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Renewables: the power, the glory, the caprice

• Wind and solar: indefinitely large, low emission resource but outputs vary.

• Social patterns and meteorology drive variations in demands.

• How will demands and renewables vary at the same time?

• What is the optimal mix of storage and transmission for balancing demand and 
renewables?

• Demands and renewables will change with climate.
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Historic demand/supply analysis

Weekly electricity demand in Germany, France, United Kingdom, Italy and Spain
Note air conditioning in Italy and Spain.

School closure

Electric heating 
Winter peak

Christmas / New year
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Energy system dynamics: simple hourly model
Sample 2 days and 2 weeks
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Energy system dynamics: simple hourly model
Annual demand and renewable supply variation over 31 years

• Considerable inter-annual variation in wind generation (about +/-20% on shore; +/- 10% off-shore)
• Less variation in total demand (about 5%) because the weather driven component of electricity 

demand is small (in scenario)
• Large variation in storage required
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Historic demand/supply analysis

Monthly electricity cumulative residual demand assuming wind and solar 
generation (EU35, 2015)

Unmet demand

Generation surplus
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Service Chemical

Heat Electricity

Primary coal oil gas biomass nuclear

Storage in energy 
systems

7



Energy Space Time

Hydropower

Resource

Precipitation (rain, snow) onto heights stores 
potential energy. 

Reservoir schemes
• Water may be stored in reservoirs and let out 

through turbines to generate – usually high 
head hydro. 

• If water turbines are also used to pump 
water upwards for energy storage it is called 
pumped storage.

Run-of-river
• There is less storage and so generation 

follows  upstream riverflow

There may be minimum required water flow and 
reservoir levels for many reasons:
• Environmental and ecological protection
• To meet water demands 

SnowRain

Melt

Water at height

High head
turbine

Reservoir

Reservoir

Water lower

Elec out Elec in

High head 
turbine
pump

Low head
run river 
turbine

Evaporation
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Hydro

What are the correlations between hydro inflow/potential generation and:
• Precipitation?
• Ambient temperature (a demand driver)?
• Wind generation?
• Solar generation?

How much is hydro generation driven by demand, how much by inflow?

How does environment protection constrain hydro generation?

What extended/new hydro power plant might be built – once through or pumped 
storage ?
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Hydropower annual variability - Europe
Large variation possible: a 16% fall 2000 => 2003
How much variation is driven by inflow – how much by demand?
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Hydropower - Europe monthly history
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How much variation is driven by inflow – how much by demand?

http://www.iea.org/statistics/monthlystatistics/monthlyelectricitystatistics/11
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Hydropower - Europe monthly history
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Hydropower - Europe storage

Once through reservoir storage ~30 X larger than pumped storage
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Biomass production

What are the sustainable European resources of different kinds?
How will this change with waste management, biocrops etc.?
How can they be stored?
Does meteorology cause significant variations in annual biomass supply ?
How can the resources be best used for electricity, heat, biofuels?
What low emission bio-technologies are there?
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Biomass 
– wood chip trade

Europe 2015
6.5 Mt imports

Is this sustainable?

Is it secure for the future?
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Hydro and biomass
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What are operational 
constraints on hydro and 
biomass?

What are correlations with 
wind and solar?

Possible to design 100% 
renewable systems with 
storage and transmission.

Renewable power and fuels 
for buildings, industry, road 
and rail transport, ships.

But what about aviation and 
cement?
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Some storage types

Technical
Efficiency/losses
kWh/kg or m3
kW/kg
Cycle life
Charge/discharge rate
Ramp rate

Costs
£/kWh
£/kWin
£/kWout

Biomass, fossil

Battery, pumped storage

Hydro

TECHNOLOGY - IN/OUTPRIMARY - OUT

Heat
(90-99%)

Heat

Heat

Electricity

Chemical
(30-99%)

Chemical

Electricity

Chemical

Electricity

Hydro Electricity

Chemical

Chemical

Electricity

Heat

Kinetic

Geothermal
Heat

Electricity

Nuclear Electricity

Fossil, biomass

Pumped storage, battery, capacitor...

Hydrogen, ammonia...

Bricks, hot water, ice, ground...

Other OtherElectricity

Various
(50-90%)

ElectricityElectricity

Water pumping, service storage...17
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Energy system dynamics: simple hourly model
Monthly cumulative supply-demand variation for each of 31 years

Considerable monthly variation in cumulative supply-demand resulting in minimum and 
maximum of about +/- 70 TWh, or +/- 10% of annual demand.
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Historic demand/supply analysis

Sensitivity of daily electricity demand to population weighted temperature 
coloured by solar radiation (2010-2015)

ItalyUnited Kingdom

Solar
W/m2

Solar
W/m2

19



Energy Space Time

Some (electrically connected) storage options for system management
Power (GW) and time (hours)/ energy potential 
(Excluding bioenergy and fossil energy stores)

Potential storage with 
upwards of 200 GWe 
power and 5 TWh energy. 

Ammonia/hydrogen and 
district heat stores can be 
very large.

System electricity storage 
(batteries etc.) relatively 
costly and inefficient.

Number Max Time
STORAGE Restriction GW hrs GWh Efficiency
Current Pumped storage 4 2.9 11.5 33 75%
used Industy/services Various 50 2.0 1.0 2 95%

Water industry water pumping 10 0.5 4.0 2 95%
Total 5.4 6.9 37 95%

In place Domestic Off peak bricks Winter 1 M 10.0 1.0 10 95%
need controls HW tanks 5 M 20.0 0.5 10 95%

Industy/services? HW tanks 0.5 M 10.0 0.5 5 95%
General Electric heating Winter 0.5 M 1.0 1.0 1 95%

Total 41.0 0.6 26 95%
Future Building storage Building fabric Winter 30 M 50.0 1.0 50 80%
additional HW tanks 20 M 20.0 1.0 20 95%

Electric vehicles battery 20  M 50.0 1.0 50 75%
District heating heat pumps/CHP Winter 100 50.0 100.0 5000 95%
Synthetic fuels H2, NH3 50 20.0 500.0 10000 95%

Total future additional 190.0 79.6 15120 95%
Total future 236.4 64.2 15183 95%

0

50

100

150

200

250

0 10 20 30 40 50 60

GW

Hours

Pumped Vario water 
Off peak bricks

Dom HW 
tanks

Nondom HW 
Electric heating

Building fabric

HW 
tanks

EV battery

DH heat pumps/CHP

Syn fuels:H2, NH3

These can have much more energy (hours) 
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Historic demand/supply analysis

Monthly electricity cumulative residual demand (= demand – generation) for 
UK from 2010 to 2015 assuming wind and solar generation

Unmet demand

Generation surplus

~76 TWh
(26% annual demand)
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How much 
storage is 
needed?
(Simple model: assuming 
100% renewables and no 
trade)

1. Model hourly demands and renewables across the year

2. The minimum storage is the maximum difference between 
cumulative demand and supply

For a 700 TWh/a demand/supply system around 70 TWh of 
electricity equivalent storage is required, but will vary depending 
on demand and renewable patterns. 

Storage can be a mix of heat, EV batteries, chemical, biomass, 
fossil etc.
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