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Air pollution from energy production and distrib.: trends
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Air pollution from energy production and distrib.: trends / NOx

Status of concentrations
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Air pollution from energy production and distrib.: trends / SOx

Status of concentrations

¢ SO2 concentrations are generally well
below the limit values for the protection of
EU-28 emissions of SOx 1990-2016 human health
¢ In 2016, 17 stations (out of about 1 600)
o by country (2015 Soxby sector registered concentrations above the
e hourly limit value, 23 stations registered
concentrations above the daily limit value
for SO2.
¢ On the contrary, 37% of all the stations
reporting SO2 levels, located in 30
reporting countries, measured SO2
concentrations above the WHO air quality
guideline of 20 pg/m3 for daily mean
concentrations in 2016.

Acidification and vegetation exposure

¢ Strong reductions in emissions of SOx

Source: EEA, 2018 over the past three decades. Nitrogen
compounds emitted as NOx are principal
acidifying components in both terrestrial

and aquatic ecosystems. However, SOx,
m have a higher acidifying potential.



Air pollution from energy production and distrib.: trends / Ni

EU-28 emissions of Ni 1990-2016
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Status of concentrations - Ni

Annual mean nickel concentrations in 2016
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Air pollution from energy production and distrib.: trends / Hg and As

EU-28 emissions of Hg 1990-2016

Hg by country (2016 ) Hg by sector
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Context: Air pollutant emissions from energy production and distribution

. What’s next

Challenges from ongoing structural changes in the power system: theory and
insights from recent trends

Is a 100% renewable European power system feasible by 20507



EU long-term strategy
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EU long-term strategy

Results within the range of other
studies:
¢ For EU values from slightly

100
° above 75% in 2050 (IEA
B0%
. @  oRencushies bl ETP B2DS and Shell Sky
P * * o Wi & e scenario203) to an almost
40% 5 : > \ Noclenr fully renewables power
1
o 2 + S  «Fossltuck system (IRENA's global
v . energy transformation,
2000 2015 2030 Baseline 2050 Decarb. 2050 Greenpeace Ener‘gy Revoluti
Netes: 1. The shaves af remewables, nuclear and foszil fuels sum te 100%. Wind & solar is a component of 8 - 1
renewables. 2: The "Decarb. 2030" poiniz are the averages across all decarbonization scenarios per and the Oko InStltut Energy
category. These scemariez provide very similar power mix in 2030, with renswables ranging from to §1% Vision) \
to 83% fwind & solar alone from to 3% te 72%), nuclear from 12% to 15% and foszil fuels from 2% o . . ]
6%. ¢ Consistent with IPCC Special

Source: Eurostar (2000, 2013). PRIMES.
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Estimated implications of EU long-term strategy on air pollution

Table 21: Air pollution control costs and benefits in the EU compared to 2015 in 2050

(EU28).%¢
2015 Change by 2050
CIRC COMBO 1.3LIFE
502 (kion) 2747 -2069 -1975 -2039
HOX (kton) 72124 -5458 -5307 -5330
PM (kton) 1478 -581 -848 -B63
Premature deaths ozone and FW 2.5 317 147 142 146
(1000 cases per year)
Health impacts {mulhon hfe years lost due to - - -
PAM2.5) 5.3 =23 -24 -25
Monetary damage hna:alth PM (bo€HT). Low 363 174 _168 173
estinate
Monetary damage he.:ilth PM (bo€vT). High 854 418 404 414
gstunate
Air pollufion confrol costs (o€ 0 W32 -i6 -43
S5UM pollution contral {I:uzt: & health damage | 448 to 906 to 450 204 to -440 | -715 to 359
(bnEfvr) 264
Eutrophication
(Ecosvstem area excesded 1000 km?) 1016 -188 -181 -130
Acydification
{(Ecosystem area exceeded 1000 km?2) 100 -4 -63 -4

Neote: Eztimates for monetary damage based om values per Ijfe vear lost from IL454 (201 T and
expressed im EUR 20013, Impactz on morbidity, materials, buildings and crops are not mcluded. Pozsible
impacis of N20 en health are also excluded.

Source: GAINS

End of the story?
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. Context: Air pollutant emissions from energy production and distribution

. What'’s next

. Challenges from ongoing structural changes in the power system: theory
and insights from recent trends

. Isa100% renewable European power system feasible by 20507
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Increasing penetration of VER: recent trends in Italy
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Adequacy : theory and insights from recent trends

» Peakload adequacy during hours with high demand and low renewable input; contribution of
variable renewables to peak demand can be low: low capacity credit of wind / solar

» Enough dispatchable capacity is needed to meet peak demand (incl. generation capacity, storage
and demand response) BUT low capacity factors

Peak load adequacy Capacity margin Italy 2013-2017
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Adequacy and flexibility: theory and and insights from recent trends

» Minimum load balancing: need to maintain generation equal to the load during hours with low
demand and high RES input; minimum residual load

» Hours of excess VRE output (negative residual load)
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Increasing curtailment of VER

South Australia Germany

Figure 8 Generation and curtailment of non-synchronous

units in South Australia
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generation curtailment Wind and Solar Won't Break the Grid: Nine Case Studies
February 2018

Gerard Wynn, Energy Finance Consultant

¢ (32018, total curtailments of non-synchronous

generation increased to around 150 GWh (or 10% of

South Australian non-sync. gen.) curtailment 26% of the

time during the quarter, highest amount on record
¢ Key drivers were record high wind generation and

insufficient synchronous generators being available to

meet system strength requirements.
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Increasing ramp rates

Ramp rates of residual demand when renewable output decreases and demand increases
simultanously: shape of the residual demand curve that needs to be followed by conventional
generation plants; flexibility of conventional plants more frequently and intensively called upon

Ensuring network reliability under such conditions will require a series of actions, including
relying on storage and demand response. Interconnections will be particularly valuable for the
aggregation of loads in different countries and to smooth wind output variations
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Increasing hourly variation of electricity production

* Predictability of VRE: whereas demand uncertainty on a day-ahead time-scale is typically in the
range of 1-2% of load, the mean absolute error for wind is 15%, 24 hours before real time

* Uncertain wind and solar generation forecasts increase the need for flexibility closer to real
time. As a result, wind uncertainty may yield a need to redefine the amount of reserves required
to maintain the standard of power system security

Figure 19 » The evolution of wind forecast uncertainty 24 hours before real time (illustrative) Hourly Val'iation VER (as 0/0 Of demand)
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Increased frequency of low/negative prices

» VER shift the supply curve of conventional electricity virtually out of the market B temporarily

very low market prices close to zero

» Negative prices can occur if wind has to be dispatched and conventional load are running at

their minimal technical level and want to avoid shut down for economic reasons or must be kept

online for system security reason

Negative energy prices indicating over-supply risk
start to appear in the middle of the day

Distribution of Negative Prices - March, April & May
2012, 2013, 2014 & 2015

Increasing real-time
negative energy price

freq y indicates over-
supply risk in the middle of
the day
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Integrating variable energy resources at the California ISO
Presented to the Air & Waste Management Association Mother Lode Chapter
March 22, 2016, Delphine Hou
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New relationship between electricity prices and demand

» Indirect impact of PV and wind on the costs at which fossil capacities are offered at times when
renewable energy sources are scarce.

» Major effects: higher price volatility from hour-to-hour and day-to-day; high prices do not
necessarily appear at peak demand times but at times with low availability of electricity from
RES; low price level will be associated with high production from RES; growth of balancing
markets
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. Context: Air pollutant emissions from energy production and distribution

. What'’s next

. Challenges from ongoing structural changes in the power system: theory and
insights from recent trends

. Isa 100% renewable European power system feasible by 20507?
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Feasibility of 100% electricity system

Heard Brook, Wigley, Bradshawd, Burden of proof: A comprehensive review of the feasibility of 100%
renewable-electricity systems, Renewable and Sustainable Energy Reviews, 76 (2017) 1122-1133

“While many modelled scenarios have been published claiming to show that a 100% renewable electricity
system is achievable, there is no empirical or historical evidence that demonstrates that such systems are in
fact feasible”

“None of the 24 studies provides convincing evidence that basic feasibility criteria can be met”

Table 1

Summary of scoring against feasibility criteria for twenty-four 100% renewable energy scenarios. ‘Coverage’ refers to the spatial/geographic area of each scenario. *Total’ means the
aggregated score for the scenario across all eriteria with a maximum possible score of 7. Criteria are defined in Methods. For concision, the ‘Reliability’ column aggregates all four
potential scores for reliability into a single score. An expanded table is available in the Supplementary Material.

Criterion 6 )
Study Coverage I (Demand) IT (Reliability) 1T (Transmission) IV (Ancillary) Total
Mason et al. [9,104] New Zealand 1 2 1 0 4
Anstralian Energy Market Operator (1) [8] Anstralia (NEM-only) 1 1 1 0.5 3.5
Australian Energy Market Operator (2) [8] Australia (NEM-only) 1 1 1 0.5 3.5
Jacobson et al. [112] Contiguous USA 0 3 0 0 3
Wright and Hearps [60] Australia (total) 0 2 1 0 3
Fthenakis et al. [133] USA 0 2 0 0 2
Allen et al. [27] Britain 0 2 0 0 A
Connolly et al. [19] Ireland 1 1 0 0 A
Fernandes and Ferreira [119] Portugal 1 1 0 0 2
Erajacic et al. [20] Portugal 1 1 0 0 A
Esteban et al. [17] Japan 1 1 0 0 2
Budischak et al. [118] PJM Interconnection 1 1 0 0 2
Elliston et al. [22 Australia (NEM-only) 0 1 0 0.5 15
Lund and Mathiesen [16] Denmark 0 1 0 0 1
Cosic et al. [11] Macedonia 0 1 0 0 1
Elliston et al. [75] Australia (NEM-only) 0 1 0 0 1
Jacobsen et al. [18] New York State 1 0 0 0 1
Price Waterhouse Coopers [10] Europe and North Africa 1 0 0 0 1
Euwropean Renewable Energy Council [26] European Union 27 1 0 0 0 1
ClimateWorks [116] Australia 1 0 0 0 1
World Wildlife Fund [108] Global [i] 0 [i] 0 0
Jacobsen and Delucchi [24,25] Global 0 0 0 0 0
Jacobson et al. [113] California 0 0 0 0 0
Greenpeace (Teske et al.) [15] Global 0 0 0 0 S 0 )

A [\



END-USE POWER SUPPLY
(139 COUNTRIES

Renewables—|

Feasibility of 100% electricity system and (neglected) trade-offs

A number of challenges were not addressed at the time of the 2009 climate and energy
package. (...) The management challenges linked to the introduction of renewables (...) were
also not fully considered and the impact of a large number of national support schemes for
renewables on market integration was underestimated

The Third Energy package (...) did not address the issue of whether the market offered the
necessary incentives to invest in generation, distribution and transmission, and storage
capacity in a system with greater shares of renewables

The current climate and energy targets were designed to be mutually supporting and there

are indeed interactions between them. (...) There are obvious synergies but there are also
potential trade-offs

(COM(2013) 169 final)

> 2050 (20.604 TW) ) ) )
o Evaluation of a proposal for reliable low-cost grid
EN‘P‘N Net power demand reduction from improved . .
o0 ROET energy output by electricity over combustion power with 100% wind, water, and solar
et P2 -23.00% (4.739 TW)

Christopher T. M. Clack™*"?, Staffan A. Quist®, Jay Apt**, Morgan Bazilian', Adam R. Brandt®, Ken Caldeira",

B .. cfficiency beyond BAU. scenarios Staven J. Davis', Victor Diakov!, Mark A. Handschy®™®, Paul D. H. Hines', Paulina Jaramillo?, Daniel M. Kammen™n-=,
B il o Cy:0ey i Jane C. S. Long®?, M. Granger Morgan®, Adam Reed9, Varun Sivaram’, James Sweeney*', George R. Tynan®,

- 6.98% (1.420 TW) David G. Victor*”, John P. Weyant™", and Jay F. Whitacre®

Avoided fossil fuel extraction, processing, &

distribution - 12.65% (2.606 TW) less costly than other pathways. In contrast, Jacobson et al.

100% WWS (11.840 TW) [Jacobson MZ, Delucchi MA, Cameron MA, Frew BA (2015) Proc

Weve ¥ Tiek0.647610.076.TW) Natl Acad Sci USA 112(49):15060-15065] argue that it is feasible
Wind TOTAL: 37.14% (4.397 TW)

to provide "low-cost solutions to the grid reliability problem with

100% penetration of WWS [wind, water and solar power] across

Utility PV Solar: 21.36% (2.529 TW) all energy sectors in the continental United States between 2050

R Rl | <. ToTAL: 57.55% (6814 TW) and 2055”, with only electricity and hydrogen as energy carriers.

In this paper, we evaluate that study and find significant short-

comings in the analysis. In particular, we point out that this work

€0, —

Offshore Wind: 13.62% (1.612 TW)

i Hydropower: 4.00% (0.474 TW) used invalid modeling tools, contained modeling errors, and made

D IS 200 D055 D030 685 o Ceothemel: AZS T implausible and inadequately supported assumptions. Policy mak-
4%:1) (5.6%) (20%: 0%:)  (80%: 95%:+ (100%) ers should treat with caution any visions of a rapid, reliable, and

Jacobson et al, low-cost transition to entire energy systems that relies almost
Projected Power Supply & Demand, 139 Countries 2017 exclusively on wind, solar, and hydroelectric power.

*ENERGY FOR ALL USES INCLUDING ELECTRICTY, HEATING, TRANSPORTATION, INDUSTRY




Renewables Intermittency in Energy System Model

& “The current share of these renewable enerqy sources (RES) can still more or less be handled by
existing systems and flexibility, benefiting from remaining excess capacity of dispatchable
(backup) generation and links to other grids that can balance the intermittency.

& However, often higher levels of intermittent RES are envisaged for the future, posing significant
challenges on system operation and planning. In assessing possible energy futures, long-term
energy system models are typically used. The representation of RES in such models needs
careful attention, as intermittent RES come with a number of specific characteristics, making
them different from conventional dispatchable generation.”

Erik Delarue, Jennifer Morris,
Renewables Intermittency: Operational Limits and Implications for Long-Term Energy System Models
MIT Joint Program on the Science and Policy of Global Change, 2015



Implications of increasing share of RES/VER

» Economic and/or security constained
curtailment increases with Solar PV
penetration

Figure 8.5 Economic Curtailment of Zero-Variable-Cost Energy

&

Zero Variable Cost Energy Curtailment
(Expressed as a % of solar production in each scenario)

0 6 12 18 24 30 36 42

Solar PV Penetration Level
(Installed capacity expressed as % of peak summer demand)

MIT, The future of solar, 2015
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» California ISO: Estimation of
curtailement in California 2024

Renewable curtailment in 2024 at 40% RPS is significant
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Implications of increasing share of RES/VER: Germany 2040 (BNEF)

Four scenarios used for analysis

Share of renewables
|

74%

500
400
300
200
100
o !
2015 2020 2025 2030 2035 2040 ?
| Share of demand met 2017 2030 2040 And an extreme
| by wind and solar: 25% 49% 61% scenario:
L e e e e ] 100% _ _
Source: Bloomberg New Energy Finance.
22 Beyond the Tipping Point, November 2017 www.eaton.comAippingpoints Bloomberg
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Germany: overview of scenarios and issues

Growing system volatility

Distribution of hourly ramp rates across the year

New Energy Finance
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New Energy Finance

Germany: overview of scenarios and issues

Curtailment of wind and solar
generation

Wind and solar energy curtailed by scenario Hours of wind and solar curtailment by scenario
By 2040, there are over 2,300 hours
per year when wind and solar

generation exceeds demand

™Wh Hours

80 2500
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217 2030 2040

Source: Bloomberg New Energy Finance Source: Bloomberg New Energy Finance

Germany: overview of scenarios and issues

Back-up capacity & declining

Peak output of ‘other Energy generated by ‘other
generators’ generators’ Utilisation of ‘other generators’
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27  Beyond the Tipping Point, November 2017 www.eaton.com/tippingpoints

EXLN_ REA Ry

New Energy Finance

d the Tipping Point. Flexibility gaps in future high-renewable energy systems in the U.K, Germany and Nordics
erg New Energy Finance study commissioned by Eaton in partnership with the Renewable Energy Association
Presentation for CEER, March 1, 2018



Implications of increasing share of RES/VER: Germany 2040 (BNEF)

Summary of flexibility challenges and
opportunities at the 50-60% VRE level

Short-run (days and hours) Long-run (weeks and months)

« ‘Typical days will see much greater share of « There will be whole weeks (and longer) dominated
demand met by RE by renewable energy
— In 2030 and 2040, there is still need for other — ‘Other resources’ will have to be flexible

resources, but they will need to be flexiblel

» But there will be whole weeks (and longer) where
» ‘Highest’ RE days will see significant excess ‘other resources’ will need to fill the gap
production of wind and solar — But utilisation of these resources will be low
over the year

[ » Lowest RE days still require almost all demand to J

be met by non-variable resources « Interconnection will helpl

« There will be an opportunity for batteries —as well ~ ® Long-run energy shifting could reduce the need

as flexible demand — to manage daily peaks for back-up, and raise the utilisation of
dispatchable generators

— But not yet commercially viable
— For deeper decarbonisation (beyond ~60%

VRE), long-term storage or clean dispatchable
generation will be needed

42 Beyond the Tipping Point, November 2017 www.eaton.comfippingpoints E .1." R E A Bloumberg
it . i MNew Energy Finance

Beyond the Tipping Point. Flexibility gaps in future high-renewable energy systems in the UK., Germany and Nordics
A Bloomberg New Energy Finance study commissioned by Eaton in partnership with the Renewable Energy Association

Presentation for CEER, March 1, 2018



Implications of increasing share of RES/VER: whole EU 2030 (EC)

» Ramp rates substantially
steeper: maximum hourly
ramp rates in Germany = 1/3 of
national load

» Relatively important levels of
curtailment in Spain, almost
negligible elsewhere

Figure 11 ~ Maximum howly ramp rates across Euwvope fo
as share of peak foad (in 9 530 T

Share of vRES generation that is curtailed

METIS Studies. Study S11
Effect of high shares of renewables on
power systems

Curtailed RES (%)

2
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) III II | l
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m Figure 18 - Curtailment across Europe in absolute (left) in relative terms (right)
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Implications of increasing share of RES/VER: evidence based
approach (UKERC)

Short term system balancing Reliably meeting peak demand
— reserve costs — capacity costs
20
UK/IRE At 50% . — —= T Ata 300/?
e, penetration level, g Ll e - EUR North/Central penetration level
South Korea costs range 2 —— ‘ EUR South (where wind
between £15 and g v | SR = Us:um Kores analyses dominate)
/ £45/MWh - g 2 / most results are
- s T | © £4-7/MWh
2
A E 0
&
Up to a 30% 3 s
penetration level, g
majority of results o
are £5/MWh or g
less s
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Curtailment

80%

60%

Implications of increasing share of RES/VER: evidence based
approach (UKERC)

Curtailment Other impacts/issues
UK/IRE What not to do Transmission and network costs: up to 30% penetration level,
EUR - extreme ; . - . e
US Sifliars cafi evidence suggests that costs are in the range of £5-£20/MWh

ekt fran = But transmission reinforcement benefits the whole system, not just
renewables
boundary-

testing model Thermal plant efficiency reduction: very small at low
runs penetration levels, but can increase as penetration levels rise
Imposes costs on remaining conventional generators

System inertia: focus is on the technical challenges rather

than costs, likely to only become significant at very high
Instantaneous penetrations

Particular issue for island systems with no/poor interconnection

Electricity markets: significant reduction of the load factors of
the remaining thermal plant on the system, and the economic
value of output from intermittent generators declines as

U K C penetration levels rise U KE RC

Trade-offs of conventional plants to back up v-
RES: effect of partloading on efficiency - and
hence emissions - often neglected. CCGT
efficiency drops as low as 35% when its load is
reduced to 50% or less of the rated power
output - an efficiency reduction of 20
percentage points

Penetration / Energy
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Some (uncertain) conclusions:
Requirements of a 100% EU renewable power system by 2050

7000
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Current Base High Alternative. No CSP or  Storage Free RES ' Allow non-
(2015) Demand Demand Geothermal RES
Profile
100% RES Scenarios Nen-RES
Allowed
® Hydro ® Onshore Wind m Offshore Wind Rooftop PV
Utility PV mCSP ® Geothermal = Bio-FB
@ Bio-OCGT m Bio-FB-CCS ® Nuclear # Gas-NGCC
% Coal-PC CAES ®m Gas-0OCGT ¥ vRES share

Source: Zappa et al., Is a a 100% renewable..., Applied
Energy, 2019
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>

expanding generation capacity to at least 1.9
TW (1 TW today)

expanding cross-border transmission capacity
by at least ~140GW (current levels 60 GW),

well-managed integration of heat pumps and
EV, to reduce peak demand

energy efficiency to prevent massive increase
in electricity demand (and for biomass)

large-scale mobilisation of Europe’s biomass
resources (power sector use at least x4.5)

increasing solid biomass and biogas capacity
deployment to at least 4GWy-1 and 6GWy-1
every year until 2050

wind deployment levels of at least 7.5GWy-1
to be maintained (currently 10.6GWy-1) PV
deployment to increase to at least 15GWy-1
(currently 10.6GWy-1) until 2050

additional costs, at least 530 €bn y-1,
approximately 30% higher than for a system
with nuclear or CCS



Some (uncertain) conclusions

> After some threshold, decreasing relationship
between RES capacity and its marginal
contribution to generation; therefore, even with
perfect backup, a technical limit exists on
achievable RES shares. In the absence of system
flexibility, substantial backup is required to ensure " L
reliable electricity

> Costs Ofintermittency: trade-()ff Response to ‘Burden of proof: A comprehensive review of the feasibility of |
. . 100% renewable-electricity systems’ g
decarbonization/cost of energy

However:

Renewabls and Sustainsblz Energy Reviews 92 (2018) 834847

Contents lists avallable at SclenceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

v T, Bischof-Niemz®, K. Blok?, C. Breyer®, H. Lund’, B.V. Mathiesen®

= Iesinse for Ausomesion and Appiiad Informescs, Fariruhe Iezinoe of Tec nology, Hermarn. won-Heimbalrs Pl 1, 76244 F e Leofivddahulen, Germay

» 50-60% VER is already a challenging power system. :: Fevenmet N

Indhsriad Research, 3 Naude Rond, Precoria,
* Lippemnrau Uhersicy of Techmdogy, Schoal of Energy

dersnartamhian: 34, 53850 Lappee nureaa, Pinland

Still a role role for dispatchable generation e e T S A e
(BiomaSS? GaS IOW efﬁCienCy?) ARTICLE INFO ABETRACT

> Even a 100% renewable power system would e P e e S e e
require significant flexible zero-carbon firm e e e e

already been addremed in the enginesring and modelling literature. Nuclear power, which the suthors have

capacity to balance VER. This could be Sl ot e e <
. mewakies, on the other hand, are not anly feasible, but alresdy sconomically viahl= and decreasing in oot svery
hydropower, CSE geothermal, biomass, or seasonal =

storage, yet none of these technologies are
currently being deployed at the level necessary
to support a 100% renewable power system by
2050.
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