008)
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APPINDIX B
B.HDPE pipe dimension

HDPE pipe dimensions e

44727

e g D (CLASS) PN (CLASS) PN10

(CLASS ) PN8

SDR 21 DR DR

Norm Size s 5 pelD 8 ¢ D pe D

- Mn | Max | Mn | Max | Mn | Max | ID | Kgm | Mn | Max | ID | Kagm ] Mn | Max | 1D | Kgim
16 16 | 16.3 | 1555 | 16.75

20 20 | 203 | 194 | 206 16 | 1.75 | 1665 | 0.09
2% 25 | 563 | 244 | 266 16 18 | 2185 | 012 | 20 | 215 | 20.85 | 014
R 2 [ R3[4 ] 27 ] 17| 18 [2850] 016 ] 20 | 22 |2785] 018 | 24 | 260 | 2700 | 0.2
40 40 | 404 | 393 | 407 | 20 22 | 3585 023 | 24 26 | 3500 | 028 | 30 | 325 | 3375 | 034
50 5 | 505 ] 493 | 507 | 24 | 26 | 4500 ] 035 | 30 | 32 | 4380 | 043 | 37 | 395 | 4235 | 0.82
63 63 | 634 | 622 | 638 | 30 32 | 5680 | 05 | 38 41 | 5515 | 069 | 47 [ 500 | 5330 | 064
75 75 [ 755 | 742 | 758 ] 36 | 39 [6755] 079 ] 45 | 48 [ 6570 [ 097 | 56 | 595 | 6345 [ 1.49
0 90 | 906 | 831 | 909 | 43 46 | 8110 | 113 | 54 58 | 7885 | 140 | 67 | 710 | 7620 | 1.70

10 10 [ 1107 [ 1088 [ 1] 53 | 57 [ %05 10 ] 66 | 70 [ %40 [ 208 | 81 | 860 | 9330 | 252

12§ 125 | 1258 | 1238 | 1263 | 60 | 64 | 11265] 218 | 74 79 |10975] 265 | 92 | 975 | 106.05] 325

140 140 | 1409 | 1386 | 1414 ] 67 | 7.4 [12620] 272 | 83 | 88 [12290] 333 | 103 | 10.90 | 118.80] 4.07
160 160 | 161.0 | 1584 [ 1616 0 77 | 82 [144.15] 357 | 95 | 104 [14045] 435 | 118 | 1245 [ 135.75] 532
180 180 | 1811 ] 1782 [ 181.8 ] 86 | 9.1 [162.30| 449 | 107 | 1.3 [158.00] 551 | 133 | 14.05 | 15265] 6.75
200 200 | 201.2 ] 1980 | 2020 | 96 | 102 | 180.25] 557 | 119 | 126 | 17555 6.81 | 14.7 | 1550 | 169.80 | 8.28
25 25 | 2264 ] 228 | 2213 ] 108 | 114 [20280] 704 | 134 | 142 |19745] 863 | 166 | 1750 | 120.90] 10.51
250 250 | 2515 | 2475 | 2525 | 119 | 126 | 22555 862 | 148 | 156 | 21960 | 10.58 | 18.4 | 1940 | 21220 | 12.95
280 280 | 2817 | 2751 | 2849 | 134 | 142 | 252.45] 1088 | 166 | 17.5 | 24590 | 1330 | 206 | 21.70 | 237.70| 16.4
315 315 | 3169 | 3095 [ 3206 | 150 | 158 [284.20] 1368 | 187 | 197 | 27660 1684 | 232 | 2445 | 267.35| 2057
355 355 | 367.2 | 3488 | 361.3 | 169 | 178 | 32030 ] 17.37 | 211 | 223 [31165] 2143 | 261 | 27.50 | 30140 ] 26.09
400 400 | 4024 [ 3030 [ 4070 ] 191 | 202 [60.75] 2244 | 237 | 250 [351.35] 27.10 | 294 | 30.95 | 33965 ] 33.10
450 450 | 4527 | 4421 [ 4579 ) 215 | 227 |40585] 2801 | 267 | 28.1 | 39525| 34.31 ] 331 | 34.85 | 362.05] 41.92
500 500 | 503.0 | 491.3 | 5088 | 239 | 252 |450.95| 3458 | 207 | 313 [ 43005 4244 | 368 | 38.80 | 42440 51.81
560 560 | 5634 | 550.2 | 569.8 | 26.7 | 282 |505.15] 4332 | 332 | 350 |49185] 5345 | 41.2 | 43.35 | 47545] 64.91
630 630 | 6338 | 619.0 | 6411 | 300 | 315 | 56845 [ 5469 | 374 | 394 [553.25] 67.33 | 46.3 | 48.70 | 53500 | 82.06
710 710 | 7164 See Note 339 | 357 | 64045 69.64 | 421 | 443 | 62360 | 8543 | 522 | 5490 ]60290 104,25
800 800 | 807.2 | SeeNote 381 | 401 [72180] 8823 | 474 | 499 | 70275 ] 10835] 58.8 | 61.80 | 679.40 | 132.28
900 900 | 9081 See Note 429 | 451 | 81200 111.70] 533 | 56.1 | 79065 | 137.07] 66.2 | 69.60 | 764.20 | 167.56
1000 1000 | 10090  See Note 41.7 | 502 J%02.15]138.00] 59.3 | 624 |878.35] 16941] 725 | 76.20 | 851.30] 204.0
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APPINDIX C

C. Transportation Phase:

C.1 Turbine Transportation:

Distance .Km unit
Turbine transportation 70.95 km*kg
C.2 Sheet Transportation:
Distance .Km unit
Sheets transportation 1015.86 km*kg
C.3 Pipe Transportation:
Distance .km Unit

Pipe transportation 247.0194 km*kg
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