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Sector Coupling: Invitation



What to do about variable renewables? '.E

Universitat
Berlin

Backup energy costs money and may also cause CO, emissions.
Curtailing renewable energy is also a waste.

We consider four options to deal with variable renewables:

1. Smoothing stochastic variations of renewable feed-in over larger areas using networks,
e.g. the whole of European continent.

2. Using storage to shift energy from times of surplus to deficit.
3. Shifting demand to different times, when renewables are abundant.
4. Consuming the electricity in other sectors, e.g. transport or heating.

Optimisation in energy networks is a tool to assess these options.



Sector coupling oo | 'E
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In this lecture we will consider sector coupling: the deeper coupling of electricity with other
sectors, i.e. transport, heating and industry.

In fact we will see that sector coupling is not just ‘an option for dealing with variable
renewables’ but is unavoidable if we are going to reduce carbon dioxide emissions in the other
sectors. It began decades ago with the coupling of power and heat in CHPs.

Furthermore sector coupling involves both storage (since in transport energy-dense
fuels/batteries are required for vehicles; in heating some thermal and/or chemical storage may
be unavoidable for cold snaps) and demand-side management (e.g. for shifting battery
electric vehicle charging, or shifting heat pump operation).



The Global Carbon Dioxide Challenge:

Global total net CO2 emissions

Billion tonnes of CO,/yr

In pathways limiting global warming to 1.5°C
with no or limited overshoot as well asin
pathways with a high overshoot, CO2 emissions
are reduced to net zero globally around 2050.

Net-Zero Emissions by 2050 ﬂﬁ

Four illustrative model pathways —

P1
P2

P3
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Scenarios for global CO, emissions
that limit warming to 1.5°C about
industrial levels (Paris agreement)

Today emissions still rising

Level of use of negative emission
technologies (NET) depends on
rate of progress

2°C target without NET also needs
rapid fall by 2050

Common theme: net-zero by 2050

Source: IPCC SR15 on 1.5C, 2018


http://ipcc.ch/report/sr15/

The Greenhouse Gas Challenge: Net-Zero Emissions by 2050
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Paris-compliant 1.5° C scenarios from European Commission - net-zero GHG in EU by 2050
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https://ec.europa.eu/clima/sites/clima/files/docs/pages/com_2018_733_en.pdf

It’s not just about electricity demand... ..E
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EU28 CO; emissions in 2016 (total 3.5 Gt CO,, 9.7% of global):

residential heating

public electricity and heat

services heating
rail transport

other

road transport
industry (non-electric)

navigation aviation

Source: Brown, data from EEA


https://www.eea.europa.eu/data-and-maps/data/national-emissions-reported-to-the-unfccc-and-to-the-eu-greenhouse-gas-monitoring-mechanism-13

..but electification of other sectors is critical for decarbonisation I'E
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Wind and solar dominate the expandable potentials for low-carbon energy provision, so
electrification is essential to decarbonise sectors such as transport and heating.

Fortunately, these sectors can also offer crucial flexibility back to the electricity system.

Source: Tesla; heat pump: Kristoferb at English Wikipedia


https://commons.wikimedia.org/w/index.php?curid=10795550

Many scenarios show an increase in electrification

Electricity as a fraction of final energy demand in 2019 versus 2050 in United States
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https://www.nytimes.com/interactive/2023/04/14/climate/electric-car-heater-everything.html

Many scenarios show increase in electrification reansoe [
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https://ariadneprojekt.de/media/2021/11/Ariadne_Kurzdossier_Wasserstoff_November2021.pdf

Daily variations:

German solar generation [per unit]

German road transport [per unit]
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challenges and solutions l.ﬁ
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Daily variations in supply

and demand can be =t
balanced by —r

e short-term storage
(e.g. batteries,
pumped-hydro, small
thermal storage)

e demand-side
management (e.g.
battery electric
vehicles, industry)

e east-west grids over
multiple time zones




Weekly variations: challenges and solutions

German wind generation [per unit

0.8 | === Germany onshore wind

Jan
2011

Weekly variations in supply
and demand can be
balanced by

¢ medium-term
storage (e.g.
chemically with
hydrogen or methane
storage, thermal
energy storage, hydro
reservoirs)

e continent-wide grids
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Seasonal variations: challenges and solutions "ﬁ
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1860s: Debate on green hydrogen e |
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Debate in London ‘Times' in 1863 referenced by Jevons' ‘Coal Question’ in 1865.

270 THE EDITOR OF THE TIMES,

R
er —TIn h‘m aﬂmirahb‘.\dd:e.-s ab Noweas l:le, Sir W. Amie
': #s being supposad likely to far-
mah a snbshtntn for coal, and shows that hattery netion i3
tog costly, beeanse involving donbls decomposition. He
also remnrks that motion is convertible folo electricity. Tet
'ma 234 that wa shall probably find here a solution of tha
problem, -
By means'of magneta and of motion the ost powerfal
Sﬁlﬁﬂ{;g;?uhﬁétﬂ?;mﬂﬁnﬁ “En:r";.i:‘:g:’:; Hitherto we have considered mechanical force only, but it is obvious that if coal were used up we should want
for the deposition of mut.h-ﬂs orthe decomposition of water.
This Iash mast important npphcahnn lias by no m 1-4;. electric machines, and by the stream of electricity produced to decompose water, thus furnishing a continuous

some source of heat as well as force. A favourite notion is to employ wind, water, or tidal mills to turn magneto-

ceived dwa s i} amd ¥ supply of artificial gaseous fuel. Such a plan was proposed in the Times during the discussion on the French
have heen smade to prodace by this mosus oxygen ‘u'l Treaty. But an answer, attributed to Dr. Percy of the School of Mines, soon appeared, showing the amount of [162]
hydrogan gases in lavge gurutities, fuel derivable to be inconsiderable. The waste of power must be vastly greater in such a process of transmutation

Steum as the motive power is fundmissible, beeanse, asis
now L"nwn. the gaces evelved will produce no more healing
foree than is required fo raise the sfeam. .

Bub tide, wind, snd water mills furnish slways cheap  eitherawind, water, or tidal machine. We should therefore only use coal in a roundabout manner to generate a
Totive powor. less valuable fuel. For the hydrogen gas generated, though in some instances valuable, would in general be

We have only to converk $his info oxygen and ydeogen  immensely less convenient than coal. For equal weights, it gives about four times as much heat as coal, but
£ates by means of mﬂ!"‘we‘t"“’g!" *"‘bi“i’l’ly D“"’-g:s hydrogen is so light that for equal volumes it gives one five-thousandth part as much heat. To compress it in a
with stores 07 fel o boun L) ecbide us fo con small space would require more force than the combustion of the fuel itself would furnish, and gas companies do

than in the system of artificial water power which we have considered. Besides, if uniform experience is to be

trusted, a steam-engine would be a much more economical means of turning the magneto-electric machines than

‘plate with comp the 3 traction of gur gonl ) ; ‘ - §

sonms ~hitherto the strong foundafions of British powen "0t find it convenient to compress their gas. Hydrogen too has so much higher a diffusive power than coal-gas,

and renown. Your obudicnt sarvant, that it could hardly be retained in gasometers or ordinary pipes. Even the loss of coal-gas by leakage is said to be
Mastinge, Aug, £3. G. A KEYWORTHE. | nearly wenty-five per cent.

13
Source: Jevons (1865)


https://oll.libertyfund.org/title/jevons-the-coal-question#Jevons_0546_346

1923: J.B.S. Haldane: Wind & Hydrogen Vision for Britain ﬂﬁ
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Personally, I think that four hundred years hence the power question in England may be solved somewhat as
follows: The country will be covered with rows of metallic windmills working electric motors which in their turn
supply current at a very high voltage to great electric mains. At suitable distances, there will be great power
stations where during windy weather the surplus power will be used for the electrolytic decomposition of water
into oxygen and hydrogen. These gasses will be liquefied, and stored in vast vacuum jacketed reservoirs, probably
sunk in the ground. If these reservoirs are sufficiently large, the loss of liquid due to leakage inwards of heat will
not be great; thus the proportion evaporating daily from a reservoir 100 yards square by 60 feet deep would not be
1/1000 of that lost from a tank measuring two feet each way. In times of calm, the gasses will be recombined in
explosion motors working dynamos which produce electrical energy once more, or more probably in oxidation
cells. Liquid hydrogen is weight for weight the most efficient known method of storing energy, as it gives about
three times as much heat per pound as petrol. On the other hand it is very light, and bulk for bulk has only one
third of the efficiency of petrol. This will not, however, detract from its use in aeroplanes, where weight is more
important than bulk. These huge reservoirs of liquified gasses will enable wind energy to be stored, so that it can
be expended for industry, transportation, heating and lighting, as desired. The initial costs will be very
considerable, but the running expenses less than those of our present system. Among its more obvious advantages
will be the fact that energy will be as cheap in one part of the country as another, so that industry will be greatly
decentralized; and that no smoke or ash will be produced.

14
Source: J.B.S. Haldane ‘Daedalus’ (1923)



http://bactra.org/Daedalus.html

1975: Bent Sdgrensen: 1st consistent 100% RE scenario e |
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In 1975 Bent Sgrensen published a scenario for 100% renewable energy in Denmark. He dealt
with the variability of wind (with hydrogen) & solar thermal (with TES).

Pyrolysis of wastes
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Fig. 4. Net energy consumption in Denmark, shown according to sources. Up to 1974, actual data
are shown (14); data after 1974 indicate the proposed plan. The relative weighting between solar and
wind energy shares might be altered, for example, if a major breakthrough occurred in the devel-
opment of solar cells, making them competitive to wind-produced electricity under Danish condi-
tions. The heavy, solid line indicates the proposed total share of solar and wind energy.
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https://doi.org/10.1126/science.189.4199.255

Electricity, Heat in Buildings and
Land Transport



Include other sectors: building heating and land transport l.ﬁ
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Electricity, heating in buildings and land transport cover 77% of 2015 CO, emissions:

residential heating

public electricity and heat

services heating
rail transport

other

road transport
industry (non-electric)

navigation aviation

16

Source: Brown, data from EEA


https://www.eea.europa.eu/data-and-maps/data/national-emissions-reported-to-the-unfccc-and-to-the-eu-greenhouse-gas-monitoring-mechanism-13

Efficiency of renewables and sector coupling l.ﬁ
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Electricity Heat Transport

Fossil-fuel condensing power station Gas heating Internal-combustion engine

Losses
Losses

Losses

Electricity Propulsion

40 % efficiency 85 % efficiency 25 - 40 % efficiency*

Wind/solar energy Heat pumps Electric mobility

Losses

Losses

E
S
S Electricity
=
o
=

100 % efficiency 340 % efficiency 80 % efficiency

1
Source: BMWi White Paper 2015


https://www.bmwi.de/Redaktion/EN/Publikationen/whitepaper-electricity-market.html

Electrification via heat pumps versus hydrogen boilers

Heating the UK with Heat Pumps or Green Hydrogen
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Green Hydrogen

Heat Pump

Sh.
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Source: Hydrogen Science Coalition


https://h2sciencecoalition.com/blog/hydrogen-for-heating-a-comparison-with-heat-pumps-part-1/

Electric vehicles versus efuels '.E
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Direct chargin Hydro%len Power to liquid
battery electric vehicle fuel cell vehicle conventional vehicle

[ Etectrolysis

€02 air-capture,
FT-synthesis

Well to tank

|__Transport, storage
and distribution

Fuetproduction 95% 52% 44%

Inversion AC/DC
‘7 Battery charge
efficiency

H2 to electricity
conversion e

Tank to wheel
&

Inversion DC/AC

Overall efficiency 73% 22% 13%

7= TRANSPORT & w@tansenv [ Gtransenv
| = ENVIRONMENT @ transportenvironment.org Source: WT (LEST, IEA, World bank), TTW, T&E calculations

—

Important caveat: efficiency is not cost. There are regions in the world (e.g. Patagonia) with
very inexpensive wind and solar resources for efuels, where low cost could outweigh losses.
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Challenge: Heating and transport demand highly peaked l'ﬁ

Berlin

Compared to electricity, heating and
transport are strongly peaked.

e Heating is strongly seasonal, but
also with weekly variations.

Per unit heat demand

e Transport has strong daily

periodicity.
Month of year
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Sector Coupling
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Idea: Couple the electricity sector to heating and mobility.

This enables decarbonisation of these sectors and offers more flexibility to the power system.

Battery electric vehicles can change
their charging pattern to benefit the
system and even feed back into the grid
if necessary

Heat and synthetic fuels are easier and
cheaper to store than electricity, even
over many months

Pit thermal energy storage (PTES)
(60 to 80 KWh/m?)

_ Flgﬂﬂ"%“ﬁ‘

\
\

\

\‘\\hvmvmnvmvmvmuvm"nuvm'l
e e
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Power-to-Gas (P2G)
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Power-to-Gas/Liquid (P2G/L) describes
concepts to use electricity to electrolyse water
to hydrogen H, (and oxygen O;). We can
combine hydrogen with carbon oxides to get
hydrocarbons such as methane CHy (main
component of natural gas) or liquid fuels C,H,.
Used for hard-to-defossilise sectors:

e dense fuels for transport (planes, ships)
e steel-making & chemicals industry

e high-temperature heat or heat for
buildings

e backup energy for cold low-wind winter
periods, i.e. as storage

Berlin

7]

22



Gas storage and networks
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Gases and liquids are easy to store and
transport than electricity.

Storage capacity of the German natural
gas network in terms of energy: ca 230
TWh. Europe wide it is 1100 TWh (see
online table). In addition, losses in the
gas network are small.

(NB: Volumetric energy density of
hydrogen, i.e. MWh/m?3, is around three
times lower than natural gas.)

Pipelines can carry many GW
underground, out of sight.

23


https://agsi.gie.eu/

Sector coupling: A new source of flexibility
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Couple the electricity sector (electric demand, generators, electricity storage, grid) to electrified
transport and low-T heating demand in buildings (model covers 75% of final energy
consumption in 2014). Also allow production of synthetic hydrogen and methane.

yelectricity grid
—ey
electric bus
KU storage
. | b . J7 ~
@ |5 5 |8
vV A< ve A_ yheat pump;
S 2 k9] ] generators o
o < b resistive heater
A
transport hydrogen T heat
T
5 @] o
= = I
battery 2 2 < hot water tank
Y& © AT
< o [7]
3 s |3
methane | £ & 2 solar thermal

gas grid
e
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Modelling: extend network graph for energy conversion processes l'E
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Extend the network graph with nodes i for each energy carrier (hydrogen, methane,
low-temperature heat, etc.). The nodes represent sites of energy conservation.

Edges ¢ now represent energy conversion between energy carriers (such as heat pumps,
electrolysers, fuel cells or gas boilers).

They are represented like lines but with an efficiency n, ; that modifies the incidence matrix:
Zg;,s,t - Z Qiprfer = dit <~ i
s 4

Now ajer = 1 if £ starts at i, ajer = —7¢,¢ if £ ends at i and zero otherwise.

Note that 7, can be time-dependent for processes that change their efficiency over time, like
heat pumps which change with the outside temperature.

They are usually defined to be uni-directional:
0<h:<F

[In PyPSA energy conversion is represented with Link objects.]

25



Transport sector: Electrification of Transport

1.0 = Transport demand <+« Charging profile
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Day of week

Weekly profile for the transport demand based
on statistics gathered by the German Federal
Highway Research Institute (BASt).
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e All road and rail transport in each country

is electrified, where it is not already
electrified

Because of higher efficiency of electric
motors, final energy consumption 3.5
times lower than today at 1102 TWh,/a
for the 30 countries

In model can replace Electric Vehicles
(EVs) with Fuel Cell Vehicles (FCVs)
consuming hydrogen. Advantage:
hydrogen cheap to store. Disadvantage:
efficiency of fuel cell only 60%, compared
to 90% for battery discharging.
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Transport sector: Battery Electric Vehicles

BEV availability [per unit]

0.0 i i i i i i
1 2 3 4 5 6 7
Day of week

Availability (i.e. fraction of vehicles plugged in)
of Battery Electric Vehicles (BEV).
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Passenger cars to Battery Electric Vehicles
(BEVs), 50 kWh battery available and
11 kW charging power

Can participate in DSM and V2G,
depending on scenario (state of charge
returns to at least 75% every morning)

All BEVs have time-dependent availability,
averaging 80%, max 95% (at night)

No changes in consumer behaviour
assumed (e.g. car-sharing/pooling)

BEVs are treated as exogenous (capital
costs NOT included in calculation)

27



Coupling Transport to Electricity in European Model with 95% Less CO%"E

400

System Cost [EUR billion per year]

scenarios with no transmission

300 1

200 +

battery storage
hydrogen storage
gas

solar PV

offshore wind
onshore wind
hydroelectricity

Electricity Electricity+Transport

Include transport demand in 30-node
PyPSA electricity model for Europe

Apply 95% CO; reduction vs 1990 to both
electricity and transport

If all road and rail transport is electrified,
electrical demand increases 37%

Costs increase 41% because charging
profiles are very peaked (NB: distribution
grid costs NOT included)

Stronger preference for PV and storage in
system mix because of daytime peak

Can now use flexible charging -



Using Battery Electric Vehicle Flexibility - '.E
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e Shifting the charging time can

scenarios with no transmission

! reduce system costs by up to 14%.

B battery storage solar PV Il onshore wind
B hydrogen storage B offshore wind Hl hydroelectricity
400 | ™ gas e If only 25% of vehicles participate:

already a 10% benefit.

= N |
I I I | e Allowing battery EVs to feed back
I I I I . B into the grid (V2G) reduces costs

200 | by a further 10%.

300 1

System Cost [EUR billion per year]

. . l e This removes case for stationary

100 4 HEEHEHEN )
batteries and allows more solar.

e If fuel cells replace electric vehicles,

\e&\C\da«@‘g\!\ﬁ S C)\;\@ ﬁef’ \ﬂe" & 0 Qc\@ hydrogen electrolysis increases costs
e e

because of conversion losses.
29



Heating sector: Many Options with Thermal Energy Storage (TES) l'ﬁ

Per unit heat demand

Month of year

Heat demand profile from 2011 in all 30
countries using population-weighted average
daily T in each country, degree-day approx.
and scaled to Eurostat total heating demand.
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e All space and water heating in the
residential and services sectors is
considered, with no additional efficiency
measures (conservative) - total heating
demand is 3585 TWhyy, /a.

e Heating demand can be met by heat
pumps, resistive heaters, gas boilers, solar
thermal, Combined-Heat-and-Power
(CHP) units. No industrial waste heat.

e Thermal Energy Storage (TES) is available
to the system as hot water tanks.

30



Heating supply options ..E
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Source: Zeyen et al, 2021


https://arxiv.org/abs/2012.01831

Centralised District Heating versus Decentralised Heating for Buildings rm

Berlin

We model both fully decentralised heating and cases where up to 45% of heat demand is met
with district heating in northern countries. Heating technology options for buildings:

Decentral individual heating Central heating can be supplied CHP feasible dlspatch

he
Universitat

can be supplied by: via district heating networks by:
e Air- or Ground-sourced heat e Air-sourced heat pumps
pumps -

e Resistive heaters .

o Resistive heaters _ i
e Gas boilers K

e Gas boilers
e Large solar thermal

e Small solar thermal

e Water tanks with long time

Water tanks with short time constant 7 = 180 days o 0z o0& 06 08

P_heat_out
constant 7 = 3 days
e CHPs

Building renovations can be co-optimised to reduce space heating demand.

h
1.0

32



Heat pumps onse ] 'E
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Heat pumps use external work (usually electricity) to move thermal energy in the opposite
direction of spontaneous heat transfer, e.g. by absorbing heat from a cold space (source) and
release it into a warmer one (sink).

When the sink is a building, the source is usually the outside air or ground.

Air-source heat pumps (ASHP): Ground-source heat pumps (GSHP):

Fig. 5 Examples of air source heat pumps from Mitsubishi (left) and
American Standard (right). Fig. 6 The installation of ground loops for GSHP systems using slinky 33
horizontal pipes (left) and a vertical borehole (right)lource: Staffell et al, 2012


http://dx.doi.org/10.1039/c2ee22653g

Heat pumps ettt

1/4

The coefficient of performance (COP) is defined as the ratio:

thermal energy moved from source to sink
input work (electricity)

1
Tsink - Tsource

COP =

T T T T T T 7 T T T T T
#NTB Buchs Data 4 +NTB Buchs Data
6 | = Manufacturer's Data 6 | [ = Manufacturer's Data
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A
5t 5t 1
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o o
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P a4 1
3 5
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83 t {1 &3¢ 1
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@ ]
2 $ 3
2+ 2+ 1
Annual average air temperature: 3 — 11°C Average ground temperature: 7 — 13°C
1+ Output 40°C 55°C Combined - 1 F Output 40°C 55°C Combined -
temperature:  (space heating) (hot water) average temperature:  (space heating) (hot water) average
Estimated SPF: 33-39 23-28 29-35 Estimated SPF: 45-54 31-38 39-48
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Temperature Difference (°C)

Temperature Difference (°C)

Fig. 9 Average heating coefficient of performance for air and ground source heat pumps (left and right, respectively) based on data taken from
industrial surveys and field trials.*"***2 The inset tables show the expected performance for UK conditions.
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Source: Staffell et al, 2012


http://dx.doi.org/10.1039/c2ee22653g

Heat pumps e | 'E

Berlin

Example of time-dependent COP for air-source and ground-source heat pumps in a location in
Germany. The ground temperature is more stable over the year, leading to a stable COP.
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Long-duration thermal energy storage "E
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In Vojens, Denmark, an enormous pit storage of 203,000 m? is charged in summer with hot
water at 80-95 C using 70,000 m? of solar thermal collectors, to provide heat to the district
heating network in winter.

Pit thermal energy storage (PTES)
(60 to 80 kWh/m?)

NV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV

36
Source: Solar Thermal World


https://www.solarthermalworld.org/news/denmark-37-mw-field-203000-m3-storage-underway

Cost and other assumptions
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Quantity O'night cost [€] Unit  FOM [%/a] Lifetime [a]  Efficiency
GS Heat pump decentral 1400  kWqy 3.5 20
AS Heat pump decentral 1050  kWqy 3.5 20
AS Heat pump central 700  kWqy 3.5 20
Resistive heater 100 kWi 2 20 0.9
Gas boiler decentral 175 kW, 2 20 0.9
Gas boiler central 63 kWi, 1 22 0.9
CHP 650 kW 3 25
Central water tanks 30 md 1 40 7 =180d
District heating 220 kWi, 1 40
Methanation+DAC 1000 kW, 3 25 0.6

Costs oriented towards Henning & Palzer (2014, Fraunhofer ISE) and Danish Energy Database
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Coupling Heating to Transport and Electricity: Electricity Demand llﬁ
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6000 | mmm gas BB onshore wind e To 4062 TWh;/a demand from
solar PV WER hydroelectricity electricity and transport, add

5000 o oo 3585 TWhyy, /a heating demand

o With 95% CO5 reduction, much of
the heating demand is met via

4000 1
electricity, but with high efficiency

3000 { | — from heat pumps

e Electricity demand 80% higher than

2000 1 current electricity demand

Electricity generation [TWh/a]

1000, e Energy savings from building

retrofitting can reduce this total

Electricity Elec+Trans Elec+Trans+Heat
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Coupling Heating to Transport and Electricity: Costs l'ﬁ

e Costs jump by 117% to

scenarios with no transmission

700 4 I battery storage B ground heat pump cover new energy Supply and
BN hydrogen storage B solar thermal heating infrastructure
N gas solar PV
= 600 A i i
5 gas boiler mm offshore wind )
g resistive heater Em onshore wind - L 95% C02 reduction means
2 500 air heat pump EEm hydroelectricity most heat is generated by
E I
5400_ heat pumps using renewable
2 electricity
‘g’ 300 A
o . . .
£ | — - o Cold winter weeks with high
§ 20| I— ] demand, low wind, low solar
100 and low heat pump COP
. mean backup gas boilers
Electricity Electricity+Transport Elec+Trans+Heat required
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Cold week in winter “"E

Berlin
Electricity generation in DE for scenario Heating
. gas mmm offshore wind mmm hydroelectricity
s solar PV mmm onshore wind
=)
g
: L, A . o
H LA There are difficult periods in winter with:
£ e Low wind and solar generation
o e High space heating demand
2011
160 High-density heat supply in DE for scenario Heating o LOW air temperatures’ Wthh are bad for
gas boiler resistive heater air heat pump .
g 1o air-sourced heat pump performance
2120
%100 Solution: backup gas boilers burning either
£ natural gas, or synthetic methane.
G 60
2 w0
z 20
0
30 31 01 02 03 04 05
Feb
2011
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Using heating flexibility

System Cost [EUR billion per year]

scenarios with no transmission

r
hot water storage gas boiler W solar thermal
I battery storage N CHP solar PV
EEE hydrogen storage resistive heater B offshore wind
methanation air heat pump I onshore wind
EN gas B ground heat pump I hydroelectricity
N
- -_— - - - N
400 4 —_— — — S— |
200 4 - I I
0-
ol ot RES @\ €S \e* @\
ﬂa““’*:\feﬁ‘a“a“ K ce® c,e““a\T R v\e*'ce“‘
pec* nv

o |
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Successively activating couplings and
flexibility reduces costs by 28%. These
options include:

production of synthetic methane

centralised district heating in
areas with dense heat demand

long-term thermal energy storage
(TES) in district heating networks

demand-side management and
vehicle-to-grid from battery electric
vehicles (BEV)
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Cold week in winter: inflexible (left); smart (right)

Electricity generator power [GW]

High-density heat supply [GW]
©
3

Electricity generation in DE for scenario Heating

. gas mmm offshore wind W hydroelectricity
solar PV mmm onshore wind

01
Feb
2011

High-density heat supply in DE for scenario Heating

gas boiler resistive heater air heat pump
30 31 01 02 03 04 05
Feb
2011
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Electricity generation in DE for scenario Central-TES

m— CHP msm offshore wind ~ mmm hydroelectricity
solar PV mmm onshore wind

Electricity generator power [GW]

01
Feb
2011

High-density heat supply in DE for scenario Central-TES

m== ot water discharging resistive heater
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Sector Coupling with All Extra Flexibility (V2G and TES) mﬁ
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Benefit of cross-border transmission is weaker with full sector flexibility (right) than with
inflexible sector coupling (left); comes close to today's costs of around € 377 billion per year

Costs for Scenario Heating Costs for Scenario All-Flex-Central

800 . .
hot water storage E gas air heat pump W offshore wind
B battery storage gas boiler B ground heat pump I onshore wind
700 EEm hydrogen storage Emm CHP | solar thermal EEE hydroelectricity
methanation resistive heater solar PV EEE transmission lines

600 compromise grid

1
: compromise grid
500 !

400

300

System Cost [EUR billion per year]

0 100 200 300 400 500 0 50 100 150 200 250 300 350
Allowed interconnecting transmission [TWkm] Allowed interconnecting transmission [TWkm] 43



Spatial distribution of primary energy for All-Flex-Central h"ﬁ
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Including optimal transmission sees a shift of energy production to wind in Northern Europe.

Scenario All-Flex-Central with no transmission Scenario All-Flex-Central with optimal transmission

@ gas
@ hydroelectricity
® offshore wind
@ onshore wind
solar PV
solar thermal

Primary energy Transmission -
@ woTwh — 106w -
® 30Twh — 3CW
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Storage energy levels: different time scales

State of charge [per unit of max]

- |ong-term hot water storage
- hydrogen storage

methane storage
i
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Methane storage is depleted in
winter, then replenished throughout
the summer with synthetic methane

Hydrogen storage fluctuates every
2-3 weeks, dictated by wind
variations

Long-Term Thermal Energy Storage
(LTES) has a dominant seasonal
pattern, with weekly-scale
fluctuations are super-imposed

Battery Electric Vehicles (BEV) and
battery storage vary daily
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Renovations for energy efficiency

Building renovations can be co-optimised to reduce space heating demand.

600 - —_— BG
ambitious |— DE
500 A —_— SE
400+
£
© 300 moderate
@
200 1
100 ~
O ~
0 20 40 60 80 100

energy demand in % of unrefurbished
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Source: Zeyen et al, 2021


https://arxiv.org/abs/2012.01831

Results for co-optimisation of renovations and supply "E

Biomass Storage
solid biomass B battery storage

B biogas Bl methane storage
Grids mmm H2 storage

EEE transmission . TES

e distribution Generation
Converters mmm hydroelectricity
EEm H2 Electrolysis OCGT

EEm H2 Fuel Cell mmm offshore wind
DAC Il onshore wind
mmm methanation

solar PV
solar rooftop

. CHP

Heat

. CHP
resistive heater
air heat pump

s ground heat pump
gas boiler

I building retrofitting

800 -17% -14% 6%

Total annual system costs
o -3%

i

()]
o
(=]

System Cost
[EUR billion per year]
ey
o

retro+tes ll

wv
Q
S
¥
w
©
2
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Scenarios for European heating show
benefits of building retrofitting and
flexibility

Renovations save 17% of costs by
reducing winter demand peaks

Thermal energy storage (TES) saves
around costs of 3% ( 25 bn€/a)

With renovations and heat pumps,
benefit of hybrid heat pumps (backup
gas boilers) is small

With renovations can remove gas
distribution grid with little cost impact

4
Source: Zeyen et al, 2021


https://arxiv.org/abs/2012.01831

Pathway down to zero emissions in electricity, heating and transport Ur:mfl's

Year for Paris target
2050 2040 2030 2025

700 If we look at investments to eradicate
hot water storage OCGT solar PV .. . .. .
mmm battery storage  mmm CHP = offshore wind CO; emissions in electricity, heating and
600 4 mmm hydrogen storage resistive heater mmm onshore wind .
methanation air heat pump Bl hydroelectricity transport we see:
N gas B ground heat pump Il transmission lines
500 4 gas boiler W solar thermal

e Electricity and transport are
decarbonised first

e Transmission increasingly important
below 30%

System Cost [EUR billion per year]

e Heating comes next with expansion
of heat pumps below 20%

e Below 10%, power-to-gas solutions

20 30
CO2 emitted versus 1990 [%]

replace natural gas
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CO, price rises to displace cheap natural gas

500 A

400 A

300 A

200 A

CO,, price [EUR/tCO,]

100 -

0 10 20 30 40 50
CO, emitted versus 1990 [%]
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Electricity price statistics: zero-price hours gone thanks to P2G

100

80 1o

- mean prices [EUR/MWHh]

- standard deviation prices [EUR/MWh]
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Curtailment also much reduced

Curtailment [% of available energy]
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Market values relative to average load-weighted price re-converge

Market value [%]

400
solar PV
350 1 = onshore wind
300 4 - offshore wind
- CHP
250 - ==== H2 Electrolysis
= H2 Fuel Cell
200 A
150 A
100 A
50 A
0 T T T T

0 10 20 30 40 50
CO, emitted versus 1990 [%]
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Gas production/consumption tightly coupled to price l.ﬁ
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Pathway for European energy system from now until 2050 l.ﬁ
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For a fixed CO, budget, it's more cost-effective to cut emissions early than wait.

NB: These results only include electricity, heating in buildings and land-based transport.

Early and stead Late and rapid
500 y y p!
total net present cost ” total net present cost *
4001 of 7611B€ of 7971 BE = distribution
™ -] issi
@ —_ = — — — — I transmission
g - = == — . === | == balancing
8 — = = . — .
c 300 = ma . = mm power-to-heat
Q
2 [ | I B = wind and solar
3 | | s biomass
ﬁ 200 I . l ! B hydro
: = B v
£ | BN nuclear
< — — )
100 m conventional
— —
= = E E=

2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050

54
Source: M. Victoria et al (2020)


https://arxiv.org/abs/2004.11009

More Details in Papers llE

For more details, see the following papers:

e Synergies of sector coupling and transmission reinforcement in a cost-optimised, highly
renewable European energy system, link (2018).

e Sectoral Interactions as Carbon Dioxide Emissions Approach Zero in a Highly-Renewable
European Energy System, link (2019).

e Early decarbonisation of the European energy system pays off, arXiv link (2020).
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https://arxiv.org/abs/1801.05290
https://doi.org/10.3390/en12061032
https://arxiv.org/abs/2004.11009

Industry, Shipping and Aviation
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CO, direct emissions from industry by sector in Europe l'ﬁ

CO2 emissions - European Union - 2015
Other
e Non-ferrous metals:

mainly aluminium, but

Food, beverages and tobacco
Iron and steel

also copper, lead etc.

Pulp, paper and printing H H .
6% ‘ e Non-metallic minerals:
3% mainly cement,

ceramics and glass

2% e Emissions come from
29% . .
combustion of fossil

18%

11%

Non Ferrous Metals

fuels for heat, as well

Non-metallic mineral products

as process emissions
from chemical

Chemicals Industry .
reactions
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Process heat demand in Europe by sector and temperature J::::::;::..E
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Temperatures >100 C not accessible via regular heat pumps. Need direct electrification,
biomass, synthetic fuels (hydrogen, methane), nuclear or carbon capture.
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Source: Rehfeldt et al, 2017


https://link.springer.com/article/10.1007%2Fs12053-017-9571-y

Technical potential for electrification in EU27 is high

Technical potential for electrifying 2019 industry demand is high but many barriers too:
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high

investment, electricity cost, need for larger grid connection.

By industrial sector
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https://www.agora-industry.org/publications/direct-electrification-of-industrial-process-heat

and steel: direct reduce with hydrogen instead of coke l'ﬁ
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Coke is used as a reducing agent in
blast furnaces for smelting iron ore

2Fe> 03 + 3C — 4Fe + 3CO»

Alternative: use hydrogen as the
reducing agent

Fe,O3 + 3H, — 2Fe + 3H,O

Should scale up in late 2020s and
2030s. See Vogl et al, 2018.

Lower TRL alternative from 2030s:
molten oxide electrolysis.
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Source: HYBRIT project


https://doi.org/10.1016/J.JCLEPRO.2018.08.279
https://www.bostonmetal.com/
http://www.hybritdevelopment.com/steel-making-today-and-tomorrow

Cement e ] 'E
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Cement is used in construction to make concrete. CO5 is emitted from fossil fuels to provide
process heat and from the calcination reaction for fossil limestone

CaCO3 — CaO + CO»

This is the biggest source of process emissions in industry in Europe. While we can replace
process heat with low-carbon sources, process emissions are harder. Unless alternatives can be
found for cement, this CO;, can be captured and either sequestered underground (CCS) or used
(CCU) to make chemicals like methane, liquid hydrocarbons or methanol.

Drive Gear
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Kiln Hood Flame Tyre

Burner Pipe \' x i 4_&51 /
/ﬂ:f:j{l: H l Exhatist
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" \ Out
Firebrick
Steel Shell ini
Clinker LAnTE,

Lot i to Cooler

from Cooler Source: Wikipedia
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Carbon dioxide management e l.ﬁ

Most scenarios show that in 2030-50 Europe will need carbon capture from point sources,
following by CO, transport, usage in fuels and materials (carbon capture and usage, CCU) or
long-term underground storage/sequestration (CCS). These options are collectively known as

carbon dioxide management.

Utilisation
Input or feedstock products

€. &, . . .
B S T80k

" . : Industrial Energy
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g facility production facility Pipelines Ships Fuels Construction Plastics Other
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https://energy.ec.europa.eu/document/download/6b89e732-fea4-480b-9d2e-cf64de90247e_en?filename=Communication_-_Industrial_Carbon_Management.pdf

Carbon dioxide removal (CDR) ﬂﬁ

Berlin

E.g. afforestation, direct air capture and sequestration (DACS), bioenergy+CCS (BECCS)

Atmosphere Atmosphere Atmosphere
Principle 1 v Principle 1 v l
Direct air capture Principle 2 '
@@ — % m Carbon capture and storage
Forestry Fuel use Principle 1 % Principle 2 v
Principle 2 v %@
Biological storage Geological storage
Stored carbon is extracted l

CO, stored CO, stored

Figure 1.1. To be defined as Carbon Dioxide Removal (CDR), a method must capture CO., from the atmosphere
(Principle 1) and durably store it (Principle 2). An example of a method which satisfies both principles, and hence
qualifies as CDR, is afforestation/reforestation (left). There are several approaches that satisfy only one of these
principles, and hence are not CDR, but which count as Carbon Capture and Utilisation (e.g. Direct Air Capture to
fuels (middle) or as fossil Carbon Capture and Storage (right). Source: Zero Emissions Platform (2020)*2. 62
Source: State of CDR, 2023


https://static1.squarespace.com/static/633458017a1ae214f3772c76/t/64d2223cab34856349188e07/1691492940765/SoCDR-1st-edition-2023-V9.pdf

Carbon management in EU policy
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EU Commission’s planning for 2030

has 50 MtCO,/a sequestration (in
Net-Zero Industry Act), rising to

~250 MtCO,/a in 2050

2050: around 450 MtCO,/a total

capture from point sources and air

2050: around 200 MtCO,/a CCU
2050: around 100 MtCO,/a CDR

NB: Neither DAC or BECCS have
been demonstrated at scale!

Source: COM:

ial Carbon

2024
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https://energy.ec.europa.eu/document/download/6b89e732-fea4-480b-9d2e-cf64de90247e_en?filename=Communication_-_Industrial_Carbon_Management.pdf

Carbon dioxide management in 2040 mﬁ
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Potential role of carbon dioxide management in 2040: carbon captured from industry, power
plants, biorefineries and air. Some transported to sequestration sites, rest used for e-fuels.

S3- 344 MtC02 LIFE- 278 MtCO2
'nggp FF Ind. P -
1 ’
169 145 170 Und. Storage
Und. Storage 197
244
PG Bio
PG
65 55 73 Bio
438
E-fuels E-fuels
DACC Air
121 121 101 ggcc Air 80
59

Note: “Ind. P.” stands for Industrial processes and include fossil carbon from industrial processes as well as

carbon of biogenic origin coming from the upgrade of biogas to biomethane. “FF” stands for “fossil fuels”.

“PG” stands for “power generation”. “Bio” refers to CO2 produced by the combustion of blomass in power Source:g4
generation and produced during the upgrade of biogas into biomethane. “DACC” $tpels % ggtdmpact assessment, 2024



https://climate.ec.europa.eu/eu-action/climate-strategies-targets/2040-climate-target_en

Potential carbon dioxide network for Germany ..E
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e A Startnetz to transport up to 50
MtCO, per year in Germany is
planned by OGE.

e CO; is transported cold and under
pressure as a liquid.

e CO; networks already existing in
the United States, primarily to
transport CO, for enhanced oil

recovery.

65
Source: OGE, 2024


https://oge.net/en/co2/co2-grid

Chemicals J::c:;ﬂzzfl'ﬁ
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Forecast for chemicals production in Europe:

. e Fossil fuels are for pro heat
Production volumes ssil fuels are used process hea
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e Ethylene, used for plastics, can be

0 made by steam cracking from
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naphtha or ethane

Source: DECHEMA


https://dechema.de/dechema_media/Downloads/Positionspapiere/Technology_study_Low_carbon_energy_and_feedstock_for_the_European_chemical_industry-p-20002750.pdf

Berlin

Recycling plays an important role for plastics ;;;g;;;;;l'ﬁ

For all materials: reduction, reuse and recycling help to reduce energy consumption.

567 Mt C
Atmosphere

299 Mt C

Carbon Capture and
Utilization

364 Mt C

Chemical
recycling

(N

Mechanical
recycling

281 MtC

211 MtC

Energy
recovery

e

Biomass

Utilization i i
Fossil Landfilling

resources renewable electricity

Source: Meys et al, 2021


https://doi.org/10.1126/science.abg9853

Power to Transport Fuels '.E
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40 Enérgy-densﬂy A e Hydrogen has a very good gravimetric
35 :?;:’el density (MJ/kg) but poor volumetric
- & Gasoline density (MJ/L).
2 30 - E-10
NG o5 - e Liquid hydrocarbons provide much better
7 Etha"g‘ :Pmpa"e volumetric density for e.g. aviation.
f]:.) 20 - Methane (iiq)
E 15 @Methanol o WARNING: This graphic shows the
5 Ammonia (iq) thermal content of the fuel, but the
E 10 o ® Ha (o conversion efficiency of e.g. an electric
° Methane (250 bar) H, (700 bar) .
> 5 ‘® motor for battery electric or fuel cell
Liion battery Hy 50 bar) vehicle is much better than an internal
0 T T T T T T . .
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Source: Davis et al, 2018


https://doi.org/10.1126/science.aas9793

Defossilising non-electric industry processes, aviation, shipping J:;:':;;gf"ﬁ

We assume higher recycling levels as well as process- and fuel-switching:

Iron & Steel 70% from scrap, rest from direct reduction with 1.7 MWhH, /tSteel
+ electric arc (process emissions 0.03 tCO5/tSteel)

Aluminium 80% recycling, for rest: methane for high-enthalpy heat (bauxite to
alumina) followed by electrolysis (process emissions 1.5 tCO,/tAl)

Cement Waste and solid biomass for heat; capture process emissions

Ceramics & other NMM  Electrification

Chemicals Recycling; synthetic methane/ol, naphtha and hydrogen

Other industry Electrification; process heat from biomass

Shipping Electrification; methanol, ammonia, liquid hydrogen

Aviation Electrification; kerosene from Fischer-Tropsch

Carbon is tracked through system: 90% of industrial emissions are captured; direct air capture

(DAC); synthetic methane and liquid hydrocarbons; transport and sequestration 20 €/tCO,
69



Including all sectors needs careful management of carbon Jm;;:l'ﬁ
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Results on appearance of technologies; depends on temperature target I'E
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When key transformations occur depends on the carbon budget.

¢ sc @@Lec 177c ¢ 1sc @Droc @D:20C
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Source: M. Victoria et al, 2022


https://arxiv.org/abs/2109.09563

Carbon management (CCU/S) becomes increasingly important l'ﬁ
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Carbon capture (left): from process emissions,
but also from heat production in industry and for
combined-heat-and-power (CHP) plants

Sequestration limited to 200 MtCO3/a (enough
to cover today's process emissions)

Further captured carbon is used for
Fischer-Tropsch fuels (kerosene and naphtha)

The tighter the CO, budget, the more is
captured, and at some point direct air capture
(DAC) also plays a role

If sequestration is relaxed to 1000 MtCO;/a, then
CDR compensates unabated emissions elsewhere
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https://arxiv.org/abs/2109.09563

Worldwide trade in synthetic fuels '.E
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Today fossil fuels are traded across the globe. Electrolytic-hydrogen-based synthetic fuels (e.g.
hydrogen, ammonia, methane, liquid hydrocarbons and methanol) could also be piped/shipped
worldwide. Possible future scenario for hydrogen trade from Helmholtz colleagues at FZJ IEK-3:
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https://www.preprints.org/manuscript/202002.0100/v1

Synthetic fuels from outside Europe? '.E
Green hydrogen with pipeline transport costs around ~ 80 €/MWh in model. Shipping green
hydrogen from outside Europe in liquid, LOHC or NH3 form may not compete on cost
(depends e.g. on WACC), but scarce land in Europe may still drive adoption.
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https://arxiv.org/abs/2107.01092

Role of biomass




Role of biomass onse ] 'E
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In the current German energy system, biomass sources consist mostly of dedicated energy
crops like corn, rapeseed or fuelwood. Biomass is either used directly for heat and power, or
processed by anaerobic digestion for biogas or processed into gasoline and diesel substitutes.

Energy crops are controversial because there are emissions from fertiliser and harvesting, and
they displace land that could otherwise be used for food.

The future use of biomass would need to change as current uses (power, land vehicles)
electrify. Use should be prioritised where carbon is needed, e.g. in dense fuels for shipping and
aviation, carbonaceous feedstocks for industry, and carbon dioxide removal (CDR).

The future feedstocks should be chosen to avoid direct land use, e.g. by using wastes and
residues from agriculture, such as straw from grain production, or manure from animals.
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Land use for biomass in Germany ..E
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Around 7% of land in Germany used for energy and industrial crops (mostly maize, rapeseed).

‘
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https://mediathek.fnr.de/grafiken/anbau/flachennutzung-in-deutschland.html

Lifecycle emissions for different biomass sources "ﬁ
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£COeq/M)
= ’ * e b e = e Depending on how land use is
16 Biodiesel

accounted (controversial!) many

first generation biofuels have
emissions as bad as fossil.

e |Imported palm and soy particularly
bad.

e Second generation advanced wastes
and residues are significantly better.

W Direct emissions

M Land use change emissions, 2011 Mirage study ° European pohcy is adjusting

W Land use change emissions, 2016 Globiom study

appropriately since RED II.

Fassil fuel (94.1)

Source: L Transport & Jobio 77
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https://www.transportenvironment.org/discover/globiom-basis-biofuel-policy-post-2020/

Open Energy Modelling




What is open modelling? Urxmf'.ﬁ
Open energy modelling means modelling with open software, open data and open publishing.

Open means that anybody is free to download the software/data/publications, inspect it,
machine process it, share it with others, modify it, and redistribute the changes.

This is typically done by uploading the model to an online platform with an open licence

telling users what their reuse rights are.

The whole pipeline should be open:

open data open data
o e ~ o e ~
‘ : -' :
1 .
1 Raw data Data_ Model formulatl(_)n : Raw results Resul_t Interpretation
1 processing : and software choice 1 processing H
1
\ / L o g
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Why open modelling? "“"E
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Openness . ..

e increases transparency, reproducibility and credibility, which lead to better research and
policy advice (no more ‘black boxes’ determining hundreds of billions of energy spending)

e reduces duplication of effort and frees time/money to develop new ideas

e can improve research quality through feedback and correction

e allows easier collaboration (no need for contracts, NDAs, etc.)

e is a moral imperative given that much of the work is publicly funded

e puts pressure on official data holders to open up

e is essential given the increasing complexity of the energy system - we all need data from
different domains (grids, buildings, transport, industry) and cannot collect it alone

e can increase public acceptance of difficult infrastructure trade-offs

See also S. Pfenninger et al, ‘The importance of open data and software: Is energy research lagging behind?,” Energy Policy, V101, p211, 2017 and S. Pfenninger,
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https://doi.org/10.1016/j.enpol.2016.11.046
https://dx.doi.org/10.1038/542393a

openmod: overview s llﬁ
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There's an initiative for that! Sign up for the mailing list / come to the next workshop:

OPENITIOC] it Hicarve

openmod-initiative.org

e grass roots community of open energy modellers from universities, research institutions
and the interested public

700+ participants from all continents except Antarctica

first meeting Berlin 18-19 September 2014

promoting open code, open data and open science in energy modelling
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http://openmod-initiative.org/

Python for Power System Analysis (PyPSA) hmﬁ
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Our free software PyPSA is available online at https://pypsa.org/ and on github. It can do:

e Static power flow

e Linear optimal power flow
(LOPF) (multiple periods, unit
commitment, storage, coupling to
other sectors)

e Security-constrained LOPF

e Total energy system capacity
expansion optimisation

It has models for storage, meshed AC
grids, meshed DC grids, hydro plants,

variable renewables and sector coupling.

Locational Marginal Price {(EUR/MWh)
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https://pypsa.org/

Python for Power System Analysis: Worldwide Usage l'ﬁ

Universitat
Berlin

PyPSA is used worldwide by dozens of research institutes and companies (TU Delft, Shell,
Fraunhofer ISE, DLR Oldenburg, FZJ, TU Berlin, RLI, TransnetBW, TERI, Flensburg Uni,
Saudi Aramco, Edison Energy, spire and many others). Visitors to the website:
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e Meeting Paris targets is much more urgent than widely recognised
e There are lots of cost-effective solutions thanks to falling price of renewables

e Electrification of other energy sectors like heating, transport and industry is important
(direct or indirect with synthetic fuels), to take advantage of low-carbon electricity

e Grid helps to make CO2 reduction easier = cheaper
e Cross-sectoral approaches are important to reduce CO2 emissions and for flexibility

e Policy prerequisites: high, increasing and transparent price for CO, pollution; financial
and regulatory support for new technologies (heat pumps, hydrogen for steel)

e The energy system is complex and contains some uncertainty (e.g. cost developments,
scaleability of power-to-gas, consumer behaviour), so openness is critical
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