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3. [bookmark: _Toc40259513]Abstract
This report looks at an existing Dwr Cymru asset and investigates the potential use of an existing water intake at Lliw Reservoir, Swansea to be utilised to generate energy. Dwr Cymru have an ambitious target of being self-reliant for their own energy production by 2050. Currently Dwr Cymru generate twenty-five per-cent of their energy requirements by wind, hydro, solar and anaerobic digestion technologies (Dwr Cymru, 2019). 
Dwr Cymru have an annual energy bill of £44 million. Any savings in energy cost could be re-invested in the business to improve their assets and lower customer bills. If they can continue to grow their renewable energy portfolio then the non-for-profit model can become more efficient making improvements to environment throughout Wales.
During four months in 2019 renewable energy outpaced fossil fuel generation sources in the UK. Therefore, there is scope and urgency to use the abundance of potential energy resource that Wales has available. 
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	Acronym/ Conversions 
	Description

	1 M3
	1000 litres

	AC
	Alternating Current

	C02
	Carbon Dioxide

	DC
	Direct Current

	GW
	Giga Watt

	HV
	High Voltage

	KV
	Kilo Volt

	kW
	Kilo Watt

	kWh
	Kilo Watt Hour

	l/s
	Litres Per Second

	m
	Metres 

	M3/sec
	Metres Cubed Per Second 

	ML/Day
	Mega Litres Per Day

	MW
	Mega Watt

	MWh
	Mega Watt Hour

	p/kWh
	Per Kilo Watt Hour

	PLC
	Programmable Logic Controller

	TWh
	Terra Watt Hour
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7. [bookmark: _Toc40259517]Introduction
Dwr Cymru provide clean, and foul water services to over three million customers in Wales. They are the sixth largest out of ten water companies in England and Wales. Dwr Cyrmu’s energy bill is £44 million per year (Dwr Cymru, 2016)

To reduce this bill Dwr Cymru have an ambitious plan to become totally reliant on renewable energy by 2050. Currently, Dwr Cymru produce twentyfive percent of their energy from renewable sources. At present Dwr Cymru’s produce power from the following applications. Anerobic digestion, hydro-electric power, wind turbines, and solar power which can be seen in Figure 1 (Dwr Cymru, 2016).

[image: ]
[bookmark: _Toc34161141][bookmark: _Toc40259554]Figure 1 Current renewable energy sources (Dwr Cymru, 2019)  

Another issue facing Dwr Cymru are Triad periods that can incur substantial costs to the business. During the winter months (November – February) the national grid issue Triad warnings to big energy users. A Triad is three half hour periods of high demand during the winter months of November to February. During this time the price of electricity is increased which could result in unwanted additional costs. With regards to Dwr Cymru potential Triad costs, these are £50,000 per MW capacity taken from the grid during the three half hourly periods that the UK used the most amount of power (Cox, 2017). 


According to (Burggraaf, 2019) Dwr Cymru takes 30 MW from the grid during a Triad period they would have to pay the following 

30 x £50,000 = £1,500,000 in Triad charges

So during a Triad warning it is essential that sites which consume large amounts of energy are run at a reduced power usage, and renewable sources must be in service (Dwr Cymru, 2015).

As previously stated, these Triad periods take place between November and February. 9methodology by which the National Grid approximates its Transmission Network Use of System (TNUoS) rates. As part of its present Targeted Charging Review (TCR), the energy regulator is examining ways to vary the cost more consistently across all industry through a more static charge. This indicates that those who presently Triad manage are expected to lose their opportunity to do so (npower, 2019).

Therefore, it is in Dwr Cymru’s interest to find new ways to harness potential energy sources to generate power to reduce their energy bill and save money during Triad periods.



8. [bookmark: _Toc40259518]Aims and Objectives
A feasibility study is an evaluation of the practicality of a proposed project. The main goal is to determine if a project is feasible? Does the organisation have the people, tools, technology, and resources necessary for this project to succeed? Is it financially viable? Is there added risk to the organisation if the project were to fail? All these questions are intended to provide a clear picture and ultimately allow a project to continue or end (Kenton, 2019)

This feasibility study has investigated the potential and practicality of using Dwr Cymru assets to produce energy. For this to materialise there are important factors that must be considered. Dwr Cymru’s main objective is to provide clean water and simultaneously remove foul water from over three million customers. This service is regulated by OfWat and scrutinised by National Resources Wales from an environmental position. Therefore, any recommendations or proposals must consider the sites consent, and must maintain Dwr Cymru’s environmental compliance as a priority.

The aim and objectives of this report is to establish if existing Dwr Cymru assets can be utilised with new technologies to generate energy to meet the 2050 vision of becoming 100 percent reliant on renewable energy. The proposed site is a reservoir located just outside Morriston in Swansea. The reservoir name is Lliw and is the main source of raw water that feed Felindre Water Treatment Works (Dwr Cymru, 2015). 

The focus of this feasibility is hydropower. However, bot solar and wind technologies will be considered.





[bookmark: _Toc40259519]9.1 Nantgaredig Raw Water Pumping Station
Water from the reservoir is initially abstracted from the River Towy at Nantgaredig and screened and settled before it is pumped via two HV pumps along a 66inch trunk main to lower Lliw Reservoir before abstracted and treated at Felindre Water Treatment Works (Dwr Cymru, 2015).

The pumps used to operate during the night when the cost of electricity was at its lowest. However, National Resources Wales have implemented changes to this methodology as ecology studies found that extracting at the same time each night had a negative impact on the river wildlife in particular the fish ecosystem. As a result, Dwr Cymru still abstract the required daily volumes for the treatment works at Felindre but the abstraction times vary day to day (Dwr Cyrmu, 2019).

The pumps operate in pairs at a fixed speed and both deliver a combined 2.3 m3/sec of raw water (see Figure 3). The station has the capacity to deliver 240 ML/day to Lliw Reservoir. Although from analysing the flow trends of the site from the last two years the average flow is 118 ML/day. As can be seen in Figure 2, raw water is pumped some 20 miles to Lliw Reservoir (Dwr Cyrmu, 2019). 
[image: ]
[bookmark: _Toc34161142][bookmark: _Toc40259555]Figure 2 Route of 66-inch strategic trunk main (Dwr Cymru, 2015)
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[bookmark: _Toc34161143][bookmark: _Toc40259556]Figure 3 HV pumps located at Nantgaredig Pumping Station (Dwr Cymru, 2015)
















[bookmark: _Toc40259520]9.2 Lliw Reservoir
One of the areas of interest is where pumped flow enters lower Lliw Reservoir. The flow from Nantgaredig Pumping Station is over 2.3 m3/sec and usually enters the reservoir through a discharge pipe and can be seen in Figure 4. However, there is another available route the flow can enter the reservoir and can be seen in Figures 5, 6 and 7 (Dwr Cymru, 2015) (Dwr Cyrmu, 2019).

[image: ]
[bookmark: _Toc40259557]Figure 4 Pumped flow from Nantgaredig Pumping Station entering Lliw Reservoir via chamber (Dwr Cymru, 2015)
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[bookmark: _Toc40259558]Figure 5 Pumped flow from Nantgaredig Pumping Station entering Lliw Reservoir via chamber (Dwr Cymru, 2015)

[image: ]
[bookmark: _Toc40259559]Figure 6 Pumped flow from Nantgaredig Pumping Station entering Lliw Reservoir via chamber (Dwr Cymru, 2015)
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[bookmark: _Toc40259560]Figure 7 Pumped flow from Nantgaredig Pumping Station entering Lliw Reservoir via chamber (Dwr Cymru, 2015)

Water is abstracted from Lliw Reservoir twenty-four hours a day from pumps located at Lower Lliw Pumping Station. The pumps feed Felindre Water Treatment Works with raw water where it is processed into safe drinking water servicing approximately 690,000 people and associated strategic businesses and major medical institutions including Singleton Hospital, Morriston Hospital, Neath & Port Talbot Hospital from Carmarthen across to Cardiff (Dwr Cymru, 2015).







9. [bookmark: _Toc40259521]Initial Investigation
Prior to the commencement of this feasibility study Dwr Cymru were contacted and asked if they would assist with this project. These communications can be found in Appendix 1.1. Initially support was offered from Ben Burggraaf who is the head of the energy department. Information was shared about Nantgaredig Pumping Station and Lliw Reservoir. Also, a site visit of Nantgaredig Pumping Station was completed where information such as flow rates and site operation methodology were obtained which is informative for this report. 

Dwr Cymru employ Hydro Engineers. Their role is to look after current renewable energy sources and look at future projects and assets to determine if they could be utilised as a renewable source. 

Huw Scourfield contacted the author about their initial query and explained that the project may be possible in terms of producing energy but did raise concerns about whether the scheme would be a viable avenue to follow. The main concern was that there is not a great head of pressure available and that as he understood the flow alternated between pipe and channel along the route between Nantgaredig and Lliw Reservoir. Another concern was how would the energy be utilised? Though, he himself did suggest that this could be used at the Lliw pumping station which pumps the raw water up to Felindre Water Treatment Works. Huw also expressed his optimism of utilising a successful engineering solution at Lliw Reservoir and applying it to other sites with a similar configuration. Thus, potentially providing more renewable energy at sites throughout Wales. This email can be found in Appendix 1.3.

Unfortunately, after assistance from Huw and Ben the support was dropped. This was because the site is deemed as a high-risk asset in terms of security and safety of Dwr Cymru’s customers. Therefore, it was declared that any drawings or other security sensitive information would not be available. This is detailed in Appendix 1.4 located at the end of this report. 

This was a disappointing outcome at the time. However, the safety and security of Dwr Cymru’s assets are paramount so this decision is understandable and logical. Therefore, to continue with this report, the following assumption will be made to allow the report to continue.

· The flow rate has been given by Dwr Cymru which has been captured from an existing flow meter and recorded on their telemetry system and recorded between the 1st August 2017 to 1st September 2019. The average flow rate between these dates is 118 ML/day and can be found in Appendix 1.2. The pumps operate in pairs and are fixed speed, and direct online and can deliver 2.3 m3/sec (Dwr Cymru, 2015).

· The pressure head used will be the height of the chamber to the water level in the reservoir, which will be assumed to be at 6 metres. 

· Any energy generated would be utilised at Lower Lliw pumping station where one pump runs continuously to provide raw water to Felindre Water Treatment Works. The pumps used are 650 kW fixed speed pumps (Dwr Cymru, 2015). 













10. [bookmark: _Toc40259522]Background Research
Background research for this feasibility study will look at existing renewable sources which could be utilised at Lliw Reservoir and will form part of a literature review. The review will include existing technologies, a comparison of renewable and fossil fuel sources and include current installations of hydro, solar, and wind renewable sources established on Dwr Cymru assets.

[bookmark: _Toc40259523]11.1 Fossil Fuel and Renewable Resilience
The UK’s electricity system is experiencing a phase of substantial transformation as the UK shift from a large-scale traditional fossil fuel led generation to an intermittent renewable generation. Over recent years, the UK has seen an increase in output from wind, hydro and solar farms. As of 2015, the portion of energy generated from gas has increased, while energy generated from coal declined (OfGem, 2020). 
An overview of the total generation in the UK during 2019 can be seen in Figure 8.


[bookmark: _Toc40259561]Figure 8 Total Generation in the UK in 2019 (Evans, 2020)

As previously mentioned over the past decade fossil-fuel generation have reduced and the UK’s renewable sources of energy have expanded. In 2010 the total amount of renewable energy sources was at 7% and over the last ten years this has increased to 37% (Evans, 2020).

Due to the UK’s ever more renewable energy supply there are more times through the year that renewables such as wind, hydro, solar and biomass together have overtaken fossil fuels. In total during 2019 in the months of March, August, September, and December there was 137 days when renewable energy sources outpaced fossil fuel energy sources (Evans, 2020).

The National Grid is aspiring to be able to run and manage the high-voltage electricity transmission network without fossil fuels by 2025. The National Grid occasionally must ask windfarm to turn off their turbines and gas-powered turbines must start running. This is done to keep the electricity grid stable (Evans, 2020).

Biomass contributed for 11% of UK energy production in 2019, which is roughly a third of the total accounted for by renewables. Dwr Cymru have four biomass anaerobic digestion sites based at Cardiff, Port Talbot, Wrexham, Hereford and one is currently being commissioned in Newport (Dwr Cymru, 2019) (Evans, 2020). 

Using biomass to generate energy does create carbon and in some applications may perhaps lead to higher emissions than from fossil fuels. However, Dwr Cymru’s anaerobic digester are used to breakdown sewage sludge that has been collected from waste water treatment works. The sludge must be digested to remove harmful pathogens that could cause problems when the sludge is sent to landfill. By digesting the sludge methane is created which is used to power CHP generators (combined heating and power) which then export energy to the grid or can be used on site (Dwr Cymru, 2019) (Evans, 2020). 

The UK’s energy resources are not shared evenly. For example, the UK’s hydroelectric generation is mostly seen in Wales and Scotland. This is because of the mountain background where there is enough rain which make it easier to build dams. Windfarms are concentrated around the coastlines and higher ground where reliable wind speeds are present. The UK’s solar farms are focussed in the south, where insolation rates are higher. This can be seen in Figure 9. Note that small rooftop solar installations are not included in the illustration. 

[image: https://www.carbonbrief.org/wp-content/uploads/2015/10/solar-wind-hydro1.jpg]
[bookmark: _Toc40259562]Figure 9 UK’s hydro, wind and solar locations (Pearce, 2015)

In 2019 electrical output from renewable sources increased by 1 TWh. Over the last ten years the annual average growth was 9 TWh. Tis would suggest that 2019 saw the smallest annual increase. For the UK to meet its current target this would have to increase two-fold over the next decade (Evans, 2020).

2019 saw energy created by wind power increase by 8 TWh. This was mainly because several new windfarms had been commissioned. There was also a decline in demand for nuclear energy which declined by 9 TWh (Evans, 2020). For the first time in the UK’s history output from nuclear was lower than output from windfarms (Evans, 2020).





[bookmark: _Toc40259524]11.2 Hydropower
Hydropower can be described as the conversion of energy from moving water into energy, i.e. it is the conversion of the inherent kinetic energy of the flowing water into electrical energy. The potential energy from the water (due to the height differential) is used to turn a turbine thus producing kinetic energy which is used to power generators and create energy. Hydropower is a renewable energy source because the water used to move the turbine is constant and in most application are installed in rivers and streams that in most cases have a constant supply (Muise, 2020) (GM Hydro, 2016) (Tidal Lagoon Power, 2020). 

Hydropower was first used for mechanical milling including grinding grains. Current hydro plants generate energy using turbines that provide power to generators (Muise, 2020) (GM Hydro, 2016) (Tidal Lagoon Power, 2020). 

Hydropower has been used in the UK since 1879. The UK has always been an innovator in Hydro power, and this was realised in 1879 when the first 4.5 kW hydroelectric generator was utilised to provide energy for a single incandescent lamp (Hydro Power, 2018).

Currently the UK has a total of 4,600 MW of installed hydro power. This includes 2,744 MW of pumped storage. Most of the hydro power is installed in Scotland and Wales specifically in the wet and mountainous regions of both countries. Hydro power is called upon to provide peak demand and balancing of the national grid. More recently this has been backed up by wind power and solar technologies (Hydro Power, 2018).

There is a projected 2.4 GW of potential hydro power application across the UK which when compared to Hinkley Point’s new reactor which has an output of 3.2 GW and has a current build cost estimated to be £21 billion. Therefore, the UK Hydropower potential does seem to be an over looked use of a renewable energy source (De Beaupuy , 2019) (Hydro Power, 2018). 


Hydropower applications can be categorised by the size of capacity being generated. This can be seen in table 1 below.

	Type
	Capacity

	Large Hydro
	More than 100 MW

	Medium Hydro
	15 to 100 MW

	Small Hydro
	1 to 15 MW

	Mini Hydro
	Greater than 100 kW, below 1 MW

	Micro Hydro
	5 kW to 100 kW

	Pico Hydro
	Up to 5 kW


[bookmark: _Toc40104716]Table 1 Classification of hydropower in order of capacity (Trinity College Dublin , 2020)


[bookmark: _Toc40259525]11.2.1 Head and Flow
Pressure, or more commonly known in the water industry as head, is the height difference between two levels of water usually where flow enters a system which is higher than where it exists the system. This may be the height of the water inside a dam or river where the flow is acting on a turbine some metres below. When considering hydro power, it is extremely important to get the correct amount of head for the turbine to operate. In simple terms the more head acting on your system usually suggests more power and energy (Renewables First, 2020). 

Another important factor is how much flow is available? Flow is the volume of water available to pass through the turbine and is measured in cubic metres per second. Clearly the volume of flow fluctuates throughout the year and can be based on how much rainfall and dry weather conditions. In most circumstances the maximum hydro system flow rate is typically centred on long-term average flow rates in the watercourse (Renewables First, 2020).

Subject to the amount of flow available for a hydro system the minimum amount of head required for a worthwhile hydro system is dependent on a large flow volume. In general, if there is both low head and flow, then it is unlikely that installing a hydro system would be viable venture as there is no cost benefit of such a project. As a rule, potential heads greater than 2 metres is a minimum requirement (Renewables First, 2020). 

Currently there are many numerous types of hydro power turbines that can be utilised on a mixture of head and flow applications. Primarily all hydro power work on the same basis of converting potential energy into kinetic energy, and then using that kinetic energy to power a generator turning mechanical power into electricity (Renewables First, 2020).

Most hydro systems have a screen installed in front of the turbine. This is to stop any debris and fish from entering the turbine. After the flow has been screened it passes through to the turbine. This is most commonly in a pressured pipe called a penstock pipe and can be seen in Figure 10.
[image: Penstock Assessment - SewerVUE Technology - Multi-Sensor Pipeline ...]
[bookmark: _Toc40259563]Figure 10 Hydroelectric schematic (Sewer Vue, 2020)
As mentioned the pipe is pressurised to ensure that it is 100% full of water so that as it moves towards the turbine the pressure increases so that the maximum amount of head is available (Renewables First, 2020).

The cost of all of turbines researched are dependant on its size and output. The total price would be increased when taking into consideration appropriate civils, mechanical and electrical installation costs. 


[bookmark: _Toc40259526]11.2.2 Kaplan Turbines
A Kaplan turbine is, in its simple form is a propeller that has blades that can be adjusted to suit both low and high flow scenarios. The turbines are located inside a tube which has an inlet and outlet. The inlet has vanes that are adjusted to allow the appropriate amount of flow to interact with the turbine and give the fluid the best angle to act on the propeller blades. The nose cone reduces hydrodynamic losses and prevents rope vortex formations. The nose also houses the mechanical pitching mechanism that controls the pitch of the blades (Darling, 2016) (Renewables First, 2020).

The Kaplan turbine is formed inside a concrete structure, with the inlet volute and draft tube cast during the construction stage (see Figure 11). It is so critical that the intake volute and draft tube have a perfect geometry. Therefore, it is normal procedure for the turbine manufacturer to supply the shuttering and formwork to be supplied to the civil engineering contractor. (Renewables First, 2020) (Darling, 2016).

Vertical Kaplan turbines can operate at a range of pressure heads and flow rates. Kaplan turbines are most commonly used at heads of around 20m to 1.5m with a peak flow rate between 3 m3/sec to 30 m3/sec. Typical application in the UK are on low land rivers with smaller heads of between 1.5m to 5m with high peak flow rates of up to 30 m3/sec. Such installation would have power outpus of between 75 kW to 1 MW (Darling, 2016) (Renewables First, 2020) (Water21.org.uk, 2020).  

A Kaplan turbine has been operating in Scotland since 1955. Water is flows from Loch Garry by a tunnel to the Invergarry power station. A Kaplan turned by the available 50m of head at the site. The pressure head acts on the turbine which drives the generator producing 20.2 MW of electricity (SSE, 2020).

[image: Kaplan Turbine Working , Power and Efficiency. - YouTube]
[bookmark: _Toc34161144][bookmark: _Toc40259564]Figure 11 Vertical Kaplan turbine (Darling, 2016)


[bookmark: _Toc40259527]11.2.3 S Turbines
Horizontal turbines or more commonly known as S turbines and bulb turbines operate under the same principles as the vertical Kaplan turbine. The only difference being the orientation of the turbine which ultimately impacts how the flow pushes the turbine to produce energy (see Figure 12). 

S turbines and bulb turbines are theoretically somewhat more efficient than vertical axis Kaplans. This is due to the inlet flow not having to change direction. As a result, they have lower hydraulic losses. The only obvious difference between a S turbine and bulb turbine is how the flow post turbine is dispersed, so the decision on the orientation of the turbine is typically made through application, choice of supplier and cost. S-turbines do however require a greater system footprint which can be a hinderance to sites with limited space (Darling, 2016) (GM Hydro, 2016) (Water21.org.uk, 2020). 


[image: ]
[bookmark: _Toc40259565]Figure 12 S Turbine (GM Hydro, 2016)

S turbines have a range of 3m to 30m of head and generate between 1 to 100 MW of energy (Renewables First, 2020).


[bookmark: _Toc40259528]11.2.4 Bulb Turbines
Bulb turbines have their drive system and generator housed inside a streamlined bulb shape shell that rests within the main flow. They are mostly seen on large hydro projects where it is physically possible for a person to safely climb down into the bulb for maintenance purposes. Bulb turbines have a range of 3m to 30m of head and generate between 1 to 100 MW of energy (General Electrics, 2020). 

The generator is driven by a variable pitch propeller positioned downstream of the bulb. Unlike the Kaplan turbine, flow enters and exits the unit with very little change in direction (See Figure 13). This design allows for more flexibility in powerhouse design (Hydrotec Engineering, 2016).

Bulb turbines are the proposed generation application for the Tidal Lagoon Swansea Bay scheme. Tidal Lagoon Power have selected sixteen bi-directional, low head, Kaplan bulb hydro turbines that have the potential of generating 320 MW of electricity for 155,000 homes for the next 120 years. The turbines will operate on the natural rise and fall of each tide. Each tide will generate a high head flow which will be controlled by wicket gates allowing the incoming tide to be converted in to energy (Tidal Lagoon Power, 2020).

[image: ]
[bookmark: _Toc40259566]Figure 13 GE bulb turbine (General Electrics, 2020)


[bookmark: _Toc40259529]11.2.5 Cross Flow Turbines
Crossflow turbines allow water to flow across the rotor. Flow enters through the inlet adaptor, also known as the round to square connector because it fits between the incoming flow supply pipe on to the rectangular inlet to the turbine. The inlet connector can be in a horizontal orientation or vertical to suit the relevant application.
Water passes to the inlet guide vanes, which control both the flow rate through the turbine and at the same time direct the flow onto the rotor at the optimum angle for maximum efficiency (Water 21.org.uk, 2020) (Renewable First, 2020). 

Crossflow turbines are impulse turbines which are spinning in air and are not submerged like as seen in a reaction turbine such as a Kaplan. The flow exits the rotor and cascades into the draft tube. The escaping water loads the draft tube from just below the rotor and continues to the discharge water level. This column of water inside the draft tube is trying to free fall. However, this cannot occur because the air that would be required to fill the cavity is stopped from entering quickly by an air inlet valve located on the front turbine casing. This generates a negative pressure inside the turbine cavity and is called the suction head. The positive water pressure from the upstream side of the rotor is called the pressure head and the sum of the pressure and suction head equals the net head across the hydro system. This can be seen above in Figure 14.


[image: ] 
[bookmark: _Toc40259567]Figure 14 Cross Flow Turbine (Ossberger, 2020)

Cross flow turbines can be utilised on applications where there is a head potential of as little as 1.75 m all the way to 200 m. They can operate on average annual flows as low as 40 l/s up to 5 m3/sec. Noting that 40 l/s is 0.04 m3/sec.

Dwr Cymru have two Crossflow turbines installed at Alwen, Conwy and Preseli Water Treatment Works. Both turbines individually generate 37 kW of energy with a combines 249 MWh per year which is enough power for 80 homes (Dwr Cymru, 2019)


[bookmark: _Toc40259530]11.2.6 Pelton Turbines
Pelton turbines are used in applications with medium to high head potential. These are sites with pressure heads varying up to hundreds of metres down 20 m. The power output generated can differ from tens of MW’s on the largest Pelton systems to a few kW on the smaller systems. This is because when the operating head potential is high, the flow rate tends to be low, and ranges between 5 l/s on the smallest systems up to 1 m3/s on larger systems. Noting that 5 l/s in 0.005 m3/s (Kumar, 2020) (Renewables First, 2020). 

Pelton turbines are relatively compact and despite their small footprint they can produce tens of megawatts of power, and because flow rates are moderately low the accompanying pipework is small. To put this into perspective a Pelton turbine itself is smaller than a larger Kaplan and usually easier to install. However, Pelton turbines do require a high pressure head supply from a penstock and designing and installing the penstock and associated pipework and control is typically more challenging and can be more expensive than the turbine (Kumar, 2020) (Renewables First, 2020). 
An overview of a Pelton turbine can be seen in Figures 15.

[image: ]
[bookmark: _Toc40259568]Figure 15 Pelton turbine (Kumar, 2020)
[bookmark: _Toc37317994]
Dwr Cymru have four sites with Pelton turbines. The largest produces 410 kW of power and all four sites produce a combines 670 kW of energy and 2,218 MWh of electricity per year. Which is enough to power 747 homes (Dwr Cymru, 2019).


11.2.6.1 Turgo Turbines
The working principle of a Turgo turbine is same as a Pelton turbine. It converts the kinetic energy from the water jet into mechanical energy. The main difference between the Turgo and Pelton turbine is the design of runner buckets. The runner buckets of a Turgo turbine is the half size of Pelton turbine (Turbines Info, 2016). 

Turgo turbines accept a higher flow rate than a physically comparable sized Pelton turbine and the rotor blade is to some extent more economical to manufacture. The principles of a Turgo turbine are much the same as a Pelton turbine apart from Turgo turbines use matching spear-jets to control the flow rate through the turbine.

The only physical difference is that the water jet strikes one side of the rotor and exits from the opposite side. Turgo turbines use a fixed jet as opposed to a spear jet. Therefore, they will only work on a fixed flow rate (Renewables First, 2020) (Turbines Info, 2016).

Dwr Cymru have six sites with Turgo turbines. The largest produces 200 kW of power and all six sites produce a combines 656 kW of energy and 4883 MWh of electricity per year. Which is enough to power 1364 homes (Dwr Cymru, 2019).


[bookmark: _Toc40259531]11.2.7 Archimedes Screw Turbine
The Archimedes screw turbine is a new technology in terms of its applications as a hydro turbine. Though, these have been around for quite some time and are still utilised in the water and wastewater industry as pumps and can be seen in Figure 16 (Renewables First, 2020) (KBS, 2020).

The fundamental principle of an Archimedes pump is when the screw is turned in an anti-clockwise direction the screw will would draw the water up from the lower to top level.
When used as a hydro turbine the principle is the same but acts in reverse (KBS, 2020) (Renewables First, 2020). 

The flow enters the screw at the top and the weight of the flow pushes on the helical flights. This enables the water to fall to the lower level thus causing the screw to rotate. This rotational energy can then be applied to an electrical generator connected to the main shaft of the screw (KBS, 2020) (Renewables First, 2020).

Archimedes screws for hydro applications can be used with sites that have low head potential with a high flow. They can be utilised on heads as low as 1 m. Single screws configurations can work on pressure heads of up to 8 metres. Although, above this multiple screw are normally used, and there are better hydro technologies that could be utilised in that instance (Renewables First, 2020) (KBS, 2020). 

[image: https://www.ksb.com/blob/190574/4537ba2cd0ef7226e1c3e78783a3c4f2/schneckentrogpumpe-1-data.jpg]
[bookmark: _Toc40259569]Figure 16 Archimedes Screw (KBS, 2020) 

The maximum flow rate through an Archimedes screw is governed by the screws diameter. The smallest screws are just 1m diameter and can pass 0.25 m3/sec. The largest of the screws are up to 5m in diameter with a maximum flow rate of around 14.5 m3/sec. 

The maximum diameter is really based on the practicality of delivering and installing such a big turbine. Therefore, in most applications 3m is usually the maximum diameter that will be practical to use and install on site. An alternative configuration is to install multiple screws in parallel which is more suited for higher flows. 

Power output ranges between 5 kW for the smaller screws and 500 kW for the larger 3-meter diameter screws and can operate for over 30 years before the main gearbox and bearings require replacement (KBS, 2020) (Renewables First, 2020).

Two Archimedes screw turbine with a total output of 300 kW have been installed in Totnes Weir on the River Dart, Devon. The turbine will generate 1,250 MWh of electricity per year which is enough to power 333 homes and can be seen in Figure 17. The cost of this installation was £916,000 (Tresoc, 2015). 

[image: https://tresoc.co.uk/wp-content/uploads/2017/03/final-re-sized-0885.jpg]
[bookmark: _Toc40259570]Figure 17 Archimedes screw turbine on the River Dart (Tresoc, 2015)


[bookmark: _Toc40259532]11.2.8 Francis Turbine
A Francis turbine are mostly used in medium or large-scale hydroelectric plants such as dams. Francis turbines can be used for heads as low as 2m and as high as 300m and can generate power from as high as 800 MW to as low as a few kW. Moreover, these turbines are advantageous as they operate well when in both horizontal and vertical orientation. (Dang, et al., 2015) (Rahman, 2010).

As seen in Figure 18 flow enters the turbines centrifugally which means that it enters the turbine perpendicular to the rotational axis. The water continuously flows inwards towards the centre of the volute. After the flow has soared through the turbine the water leaves parallel to the rotational axis. Francis turbines were the first hydraulic turbines that had a centrifugal inflow (Dang, et al., 2015) (Rahman, 2010).
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[bookmark: _Toc40259571]Figure 18 Francis turbine (Britannica, 2020)

Francis turbines are more frequently used in hydroelectric power plant applications. High pressure water enters the turbine through the volute. This lowers the pressure as the flow curls through the tube. As a result, the speed of the water is maintained. After flowing through the volute, the water passes through the guide vanes and is focused in the direction of the blades on the runner at target angle (Dang, et al., 2015) (Rahman, 2010).

As the flow intersects with the specially curved blades of the runner the water is deflected side wards. The deflected flow affects the water and as a result, loses some of its spinning motion. Additionally, the flow is deflected axially which allows it to exit from the draft tube. The draft tube decreases the exit velocity of the water, which allows the most amount of energy to be created from the incoming flow. The process of water being deflected through the runner blades results in a force that pushes the blades in the opposite direction as the water is deflected. This reaction force which is described in Newton's third law is what causes power to be transferred from the flow to the turbine's shaft (Rahman, 2010) (Dang, et al., 2015). 
Dwr Cymru have twelve sites with Francis turbines. The largest produces 4,600 kW of power and all twelve sites produce a combines 13,677 kW of energy and 39,665 MWh of electricity per year. Which is enough to power 12,795 homes (Dwr Cymru, 2019).


[bookmark: _Toc40259533]11.2.9 Flygt Submersible Hydro Turbines
Submersible hydro turbines are essentially a small-scale version of a Kaplan. However, this turbine is a package plant system meaning the Kaplan is housed inside a submersible protective casing that can operate in depths of at least 20m (Xylem, 2020).

The unit has a generator inside the casing and all appropriate safety sensors such as temperature, bearings, and moisture detectors that can monitor the turbine and discover problems before they become server. There is also a planetary gearbox available for turbines that require an increase in speed so that they can sync with the generator (Xylem, 2020). 

The turbine can have either four or five blades and can be set manually or controlled via a PLC system and can be seen in Figure 19. The turbines operate between heads of 2.5m and 20m with a flow rate of 5 l/s and 50 m3/sec. Noting that 5 l/s in 0.005 m3/s. The power generated ranges between 40 to 700 kW of energy. However, this can be increased if there are more than one turbine installed (Xylem, 2020). 
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[bookmark: _Toc40259572]Figure 19 Flygt submersible hydro turbine (Xylem, 2020).

The turbines are installed into after penstocks, intake siphon, open or covered flumes with cylinder gates, traditional open or covered flumes, and installed in submerged underwater chamber.

[bookmark: _Toc40259534]11.3 Wind Power 
Wind power was first harnessed and converted to electricity in 1888 by Charles F. Brush and produced 12 kW of power. The turbine was 17m tall and had 144 blades each made from cedar wood (Third Planet Wind, 2020). 
Since then the technology has advanced significantly. The largest wind turbine produced by GE has an output of 12 MW which is enough to power 16,000 homes. It stands 260m tall with blades that are 107m in length and can be seen in Figure 19 (GE, 2020). 

Wind turbines operate by capturing the kinetic energy in wind. The wind acts on the blade of the turbine spinning the blade through 360°. Consequently, the movement of the blade drives a shaft connected to a generator producing energy (Good Energy, 2018).

In 2019 wind turbines in the UK generated 65 TWh of energy. As previously stated, wind power generated more energy than nuclear becoming the second largest producer for the first time (Evans, 2020).
 
Currently in the UK there are 7,779 onshore wind turbines and 1,932 offshore wind turbines. In total they produce over 56 million MWh of energy a year which is enough to power over 14.9 million homes (Good Energy, 2018). 

Dwr Cymru currently has two wind turbines located at Swansea and Nash Waste Water Treatment Works. Together they generate 6,900 MWh of energy which is enough to power 2,000 homes each year (Brockett, 2017) (Gaines, 2017).

Wind turbines are in general between 30% and 45% efficient. Noting that this can rise to 50% at times of peak wind. This does seem a low efficiency value. However, if turbines were 100% the wind would completely drop after traveling through the blades (Good Energy, 2018). 

According to (Renewables First, 2020) the amount of power produced by a wind turbine is comparative to the cube of the wind speed present. This indicates that if there was an increase in the average wind speed of 6 m/s to 7 m/s would result in 60% more power generated from the same turbine thus increasing annual energy production. Hence it is essential to find the appropriate location for a wind turbine to have optimised output.

On occasions where there is a potential for there to be too much wind the blades are locked and braked into position. This is to stop friction and high stresses on the blades and other mechanical elements of the turbine during high wind periods. It is worth noting that this is very rare in the UK and on average could only affect 40% of the UK’s wind turbines and would occur for one hour over a ten-year period (We Are Possible, 2019).

As discussed earlier in this study when there is too much energy being produced by renewable sources the National Grid request for wind turbines to stop generating power. This is because the grid was not built when renewable energy sources were so available. Therefore, to meet the current programme being pursued by the government and industry the infrastructure must be upgraded (Evans, 2020) (We Are Possible, 2019).

Wind turbine projects in the UK require planning permission from the local authority and extensive wildlife studies are required to ensure there is no adverse effect on the site ecology. They also require grid connection approval from the relevant electricity distribution network companies (Renewables First, 2020). 
Every wind turbine installation requires a topographical and geotechnical survey to determine ground features and levels affecting construction, and to determine the ground conditions and design requirements for the foundation at the turbine. Due to the size of a wind turbine there are substantial civil engineering cost associated when installing them. These costs are predominantly applied to the design and construction of the large footings required to secure the turbine. Additional costs can develop if the area where the turbine is to be installed does not have the appropriate soil conditions (Renewables First, 2020). 

As previously mentioned Dwr Cymru operate two wind turbines. It could be suggested that the reason Dwr Cymru have only installed two wind turbines is because of the processes and cost involved with such projects. Additionally, as wind turbines are not visually appealing to residents and other business local authorities could reject any planning application thus increasing project costs. Furthermore, substantial data must be gathered to ascertain if an area if suitable for a turbine in terms of wind speed and duration (ReUK, 2020).

Therefore, for this feasibility study wind turbines will not be considered as a supplementary energy supply to hydropower. 


[bookmark: _Toc40259535]11.4 Solar Power
Solar power cell technology was invented in 1839 by French physicist Edmond Becquerel. Solar panels are made up of a collection of photovoltaic cells that are constructed of semi-conductive materials such as silicone, gallium arsenide, metal chalcogenides and organometallics (Gelest, 2020).
As the sunlight contacts the semi-conductive material the photons from the sunlight generate an electrical field that creates direct current which is converted to alternating current by an inverter. Solar can still produce energy during cloudy weather conditions meaning the technology is useable during all seasons (Good Energy, 2020). 

In 2019 Solar power generated 13 TWh of energy in the UK. Solar is the fifth largest energy source contributing to the UK’s energy needs. Over the past five years solar power output has increase by 210% (Evans, 2020). 

The UK’s largest solar farm is in North Wales and produces 72 MW of energy. The farm covers some 250 acres. The site was built in just over 8 weeks and is connected directly to the private infrastructure of the UK’s largest paper mill. Thus, offsetting roughly one third of their annual electricity usage (British Renewables, 2020). 

Dwr Cymru currently has twenty-four solar sites throughout Wales. The largest site is 2.3 MW located at Five Fords Wastewater Treatment Works and the smallest is 16 kW located in Llyn Brenig. Felindre Water Treatment Works has a solar farm generating some 875 kW of energy. All twenty-four site generate a combined 5.2 MW of energy (Dwr Cymru, 2019).
 
Solar energy is one of the greener renewable energy sources. There are little or no civil engineering costs involved and have a twenty-year guarantee. However, the foot print required for a 1 MW solar farm is roughly 2.5 acres of land. Which is comparable to one and quarter football pitches (Spackman, 2018) (Montgomery , 2013).

As with other renewable sources planning permission is required before any solar farm can be established. One of the main issues obtaining successful planning for solar is centred around the potential impact to the ecology of the proposed site. Farm owner are using their land to establish solar farms whilst also continuing to graze animal stock. This gives the farm owner additional income which is becoming more appealing (Spackman, 2018).

In 2018 a 17 MW floating solar farm was opened in France. The floating solar farm reduces conflicts over land use because it can be installed on drinking water reservoirs, industrial pools, flood plains or quarry lakes (Simon , 2019). 

Solar power is already used at twenty-four of Dwr Cymru assets. With this number of solar farms already installed the author has assumed that Dwr Cymru has a rigid and robust maintenance contract arranged. Therefore, solar technology will be considered as a supplementary renewable source to hydropower. 


[bookmark: _Toc40259536]11.5 Energy Storage Systems
Advanced technologies are being used to harness produced energy so that it may be used again when necessary. Where electrical and thermal energy storage systems are most common source of energy storage, other technologies are being developed to offer greater resiliency, cost savings, energy efficiency and sustainability. Mechanical energy storage systems use physics by switching between electrical energy and kinetic energy. Such applications include hydro power systems such as pumped hydroelectric dams, mechanical flywheels and compressed air storage (Krause, 2020). 

There has been a large growth in demand of electrical energy storage systems over the past ten years, mostly for batteries and capacitors. Lithium-ion batteries have become the primary choice of electrical energy storage systems. They are prevalent among hybrid and fully electric vehicles and are used in domestic settings to capture energy from solar systems (Krause, 2020). 

The recent figures from the UK Battery Storage Project database reveals that nearly 300 MW battery storage was installed in 2019. Therefore, increasing the total installation in the UK to 900 MW of storage. Currently there are over 13.5 GW of projects in various stages of planning with a diverse spectrum of applications from renewable storage, standalone uses and storage on site (Cook, 2020).

As previously mentioned, the most common electrical storage technologies are capacitors and lithium ion batteries. Capacitors work by storing electrical energy in the form of a charge accrued on the capacitors conductive metal plates. Once the capacitor is linked to a power supply it stores the energy. This energy can be released once the capacitor is detached from the supply providing energy (Krause, 2020) (Woodford, 2019).

A lithium ion battery uses electrochemical processes to store energy. Lithium ion batteries consist of one or more power generating sections called cells. Each cell has three elements which are positive electrodes and negative electrodes encased in electrolyte. The positive electrode normally consists of a chemical compound called lithium-cobalt oxide. The negative electrode normally consists of carbon. As the battery charges, the positive electrode releases some of its lithium-ions. These pass through the electrolyte to the negative cell. When the battery is discharging the lithium-ions travel back through the electrolyte to the positive electrode. Thus, producing energy (Krause, 2020) (Woodford, 2019). 

Capacitors can release the stored energy at a much higher rate than batteries, since chemical processes need more time to take place (Krause, 2020) (Woodford, 2019). 

According to the International Renewable Energy Agency battery storage systems are evolving and becoming one of the vital resources available to efficiently integrate hydro, solar and wind renewables in power systems throughout the world (IRENA, 2020).

In 2017 Tesla installed 100 MW of battery storage in a small Australian town. The town was continuously suffering power outages since a horrendous storm which recorded more than 80,000 lighting strikes and two powerful tornadoes. The aftermath of the storm resulted in continuous blackouts which initially was blamed on a push for renewable energy in the area. Elon Musk suggested that Tesla lithium ion batteries could be installed to act as a storage backup and provide power until the main energy was restored. The project was installed and commissioned in under 60 days and has since been proven as an effective back up supply during any power outages (Delbert, 2020)

In 2016 a 6 MW, 15 MWh smarter network storage supply was installed at a 33 KV substation in Leighton Buzzard to alleviate the thermal constraints of the overhead lines supplying the site which at the time limited the available capacity during very high peak times. The site consists of 50,000 lithium-ion batteries. The network support provided by the storage installation has facilitated load increases. The batteries are charged during the day and utilised in the evening as and when the local area requires (UK Power Networks, 2016).

As discussed earlier in this report, during periods of excess renewable energy production the National Grid request wind farms to shut down their turbines to balance the grid. The down time of the turbines are paid for by the National Grid which is an added expense and ultimately a waste of the potential renewable energy. However, there is already an example of where battery storage can be used to support the aging electrical infrastructure. If there were more battery storage facilities linked to the grid or installed in area where the energy could be utilised, then this technology could advocate a reduction in the amount of occasions where turbines or other renewable sources are shut down.

According to (Malnick, 2020) the National Grid paid wind turbine owners up to £3 million to shut down their turbines. This occurred over a four-day period at the beginning of January and reached over £12 million of compensation.



11. [bookmark: _Toc40259537]Analysis
[bookmark: _Toc40259538]12.1. Turbine Running Duration
As mentioned earlier in this report the instantaneous flow rate for this site is 2.3 m3/sec and is achieved by two pumps running simultaneously. Over the last two years there has been an average daily flow of 118 ML/day. One mega lire of water is equal to one million litres of water.

118 ML/day = 118000000 litres
The instantaneous flow rate is 2.3 m3/sec
Hence 2.3 m3/sec × 60 seconds × 60 minutes = 8280 m3/per hour
1 m3 is 1000 litres
So, 8280 m3/per hour × 1000 litres = 8280000 litres per hour
Therefore, the average daily flow duration or run time is



[bookmark: _Toc40259539]12.2. Theoretical Power Equation
Prior to starting this feasibility study a survey of the proposed site was conducted and the operating manuals of Nantgaredig pumping station and Felindre treatment works were obtained. From the survey and the operating manuals solid information has been obtained that can be used to calculate the theoretical power that could be generated from a turbine (Dwr Cyrmu, 2019) (Dwr Cymru, 2015).

The two important variables to consider are flow and the head. As described earlier flow is the volume of water that can be used to power the turbine. The head is the distance the water will fall on its way to the turbine. The flow rate is 2.3 m3/sec which is 2300 l/s, and the available head is 6 metres. Noting that this value has been assumed by the author.


The theoretically power available from falling water can be expressed as 

Power = Head x Flow x Gravity

Where power is measured in Watts, 
Head in metres, 
Flow in litres per second, 
Acceleration due to gravity in metres per second per second squared (which will be 9.81 m/s2).

From the above equation it is relatively straightforward to calculate how much hydro power could be available.
Therefore, if this equation is applied to flow entering Lliw reservoir, in particular the slip area the following theoretical power available would be

Power = 6 metres x 2300 litres per second x 9.81 metres per second
Therefore, Power = 135,378 Watts
Or 135 Kilo Watts

This value does not include the efficiency of the turbine which can vary from 60% to 80%. Therefore, assuming the efficiency is 70% the actual theoretical output would be lower.

Power = 6 metres x 2300 litres per second x 9.81 metres per second x 0.70 efficiency

Therefore, Power = 94,765 Watts
Or 95 Kilo Watts

As mentioned earlier in this report any energy produced would be utilised at Lower Lliw pumping station where a fixed speed pump rated at 650 kW operated twenty-four hours each day. The turbine run time calculated using the average pumped flow from Nantgaredig pumping station to Lliw reservoir is 14 hours 25 minutes. This value is not fixed and would vary on the demand and water level required at Lliw Reservoir.  
It is important to understand the difference between a kW and kWh. A kW is the power needed to make the pump work and a kWh is the amount of energy that has been used over time (n-Power, 2020).

Therefore, any turbine installed could potentially generate the following kWh 

kWh = 95kW x 14 hours 25 minutes runtime
kWh = 1353.75 kWh

The pump in Lower Lliw pumping station is 650 kW and operates 24 hours each day. 

Therefore, kWh = Pump rating of 650 kW x 24 hours
kWh = 15,600 kWh

When the two are off set from each other the theoretical kWh reduction based on a turbine rated at 95 kW running over 14 hours each day against the Lower Lliw pumping station pump rated at 650 kW that operates 24 hours each day is

Lower Lliw pump kWh Theoretical turbine kWh
15,600  1353.75 = 14,246.25 kWh

It is worth noting that this does not seem to be a substantial saving. However, when using the potential kWh value of 1,353.75 kWh and multiplying against what Dwr Cymru pay for energy the saving could be
1,353.75 x 0.14p = £189.53 per day

The value of 0.14p per kWh was obtained from Dwr Cymru and can be seen in Appendix 1.5.

Assuming the turbine operates over 365 days each year the potential energy cost saving could be as follows

£189.53 x 365 = £68,178.45

Assuming this power was stored in lithium ion batteries and the power utilised during a Triad period then the potential saving could be 

£50,000 x 1.353 MW = £67,650

Therefore, there could be a potential saving of £67,650 for each thirty-minute Triad period.
As there are three Triad periods between November and February the potential saving during all three Triad periods could be

£67,650 x 3 = £ 202,950

When this value is included with the yearly saving of £69,178.45 the total energy cost saving could be

£202,950 + £69,178.45 = £272,178.45

It is worth noting that this estimation is assuming that only one hydro application has been utilised. 
[bookmark: _Toc40259540]12.3 Potential Power Generation
Figure 19 demonstrates different turbine applications with respect to head and flow available (Green Bug Energy, 2020). 
When considering Lliw Reservoir available head and flow there are three potential turbine applications that could be utilised for this study. Therefore, Pelton, Turgo, Francis, and Bulb will be discounted as a viable solution.  From the data in Figure 20 there does not appear to be any difference in the amount of power available when comparing a Kaplan, Crossflow and Archimedes screw. The chart does not consider the efficiency of a turbine which would be an important value that would separate each turbine application. 
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[bookmark: _Toc40259573]Figure 20 Turbine Application Chart (Green Bug Energy, 2020)

The chart does not include data for the Flygt turbine. This can be seen in Figure 21.



[image: ]
[bookmark: _Toc40259574]Figure 21 Flygt turbine application chart (Xylem, 2020)

Assuming the slip was utilised for a Kaplan turbine accompanied by one or two Flygt submersible turbine. The Kaplan would be installed on the first two metres and would except the full 2.3 m3/sec. From the chart this would generate a potential 50 kW of energy. From the Flygt chart a submersible turbine with a head of four metres and a flow of 2 m3/sec would achieve between 40 and 100 kW’s. When this value is added to the energy produced from the Kaplan turbine then there is a potential of increasing the output to above the theoretic value of 95 kW.

For these two applications to be utilised together there would be significant civil, mechanical and electrical capital expenditure required. As seen in Figure 21 the existing footprint of the slip would require extensive modifications for both applications to be installed. Therefore, this additional cost would add to a project pay back duration. For this reason, a combination of turbines will not be considered for this study.

From the chart in Fire 20 and the available head and flow at Lliw Reservoir a Crossflow turbine could be utilised at this site. However, due to the design of a Crossflow turbine substantial civil, and mechanical modifications would need to be implemented to install such a turbine. This additional infrastructure could increase the cost required to modify the slip. Therefore, increasing the pay back duration. For these reasons, a Crossflow turbine will not be considered.

The Archimedes screw data seen in Figure 20 suggests at a 6 m head and 2.3 m3/sec of flow would produce 100 kW of energy. The slip already has a slop which would suit an Archimedes turbine. Figure 22 demonstrates the slop available on the slip which suggest an Archimedes screw turbine could be installed for this application with minimal civil modification. 
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[bookmark: _Toc40259575]Figure 22 Pumped flow from Nantgaredig Pumping Station entering Lliw Reservoir via chamber (Dwr Cymru, 2015)






[bookmark: _Toc40259541]12.4 Carbon Dioxide Reduction 
In 2019 the UK government announced an ambitious target by becoming the first major economy to be carbon dioxide natural by 2050 (Evans, 2020).
Over the past decade Dwr Cymru has reduced their carbon dioxide emissions by seventy-nine per-cent (Hackett, 2019).

The amount of carbon dioxide produced by an organisation can be calculated by multiplying the kWh per year by the volume of carbon dioxide per kg. This value varies country by country and can be related directly to the where the power was generated. The target value for the UK in 2030 is less than 0.100 kg/co2 per kWh. This value in 2019 was 0.277 kg/co2 per kWh  (Carbon Independent , 2020) (Shrink that footprint , 2020).

As stated earlier in this report the potential kWh per day is 1353.75 kWh. To calculate the carbon dioxide saving from the theoretical energy saving the daily kWh, must be multiplied by number of days the energy source was operating. As previously mentioned, flow is pumped into the reservoir daily. Therefore, it has been assumed that the total kWh is

1353.76 x 365 = 494,118.75 kWh per year

To find the total carbon dioxide saving the kWh per year value must be multiplied by the carbon dioxide per kg 
Hence,
494,118.75 x 0.277 = 136,870.894 kg of CO2
A reduction of 137 Tonnes of CO2 per year.




[bookmark: _Toc40259542]12.5 Synchronisation of Potential Energy Storage
[bookmark: _Hlk40182796]In a typical power network, electricity in general flows in one direction. The route starts at large power stations, for example coal, gas and nuclear, and continues into the transmission system, and distributed on to homes, businesses and factories. There are more renewable energy sources being developed and connected to the distribution networks which is called distribution generation. This can bring benefits such as low carbon energy sources which reduce transmission and distribution system costs. However, it can result in the electricity flows in the network being less balanced. This is not what the network was designed for. As a result, this can cause issues around network control and protection (Energy Networks, 2019). 

When connecting a supply to an on or off grid system the operator of the renewable power supply must apply for G99 connection. G99 refers to the operating requirements for schemes generating energy. Especially larger project of 1 MW and above. When connecting on grid or off grid generators are required to provide frequency response, fault ride through, fast current injection, voltage control, and variable reactive power control. This are controlled by a G99 compliant breaker/ relay that give the distribution network operator greater control to actively manage generation within the network (Power Systems UK, 2019). 

As discussed in section 12.2 the theoretical power calculated is 95 kW. Such a scheme would fall in to a type A category of G99 regulations which has a connection voltage of below 11 kV, and a rated capacity of 0.8 kW to 1 MW (Energy Networks, 2019).

Offset value is where energy produced from a renewable source such as hydro is utilised and connected into the distribution network. As previously stated, electricity flows in one direction and will always follow the easiest route to the nearest load. Due to this all the sites loads, (for example a 650 kW pump) that are fed from the same distribution network will be supplied by hydropower in the first instance. Once all the load from the hydropower have been utilised any surplus energy would flow through the incoming supply, either to the next nearest distribution network or be exported on to the grid (Renewables First, 2020).

Furthermore, when electricity produced by hydropower is fully grid-synchronised, it will blend with energy from the grid. This signifies that if the energy from hydropower cannot meet all the sites required kW output. Therefore, all the energy from hydropower will be utilised by site and any deficit energy required will be imported from the grid (Renewables First, 2020).

In the situation where the on-site loads far exceed what the hydropower could produce, then all the electricity generated from hydropower would be consumed on site. For example, if Lliw Reservoir is considered and an assumed 100 kW turbine is installed and was connected to a site that had a base load 650 kW, then 100% of the energy generated from the hydropower would be consumed on site. Financially this would be beneficial to a renewable scheme including the example being considered in this feasibility study. For example, the price Dwr Cymru pay for importing electricity from the grid is 14p per kWh. If the amount of import energy can be reduced for every kWh it is reduced by the site saves 14p. If this value is compared to an export price of 6p per kWh, then offsetting on-site loads is worth more two times more than exporting the electricity (Dwr Cymru, 2015) (Renewables First, 2020).

Current in all batteries is DC. However, when using stored energy to be exported on to the grid or used off grid and utilised at site the current must be converted into AC. This is converted by an inverter installed onto the system. There is however a lithium ion battery system that can covert between DC and AC currents to suit the storage function. The Tesla Powerpack can covert between the two currents and is G99 compliant (Tesla, 2020).











12. [bookmark: _Toc40259543]Conclusion  
The aim of this report was to investigate an existing Dwr Cymru asset and conduct a feasibility study into the viability of utilising an existing pumped flow source to generate energy. As initially mentioned Dwr Cymru have an ambitious plan to become completely self-reliant for their energy generation by 2050. To achieve this substantial investment must be made and new technologies utilised in order to meet the ambitious target. 

Firstly, a site investigation was conducted to gather as much information as possible. This was to help direct the literature review. The literature review formed part of contextual research into existing hydropower technologies and considered other renewables. Further research has been made into the UK’s current energy source resilience which has changed significantly over the last decade.

Earlier in the research stage of this report an enquiry was sent to an engineering sub-contractor who has extensive knowledge of the water industry. The enquiry was sent to arrange a site survey of Lliw Reservoir to ascertain as much information as possible. This was to allow the sub-contractor to provide a budget quote of a possible solution to the study. However, due to the current Coronavirus pandemic which hit the UK in March the company were unable to assist with this project. Full correspondence between the author and contracts manager can be seen in Appendix 1.6.

Further enquiries have been sent to turbine manufacturers for data and information to support this project. Unfortunately, there was only one reply. 

An Archimedes turbine manufacture Hydromew were contacted regarding a budget quote for a 100 kW Archimedes turbine to be installed at Lliw Reservoir. The company were given the instantaneous flow rate of 2.3 m3/sec and the assumed potential head of 6 m. The company responded with a non-contractually obliging quotation of £176,000 to supply and install the required turbine. This can be seen in Appendix 1.7.  


From the research conducted in this report and site visits to both Lliw Reservoir and Nantgaredig Pumping Station. In addition to the budget quotation received from Hydromew it is the authors conclusion that there is potential for a hydropower system to be installed at this site and therefore is a feasible and viable option. It is the authors view that an Archimedes turbine could be installed within the existing slip at the reservoir with a potential size output of 100 kW. 

As there are two intakes for pumped flow to enter Lliw Reservoir utilising the slip to install a turbine would leave the submerged pipe as an emergency option if there were any reactive faults with the turbine. This was an essential feature that must be available in an emergency scenario.  

Assuming total installation costs of £600,000 for an Archimedes turbine generating over 1350 kWh per day and storing the energy produced into lithium ion batteries. The assumed installation cost has been derived by comparing the costs of a 300 kW Archimedes turbine installed at Totnes Weir on the River Dart, Devon which cost £916,00 to install (Tresoc, 2015). 

Energy stored in the batteries would be utilised at Lower Lliw pumping station. 

As mentioned earlier in this report the potential power generation return is £272,178.45 per year. If the turbine delivers a life span of thirty years this figure would increase to 

£272,178.45 x 30 = £8,165,353.5

Based on this potential return the payback of such an investment could be achieved in two years and three months. Please note that yearly maintenance cost would have to be taken into consideration.  



13. [bookmark: _Toc40259544]Recommendations  
The authors recommendations for this study are detailed in the following points below.

· Further enquiries must be made to gain a more thorough and accurate quotation for such a scheme. This would include a detailed design and hazard and operability study to ensure such a scheme would not be detrimental to the current site operations.

· A thorough and fully costed maintenance regime for the turbine and associated equipment must be conducted to ensure additional maintenance costs are viable to such a scheme.

· As previously stated at the beginning of this report the main objective was to provide enough power to supply Lower Lliw Pumping Station which has a fixed speed 650 kW pump that runs twenty-four hours each day. From the theoretical power equation in section 12.2 of this study the maximum kW turbine that could be installed is 100 kW. To supplement this output, it is suggested that solar technologies should be investigated further to see if adding this renewable source could increase the output to 650 kW. 
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From: Matthew.Parry@morgansindall.com [mailto:Matthew.Parry@morgansindall.com]
Sent: 28 August 2019 13:53

To: Burggraaf Ben <Ben.Burggraaf@dwrcymru.com>

Subject: BEng Mechanical Engineering Major Project

swsrrrns External Mail ##%#55%
Hi Ben,

Iam currently working for Morgan Sindall as a mechanical engineer based at Northumberland SPS carrying out site
upgrades.

Iam in the final year of my BEng Mechanical Engineering and for my major project | am looking at completing a
feasibility study into utilising the trunk rising main between Nantgaredig and Felindre.

Would the energy department be able to assist with any queries regarding my dissertation?
Regards

Matthew Parry
Senior Engineer - Mechanical
Morgan Sindall

Email - matthew.parry@morgansindall.com
Mobile - 07966942472

Capital Delivery Alliance
Cynghrair Cyflawni Cyfalaf

TOGETHER WE ARE TRUSTED TO DELIVER EXCEPTIONAL OUTCOMES
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Parry, Matthew (MS)

From: Burggraaf Ben <Ben Burggraaf@dwrcymru.com>
Sent: 29 August 2019 08:52

To: Parry, Matthew (MS)

Subject: RE: BEng Mechanical Engineering Major Project
Hi Matthew,

As a fellow Mechanical engineer and chartered member of the IMeche, I'm happy to help. Please send me any
queries and | will try to answer them. Are you looking into the potential of hydro? If so, one of our team members
already has done some work on this

Regards
Ben

Head of Energy Optimisation
CEng IMeche
tel: 07867901714

Help us to improve our service to you by following this link

Energy Team Source Page
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Parry, Matthew (MS)

From: Burggraaf Ben <Ben.Burggraaf@dwrcymru.com>
Sent: 17 September 2019 1133

To: Parry, Matthew (MS)

ce Scourfield Huw

Subject: RE: BEng Mechanical Engineering Major Project
Attachments: Nantgaredig_Flow_dataxis

Hi Matthew,

See daily flow data attached for the last two years. As said, please speak with Huw regarding any work that has been
done previously on this

Regards
Ben

Head of Energy Optimisation
CEng IMeche

tel: 07867901714

Help us to improve our service to you by following this link

Energy Team Source Page
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Parry, Matthew (MS)

From: Scourfield Huw <Huw.Scourfield@dwrcymru.com>
Sent: 18 September 2019 1001

Tor Pary, Matthew (M)

c Burggraaf Ben

Subject: RE: BEng Mechanical Engineering Major Project

Morning Mathew. In simple terms there s a single, or multiple pumps that pump water to the top of the hillsome 3
miles or so from Nantgaredig to a tank (I've never been there, just passed it on the road, and I can't remember the.
name of i right now). This is obviously pressurised, the outlet is gravity as you say, but | don't know if it's flooded or
‘open along ts length.

Ihave considered the use of this tunnel down to Lower Liw res for hydro. It has some issues — mainly - the range of
flows (this would need a machine with a wide flow capability ~but essentially something like a large Kaplan, or
multiple small machines with a control system to bring them on line as required); it’s a tunnel; the head available
isn't great; there would be no FIT 5o the income would depend on sale to the grid or offset of import; a bypass:
system of the size required would need substantial ME and or Civis works to make sure the whole lot doesn't back
upif there was a trip.

In essence, it might be possible. There is a potential oad for the hydro output (lower Liw pumping station),
provided the installation could be reasonably close by. | would welcome any further work to outline an engineering.
solution, cost, isk to the process, risk to the tunnel, and potential output. If such a scheme were found to be viable.
there are other tunnels which this might transfer to.

Give me a call o discuss?

Regards,
Huw

Huw Scourfield

Hydro Engineer
Dwr Cymru Welsh Water
Tel/fax 01239 682950
Mobile 07768 338 141
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From: Matthew.Parry@morgansindall.com <Matthew.Parry@morgansindall com>
‘Sent: 15 January 2020 15:28

To: Rees Will <Will Rees@dwrcymru com>

Ce: Burggraaf Ben <Ben.Burggraaf@dwreymru.com>

essress Extomal Mail #+o+eers

Hiwill,

1am currently working for Morgan Sindallas a mechanical engineer based at Northumberland SPS carrying ot site
upgrades. | am in my final year of my BEng Mechanical Engineering degree.

For my major project | have decided to carry outa feasibilty study. This study i focused on utilsing the rising main
between Nantgaredig and Liiw resevoir for energy generation. | have requested drawings and information to assist
my project but have been informed that this information is classifed.

‘Would it be possible for me to have access to this information so that | my finish my project?

Regards

Matthew parry
Senior Engineer - Mechanical

Morgan Sindall

Email - matthew parv@moreansindall.com.
Mobile - 07966942472

Capital Delivery Alliance
Cynghrair Cyflawni Cyfalaf
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Parry, Matthew (MS)

From: Rees Will <WilRees@dwrcymru.com>
Sent: 16 January 2020 08:15.

To: Parry, Matthew (M)

c Burggraaf Ben; Church Damian

Subject: RE: Nantgaredig to Liw reservoir feasibilty study
Matthew,

Apols but this is probably our most critcal asset and therefore we would be unable to supply as requested.
Thanks

Will Rees

Dwr Cymru Welsh Water

Security Manager / Rheolwr Diogelwch

Telephone Extn / Estyniad Ffon 22073

Direct Line / Linell Uniongyrchol 0172 841573

Mobile / Ffon Symudol 07585 964989

€ mail / E bost.

Dwr Cymru
Welsh Water
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From: Burggras Ben <ten Burggrast@Guromucom>
Sent: 27 Aprd 20200903

o pamy Mathew (45

Subject: RE Nantgaredig to L resecir easiiysudy
use 14 e periow

Regaras

Ben

Head of Energy Optmisaton

ceng eche

07867501714

el s to mprove our snic to vou by follwing ths ok
osrey Team Souce ozge

From: Matthew.Parry@morgansindal.com maito Matthew Pary@morgansidal.com]
Sent: 27 or 20200851

o Burgaraa Ben < Brggrasf@dwrcymrcom>

Sublect: R Nantgardig t L resenor feasiilty sty

evesnes Extermal Mail +sssses
Hisen,

Wouldyou b sbieto i e how much el Wter py perkWh or sectrciy?
Regaras

e —
- pathew sy Snooindilon

Capitol Delivery Alliance
Cynghrair Cyflawni Cyfalof

TOGETHER WE ARE TRUSTED TO DELIVER EXCEPTIONAL OUTCOMES
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From: Matthew.Parry@morgansindall.com <Matthew.Parry@morgansindall.com>
Sent: 27 Feb 2020 11:08

To: Jamie Roberts <jamie@whitlandengineering.co.uk>
Subject: Feasi

Hi Jamie

As per our discussion | am currently conducting a feasibility study into utilising an existing pumped water supply and
installing a turbine to generate electricity. As this is a feasibility study | want to collect as much data to see if this
would be a viable project. Obviously the cost of such an installation would be one of the most significant factors in
determining if the project is feasible.

Please can you confirm availability for March to conduct a site survey of Liiw Reservoir so that Whitland Engineering
could provide a budget quotation of an installation? I fully understand that this quotation is not contractually
obliging and that this is in support of my feasibility study required for my degree.

Regards

Matthew Parry
Senior Engineer - Mechanical

Mobile - 07966942472

Capital Delivery Alliance
Cynghrair Cyflawni Cyfalaf

TOGETHER WE ARE TRUSTED TO DELIVER EXCEPTIONAL OUTCOMES
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From: Jamie Roberts <jamie@whitlandengineering.co.uk>
Sent: 28 Feb 2020 13:14.

To: Parry, Matthew (MS) <Matthew.Parry@morgansindall.com>
‘Subject: RE: Feasibilty Study.

Importance: High

HiMatthew

1 can confirm that Whitland Engineering are happy to conduct a site survey of Liiw Reservoir and assist with your
project in any way we can. As you are aware we have installed a variety of engineering solutions within the water
industry. | am free at the end of March possibly around the 26 and would be more than happy to attend site and
‘assist where possible.

Best Rogards
Jamie Roberts

Contracts Manager

‘Whiland Engineering

UnitB

West Street

Whittand

Carmarthenshire

SA34 0AE

Tel: 01994240 442

Fax 01994 240837

Mob: 07507485777

e @uhitiandengineering co.uk

hito//whitandengineering.co.u
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From: Jamie Roberts <jamie@whitlandengineering.co.uk>
Sent: 30 March 2020 16:02

To: Parry, Matthew (MS) <Matthew.Parry@morgansindall.com>
‘Subject: RE: Feasibilty Study.

Importance: High

HiMatthew
1hope you are keeping well during these worrying times?

Unfortunately, due to the current COVID-19 pandemic myself and most of our mechanical/ electrical team have
been placed on Furlough until further notice. | know this news does not assist you with your project. However, as
So0n as we safely return back to work | can confirm that  willassst you with this project

Stay safe.

‘Best Regards

Jamie Roberts

Contracis Manager

Whitand Engineering

Unit8

West Street

Whitiand

Carmarthenshire:

SA34 0AE

Tl 01994240442

Fax 01994 240937

Mob: 07507485777

amie @uhitiandengineering co.uk

hitp//whitandengineering co u
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