Innovatsioon
taastuvenergeetikas.
Lahendused ja valjakutsed

Enn Lust
enn.lust@ut.ee

Tartu Ulikool
Keemia Instituut
FuuUsikalise keemia ja Rakenduselektrokeemia
oppetoolid
Ettekanne: TEUK XIX (2.11.2017)



1. Energy potential

Global flux of renewable energies vs. fossil fuel consumption
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Energia tootmise kasv maailmas ja
erinevate energiaallikate osakaal
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U.S. Energy Information Administration projects 48% increase
in world energy consumption by 2040

World energy consumption by source, 1990-2040
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https://www.eia.gov/todayinenergy/detail.php?id=26212



Social Progress Index vs Energy per country
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Figure 1. World energy consumption, 1990-2035
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Kasvuhoonegaaside tootmine maailmas

SO, NO,

{947 8%

Soojusjéujaamad
| Keskkuttestusteemid
m Kituse- (nafta ja maagaas)ning
teraset6ostus
B Ulejaanud seadmed
6% o Transport

B Muu

Kasvuhoonegaaside allikad:
14%

P6llumajandus Ulejaanud
&% 4 7%

Kattessteemid 5% W% 3%

1%
Tobstus
51%
Laiatarbe
tooted Kasvuhoonegaasid:
1%

H>Q ~95% kogu méjust

Transport NHs CH4 CO2 jt
25%




Agriculture  Other
and forestry 05

Industry
253

Households
254

Note: figures do not sum to 100.0 % due to rounding.
Source: Eurostat (online data code: nrg_100a)

http://ec.europa.eu/eurostat/statistics-explained/index.php/File:Final_energy consumption, EU-
28, 2015 (%25 of total, based _on_tonnes_of oil _equivalent) YB17.png



_ Other (1.4%)

CO, (3.6%) —
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http://ib.bioninja.com.au/standard-level/topic-4-ecology/44-climate-change/greenhouse-
gases.html



https://et.wikipedia.org/wiki/Kasvuhoonegaasid#/media/File:15-233-Earth-GlobalAirQuality-2014NitrogenDioxideLevels-
20151214.jpg



This graph shows the dramatic step change in the growth of China’s carbon dioxide

emissions that’s taken place in the last 15 years:
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Source: Data from the Global Carbon Project, Global Carbon Atlas. Graph by Carbon Brief.

As China’s economy has boomed, emissions have grown — fast.

http://www.carbonbrief.org/how-much-of-chinas-carbon-dioxide-emissions-is-the-rest-of-the-world-responsible-for
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Euroopa iga liikmesriik peab 2030. aastaks vahendama susinikukogust
vastavalt suhtelisele joukusele (vOrreldes 2005. aasta emissiooniga

http://www.err.ee/638486/raskelt-sundinud-kliimalepped-euroopa-puuab-rohkem-siduda-ja-
vahem-heita



Euroopa Ulemkogu otsus:
EL aastal 2020

Vahendada energia tarbimist 20%
Vahendada kasvuhoonegaaside emissiooni 20%
Taastuvenergiast toota 20% energiast

Teise polvkonna biokilituseid toota 10%




EU CLEAN FUEL NATURAL GAS CNG

STRATEGY (2020/2025) | =~ g

ELECTRICITY

networks (Germany, France,

Netherland, UK, Spain, Estonia) early stage

&"Type 2" plug as the common
standard for the whole of Europe (2012)

SUSA — 60 million cars

&For waterborne
@Recharging points connected into transport and tracks

92012: One million
vehicles currently
use this fuel
representing 0.5% of

@Infrastructure in the fleet

@The aims to

@38 filling stations increase this figure

ten-fold by 2020

dIn 2020, 139 drefuelling points
@dChina - ~6 million cars as well refuelling stations are  with maximum

installed every 400 distances of 150 km
HYDROGEN km along the roads by 2020

dHydrogen refuelling stations (Germany,
Denmark, Italy, UK, Spain, Estonia)

dHydrogen vehicles
dStandardization as a main problem

@14 member states initiative

@Hydrogen from wind farms, solar systems, etc.

BIOFUELS
dnearly 5% of the market

@A key challenge — sustainability
@Mainly blended fuels

@No specific infrastructure is
needed

http://ec.europa.eu/commission_2010-2014/kallas/headlines/news/2013/01/clean-fuel-strategy_en.htm
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Exhibit 3: Other credible sources figure only an 8% growth over current levels by 2030.

‘World Electricity
Generation

Source: Sustainable Energy Review, Oct, 2012.

https://wattsupwiththat.com/2012/12/10/a-lol-press-release-on-renewable-energy-from-wishful-thinkers-at-the-
university-of-delaware/



RES-E Potentials are heterogenous across Europe

Wind Onshore Photovoltaics
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Source: EWI.

Source: EWI.

Use of EU-wide most favorable sites for renewable power generation
yields cost savings until 2020 of >100 bn. €, if a sufficient
transmission gridis given (EWI, 2010).

EASAC Energy Steering Panel | Energy Systems Analysis| PD Dr D Lindenberger Dublin | September24th 2012



Hiibriidelektrijaam/slisteemi pohimotteline skeem
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Prototiiiibi seadmestik hélmab kolme tuuleturbiini (2 MW/iihiku kohta), mis on iihendatud vérku ja elektroliiiiserisse (gaasi tootmine: 120 Nm?/h vesinikku, 60 Nm>3/h
hapnikku, optimaalne réhk: 15-20 mbar (atm.)), kompressorit (nominaalvool: 2x60 Nm?/h vesinikku, viljundréhk: 43 bar (abs.)), statsionaarset vesinikuhoidlat (3
r6huanumat, hoiustamise maht: 1.350 kg H, 43 baari juures ( abs.)), biogaasi tootmise seadet, mille nominaalne tootmisvdimsus on ca 300 m3/h ja hoiustamise maht

ca 2.600 m?; ja kahte CHP (kombineeritud soojus ja véimsus) seadet (max. aastane elektri toodangu maht 2.776 mWh ja soojuse toodangu maht 2.250 MWh). See
soojusvoimsus on piisav, et soojendada ca 80 iksikpere maia.
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Figure 1. lllustration of flexibility components in the electricity system.

https://ec.europa.eu/energy/sites/ener/files/documents/swd2017_ 61 _document_travail_service_partl_v6.pdf



Pumped- Thermo- Hydrogen Lithium-lon Super-
Hydro chemical Storage Battery capacitors
Storage

Sensible Lead Acid
thermal Battery

Latent

thermal NaS Battery

Redox flow
Battery

Flywheels

CAES = Compressed Air Energy Storage; LAES = Liquid Air Energy Storage; SNG = Synthetic Natural Gas.
Figure 2. Example of energy storage types (source: World Energy Council)

https://ec.europa.eu/energy/sites/ener/files/documents/swd2017_ 61 _document_travail_service_partl_v6.pdf
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Storage Capacity
Source: School of Engineering, RMIT University (2015)
Figure 3. Available storage technologies, their capacity and discharge time.

https://ec.europa.eu/energy/sites/ener/files/documents/swd2017_ 61 _document_travail_service_partl_v6.pdf



Top-selling light-duty plug-in electrified vehicle global markets
(cumulative sales through December 2016 by country/region)

China 645,708

Europe

637,552

United States

570,187

Japan 147,488

Norway 135,276

The Netherlands 113,636

France 108,065

United Kingdom

L

91,627

Germany 74,754

i

100,000 200,000 300,000 400,000 500,000 600,000

http://www.hybridcars.com/the-world-just-bought-its-two-millionth-plug-in-car/



All-electric car EPA rated range per full charge
2016/2017 model year available as of July 2017 (miles)

1] 50 100 150 200 250 300 350

Tesla Model 5 P00 D R 315
Tesla Model 3 long mnge R — 310
TeslaModel X P30D B s 257
Chevrolet Bot BV s v 238
Tesla Model 3standard s 220
Tesla Model S60D e 210
Tesla Model X60D el 200
B D oo 157
2017 Volkswagene-Golf b 125
Hyundai loniq Electric Ll 124
2017 Ford Focus Electric bl 115
BMWIi394A-h L 114
Nissan Leaf 30 kW-h ] 107
Kia Soul EV B 93
Mercedes-Benz B250e [ 87
NissanLleaf 24 kW-h L | 84
Fiat 500e  ——— 34
2016 Volkswagen e-Golf [ 83
Chevrolet SparkEV L 82
BMWi3 60 A-h s 81
2016 Ford Focus Electric ol 76
Smartelectricdrive Lo 68
2016 Mitsubishi F-MIEV s 62

2017 Mitsubishi FMIEV i 59

https://en.wikipedia.org/wiki/Electric_car#/media/File:BEV_EPA range comparison_2016-2017_MY_US.png



Lithium-ion and Na-ion batteries
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Figure 12 » Electric car stock and publicly available EVSE outlets, by country and type of charger, 2016

Electric car stock Publicly available slow chargers Publicly available fast chargers

2 million 212 000 outlets 110 000 outlets
B China

B lapan

» United States

B United Kingdom
Germany

» France

B Norway

® Netherlands

B Canada

%

B Others

Sources: IEA analysis based on EVI country submissions, complemented by EAFO (2017a).
Key point: Electric cars still outnumber public charging stations by more than six to one, indicating that most drivers

rely primarily on private charging stations. Publicly available EVSE shares are not evenly distributed across markets.
This is consistent with the early stage of electric car deployment.

https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2017.pdf



The Future of Electric Charging Stations Projected in 4 Simple Maps

Next stage: 96 to 239 fast-charging stations depending on station spacing

https://energy.gov/eere/articles/future-electric-charging-stations-projected-4-simple-maps




Optimaalne ja moodukas elektrivorgu laienduse kava Euroopas.

Optimaalne vorgustikulaiendus Modereeritud vorgustiku laiendus

+ 228,000 km 2050.aastaks +111.,000 2050.aastaks
(+76% vorreldes 2010. aastaga) (+37% vorreldses 2010. aastaga)



Fig. 2: Alternative-fuel passenger cars as a proportion of total passenger car fleet

Chart Table

Chart — Alternative-fuel passenger cars as a proportion of total passenger car fleet
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MNote: NG = Matural gas; LPG = Liguefied petroleum gas.

https://www.eea.europa.eu/data-and-maps/indicators/proportion-of-vehicle-fleet-meeting-4/assessment-1



Efficiency Gains from Next Generation
Coal-Based Electric Power Systems
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* Demonstrated in original Clean Coal Technology Program



Diagram of co-electrolysis of CO,
and H,O in a solid oxide cell, as
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Veest ja CO,-st kiituste tootmise voimalikud teed

CO, sorbent Sorbendi regenereerimine

g Hudroksiid Elektro-
N laas
Ohk ¢ Karbonaat
atmos- A 5 Elektro-
fadrist Vedelik/ dialtus
P tahkis/
membraan P Termo W .
hidrogeenimine
a Niiskus- CHa
CO: drastamine kontroll 1 Siihtacs
Statsio- Absorptsioon/ co
naarne CO: £ Adsorptsioon/ CH-OH CHsOH 2
allikas Separatsioon €O, ¢ _ A 3t ben- ¢
Energia S =y siiniks
muundamine
E iaallik Termoliis T v H
nergiaallikas
d 3 RWGS
Paike r Termokeemiline
. tslikkel
Tuuma ¢ Soojus « Siisi-
Kérgtemp. €O ‘Ficcher vesinikud
Tuul H Elekter L elektroltits E +H, T;gisgh ja
alkoholid
Hidro Valgus Madaltemp.
elektroltius e
Geo-
termaal Fotoelektroluls/ z
fotolilits Cco
Vesi Puhastus H,0 5 WGS 4
L Il Il Il |
Energia ja oksiidide kogumine Oksiidide I6hustamine Kituste silintees Tarbimine

Fischer-Tropsch siintees holmab koikvoimalikke kataliiiitilisi kiituste siinteesimise protsesse. WGS — (water-gas shift)
vesi-gaasi reaktsioon, RWGS — (reverse water-gas shift) poordvesi-gaasi reaktsioon.



Power-to-Gas Technology

BREAKTHROUGH IN THE NATURAL ENERGY MARKET
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2016. aastal Eestis 4,9% koguenergiast tuuleenergia,
589 GWh, st installeeritud voimsus 124 W inimese kohta

Which countries have most wind power per capita (2015)

1000 Elektrienergia tootmine taastuvatest allikatest, 2005-2016
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Share of energy from renewable sources
in the EU Member States

(in % of gross final energy consumption)
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Elektri ja soojuse genereerimis- ning
salvestussusteemide hierarhiline jaotus

Tsentraliseeritud riikidevahelised (EL) Lokaalne hajutatud
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@in operation | . .
“planned Hydrogen Refuelling Stations Worldwide
Status January 2017 ) . _

© Ludwig-Bolkow-Systemtechnik GmbH wwwlbst.de (274 in total in 2016)

% RN e

https://fuelcellsworks.com/news/92-new-hydrogen-refuelling-stations-worldwide-in-2016



Hydrogen Fuel Cost vs Gasoline
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Hydrogen... It's Renewable

Cost of Hydrogen'
Source: Water
Supply: Infinite
Renewable: Yes
Carbon Footprint: No
Cost per gallon: $1.00 - 1.80kg (gge)
Source cost: $1.50 per 1000/gal. or $0.0015/gallon?
Refinery Costs: $700 - $3,500/bpd
Miles per kg of Hydrogen: 81
http://h: Additional Environmental Impact Costs: No
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Gasoline... It's Non-Renewable

Cost of Gasoline

Source: Crude Oil

Supply: Finite

Renewable: No

Carbon Footprint: Yes

Cost per gallon: $2.32'

Source Cost: $101.14/barrel? or $1.98/gallon
Refinery Costs: $1,000 - $5,000/bpd

Miles per Gallon of Gasoline: 18 - 31
Additional Environmental Impact Costs: Yes



Top-15 Countries 2017 January-September
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Megawatts of Fuel Cells Shipped Worldwide by Application
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Figure 1. Megawatts of Fuel Cells Shipped in 2015, by Application
Fuel Cell Systems Shipped Worldwide by Application
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Figure 2. Fuel Cell Systems Shipped Globally, by Application

Megawatts of Fuel Cells Shipped Worldwide by Region of Manufacture

¥ North America © Europe » Asla ® Rest of the World

Source: Nowgent Research (J008-2015) & £8tech (2014-201%)

Figure 3. MW of Fuel Cells Shipped Globally, by Region of Manufacture

https://energy.gov/sites/prod/files/2016/10/f3
3/fcto_2015 market_report.pdf




Figure 1: Performance of EU Member States’ innovation systems
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120 - —"____________________________________________________________l
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Coloured columns show Member States’ performance in 2016, using the most recent data for 27
indicators, relative to that of the EU in 2010. The horizontal hyphens show performance in 2015,
using the next most recent data for 27 indicators, relative to that of the EU in 2010. Grey
columns show Member States’ performance in 2010 relative to that of the EU in 2010. For all
years the same measurement methodology has been used. The dashed lines show the threshold
values between the performance groups in 2016, comparing Member States’ performance in
2016 relative to that of the EU in 2016.

European Innovation Scoreboard 2017 (http://ec.europa.eu/DocsRoom/documents/24829)
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Figure 1: Example of a typical feed-in behaviour of subsidised and non-
subsidised fluctuating renewable energies

http://energypost.eu/how-to-calculate-revenues-of-solar-and-wind-power-when-the-subsidies-stop/

Day-ahead EUR/MWh



Figure 1. Short-Term (present-2015) Figure 2. Medium-Term (2015-2025)
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Figure 3. Re-plot of the criticality plot used in the EU study (EU Commission 2014) to identify critical raw materials, showing both the
boundary of the criticality field used by the EU (broken line), and contours of constant criticality calculated as the product of the two
assessment dimensions (i.e. D * V; grey lines). Contours show the 5th, 25th, 50th, 75th, and 95th quantiles of the distribution of overall
criticality scores, as labelled. Plot data from EU Commission (2014), inspired by Gloser er al (2015).

M. Frenzel et al., J. Phys. D: Appl. Phys. 50 (2017) 123002



100% renewable energy for 139 nations detailed in Stanford report

100% IN 139 COUNTRIES

Transition to 100% wind, water, and solar (WWS) for all purposes
(electricity, transportation, heating/cooling, industry)
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Using WWS electricity for everything, instead of burning fuel, and
improving energy efficiency means you need much less energy.
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https://clcleantechnicacom-wpengine.netdna-ssl.com/files/2017/08/100-renewable-energy-
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TABLE I. Program and Power System Development Objectives.

Metric Current Status 2020 Target 2030 Target
System Cost ~$12.000/kWe $6.000/kWe $900/kWe
SOFC Power Degradation Rate ~1.0%/1.000h 0.5 —1.0%/1,000h 0.2%/1,000h
Cell Manufacturing Approach Batch Semi-Continuous Continuous
Demonstration Scale 50 kWe & 200 kWe POC 1 -5 MWe DG, 10 — 50 MWe

Systems — Intended Initial
Operations Completed

400 kWe Prototype
System — Design of First
System m Process

250 kWe — 500 kWe
Prototype Systems
Two additional needed

Integrated Systems

Integrated Systems

14,000 Large-Scale Manufacturing

12,000

10,000

8,000

6,000

Commercial DG Product

Nth of a Kind DG

4,000

System Specific Cost (20115/kW)

n
R 2

2010 2015 2020 2025 2030 2035 2040

Figure 3. Projected SOFC DG System Cost Reduction via SOFC Program Progress and
Large-Scale Manufacturing Implementation.

S.D. Vora et al., ECS Trans. 78 (2017) 3-19



1900 - 95% conf interval whole industry
1,800 - 95% conf interval market leaders
1700 - % Publications, reports and journals  +
1,600 - X News items with expert statements @
1,500 - X Log fit of news, reports, and journals: 12 £ 6% decline = «
1400 - \ Additional cost estimates without clear method X
Market leader, Nissan Motors, Leaf @

Market leader, Tesla Motors, ModelS ©O
Other battery electric vehicles @
Log fit of market leaders only: 8 + 8% decline == «=
Log fit of all estimates: 14 £ 6% decline
Future costs estimated in publications A
<US$150 per kWh goal for commercialization

2014 US$ per kWh

&
A

2005 2010 2015 2020 2025 2030
Year

Source: Nature Climate Change 5, 329-332 (2015)
Graph 1. The cost evolution of vehicle batteries.

https://ec.europa.eu/energy/sites/ener/files/documents/swd2017_61_document_travail_service_partl_v6.pdf



Power-intensive application example Energy-intensive appiication exampie Long-termm storage

(1 h of storage) (8 hrs of storape) (2,000 hrs of storage)
2013 2030 2013 2030
Low High Low High Low High Low High Low
Li-lon 138 573 38 106 181 754 76 218 1,000s
NaS na na na n/a 196 269 42 68 1,000s
Flow-V 155 238 57 a7 148 239 50 26 1,000s
Lead 211 379 59 110 114 262 39 a8 1,000s
CAES-A 27 n/a 19 n‘a 49 n/a 37 na 1,000s
LAES-A 40 82 32 66 71 166 57 133 1,000s
PHES 18 28 18 28 24 42 24 42 >400
P2P H, Electrolyser and CCPP with salt cavern storage considered for P2P H, - 140
suitable for longer-term storage

Source: Fuel Cells and Hydrogen Joint Undertaking (2015), Commercialisation of Energy Storage in Europe

Table 1. The levelised cost of electricity storage for different timeframes (€/MWHh).

https://ec.europa.eu/energy/sites/ener/files/documents/swd2017_61_document_travail_service_partl_v6.pdf



Fuel cell cars in production

2007 - Honda FCX Clarity - hydrogen fuel cell
2014 - Hyundai ix35 FCEV 12
2015 - Toyota Mirai - production version of the FCV concept car

https://en.wikipedia.org/wiki/List_of fuel cell vehicles
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Figure 12. SOFC Program Development Timeline.
S.D. Vora et al., ECS Trans. 78 (2017) 3-19
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Figure 7.1  Worldwide distribution of CSP plants that are operational, under construction and planned.
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Concentrating solar power: its potential contribution to a sustainable energy future, EASAC policity report. 16, Nov. 2011, p.
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Breakdown of total watts currently used by the average Swiss
(5,000 W)

150 watts: public transportation

250 watts: air travel

500 watts:
ing and office space

nd hot water)

600 watts: electricity

900 watts: pubili
items

https://i.unu.edu/media/ourworld.unu.edu-en/article/786/breakdown-watts.gif



World nuclear electricity generating capacity by region, 1955-2011
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http://www.akbizmag.com/Alaska-Business-Monthly/May-2012/Global-generation-capacity-for-nuclear-power-has-grown-
to-over-346-gigawatts-since-1955/



