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[bookmark: _Toc514949216]1 Introduction
The electricity market has always functioned around the fact that electricity cannot be stored on a large scale and consequently must be consumed and produced more or less simultaneously.  The EU has set a binding target as part of the Renewable energy directive to produce 20% of its energy needs from renewable sources by 2020 (ec.europa.eu. 2018). Individual EU member states have set their own targets, with the UK’s overall target set at 15%, which is sub-divided into separate targets: 30% in Electricity, 12% in heat and 10% in transport (www.parliament.uk. 2016). Unlike fossil fuel or nuclear power plants, renewable energy sources are generally intermittent, only providing energy when the sun is shining or the wind is blowing. Consequently, if renewable energy is to become an efficient source of electricity, either a large scale system of storage will be necessary or a more sophisticated system of electricity production and distribution must be designed. This report will identify steps and technologies that are available or could be developed to address these issues of intermittency of supply, and evaluate where the greatest potential lies with particular regard to monetary and environmental cost.  

[bookmark: _Toc514949217]2 A Changing Energy System
“The power grid was designed around the concept of large, controllable electricity generators     ….maintaining the balance between supply and demand at all times” (Fares, R, 2015). 
This creates a problem when introducing many small scale electricity generators with an intermittent supply, all producing variable rates of power at different times of the day, often with fluctuations occurring suddenly due to changing weather conditions. In Germany on 8 may 2016 (an extremely sunny and windy day), almost 88% of the country’s energy needs were met by renewable energy sources, however, as the fossil fuel and nuclear power stations continued to produce energy at their usual rate there was a massive oversupply, as a result, energy market prices collapsed. (Vaughan, A. 2017). The intermittency of supply and the range of smaller scale producers creates a necessity for more control over the electricity grid, fossil fuel powered power plants cannot be switched off for a few hours at short notice in reaction to a surge of renewable energy supply, in 2015 wind farms in the UK were paid £90million not to produce electricity during periods of peak supply (Adonis, A, 2015), so there must either be options for exporting or storing surplus power supply. As renewable energy supply increases, traditional power plants will close, which will mean that there will be less back up power to compensate for periods of low supply.

[bookmark: _Toc514949218]3 A Smarter System  
Many people advocate storage technology as the answer to the problem of intermittency of supply, however this is just one cog that will be needed in order to create a resilient grid system, able to deliver a secure electricity supply. It will be need to be far more complicated than the traditional grid, as the supply not only comes from a variety of often intermittent sources but in many cases consumers have also become small scale producers as a result of domestic renewable energy technologies such as solar PV.   



[bookmark: _Toc514949219]4 Steps
[bookmark: _Toc514949220]4.1 Smart Grids
“A smart grid is a modernised electricity grid that uses information and communications technology to monitor and actively control generation and demand in near real-time”. 
                                                                                                                                     (OFGEM, 2014)
Their use can allow network operators to use the grid infrastructure more efficiently, spotting potential problems earlier and re-routing power to where it is needed.  Smart meters and more automated appliances in homes (e.g. timings on automated washing machines based on real time electricity price) will send information to grid operators and also incentivise consumers to manage their demand and balance the electricity system (IET, 2018).

Fig 1: A Smart Grid
[image: ]Taken from: www.switchmybusiness.com 

Fig1 shows the interconnectivity of a smart grid. In a conventional electricity grid, if there is no storage option the value of any excess energy is effectively zero, however in a bi-directional smart grid with technology installed, providing information of the demands and supply (both current and anticipated due to trends) at every connection in the grid, supply can be controlled to limit both excess electricity and eradicate the potential of spikes in demand exceeding supply.
However whilst advocates of the smart grid sell it as a digital utopia, simplifying consumers lives and saving money for everyone by installing intelligent technology to obtain information, make decisions and remove any inefficiencies and energy company monopolies, it could be a far more complicated process, fraught with possible dangers. The smart grid will create a two way communication between households and utilities, but there will be a much more complicated process involving many stakeholders who are sharing the grid system. This poses some security risks which will require a grid which provides isolated environments where potentially sensitive data only travels within secure channels within what is an “open cyber architecture” (Hadi, M, 2015).

(Slayton, R, 2013) suggests that “the metaphor of a ‘smart’ grid has stuck because of its flexibility, its ability to appeal to environmentalists, economists and the national security establishment”. She goes on to argue that the grid was designed with economic efficiency rather than reliability at its core. A smart grid requires evolving technology, creating new technology and then joining them all together to create a perfect system that pleases everyone. Many of the largest stakeholders in the energy industry are those with the most to lose from smart grids. So whilst they are a positive step in removing inefficiencies, resolving problems with intermittencies and even removing unfairness by breaking up the power of large energy companies, smart grids will not be easy to implement, and must be done so with reliability and security as the primary goal, rather than maximising profits for the various stakeholders.

[bookmark: _Toc514949221]4.2 Interconnected Grids
A smart grid can be taken a step further. If there is interconnectivity between countries, supply can be shared, exporting where there is a surplus and importing when there is a deficit. The ability to trade energy between member states is at the core of the EU goals for the production of clean energy (Cusack, K, 2017). The UK is at a disadvantage because of the need to lay underwater cables of some distance and the UK leaving the EU will make it more difficult as an energy trade union of some kind will need to be formed (Cusack, K, 2017). Also as with any large transmission network, interconnectors do suffer from certain losses, these have been calculated to be around 1.5% loss due to conversion and a transmission loss of 0.9% per 100km (Adonis, A, 2018) . Nevertheless, interconnectivity could be the key to energy security within Europe, although this does not necessarily mean renewable energy, for whilst Germany are leading the world in the installation of renewable energy, France are predominantly powered by Nuclear (although they plan to reduce their nuclear production to 50% by 2025 (IET2, 2016). Though it will mean that with the removal of closed national grids which favour energy monopolies, prices should fall, and the need for large scale storage will be reduced (Cusack, K 2017).  
The Adonis report (Adonis, A, 2018) highlighted the benefits of connecting the UK to Iceland which has an almost entirely renewable energy system because of their abundant natural resources (geo thermal and Hydro). The benefits it noted were increased security, increasing Iceland’s capacity because of the larger market and so providing more renewable energy to the UK at a predicted lower price and reliable imports of low carbon energy which would reduce problems of intermittency without overreliance on expensive storage or non-renewable energy. Fig 2 below shows the current and potential electricity links with the UK.                                                                                                            

Fig 2: Existing interconnectors and the future pipeline
[image: ]
Fig 2: Taken from page 31 (Adonis, A, 2018)

[bookmark: _Toc514949222]5 Energy Storage
Even with an efficient smart grid, if the aim is to eventually achieve 100% renewable electricity production there will need to be a system of energy storage within the grid system. Storage provides the capability to input energy at times where production drops or demand briefly spikes, and can be managed to provide immediate electricity for short periods. Electric energy cannot be stored directly (with the exception of small magnetic or capacitive storage), it must be converted into a different form for storage and then converted back to electricity, these conversions can be costly and inefficient so the choice of storage technology is important (Rastler, D, 2008). Many battery technologies are costly and have a large environmental footprint, often with safety issues and technological challenges (Egmond, W, 2017). This report will focus on Pumped hydro-storage which is a well-established utility-scale storage technology, Lithium-ion batteries which are becoming more and more important as smaller scale electricity storage due to the increase in electric cars, and will also look at some emerging technologies such as the ‘Concentration Gradient Flow Battery’ which may have potential as an environmentally friendly battery storage option in the future.

[bookmark: _Toc514949223]5.1 Pumped Hydroelectric Energy Storage
Pumped hydroelectric storage uses off peak or excess electricity to pump water from a low reservoir to a high one, storing energy as potential gravitational energy of the water. This stored water is then released though power turbines to create electricity during periods of high demand (Rehman, S, 2015). Depending on the turbines, generator efficiencies and evaporation rates, these plants can achieve a 70-80% round trip efficiency (Barbour, E. 2018). The major drawback is the necessity for specific geographic locations, needing sites for two reservoirs (although open sea can be used as the lower reservoir), and the high cost of construction. (Chen, H, 2009). However the capital cost per unit of energy is relatively low as it has “a long lifespan, high efficiency, no additional fuel needs and a relatively long discharge time” (Zakeri, B, 2015).
Fig 3: Workings of a Pumped Hydroelectric Plant 
[image: Pumped Hydro Storage]
Taken from: http://energystoragesense.com/pumped-hydroelectric-storage-phs/

[bookmark: _Toc514949224]Dinorwig
Dinorwig was one of the first pumped hydro plants in the UK, built in an old slate quarry in Snowdonia. “It’s six generating units can achieve maximum output of 1,728MW from zero within 16 seconds” (Lempriere, M, 2017). This is a massive benefit to the smart energy grid reliant on intermittent renewable energy sources. Traditional fossil fuel plants take a number of hours to achieve the necessary temperatures to produce electricity and nuclear plants can take days, (Lempriere, M, 2017), but pumped hydro is a high capacity system that can produce almost immediate electricity, making it an ideal tool to solve problems of unexpected demand rises or fluctuations in production. The other major benefit being that once constructed it has no real environmental costs as the only fuel required to run the system (assuming the electricity used to pump the water uphill is renewable) is water.

[bookmark: _Toc514949225]5.2 Flywheel
Flywheels are an established technology that work by accelerating a rotor to high speeds using electrical energy, the flywheel is contained in a near frictionless environment allowing the rotational kinetic energy to be stored, then converted back to energy when required (Pratt, D, 2017). The instantaneous efficiency is “approximately 85% although the overall efficiency would drop to 78% after five hours, and 45% after one day” (Ibrahim, H, 2008). The UK is to build Europe’s largest flywheel storage plant to provide ‘fast acting frequency response services and aid the integration of renewables” (Pratt, D, 2017). Similar to pumped hydro it requires no extra fuel during construction apart from the electricity initially used to power it. A plant has already been built as part of the same EU Horizon 2020 project at Co Offaly. Ireland (RTE. 2015). Both schemes will combine flywheel technology with batteries to enable the storage system to operate more efficiently and reduce costs. The batteries will back up flywheel inefficiencies during longer run times and the batteries life is extended as they are only providing around 2% of the electricity during normal usage (Davis, S, 2012).
[bookmark: _Toc514949226]5.3 Batteries
This combination of batteries and flywheel technology could overcome many of the limitations of each technology, and they are not limited by geographical constraints like pumped hydro, but the use of battery technology for large scale storage has until now been limited. However with the large scale introduction of electric cars and the rapid development of domestic and large scale storage by companies like Tesla (Tesla, 2018), batteries are becoming a more realistic option for sustainable energy storage. However, whilst batteries are suitable for small scale uses, they are less suitable for large scale storage due to “high costs, safety issues and environmental concern caused by usage of toxic and scarce compounds” (Egmond, W, 2016). 
[bookmark: _Toc514949227]5.3.1 Lithium-ion 
The lithium-ion batteries which are being used by tesla for their cars and solar storage are made up of Lithium salts stored in an organic compound (Chen, H, 2009). Lithium is not especially rare, but it is expensive and time consuming to extract and much of it is situated in volatile countries such as Afghanistan (Atacama, S. 2016). Tesla and Panasonic, who jointly produce Tesla’s battery’s (BBCnews, 2017) claim that there is a long term supply, however, whilst current prices are not particularly high, demand is rocketing so not only is it environmentally unsustainable it will also become less cost effective as supply diminishes. (Atacama, S. 2016).
[bookmark: _Toc514949228]5.3.2 New Battery Technology
Most current battery technologies are only suitable for small scale applications unless used in conjunction with other technologies such as flywheel, and the large scale batteries currently being used have environmental issues and are still very expensive, (Cardwell, D, 2017). However there are types of battery being developed which (although nowhere near production ready) are worth investigating as some of them are scalable for large scale storage and have far less environmental impact (Egmond, W, 2017).
Concentration gradient flow batteries (CGFB) store energy in two reservoirs filled with salt solutions of different concentrations, the electricity is discharged by reverse electro-dialysis through a cation exchange membrane (Egmond, W et al, 2017).  Whilst current studies by Egmond et al have concluded that development of a new ion exchange membrane is required to overcome thermodynamic inefficiencies, the technology has the potential to be an environmentally friendly battery for small or large scale application and is therefore worthy of research investment. (Egmond, et al 2017) have also researched the performance of the ‘benign acid base flow battery’ which is similar to the CGFB but uses different acid concentrations to provide the gradient, which has  better efficiencies but also requires further work to improve energy density. In light of the massive global investment in renewable energy and storage technology, further investment and diversion of expertise would be appropriate with the possibility of a safe, stable, environmentally friendly battery technology without expensive components that cannot be obtained within national borders.

[bookmark: _Toc514949229]6 A combined System
The steps and technologies mentioned, all need to take their place in an integrated intelligent system, for electricity supply with a large proportion of renewable energy to be effective and efficient. An example of technology use combined with efficient planning when deciding on steps can be seen in the Greek Aegean islands (Kaldellis, J, 2007), where there is huge wind and solar potential but until now electricity consumption has been dependent on fossil fuels. The autonomous island networks cannot absorb the levels of wind production so there are proposals for interconnected island grids to be installed, combined with pumped hydro storage stations on the mainland, fed by the increased solar and wind installations (Kapsali, M, 2017). This will all need to be controlled by a smart grid, delivering the electricity to where it is needed, ensuring that there are no intermittencies in supply and reducing dependence on fossil fuels. Two possible scenarios were analysed by (Kapsali, M 2017), one with a stronger focus on pumped hydro storage but both relying on interconnecting the islands with the mainland and both were positive, concluding that the high capital costs can be overcome if it leads to large scale wind energy development. 
[bookmark: _Toc514949230]7 Conclusion
Renewable energy is an opportunity for countries to achieve a high level of energy security, taking away reliance on importing primary energy such as fossil fuels. However in order to achieve stability it will be essential to cooperate with other countries, sharing energy using smart technology via interconnected grids to overcome intermittency of supply, which will be inevitable as the percentage of renewable electricity increases. To truly create a stable and secure electricity supply though, will require the incorporation of storage technologies within the smart grid. A number of different storage technologies have been discussed, some, such as flywheel and batteries are more useful at the moment to provide short term electricity supply for times of unexpected high demand or low supply. The combination of these two storage methods that is being deployed as part of the EU horizon 2020 project is creating a new hybrid system that overcomes the deficiencies of the individual technologies. Traditional methods such as pumped hydro will continue to be important, providing a high volume of energy that can be running at full capacity in less than 20 seconds. Difficulties in finding suitable geographical locations could be overcome by building more facilities pumping directly from the sea such as proposed by (Mclean, E & Kearney D, 2014) (although this may have implications for coastal wildlife). Batteries are the storage solution that are receiving the most publicity at the moment and they have the benefits of having no geographic constraints and being fairly easy to scale to specific requirements. However with current technology they are not particularly suitable for large scale storage (although they are useful in certain conditions such as Tesla’s solar battery in the Australian desert (BBCnews, 2017). Lithium-ion batteries are currently the best available battery for electric cars but Lithium is not readily available and demand is going to rocket with the global increase in electric vehicle use, there are also environmental concerns surrounding the disposal of batteries and safety of large scale systems. Environmentally friendly battery technologies such as the concentration gradient flow battery are not yet advanced enough to be deployed, but investment in research and development is key to a sustainable storage capability.
These technologies all have a place within the smart grid, a diverse range of storage options and cooperation with other nations is key to a stable and sustainable energy grid system. However the problem with integrating so many different technologies and stakeholders into a single grid is that it will really have to be ‘very smart’! Not just to be able to juggle so many conflicting demands and incorporating so many different and variable energy sources, but to ensure that the system is safe, fair and not vulnerable to attack.          
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“A smart grid is a modernised electricity grid that uses information and communications
technology to monitor and actively control generation and demand in near real-time”.
(OFGEM, 2014)
Their use can allow network operators to use the grid infrastructure more efficiently, spotting
potential problems earlier and re-routing power to where it is needed.
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A smart grid can be taken a step further. If there is interconnectivity between countries supply can
be shared, exporting where there is a surplus and importing when there is a deficit. The ability to
trade energy between member states is at the core of the EU goals for the production of clean
energy (Cusack, K, 2017). The UK s at a disadvantage because of the need to lay underwater cables
of some distance and the UK leaving the EU will make it more difficult, also as with any large
transmission network, interconnectors do suffer from certain losses. These have been calculated to
be around 1.5% loss due to conversion and a transmission loss of 0.9% per 100km (Adonis, A, 2018) .
Nevertheless, interconnectivity could be the key to energy security within Europe, although this does

not necessarilv mean renewable enerev for whilst Germanv are leading the world in the installation
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