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Energy and Climate — The CO,-Problem
Where is the Energy used? — ,Sectors*

Greenhous-gas free Energy Supply
,100% Renewable Energy*

Storage Requirements
Storage Technologies & cost

Soutions to the Storage problem



Source: BP Statistical
Review of World Energy
2021 © BP p.l.c. 2021




5

| # 2 9 i
%
% ar o] T " baselines
T
E B -
co
2 3} |
: I
>
g i 580-720 .
Q -—
> 2} 530-580 4 C| A
2 Ch
ot 1
= 430-480
©
Q 1F i
5
= - ad i

: 1000 GtC 2000 GtC
0 | I | I | l | | | | l | |

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
( 8 & # ( - ! ’

15 & 6 ( #, 70



- 1400

- 1200

[3 "01IN1] D, Z OlIBUSZS UBUOISSIWI-DH L

- 1000

800

P——— |917-0S0C
o |317-0v02
m—517-0£07

. s |317-020¢

| 610

810¢
LT0C
910¢
ST0T
¥10¢
€10¢
c1oc
110¢
010z
6007
800¢
L00T
900¢
S00¢
¥00¢
€007
cooc
1002
000t
6661
8661
L66T
9661
S66T
v661
€667
2661
1661
0661

1200 -

1000 -

800 -

®

600 -

400 -

200 -

= #,#

<50



C D

I I . =, = EFG,, =.
Primary Energy! h o H |/
$ C % C (C
$B h C % C = 0 AAA
Secondary Energy: O h h i 4
$
$ b+ b I/

A

Final Energy: C + /%
H bl o+ C l /A
Net Energy (Useful Energy): & t A A C
J/ A AL C h + A A i

c |/ C A



From
Stock
284

Import
12.339

Domestic
production
3.396

Total available
Domestic
energy

16.000

C

.E ,°.

Non-
Export & Statistical  energetic Conv.  Other
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4,119 135 944 1.987 493

Industry

2.360
Transport
2.290

Primary
Energy Use
11.900
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2.410
Busines,
Trade,

Services
1.270

Der Anteil der erneuerbaren Energietrager am Primarenergieverbrauch liegt bei 16,5 %.

Abweichungen in den Summen sind rundungsbedingt.

* Alle Zahlen vorlaufig/geschatzt.
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29,3 Petajoule (PJ) 21 Mio. t SKE
Quelle: Arbeitsgemeinschaft Energiebilanzen 09/2021
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Biomasse zur Warmeerzeugung?

155,6 TWh RBiokraftstoffe Biomasse zur Stromerzeugung?
33% 38,6 TWh 50,9 TWh
8% 11%
1 mit biogenem Anteil des Abfalls Quelle: Umweltbundesamt (UBA) auf Basis AGEE-Stat
2 Stromerzeugung aus Geothermie etwa 0,2 TWh (nicht separat dargestellt) Stand 10/2021

3Verbrauch von EE-Strom im Verkehretwa 4,9 TWh
Abweichungen bedingt durch Rundungen
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Quelle: Umweltbundesamtauf Basis Arbeitsgruppe Erneuerbare Energien-Statistik (AGEE-Stat)
Datenstand: 10/2021
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C See also: Lecture by
Hans-Martin Henning
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The matter is more complicated!

Renewable Energy is ,much
( 4 / better* than fossil Energy
/ Primary Energie C
Net Energyi B h =
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Energy-mix Storage Excess-capacityl
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* Beriicksichtigung des Stromhandelssaldos Quelle: Umweltbundesamt auf Basis AG Energiebilanzen, Sondertabelle
** 2020 vorldufig; Ziel 2020: Energiekonzept der Bundesregierung 2010: Bruttostromerzeugung in Deutschland von 1990 bis 2020 nach
Senkung des Bruttostromverbrauchs um 10 % gegeniiber 2008 Energietrdgern, Stand 02/2021
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»For 100% RE we would have to increase RE-by a Factor of ~2.4“
+2000 - 3800 PJ, +90%)

Problem: Variability of RE - Storage
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Annual PV electricity
generation potential
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Excess Capacity
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van't Hoff‘s law/
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Ah =100 J 1000m

Equivalent Ah = T1/(p-Q)
~ 2000 J 11000m

[T=0Osmotic Pressure
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In first approximation, i.e. for diluted solutions, the osmotic pressure IT of two salt
solution with salt concentration (in moles/m3) c,, ¢, is given by Van]t Hoff]s law
(Van]t Hoff 1887):

o= B, )

with:

n, = Van|t Hoff factor denoting the number of ions per dissolved molecule
(n; = 2 for NaCl)

R = Universal gas constant: 8.31 J/(mole K)

T = Absolute temperature, e.g. 293.2 K

For concentrated solutions the »activity? of solute (salt) and solvent
(water) has to be used. This can lead to large deviations from V.H. Law

van]t Hoff J.H. (1887), Die Rolle des osmotischen Druckes in der Analogie zwischen LXsungen und
Gasen, Zeitschrift #*r Physikalische Chemie, Band 1U, Heft 1, 481 508, ISSN (Online) 2196-7156,
ISSN (Print) 0942-9352, DOI:
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Amount E of energy released from an initial brine volume V,, containing an
initial salt concentration c, giving rise to an initial osmotic pressure IT,;:
Energy dE released upon injection of a fresh water volume dV and keeping in

mind that the salt concentration ¢ = n/V reduces with the amount of fresh water
admitted to the osmosis cell:

=11(;) s
()=[n() 5

Assuming a linear correspondence between osmotic pressure and salt conc.

( )oc (:)= -3 /(5 +3) we obtain:
() =11 -
and: T

()=[ () e [
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C +#/
For very small volumina V <<V, of While for very large volumina V >> V,,
added fresh water this simplifies to we get approximately:

G G (e G)

- The amount of mixing energy for a given amount of salt solution can
become infinite if infinite amounts of fresh water are available.

However the interesting quantity is the energy density E(V)/(V+V,), which can
be achieved in a particular configuration.

For a ‘one reservoir] configuration the energy density Q is given by:

NI



Energy Density / I,

T

H

/ Q(V)/T1, = Energy

density in units of I,

Comment: Pressure [N/m?] = Energy Density [Nm/m3=J/m?3]




Osmotic Pressure, atm
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See e.g.: Dinger F., TrXndle T., Platt U. (2013), Osmotic power plants and their potential,
J. Renewable Energy, (Hindawi Publishing Corp.) Vol. 2013, Article ID 496768,
doi.org/10.1155/2013/496768.

Helfer F., Lemckert C., Anissimov Y.G. (2014), Osmotic power with Pressure Retarded
Osmosis: Theory, performance and trends A review, J. Membrane Science 453, 337 358.
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Technology Efficiency | Energy density Remark
kwh/m3
Pump storage 75-80% ~]1* at Ah=350m
Compressed air storage 54-70% ~3* at p=13 MPa
CAES (130 bar)
Li lon Battery 70-95% ~200
Hydrogen 34-44% ~2.6 (1.6%) Atm. pressure
~340 (200%*) at p=13 MPa
(130 bar)
Methane (Power-to-Gas) 30-38% ~400* at p=13 MPa
Osmotic storage 40-60% ~12* MgCl,

S $




Volume: ca. 10 Mrd m3
(18.6 km3 in 2040)
- At 11.6 kWh/m3
Stored Energy: >1-1014 Wh

or 100 TWh or Germany for ~60 days
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pass the storage
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Conclusions

100% renewable energy is well possible with existing technologies
(there is no time anyway to develop fundamentally new technologies)

Our energy System must be converted to (>80%) carbon free within
the coming two decades in order to avoid a climate catastrophy

Renewable energy can be supplied at competitive cost
Energy storage is probably less critical than frequently implied

Osmotic storage can provide storage densities of up to =12 kWh/m?3,
equivalent to a >4000 m altitude difference pump storage plant, about
one order of magnitude more than conventional pump storage plants
- No need for mountains
-> lower investment, (in particular if not too much power is
required), much more freedom in siting the plant
- However, (somewhat) lower efficiency (<60% vs. <80%)
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The maximum energy density (MED) is reached at:
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Depending on the assumptions there are 3 types of storage density:
0) Precipitation of salt is allowed, thus c=const. during charge/discharge
1) Pfresh waterH is taken/discarded from/to well, river, or ocean

2) Pfresh waterH is taken from another storage reservaoir,
this needs to have at least a volume of V,
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