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FFE 2050 – Insights on Spain: Overview

Insights of FFE 2050 study on Spain and comparison with the EU’s Long Term Strategy (LTS)
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This presentation is divided into three parts.
Part 1 compares the scenarios of the EU Commission’s Long Term Strategy (LTS)1 with those of the Fossil
Free Energy 2050 (FFE 2050)2 study highlighting similarities as well as differences in terms of
– Scenario design
– Methodology
– Conclusions
Part 2 presents deeper insights of the FFE 2050 study on Spain.
The appendix explains the modelling framework as well as the main input and modelling assumptions of
the FFE 2050 study.
The main conclusions of the FFE 2050 study (general ones as well as such ones specific to Spain) are
presented at the beginning of the presentation.

1) https://ec.europa.eu/clima/policies/strategies/2050
2) https://europeanclimate.org/report-towards-fossil-free-energy-in-2050/
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General conclusions: Smart electrification is key for cost effective
decarbonisation
1. The 3 pillars to reach a net zero economy are
I. Energy efficiency,
II. Smart electrification of demand, including E-mobility
III. Renewables with Long duration energy storage.
2. Energy scenarios which rely to a larger extent on gas as an energy carrier are more
expensive than those which rely predominantly on electricity due to the following reasons:
– High energy losses when renewable electricity is converted into hydrogen and then
potentially further into e-fuels, requiring more overall renewable energy capacity.
– Use of synthetic hydrocarbons as an energy carrier in existing infrastructure creates
savings on electricity infrastructure, but this is not sufficient to offset a greater
investment in gas infrastructure.
3. Smart technologies ( relying on smart network infrastructure) can transform electrificationbased systems from being the most expensive to some of the most cost efficient
decarbonisation alternatives
These are general conclusions of the study for Europe. The study also drew country-specific
conclusions depending on the country’s climate and infrastructure characteristics. The main
conclusion for Spain are summarised on the next slide.
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Conclusions for Spain

1. Strong solar resource increases PV competitiveness and can be cost-effectively balanced
with smart responsive daily demand shifting and storage technologies.
2. Compared to other European countries, the lower seasonal variation of demand means
flexible hydro (incl. pumped storage) is a vital resource for ensuring system adequacy in
Spain.
– Flexible hydro makes up 61% of dispatchable generation in Spain, reducing dependence
on imports and peaking plants.
– Spain is not projected to require hydrogen gas turbines to ensure security of supply.
– CCS is not needed in the electrification scenarios in Spain.
3. Electrification combined with smart demand side technologies offers the cheapest
decarbonisation pathway for Spain.
4. Use of hydrogen technologies in space heating and transport are less efficient and require
more infrastructure investments than their electric counterparts leading to overall higher
costs than smart electrification.
5. Continued investment in electricity system infrastructure is a low regret option:
– Significant increase in grid capacity is always needed, irrespective of the degree to which
the system relies on gas as an energy carrier.
– Smart and flexible demand technologies help improve the efficiency of network
investments and should be deployed in parallel with network expansion.
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Scenarios of EU Com’s Long Term Strategy (LTS) explore different
decarbonisation portfolios and levels of ambition
LTS scenarios achieving an 80% GHG reduction compared to 1990 levels
Scenario

Electrification
(ELEC)

Hydrogen
(H2)

Power-t o-X
(P2X)

Energy
Efficiency (EE)

Circular
Economy (CIRC)

Main drivers

Electrification
in
heat and
transport

Hydrogen in
heat and
transport

E-fuels in heat
and transport

Pursuing
deep energy
efficiency

Increased
resource and
material
efficiency

•
•
•

•
•
•

•

•

The EU Commission’s Long Term Strategy studies a total of nine scenarios for the EU energy system in 2050
Five scenarios achieve an 80% GHG reduction compared to 1990 levels (“2°C scenarios”, shown above)
These five 2°C scenarios differ in the focus of their decarbonisation technology portfolios, in particular in
the energy carriers used in heat and transport (see table above)
One scenario (named “COMBO”) achieves a 90% GHG reduction compared to 1990 levels by combining the
focus technologies of the 2°C scenarios in a cost-efficient way
Two scenarios achieve a 100% GHG reduction cp. to 1990 (“1.5°C scenarios”), i.e. the energy system is
carbon neutral in 2050
The technology mix of the “1.5TECH” scenario is based on the COMBO scenario. Additional emission
reductions are achieved through deployment of CCS and BECCS technologies.
The technology mix of the “1.5LIFE” scenario is also based on the COMBO scenario but additional emission
reductions are mainly achieved through lifestyle changes such as dietary changes and a move to a sharing
economy.
The 2°C scenarios are more relevant for us as they compare clear technology alternatives.
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Scenarios of the FFE 2050 study are designed to compare alternative
deep decarbonisation pathways
Are electrons or molecules better suited to address energy system challenges?

•
•
•
•
•
•

All scenarios reach zero carbon in 2050.
Scenarios were developed to explore trade offs between electrons and molecules as main energy carrier in
a future decarbonised energy system.
HighE scenarios deploy high degree of electrification of transport and heat.
HighM scenarios deploy moderate level of electrification, relying to a larger extent on hydrogen based
transport and heat solutions.
Variable renewable energy sources (VRES), mainly wind and solar, are the main sources of energy supply
Challenges to ensure system adequacy, i.e. to meet demand in all hours of the year, are addressed
differently in each scenario, based on the technology and infrastructure choices.
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Zero carbon solutions expected to differ due to seasonality of VRES
supply, demand (mainly heat) and available gas infrastructure
FFE 2050 study developed a set of country archetypes to explore zero carbon solutions

VRES = Variable Renewable Energy Resources
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EU LTS and FFE 2050 consider the same technology choices

Are electrons or molecules better suited to address energy system challenges?
EU LTS scenario

FFE 2050 scenario

Main drivers

ELEC

HighE

Electrification in heat and transport

EE

HighE Breakthrough

Pursuing deep energy efficiency

H2

HighM

Hydrogen in heat and transport

P2X

HighM E-gas

E-fuels in heat and transport

•
•
•

•
•

Four of the five 2°C scenarios of the EU LTS are matched very closely by four of the six scenarios of the FFE
2050 study (see table above)
As a reminder the scenarios of the FFE 2050 studies were either focusing on molecules (“HighM” senarios)
or on electrons (“HighE” scenarios) as energy carrier
Many assumptions of the four LTS and the corresponding four FFE 2050 scenarios are well aligned, e.g.:
– Renewables, mainly wind and solar, are the main sources of energy supply
– Hydrogen, produced via electrolysis, is combined with CO2 from Direct Air Capture to produce e-fuels
A major difference is that all FFE 2050 scenarios achieve a 100% GHG reduction cp. to 80% achieved by the
EU LTS 2°C scenarios which we focus on.
Emission reductions become increasingly technologically challenging as well as expensive once easy to
decarbonise sectors have been transformed1.

1) The EU LTS confirms this estimating significantly higher costs of the COMBO and 1.5TECH scenarios than
those of the 2°C scenarios.
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Higher temporal resolution of energy system analysis in FFE 2050
compared to LTS allows to represent more system dynamics
While FFE 2050 models all hours of the year, EU LTS only models hours of up to nine days
•

•

•

•

The main software tool to model the
energy system for the underlying analysis
of the EU LTS is the PRIMES model
Like in the case of the modelling for the
FFE 2050 project, PRIMES models energy
supply and demand on a national level
However the temporal resolution of the
models differ: while in FFE 2050, demand
and supply were modelled for every hour
of the year, the PRIMES model ensures
balance of annual supply and demand but
only represents the hourly operation of
the system on two to maximum nine days.
Energy system characteristics which are
accumulated across all hours of the year,
such as renewable curtailment, total
dispatchable generation and seasonal
storage requirements (as illustrated in
the hydrogen storage filling level profile
on the left) cannot be properly quantified.
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EU LTS scenarios overestimate capacities of stationary battery
storage and accordingly energy system costs

•
•
•
•
•

EU LTS project a capacity of 110-190TWh of stationary battery storage in the EU in 2050 (cp. fig. above),
corresponding to about 2-3% of annual generation.
The total energy storage capacity in the 2050 scenarios (apart from the baseline) vary between 250450TWh, corresponding to 5-9% of annual generation.
While our scenarios identify similar total storage requirements, the deployment of battery storage is much
lower, with less than 10TWh of stationary battery storage in all scenarios.
The majority of the total storage capacity required is only used a few times in the year.
Such seasonal storage can be provided more cheaply by other technologies than batteries, e.g. hydrogen
storage.
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EU LTS: excess capacity of stationary battery storage leads to an
overestimation of the cost of electrification

•
•
•
•

High CAPEX of battery storage requires high utilisation of battery storage for economic viability
Hourly resolution modelling across the whole year allows to identify dynamics of storage utilisation
(measured in annual cycles) as shown in the graph above.
The average utilisation decreases exponentially with the installed capacity (in GWh): note that the x-axis in
the above graph is logarithmic.
The economically viable level of battery storage deployment is thus much lower than one would expect
based on a linear decrease of the utilisation with higher installed storage capacity.
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Many of the EU LTS conclusions are aligned with those of the FFE
2050 study
1 - Energy efficiency
• Maximise the benefits from Energy Efficiency including zero emission
buildings
2 - Renewable electricity
• Maximise the deployment of renewables and the use of electricity to
fully decarbonise Europe’s energy supply
3 - Clean mobility
• Embrace clean, safe and connected mobility
4 – Smart grids
• Develop an adequate smart network infrastructure and interconnections

•
•

•
•

The EU LTS lists seven strategic building blocks for a net zero GHG economy.
Four of these building blocks are well aligned with the conclusions of the FFE 2050 study, in particular the
first three blocks on energy efficiency, electrification and renewables and clean mobility as well as LTS-block
number 5 on smart network infrastructure listed above.
However in some areas the conclusions also differ.
The following slides will discuss such differences as well as alignment of the conclusions.
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Both in FFE 2050 and EU LTS gas based scenarios are more expensive
than electricity based scenarios

•

Gas based

•
Electricity based

•

Both studies are aligned in their
assessment that energy scenarios
which rely to a larger extent on
gas as an energy carrier are more
expensive than those which rely
more on electricity (cp. left graph
from LTS).
The higher cost of the gas based
scenarios using either hydrogen
or synthetic hydrocarbon fuels as
energy carrier is to a large extent
due to the energy losses when
renewable electricity is converted
into hydrogen and then
potentially further into e-fuels.
These losses lead to higher
renewable capacities and
generation and thus investment
being required.
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Even when considering infrastructure only, the cost of gas based
scenarios are higher than those based on electricity in FFE 2050
Annual infrastructure cost [€bn/y]

Archetype Spain

•
•
•
•
•

24.0
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H2 storage
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Gas networks
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Gas DG decomissioning
10

Thermal storage
Smart EVs

5
0

Battery storage

Electricity networks
HighE

HighM

HighM
e-gas

FFE 2050 showed that even when only considering infrastructure (without the supply side), gas based
scenarios are more expensive than electricity based scenarios.
Lower electricity network costs are more than offset by additional costs of gas networks and further
hydrogen infrastructure (HighM vs HighE in the graph above, showing results for Spain).
Or study showed the avoidance of a gas distribution grid in the electrification scenario (HighE) enables
significant savings compared to the hydrogen scenario (HighM).
It is not clear the EU LTS analysis also assumes a gas distribution grid is avoided in their electrification
scenario.
Our analysis concluded further, that savings due to continued use of existing infrastructure in the case of
using synthetic hydrocarbons as energy carrier (scenario HighM E-gas), are more than offset by the cost of
additional infrastructure for converting hydrogen into hydrocarbons and energy losses due to the
additional conversion.
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FFE concludes that continued investment in electricity system
infrastructure is a low regret option
Capabilities of electricity system infrastructure will need to be increased
Electricity grid capacity relative to current peak demand (%)
250

216

200

182
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100

ES
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50
0

•
•
•

Current

HighE

HighM

The above chart shows that even in the HighM scenario, the electricity grid capacity is increased by
82% compared to today’s capacity.
This shows that significant increase of the grid’s capabilities are needed even if a pathway for the
energy system is chosen which relies to a larger extent on gas as an energy carrier.
While demand side flexibility and battery storage help to use the available grid capacity more
effectively, accommodating high amounts of generation from VRES and increased electricity
demand due to electrification will require to increase the electricity grid’s capacity significantly.
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Smart electrification of demand does not feature prominently in the
EU LTS but is central to achieving least cost (FFE 2050 conclusion)
Smart electrification was shown to be crucial for cost effective electrification
Annual cost [€bn/y], archetype Spain1
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+12%
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Gas networks
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Thermal storage
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Smart + V2G infra.

Biomass and biogas

Battery storage

Interconnector

Electricity networks
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Heating technology
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Methanation

Energy efficiency capex
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H2 storage

DH infrastructure

Electrolysis

Imported H2
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56

60
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40
30

0
•

•

•

HighE - Passive

HighE

HighM

Smart network infrastructure is mentioned as a building block of the EU LTS, but the difference smart
technologies can make is not quantified and does not feature prominently in the analysis; neither does the
implied economic opportunity.
One of the central conclusions of the FFE 2050 analysis was that smart technologies can turn
electrification based solutions from being the most expensive to some of the most cost efficient
decarbonisation alternatives.
The assumptions which have been made in the EU LTS analysis on smart technologies and the savings
which can be achieved through their deployment are not quantified in the report.

1) Note that the FFE 2050 scenarios achieved 0 carbon electricity systems, while several of the EU LTS do not decarbonise the power
system completely in 2050. The remaining power sector emissions are either offset by negative emission technologies or remain
unabated as several of the EU LTS do not achieve a 100% but only a 80% GHG reduction cp. to 1990 levels.
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EU LTS relies on unabated peaking gas plants, while FFE 2050 uses
hydrogen gas turbines – and concludes they are not needed in Spain
Remaining
gas capacity

•
•
•
•
•
•

The EU LTS concluded that without significant lifestyle changes, a zero carbon energy system is only
achieved through large scale rollout of CCS technologies (1.5TECH scenario).
Fossil fuels still comprise 10% of final energy consumption in this scenario and still more than 100GW of
unabated natural gas fueled power stations are used as peaking plants in Europe in 2050 (cp. above).
Thus negative emissions from BECCS power plants are used to offset remaining unabated emissions1.
The FFE 2050 study constructed zero carbon power systems without reliance on CCS, using hydrogen
fueled peaking plants as a last option to manage demand/supply mismatches of electricity.
Our analysis put higher requirements on energy systems, due to the hourly instead of annual matching of
supply and demand and still showed the technical viability of such systems.
The analysis showed that in Spain, due to the high solar and hydro resource and lower seasonal variation
of demand, CCS is not needed in the electrification scenarios.

1) BECCS is also used in the EU LTS 1.5 degree scenarios to offset emissions of the agricultural sector, which
were not within the scope of FFE 2050.
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Total system costs show: smart electrification provides
decarbonisation at lowest cost
Annual cost archetype Spain [€bn/y]
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1) Note that the FFE 2050 scenarios achieved 0 carbon electricity systems, while several of the EU LTS do not decarbonise the power system completely
in 2050. The remaining power sector emissions are either offset by negative emission technologies or remain unabated as several of the EU LTS do not
achieve a 100% but only a 80% GHG reduction cp. to 1990 levels.
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Hydro capacity makes Spain less dependent on imports and peaking
plants
Hydro resource reduces need for imports and gas turbines to ensure security of supply
Share of annual dispatchable generation
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
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15%
61%
66%

Hydro flex
Biomass
Interconnector
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30%
15%
DE

0%

9%

ES

• The graph above shows the share of available technologies in total annual dispatchable
generation in the HighE scenario for Spain and Germany.
• Flexible hydro1 makes up 61% of dispatchable generation in Spain vs. 4% in Germany.
• In contrast Germany relies to a large extent on imports to secure security of supply (66% of
dispatchable generation).
1) For the modelling it is assumed that 50% of installed hydro electricity capacity is dispatchable/flexible, whereas 50%
is non-dispatchable. 2) Dispatchable generation makes up 15% of total generation in DE vs 7% in ES.
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High level findings: smart electrification provides decarbonisation at
lowest cost
Electric options combined with demand side flexibility provide cost effective decarbonisation
The main results of the modelling for Spain covered in the FFE 2050 report included the
following:
• Unmanaged electrification leads to high costs due to increasing peak demands and high
renewable curtailment.
• Electrification combined with smart demand side technologies offers the cheapest
decarbonisation pathway.
• Daily demand shifting and battery storage are sufficient to ensure system adequacy in Spain,
whereas other countries require seasonal energy storage and hydrogen gas turbines.
• Producing hydrogen via electrolysis (Power-to-Gas) adds flexibility to the energy system, but
this route is less effective than electric alternatives and lead to higher overall costs than smart
electrification.
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Insights on Spain: particularities of the system leading to the
observed results
A combination of supply and demand side factors enables high VRES penetration at low cost
• Renewable Supply
– Higher solar irradiance reduces the cost of solar in Spain compared to other European
countries.
• Electricity Demand
– Spain has less seasonal variation of demand due to lower heating requirements than
colder countries.
• Smart Technologies
– Daily demand flexibility & storage are well suited to integrate large amounts of solar
energy into the energy system.
• Dispatchable Generation
– Spain is not projected to require hydrogen gas turbines to ensure security of supply
– Hydro capacity makes Spain less dependent on imports and peaking plants
• Energy System Infrastructure
– Continued investment in electricity system infrastructure is a low regret option.
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Strong solar resource and more stable seasonal profile leads to
higher proportion of PV deployment in Spain.
Monthly average solar load factor [%]
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Higher solar irradiance in Spain leads to higher load factors throughout the whole year compared to other
archetype countries studied (upper left graph).
In most other countries investigated, the model chooses to generate the majority of renewable supply from
wind plants, due to the higher load factor of wind compared to solar.
In Spain, due to the higher solar load factors and better overall alignment with the demand, the model
chooses to build larger solar fleets than in countries with inferior solar resource.
Solar generation makes up 50% of wind and solar generation in the HighE Breakthrough scenario in Spain vs.
30% in Germany (upper right graph).
High solar penetration in Spain is a good match for daily demand shifting and battery storage.
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Lower seasonal variation of demand leads to lower demand for
seasonal storage and peaking generation capacity
Share of heat in total electricity demand [%]
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Heating demand in Spain makes up a smaller share total demand than in other countries.
The upper left chart shows the share of heat demand in total electricity demand in Spain and Germany in
scenario HighE.
Lower heating requirements lead to less seasonal fluctuation of demand reducing mismatch of renewable
supply and demand compared to colder countries.
Therefore there is less need for seasonal shift of demand to match renewable supply via seasonal storage.
It has to be noted that while electricity demand for heat Is a small fraction of total annual demand it can lead
to more than doubling of electricity load on the peak day (right graph, peak day in HighE-Passive in ES).
Lower heating demand thus has significant implications for infrastructure requirements.
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Daily demand flexibility & storage are well suited to integrate large
amounts of solar energy into the energy system in Spain
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The above graphs show the impact of demand side flexibility and battery storage on the net demand in
Germany and Spain for the HighE Breakthrough scenario.
Demand side flexibility and storage are much more effective to match supply and demand in Spain than in
Germany.
Lack of a strong seasonal demand signal as well as the daily pattern of renewable supply mean daily
demand shifting and storage are very effective at matching supply and demand.
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Spain can “firm” renewable energy at much lower cost than
countries relying predominantly on wind energy
VRES load factors over 10 days

Storage duration for firming VRES
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•
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Solar output is characterised by regular diurnal patterns while wind shows multiday patterns (left).
Battery storage and daily demand shifting are well suited to respond to daily mismatches of supply and
demand.
Storage of short duration (up to 10 hours) is sufficient to manage daily solar supply patterns, whereas
significantly longer duration is needed to manage wind patterns (a factor of x10 more, see right graph).
High solar penetration in Spain is a good match for daily demand shifting and battery storage.
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More stable seasonal demand patterns, and flexible hydro capacity
means Spain is not projected to require hydrogen gas turbines to
ensure security of supply
H2 storage status and daily demand for power generation in DE (left) and ES (right)
High E Germany

Spain

High E Spain

•
•
•
•
•

Available flexibility options on the demand (demand shifting, storage) and supply (flexible hydro, biomass,
interconnection) side are not sufficient in Germany to ensure security of supply.
Therefore H2 gas turbines are needed to supply electricity at times of peak demand (left).
On the other hand in Spain, available flexibility options are sufficient and no H2 gas turbines are required (right).
H2 storage corresponds to 4% of total annual electricity demand in Germany, vs. 2% in Spain.
H2 demand for power increases overall demand for hydrogen by 60% in DE in the HighE scenario.
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Energy system model flow chart – detailed process steps

34

Energy system model flow chart – simplified to main steps of
modelling process

F: Seasonal demand
shifting (using
hydrogen storage)

A: Electricity
Demand

C: Initial
DemandSupplyMatching

B: Variable
Renewable Energy
Supply

D: Daily demand
shifting

E:
Electricity
Storage

H: Infrastructure
Sizing

G: Dispatchable generation and
renewable curtailment
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A

Starting point for the modelling is the set of hourly electricity
demand profiles of each sector

A

Demand profiles of each sector are added to obtain the national demand profile
Electricity demand [GW}
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Starting for the modelling is the set of hourly electricity demand profiles for each sector.
At this point in the modelling process, the profiles are based on uncontrolled or passive consumption and
no shifting of flexible demand is applied.
Significant electrification of heat and transport are assumed in a 2050 zero carbon energy system.
Demand for heating is modelled using data on building heating loss, heating technology efficiencies, and
outside air temperatures. Weather data is taken from a 1-in-20 year cold period.
Transport demand is based on typical daily mileages, EV efficiencies, and arrival and departure patterns at
work and home.
Demand for end use in power is based on historical national electricity consumption profiles.
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Variability of wind and solar determine the initial electricity supply
profile

B

Variable Renewable Energy (VRE) supply is modelled using historical weather data
Load factor
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Country specific hourly weather data is used to generate hourly load factors1 of wind and solar electricity
generation.
The same weather data year is used as for the calculation of heat demand.
An initial specification of the wind and solar fleets is used to calculate the total wind and solar power
generation (in GW) in each hour of the year.
The left upper graph shows the load factors of wind and solar in Spain over a 10 day period, the right hand
graph shows wind and solar generation in the same period.
The inflexible generation from nuclear and hydro run off plants is added to obtain the initial electricity
supply profile based on inflexible (also called non-dispatchable) generation.

1) The load factor of a power plant is a metric to quantify the utilisation of the plant. It is given by the actual generation
of the plant in a given time period, ,divided by the maximally possible generation of that plant in that time period.
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Matching of Demand and Renewable Supply delivers the Net
Demand profile

C

The aim of subsequent demand shifting is to minimise net demand
•

•

•

•

•

•

Wind and solar fleets are deployed to a
level sufficient to decarbonise power
supply1.
By subtracting renewable energy supply
from the passive demand, we obtain the
passive net demand profile.
Positive net demand corresponds to a
shortfall of renewable supply, and thus a
need for dispatchable generation (usually
from thermal or hydro plants).
Negative net demand corresponds to
excess renewable supply, resulting in
curtailment of renewable electricity
generation.
Dispatchable generation as well as
renewable curtailment increase the system
cost and therefore need to be avoided.
The passive net demand profile forms the
basis of subsequent demand shifting in the
model.

Demand and supply [GW]
Shortfall of
supply

150
100
50

Excess supply

0
-50

Hours
0

20

40

-100

60
80
100
Demand
Renewable Supply

Net demand [GW]
150

Shortfall of
supply

100

Net demand

50

Excess supply

0
-50

Hours
0

20

40

60

80

100

-100

1)The configuration of the wind and solar fleet is covered in more detail in section H.
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Demand shifting reduces need for dispatchable generation as well
as renewable curtailment

D, E, F

The aim of subsequent demand shifting is to minimise net demand
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•
•

•
•

The aim of all demand shifting is to minimise net demand – positive (need for dispatchable generation) as
well as negative (renewable curtailment)
This is achieved by moving demand from hours of a shortfall of renewable supply (positive net demand)
to hours of excess renewable supply (negative net demand), utilising the flexibility of different types of
electricity demand.
In this way the net demand profile gets flattened, as shown in the right figure above.
This chart shows the net demand in all hours of the year before and after demand shifting.
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Flexibility sources need to be coordinated to maximise their
combined benefit

D, E, F

The time scales of flexibility vary across different demand types
Time period by which demand can be shifted

Order of deployment

Several hours

Up to 1 day

Several days

Several months

Heat Pumps
EV charging1
District Heating + Resistance Heating
Flexible power applications2
Electricity storage
Power to Gas

•
•
•

The degree of flexibility varies across the various demand types in the model.
Some electricity demand can only be shifted within a few hours, while other demand can even be shifted to
different months of the year.
In order to utilise all flexibility sources most effectively, the model uses the least flexible options first and
the most flexible options last.

1) The model can also shift EV charging by up to several days if chosen by the user.
2) e.g. smart wet appliances and industrial plants which can switch to on-site generation or storage
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Smart charging uses the flexibility of EVs while ensuring EV drivers’
needs are always met

D

Plug in profiles and charging windows set the boundaries of the flexibility of EV charging
Share of total daily EV
charging

14%

EV home
EV work

12%
10%

2

1

Work charging can be shifted into
the midday period to absorb PV.

2

Home charging can be shifted into
the overnight period to avoid peak
demand hours in the evening.

8%

1

6%
4%
2%
0%
0

6

12

18

Plug-in profile of home/work and public charging

•
•
•
•
•

We assume that charge points at home and at work deploy smart charging while public charge points are
not available for smart charging.
Charging of EVs at home and at work can be shifted within the constraints given by the EVs’ plug-in profiles
and charging windows (cp. chart above).
Smart charging can be conducted in such a way that EVs charge each day the energy they consume.
As the EV battery size is large compared to the daily consumption of EVs, smart charging can also be
conducted such that within a multiday period, EVs charge the amount they consume within that period.
The latter case increases the flexibility of smart charging, allowing to move EV charging to days of high
renewable output.
42

Electricity used for heating and for flexible power applications
allows shifting of consumption by up to 24 hours

D

Thermal storage and smart power applications are sources of within-day flexibility

•
•
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•
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•
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•

The flexibility of electricity demand for heating is based
on availability of thermal storage (e.g. hot water
storage, advanced phase change material storage etc.).
This allows heating technologies to consume electricity
at times of high renewable supply and avoid
consumption at times of high demand.
Residential Heat Pumps are assumed to be able to
shift their consumption by a few hours in this way,
while large heat pumps used in District Heating are
assumed to be able to shift demand by up to 24 hours
due to the better viability of longer duration thermal
storage in this case.
A further source of flexibility are flexible power
applications such as smart wet appliances or industrial
processes which can switch to on-site generation or
on-site storage.
These applications are assumed to be able to shift their
consumption by up to 24 hours.
The right graph shows the net demand before and
after the application of within-day (i.e. up to 24 h)
demand shifting over a 4-week period.

Net demand [GW]

•

Hours
Net demand before demand
shifting(GW)
Net demand after demand shifting
(GW)
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Electricity storage and V2G offer flexibility additional to direct
demand shifting
Storage allows further net demand reduction
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• In addition to direct demand shifting, grid
batteries offer flexibility to the power
system without requiring any consumer
behaviour change.
• Round trip losses and degradation make
storage a more expensive flexibility option
than direct demand shifting.
• Therefore storage is applied after the
direct daily demand shifting options in
the model.
• Storage is deployed up to an economic
threshold (more details in section H).
• In scenarios with Vehicle to Grid (V2G)
the collective EV battery stock is operated
in a similar manner as grid storage, but
within the constraints of the EV fleet, such
us the plug-in profiles, charger capacities
as well as the share of the battery which
consumers will be ready to offer for V2G.

E

Annual hours ordered from largest
to smallest net demand
After demand shifting
After battery storage
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Power-to-gas offers a high level of flexibility due to seasonal gas
storage

F

Electricity demand for hydrogen production can be shifted to any hour of the year1
•

•

•
•

•

•
•

Hydrogen produced using via electrolysis (power to
gas) can be stored seasonally in large storage
facilities.
Electricity demand for hydrogen production with
electrolysis is therefore extremely flexible: hydrogen
consumed in any particular hour of the year may be
produced in any hour of the year.
Our model represents hourly hydrogen demand in
power, heat and transport.
The corresponding electricity demand profiles of
electrolysers are shifted to utilize remaining
renewable curtailment due to lack of coincident
demand or due to network constraints.
The electrolyser H2 generation profiles and H2
consumption profiles determine the filling level of
the H2 storage in each hour and the subsequent
total storage requirement.
The profile of the storage filling level (left figure)
shows that the storage is filled in the summer.
Electrolysers are sized according to economic
viability (cp. section H).

1) Seasonal storage via power-to-gas is less vital in Spain due to the lower winter peak demand compared to countries with
colder climate e.g. Germany.
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Dispatchable generation – used to fill the gaps; final renewable
curtailment remains non-utilised
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Any remaining unmet demand, i.e. positive net
demand after demand flexibility and storage, is
supplied by dispatchable generation.
Dispatchable generation technologies included are:
flexible hydro, biomass, interconnectors and
hydrogen gas turbines.
The capacities of the dispatchable fleet are mainly
based on exogenous inputs to the model (more detail
in section H).
The model calculates the merit order of the
dispatchable fleet based on the marginal cost of
generation of each plant.
The merit order is then utilised to identify the
generation of each dispatchable plant in any hour of
positive net demand.
The right chart shows the remaining net demand and
how it is met by dispatchable generation for a
scenario in Germany.
Remaining annual renewable curtailment is noted as
a model output.

0

•

Net demand (GW)

Flexible supply is utilised after all demand flexibility and storage have been applied

Annual hours ordered from largest
to smallest net demand
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Generation fleet and network capacities are sized to enable high
renewable penetration at lowest cost

H

Generation fleet and baseline electricity demand
•
•

•
•
•

Wind and solar generation capacities are configured to ensure high renewable penetration and
minimise curtailment.
Hydro, nuclear, interconnector and biomass generation capacities are based on exogenous inputs.
– Hydro and nuclear capacities were calculated by Cambridge Econometrics in a separate model
based on declared policy goals on nuclear phase out, availability of hydro resource and
projections of economic growth.
– Interconnector capacities were calculated based on ENTSO-E interconnection targets.
– Biomass capacities were calculated based on maximising the use of available biomass.
If the capacity of dispatchable fleet is not sufficient to meet all remaining positive net demand in
step H, peaking plant capacity in form of hydrogen gas turbines (H2GTs) is added.
Utilisation of H2GTs leads to hydrogen demand additional to the demand for transport and heat.
Wind and solar capacities are increased if required to produce the additional hydrogen required
for power generation by H2GTs.

47

Generation fleet and network capacities are sized to enable high
renewable penetration at lowest cost

H

Electricity demand

Network capacities

• Baseline electricity demand (without new
electricity demand in heat and transport) was
calculated by Cambridge Econometrics in a
separate model based on assumptions on
economic growth. The hourly profile is based
on the current national electricity profile
(published by ENTSO-E, the 2011 profile was
used, consistent with the weather and VRE
data used)
• EV demand is modelled based on the
assumptions of EV uptake in each scenario and
projections on the daily consumptions of EVs.
• Heat electricity demand is modelled based on
the uptake of electric heating technologies in
each scenario and the heating requirements
depending on building energy efficiency and
outside temperatures.

• Network capacities determine the amount
of renewable generation that can be
transported from generation plants to
final consumers and are thus critical for
utilisation of wind and solar fleets.
• Network capacities can be set as
exogenous inputs or be calculated by the
model either to ensure a user defined
utilisation rate of wind and solar or to
optimise combined investment in
renewable capacities and networks.
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Electrolyser and battery storage fleets are sized based on criteria for
economic viability
Electrolyser fleet1

Battery storage

•

•

•

•

•

•

The load factor of the electrolyser fleet is
calculated for different fleet sizes based on
the profile of curtailed renewable
generation available for utilisation by
electrolysers.
The size is chosen to ensure a user-defined
minimum load factor of electrolysers
necessary for economic viability (based on a
target hydrogen price).
The amount of hydrogen generated based
on the chosen electrolyser capacity is
calculated.
If the amount of hydrogen is insufficient,
renewable capacities are increased to
achieve the required load factor as well as
the required amount of total hydrogen.
The total H2 storage requirement is based on
the final electrolyser generation and the H2
consumption profiles.

•

•

•

•

•

H

The model calculates the economically
optimal battery storage capacity.
The storage flows and annual throughput
are calculated1 for different total storage
sizes.
This determines the average number of
cycles of batteries (equivalent of total
charge and discharge) for the different total
storage sizes.
The storage size is then selected based on a
minimum cycling threshold ensuring
economic viability of batteries.
For economic viability storage must be
charged and discharged on a daily to weekly
basis.
There is no requirement for daily balance of
charging and discharging of grid storage.
Rather batteries are charged and discharged
according to the system needs.

1) Hydrogen demand in the HighE scenarios is due to Hydrogen FCEVs, which were included in the scope of the project.
However there did not appear to be a system need for Hydrogen as seasonal storage in Spain acc. to the modelling results.
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