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Presenter
Presentation Notes
Introduction.
This conference paper applies a detailed time-step analysis to low-carbon scenarios for the UK in year 2050. 
We look at the increased need for energy storage to accommodate variations in electricity demand, and variations in intermittent renewable generation, mainly wind power.
Finally we compare the financial costs and benefits of storage to determine the optimum amount of storage, and the optimum technologies to be used.
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Analysis of UK Power System & Energy Storage 

 Electricity System Modelling 
 FESA Time-step model (my model) 
 Electricity System Economics 
 DECC 2050 Calculator and Example Scenarios 
 Energy Storage Modelling Method 
 Optimum Power / Energy Ratio 
 Energy Storage Technologies 
 Optimal Size and Technology Mix of Storage 
 Conclusions 
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The Old System 
Power stations generate whatever the loads demand 

Power only flows one way  

High Voltage Low Voltage 
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New System – More complicated 
Power flows in all directions  

Supply is much more variable 

Photovoltaics 

ENERGY 
STORE? 

- + 
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Electricity demand has a predictable, repeating pattern. 
Depends on weather, time of year, in a predictable way. 

Mon    Tues     Wed   Thurs     Fri       Sat      Sun 
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Wind power varies randomly, with greater min-max variation. 
A bit more wind in winter than summer 

Mon    Tues     Wed   Thurs     Fri       Sat      Sun 

6 



Solar PV is fairly predictable, but no contribution to peak 
demand, and much more in summer than winter 

Mon    Tues     Wed   Thurs     Fri       Sat      Sun 
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Wave power varies randomly, like wind power, but is a bit 
less variable. Bigger waves in winter than summer 

Mon    Tues     Wed   Thurs     Fri       Sat      Sun 
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Tidal power is predictable but still very variable 

Mon    Tues     Wed   Thurs     Fri       Sat      Sun 
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Overview of FESA, “Future Energy Scenario Analysis” 
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Presentation Notes
I would now like to introduce my own electricity system model, Future Energy Scenario Analysis or ‘FESA’.
This is a time-step model of the whole UK energy system, using real weather data and real grid electrical demand for one whole year (2001) but with most focus on electricity systems. This is a ‘single point’ model. It ignores transmission constraints within the UK.
In the top left are all electrical loads: domestic, commercial and industrial but also the new and growing demand from electric vehicles and heat pumps.
In the top right we see the intermittent and variable electrical generators: onshore and offshore wind, solar PV, wave and tidal power. Uncontrolled generation includes CHP because CHP only runs when there is a requirement for the heat.
The net demand is the demand in each hour of the year when uncontrolled generation has been subtracted off.
Balancing mechanisms are then applied to smooth peaks and troughs in net demand, although for the purposes of the remainder of this paper, I consider just energy storage.
Dispatchable generation means conventional thermal generators, mainly fossil fuelled. These generators are used in a strict merit order according to their carbon intensity.
Finally, other sectors of the economy are added in: transport, heating and industrial uses of fuel. A total demand for each type of fuel is calculated, together with total carbon dioxide emissions for the UK, but these totals are not presented today.



This is why net demand gets more variable 
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Presentation Notes
Here is the annual generation mix for the DECC 2050 Calculator High Renewables pathway, from 2007 till 2050. In this slide you can see the transition from mostly unabated fossil fuelled generation to a scenario with mostly non-thermal renewable generation; In this case mainly wind power.
Total annual demand for electricity initially falls due to energy efficiency improvements but then rises again due to new electricity demand from electric vehicle charging and heat pumps.



Merit Order of Generation  
 Electricity companies first choose or 

‘despatch’ the power stations with cheapest 
running costs = ‘baseload’.  
 E.g. nuclear likes to run all the time. 

 Then ‘mid-merit’ generation.  
 Cheaper to build vs. more expensive to run 
 Typically coal or combined-cycle gas (CCGT) 

 Finally ‘peaking’ plant 
 Cheap to build or very old power stations 
 Most expensive to run 
 Open cycle gas turbines (OCGT) or oil fired 
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Net Demand in 2010 (Approximate Generation Mix) 
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Peaking 

Mid-merit 

Baseload 

Presenter
Presentation Notes
This figure shows the typical output of FESA as a time series through a whole year. In this case the ‘High Renewables’ scenario again, just for year 2050. The peaks are periods of high demand and low renewable supply, but the troughs are periods of low demand and high supply, mainly a lot of wind power. The peaks and troughs appear very spikey on a graph of one year’s duration, but in fact, some of these peaks and troughs last for 2 weeks.
This graph also shows the merit order used to meet net demand: baseload, low carbon, then high carbon. When net demand is negative, renewable power is curtailed only after all baseload generators are turned off. 
This is not strictly representative of today’s electricity system since nuclear power is part of baseload and is very reluctant to turn off completely. Thermal cycling damages nuclear reactors or reduces their operating life. Therefore sometimes a small amount of wind power is curtailed instead. In any case, negative demand represents a wasted resource: low-carbon electricity with very low or zero marginal generating costs that is going to waste. This is an opportunity for energy storage.



DECC 2050 Calculator (Higher Renewables Scenario in 2050) 
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Presentation Notes
This figure shows the typical output of FESA as a time series through a whole year. In this case the ‘High Renewables’ scenario again, just for year 2050. The peaks are periods of high demand and low renewable supply, but the troughs are periods of low demand and high supply, mainly a lot of wind power. The peaks and troughs appear very spikey on a graph of one year’s duration, but in fact, some of these peaks and troughs last for 2 weeks.
This graph also shows the merit order used to meet net demand: baseload, low carbon, then high carbon. When net demand is negative, renewable power is curtailed only after all baseload generators are turned off. 
This is not strictly representative of today’s electricity system since nuclear power is part of baseload and is very reluctant to turn off completely. Thermal cycling damages nuclear reactors or reduces their operating life. Therefore sometimes a small amount of wind power is curtailed instead. In any case, negative demand represents a wasted resource: low-carbon electricity with very low or zero marginal generating costs that is going to waste. This is an opportunity for energy storage.



The Future Need for Energy Storage: 
Steeper Load-Duration Curves 
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Those of you familiar with load-duration curves will recognise the blue line (the flatter line) as a typical curve for today’s power system. It is a cumulative probability curve of electricity demand – the number of hours for which a certain level of demand is exceeded. 
On the left are high levels of demand, met by less efficient but cheaper generation with high fuel costs but low capital costs, for example open cycle gas turbines (OCGT).
In the middle, demand is met by ‘mid-merit’ generation e.g. today this is typically combined cycle gas turbines (CCGT)
Then on the right, demand is met entirely by baseload generators, for example nuclear power.
Moving on to a low-carbon scenario in 2050, the net demand curve is much steeper. The future electricity system has to cope with much greater extremes of high and low demand, with demand sometimes going negative due to surplus renewable energy. This variation in demand is difficult to cope with using conventional generators. The low-carbon system would benefit from energy storage; to store surplus and baseload electricity for use later when demand is high.



‘Thousand Flowers’ Low-Carbon Pathway in 2050 
12 days of surplus, 10 days of deficit, 2 days surplus 

2500GWh of surplus 

1500GWh of 
shortfall 

Storage 
needed 
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Demand – Price Graph, 2010 
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Demand – Market Market Price Graph, 2050 
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The highest 
value of storage 
is in avoiding 
peak prices,  
Not absorbing 
excess 
renewable 
electricity 



Modelled Costs of Electricity Generation in 2050 

 Baseload and renewables: High capital cost 
but ‘free’ running costs 

 Fuel costs:  
 £16/MWhe for CCS,  
 £23/MWhe for peak gas-fired plant 

 Carbon price: £76/tonne of CO2 equivalent 
 Peak gas plant 460kg/MWhe 

 CCS plant 50kg/MWhe 

 Value of Lost Load (DECC & Ofgem) 
£16,940/MWhe ! 

19 

Presenter
Presentation Notes
Let us now look at the assumed costs of electricity generation, and the justification for the merit order applied in the FESA model. Fuel costs and carbon costs are referenced from the DECC 2050 Calculator model. Natural gas is predicted to be more expensive than coal in 2050, but of course has a lower carbon content. Plant with carbon capture and storage (CCS) is designed to be run at high capacity factor and is therefore more fuel-efficient than peak generating plant, but with higher capital costs per GW of capacity. Some CCS plant runs on coal which is cheaper than gas, which further reduces its fuel costs.
The carbon price is quite high by today’s standards, and the carbon price difference is more important than the fuel price difference. But both fuel price and carbon price cause CCS plant to have a higher position in the merit order (used first) compared to peak gas-fired plant.
Finally, there is always an option to not supply electricity at the times of peak net demand. However, according to a recent report for DECC and Ofgem, the price of lost load is almost £17,000 per MWh or £17 per kWh.



Marginal Costs of Generation (1) 
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Presentation Notes
Putting these electricity prices into graphical form, fossil CCS plant is cheaper than peak plant, but the cost of lost load is a long way off the top of the page.



Marginal Costs of Generation (2) 

Value of los load (VOLL) 
is not really helpful in 
determining economic 
optimum despatch of 
energy storage. 
 
We cannot use a look-
ahead average as the 
reference price, because 
the look-ahead average 
is too high 
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Here they are on the same scale. This is important when it comes to scheduling energy storage. If there is ever a danger of not meeting supply, then energy storage needs to run as full as possible, as an insurance against demand being higher than generating capacity in the near future.
However, if future supply and demand is at all predictable, then at other times, energy storage can perform other tasks such as arbitrage and avoiding curtailment of renewable energy.
When I started this modelling exercise, I hoped to model all energy storage scheduling as a form of price arbitrage, but the difference in price between the value of lost load and everything else means that the marginal cost of electricity generation is not very useful as a ‘reference price’ for energy storage. Instead, I used a form of demand arbitrage as described in the next slide.



3 Thresholds of Storage 

Lost Load 
(Storage Replaces 
Peak Generation) 
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In the model, energy storage performs 3 functions:
Displacing peak generation when net demand is highest. This takes priority and allows peak generation plant to be closed down or not built in the first place. Energy storage discharges to meet peak demand, avoiding loss of supply due to that peak generating plant that is has not been built.
Energy arbitrage when net demand is between highest and lowest levels. The store looks ahead a few hours, buys low and sells high, charging with CCS electricity to displace peak generating plant at a later time.
Avoiding curtailment of renewables and nuclear power. When power would otherwise be curtailed, the store fills with that surplus energy until it is full.



Priority 1 – Meet peak demand, avoid power cuts 
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Thus energy storage is scheduled to always replace more expensive generation (or loss of load) by cheaper generation. Therefore energy storage tends to limit demand to one of 3 threshold levels. If there were more types of generation then there would be more threshold levels, and the method is extendible to more levels.
My model assumes perfect forecasting of supply and demand, all the way to one-year ahead if necessary.
The model works backwards through time, in a deterministic way, to work out how full the store needs to be to meet the peaks, or how much low carbon generation it needs to use to fill up to avoid high carbon generation, and how much baseload generation is needed to fill the store to avoid using low-carbon generation. These thresholds between the types of generation are used by as the the reference levels of demand and the reference prices used by the store when deciding whether to fill or empty are.
Because at each level the minimum amount of electricity is used to exclude the next more expensive form of generation, the method results in an economically optimum despatch schedule. The store tends to be partially or completely full when jumping up a threshold level, and tends to be empty when jumping down a threshold level. The energy storage scheduling is inspired by the method used by the energy economics team at the University of Warwick –  I would like to acknowledge Mike Waterson and Lisa Flatley.



Priority 2 – Stay full enough to avoid high carbon generation 
But only if spare low carbon generation is available 
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Thus energy storage is scheduled to always replace more expensive generation (or loss of load) by cheaper generation. Therefore energy storage tends to limit demand to one of 3 threshold levels. If there were more types of generation then there would be more threshold levels, and the method is extendible to more levels.
My model assumes perfect forecasting of supply and demand, all the way to one-year ahead if necessary.
The model works backwards through time, in a deterministic way, to work out how full the store needs to be to meet the peaks, or how much low carbon generation it needs to use to fill up to avoid high carbon generation, and how much baseload generation is needed to fill the store to avoid using low-carbon generation. These thresholds between the types of generation are used by as the the reference levels of demand and the reference prices used by the store when deciding whether to fill or empty are.
Because at each level the minimum amount of electricity is used to exclude the next more expensive form of generation, the method results in an economically optimum despatch schedule. The store tends to be partially or completely full when jumping up a threshold level, and tends to be empty when jumping down a threshold level. The energy storage scheduling is inspired by the method used by the energy economics team at the University of Warwick –  I would like to acknowledge Mike Waterson and Lisa Flatley.



Priority 3 – Stay full enough to avoid low carbon generation 
But only if excess base-load or renewable electricity is 

available to fill the store, and when there is room in the store 
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Thus energy storage is scheduled to always replace more expensive generation (or loss of load) by cheaper generation. Therefore energy storage tends to limit demand to one of 3 threshold levels. If there were more types of generation then there would be more threshold levels, and the method is extendible to more levels.
My model assumes perfect forecasting of supply and demand, all the way to one-year ahead if necessary.
The model works backwards through time, in a deterministic way, to work out how full the store needs to be to meet the peaks, or how much low carbon generation it needs to use to fill up to avoid high carbon generation, and how much baseload generation is needed to fill the store to avoid using low-carbon generation. These thresholds between the types of generation are used by as the the reference levels of demand and the reference prices used by the store when deciding whether to fill or empty are.
Because at each level the minimum amount of electricity is used to exclude the next more expensive form of generation, the method results in an economically optimum despatch schedule. The store tends to be partially or completely full when jumping up a threshold level, and tends to be empty when jumping down a threshold level. The energy storage scheduling is inspired by the method used by the energy economics team at the University of Warwick –  I would like to acknowledge Mike Waterson and Lisa Flatley.



Three Thresholds of Storage 
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Thus energy storage is scheduled to always replace more expensive generation (or loss of load) by cheaper generation. Therefore energy storage tends to limit demand to one of 3 threshold levels. If there were more types of generation then there would be more threshold levels, and the method is extendible to more levels.
My model assumes perfect forecasting of supply and demand, all the way to one-year ahead if necessary.
The model works backwards through time, in a deterministic way, to work out how full the store needs to be to meet the peaks, or how much low carbon generation it needs to use to fill up to avoid high carbon generation, and how much baseload generation is needed to fill the store to avoid using low-carbon generation. These thresholds between the types of generation are used by as the the reference levels of demand and the reference prices used by the store when deciding whether to fill or empty are.
Because at each level the minimum amount of electricity is used to exclude the next more expensive form of generation, the method results in an economically optimum despatch schedule. The store tends to be partially or completely full when jumping up a threshold level, and tends to be empty when jumping down a threshold level. The energy storage scheduling is inspired by the method used by the energy economics team at the University of Warwick –  I would like to acknowledge Mike Waterson and Lisa Flatley.



Ideally, Energy Store is Always in One of Three States… 
(Inspired by Energy Economists at Warwick) 

1. Constant reference price.  
 Fills when demand / price is below the level. 
 Discharges when demand is above that level 

2. Store is full and reference price is rising 
3. Store is empty and reference price is falling 

 
 With an infinite number of possible reference levels, 

this might be possible. 
 My model has discrete levels 
 My model is always empty as price falls but not full as 

price rises 
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Choosing the size of the energy store (energy / power ratio) 

Move the ceiling down. 
Increasing power, P = peak generation saved 
Calculate the energy capacity, E = store capacity 
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How is the size of store decided? Focussing in on the peak-lopping function, this is how the store energy capacity is related to its power rating.
Many different sizes of store are modelled, starting from 1GW, 2GW…. And increasing until the largest possible useful size of store is reached.
As the power, P of storage increases, an equivalent amount of peak generating plant is displaced. But in order to displace that peak plant, the storage has to deliver an amount of energy, E. The energy capacity of storage increases with both the height of the peak and the duration.
This process yields an estimate of the optimum size of energy capacity for a given storage power rating. This is specific to each scenario, and to the UK electricity system.



Optimum Ratio of energy Capacity to Power (GWh/GW) 
(High Renewables Scenario) 

Large Energy Capacity 
But Usefulness is Limited 
By Power Rating 
Of Store 

Large Power Rating 
But Store Spends Too Much Time 
Full or Empty 
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Here we see the resulting optimum energy capacity of storage for each power rating for the case of the DECC Higher Renewables scenario in 2050. Using a logarithmic y-axis scale, the line is almost linear, indicating that energy capacity increases exponentially with power rating. Small ‘wobbles’ and kinks are due to various different sources of variation at different timescales, e.g. daily cycles, weekly cycles, weather related variation and inter-seasonal variation.
To the top-left of the line are stores that have large energy capacity for their power rating. These would never go empty or full but would struggle to get power in or out fast enough to maximise benefit to the grid.
To the bottom-right of the line are stores with large power rating but relatively small energy rating. These will initially respond well to peaks and troughs in demand but then quickly become empty or full, again limiting their usefulness.



Optimum Ratio of energy Capacity to Power (GWh/GW) 

Inter-Seasonal Storage => Fuel Storage 

Peak  
Lopping. 
Flexible  
Demand? 
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This graph compares the optimum store sizes for all 10 of the low-carbon scenarios for year 2050 in the DECC Calculator model.
All 10 follow a similar shape but scenarios with more renewable energy (Mark Brinkley, Council for the Protection of Rural England, Atkins, Friends of the Earth) show the most potential benefit from energy storage in both power rating and energy capacity.
This graph also shows the timescales and physical causes of the variation that storage is addressing: 
At short timescales and small storage sizes (bottom of the graph), we see daily peak lopping. The amount of storage required here is not much more than today’s pumped hydro and might easily be accomplished by flexible demand, e.g. time-shifting of water heating and EV charging.
In the middle are many different timescales of storage from daily and weekly cycles through to the longest weather-related variations of wind power. That is a huge range, spanning up to a factor of 100 in energy capacity.
Finally at the top of the graph is inter-seasonal variation. As I shall show, it is unlikely that this will be smoothed out using today’s energy storage technologies.



Value of Storage 

1. Replacing generating capacity 
 power stations you don’t have to build or 

maintain. 
 Capital expenditure (CAPEX) saved 

2. Fuel saved  
 More efficient power stations used 
 Cheaper fuel 
 Renewables or nuclear 

3. Carbon saved 
 Lower carbon power stations used 
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Value of Storage vs. Store Power 
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Energy Storage has a value to the system, i.e. the whole economy, or a ‘societal value’ in 3 ways: It saves fuel, saves carbon and saves the capital costs of construction of generating plant. 
Using the costs of fuel and carbon shown earlier, plus the capital costs of construction of electricity generating plant as given by the DECC 2050 Calculator, and assuming a working life of 20 years for each kind of storage, I applied these cost savings to the sizes of storage as calculated in the last slide. 
The total value of storage to the grid is approximately proportional to its power rating, for all the 10 low-carbon future scenarios.
Small bumps and dips are due to the energy storage despatch algorithm that prioritises peak lopping over arbitrage, but apart from that the overall trends are all broadly similar.

Also shown for comparison on this graph are the values of storage as calculated and published by a team at Imperial College, shown in black dotted lines and symbols. These stores each have a fixed ratio of energy to power, or time constant, of either 6 hours or 24 hours, and are again based on the Higher Renewables scenario. The values are higher but the Imperial College study includes other sources of revenue, for example from the Short Term Operating Reserve (STOR) and the frequency response markets of the National Grid.



Value of Storage vs. Storage Capacity 
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