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Outline 

 
•  Energy Systems Analysis 
•  Motivation for Renewable Energy Generation Paired with Energy 

Storage 
•  Energy Storage Options Appropriate for Grid Scale 
•  Material Requirements for Energy Storage 
•  Energetic Requirements for Energy Storage 
•  Pairing Energy Storage with Renewable Resources 



Energy Systems Analysis 
•  We measure the material and energetic requirements of energy 

technologies to inform research, capital investment and policy. 



Climate Change and Energy Transitions 

Meehl et al., 2007 



Global Exergy Resources 

Wes Hermann and A. J. Simon (2006) Energy 



Wind and Solar Resources are Variable 
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plot concept motivated by Hawkins, 2005 timeseries data obtained from Bonneville Power Administration 
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Stable Operation of the Electrical Grid 
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California ISO control room 
 ©The New York Times, Max Whittaker, October 28, 2011 



Grid Flexibility 

•  What is it? 
Ø  “The ability of a system to deploy its resources to respond to changes in 

net load, where net load is defined as the remaining system load not 
served by variable generation.”  -- Lannoye et al., 2012 

•  Options 
Ø  Excess capacity and transmission 
Ø  Natural gas combustion turbines (‘peaker plants’) 
Ø  Demand-side management (smart grid) 
Ø  Electrical Energy Storage 
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Why Storage 

•  Policy 
Ø  6 bills in U.S. Congress,  
Ø  AB 2514 here in CA, first state to mandate storage 

•  Funding (ARPA-E, GCEP, VC) 
•  Electricity Storage Association (international trade assoc.) 
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Storage Technologies for Renewable Integration 
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•  Electrochemical 
•  Lithium-Ion (Li-Ion) 
•  Sodium Sulfur (NaS) 
•  Lead-Acid (PbA) 

•  Flow Battery 
•  Vandium Redox (VRB) 
•  Zinc Bromine (ZnBr) 

•  Geological 
•  Pumped Hydro (PHS) 
•  Compressed Air (CAES) 



Physical requirements 
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1. Spatial 
2. Material 
3. Energetic 



Energy Demands of Electrical Energy Storage 

12 



Embodied Energy 
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Energy consumed in producing materials 

Energy consumed in manufacturing 

Musonoi Mine, DRC 

GM Volt, Detroit 

Data assimilated from: Rydh et al., 1999, 2005; Denholm 2004, Argonne, 2010 



Embodied Energy—Dynamic Effects 

14 Data obtained from Rydh et al., 1999, 2005; Denholm et al., 2004; ANL, 2011 

efficiency cycle life embodied energy 

Depth of Discharge 



ESOI—Energy Stored on Energy Invested 
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ESOI =

energy stored over device lifetime

embodied energy

ESOI =
�⌘D

✏gate

� : cycle life
⌘ : e�ciency
D : depth of discharge

✏gate : embodied energy



ESOI—Energy Stored on Energy Invested 
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R&D strategy 
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Which energy resource and storage pairings are 
optimum from a net-energy perspective? 



Energy Return on Investment (EROI) 

Energy Invested 

Energy Returned 

EROI < 1 

EROI > 1 



Solar PV and Wind Turbine EROI values 
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ESOI—Energy Stored on Electrical Energy Invested 



How does storage affect the grid-wide EROI? 
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ELECTRICITY
GENERATION

ELECTRICAL
POWER GRID

ENERGY
STORAGE

EROIg =

1� �+ ⌘�
1

EROI +

⌘�
ESOIe


kWhe generated

kWhe embodied

�
EROIc = EROI(1� �)



How does storage affect the grid-wide EROI? 
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ESOIe
EROI
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Resource—Storage System EROI 
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Technological improvements for batteries 
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ESOIe >
1� �
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• Open	  framework	  of	  prussian	  blue	  analogues	  can	  enable:	  

Ø  fast	  ion	  transport	  

Ø minimum	  strain	  

Ø  high	  cycle	  life	  

Durable High-Cycle Life Battery Research 

C.	  Wessels,	  R.	  Huggins,	  Y.	  Cui,	  Nature	  Communica.on,	  2:550	  	  (2011)	  
M.	  Pasta,	  R.	  Huggins,	  Y.	  Cui	  Nat.	  Comm.	  (2012),	  In	  Press.	  

• Demonstrated	  40,000	  charging	  cycles	  using	  copper	  hexacyanoferrate	  	  



Summary and Conclusions 

•  Curtailing reduces system wide EROI 
•  So does storage 
•  Wind requires high ESOI storage (PHS and CAES) 
•  Batteries can store solar PV generated electricity and still yield EROI 

ratios that are greater than curtailment ratios 
•  Battery cycle life can and should be improved (need an ESOI of 86 

and 10,000 to 18,000 cycles) 
•  Other options for otherwise curtailed electricity should be considered 
•  To be clear, storage holds great value, we only looked at it from one 

perspective: system energy efficiency… 
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31 Data obtained from USGS Mineral Commodity Summary Reports (2006-2011) 

Material Availability 
"Civilization exists by  
geological consent,  
subject to change  
without notice.” 
 – Will Durant 

Barnhart and Benson, 2013 



Energy Storage Potential 
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ESP =
⇢P

mf
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ESP =
⇢P

mf

Promising Technologies: CAES, NaS, ZnBr 

Barnhart and Benson, 2013 
Data from USGS Mineral Commodity Summary Reports (2006-2011) 
ESP Calculations motivated by Rydh et al., 1999; Wadia et al., 2011 

Energy Storage Potential of Materials 
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Theoretical Framework 

35 

EROIc = EROI(1� �)

"c =
"r

(1� �)


kWhe embodied

kWhe generated

�

"g =

"r + ⌘"s�

1� �+ �⌘


kWhe embodied

kWhe generated

�

EROIg =

1� �+ ⌘�
1

EROI +

⌘�
ESOIe


kWhe generated

kWhe embodied

�



To Store or Curtail? 

•  At breakeven 
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Embodied Energy for Grid Storage 

37 Data assimilated from: Rydh et al., 1999, 2005; Denholm 2004, Argonne, 2010 



EROI 

of industrial output to other areas of the economy. The growth of the
renewable energy sector may therefore have indirect impacts on the
growth of the economy as a whole. The GEMBA methodology may be
used to model the consequences of other future energy projections, such
as those of the IEAor the Intergovernmental Panel on Climate Change Spe-
cial Report of Emissions Scenarios (IPCC, 2000).

The model has also been used to investigate the effects of declining
resource quality (such as has been measured in production of conven-
tional oil) on net energy yields and economic activity (Dale et al.,
2011). As the EROI of energy resources declines, a greater proportion of
output must be fed back into the energy production process. This is
reflected in a declining net energy yield. Net energy powers the rest of
the economy. Declining net energy yield may hinder the growth of the
economy. Declining EROI will also exacerbate the negative effects of a

peak in oil production, since the peak in net energy yield will precede the
peak in gross production.

Use of an allocation function based entirely upon physical factors of-
fers a test of energy-based theories of value. The structure of the model
has a number of underlying assumptions and defined relationships, the
most important being that the energy system can be characterised as
the interaction of two sectors. Allocation of energy demand between
the various energy sources was achieved on the basis of availability
and accessibility of energy resources only. There was no price-based
mechanismas is the norm in standard economic approaches. This purely
physical allocation function seems to offer support to Liu et al.'s sugges-
tion that energy cost (as reflected by accessibility of resources) may
serve as the ‘invisible hand’ in economic valuation, at least as far as the
energy market is concerned Liu et al. (2008).
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Fig. 6. Cumulative frequency of values of Monte Carlo simulations for GEMBA output
Total Energy Yield in 2200 with low, medium and high solar technical potentials.

Table 3
Results of GEMBAMonte Carlo analysis for low,medium and high solar technical potentials,
[EJ/yr].

TPsolar case

Low Medium High

Mean 639 785 840
Median 617 756 797
5% 331 403 379
25% 480 592 607
75% 774 952 1042
95% 1009 1281 1429

Appendix A. Meta-analyses

Ameta-analysis was carried out of estimates of the energy-return-on-investment (EROI) of all energy technologies included in the GEMBAmodel.
The analysis found over 600 estimates, details of which can be found in Dale (2010). The results of the meta-analysis can be seen in Fig. A.7.

Fig. A.7. EROI of all energy sources from meta-analysis. Squares represent mean (blue) and median (red) of all estimates, vertical lines represent the range of EROI estimates. The
majority of energy sources offer an EROI of less than 20.

165M. Dale et al. / Ecological Economics 73 (2012) 158–167

Dale, Krumdieck and Bodger, 2012 



EROIe of Solar Technologies 

4. Discussion

Starting with the most straightforward approach, i.e. adopting
the system boundaries illustrated in Fig. 1 and applying Eq. (2),
we may compare the ensuing EROIel of PV electricity to the EROIel

ranges for oil- and coal-fired thermal electricity (Fig. 2).
These results show that, when accounting for the ‘energy return’

as a straight Energy Carrier (i.e. electricity as such), the resulting
EROIel of PV spans approximately the same range (EROIelE6–12) as
the EROIel of conventional oil-fired electricity systems (EROIelE
4–11), while the EROIel of coal-fired electricity systems come out
approximately double of that of PV (EROIelE12–24). However, it
should not be forgotten that thermal electricity production, and
coal-fired systems in particular, suffer from much higher life-cycle
greenhouse gas emissions than PV (Fthenakis and Kim, 2011), which
would be energy-intensive to reduce by means of carbon capture
and storage (CCS), thereby considerably reducing the final EROIel.

These results show that investing energy to build and operate PV
power systems or conventional fossil fuel-based electricity genera-
tion systems are, today, essentially comparable options in terms of
the amount of electricity delivered (‘returned’) over the 30 years of
their operational lifetimes. Of course, a crucial difference between
PV and the two conventional systems remains, though, which the
EROI indicator was never designed to address: conventional thermal
electricity production systems achieve their ‘energy returns’ by
depleting limited stocks of non-renewable primary energy (EFeed),
while in the case of PV systems the corresponding direct input of
energy to operation system consists of flow-limited but virtually
inexhaustible renewable energy (ER).

Remarkably, the more recently introduced PV technologies
(ribbon Si and especially CdTe thin film) lie at the upper end of
the EROIel range, despite their shorter ramp up time and overall
comparatively less mature development status. This potentially
bodes well for the future, since it is reasonable to expect further
improvements for the next generations of these technologies.

We may alternatively choose to calculate the EROIPE-eq of PV
according to Eq. (4), thereby expressing the PV electricity output in
terms of its ‘Primary Energy equivalent’; as explained in Section 2.2,
these results may be compared to the range of EROIF for oil and coal
(Fig. 3).

As expected, applying Eq. (4) results in higher EROIPE-eq for the
PV systems vs. the corresponding EROIel, exactly by a factor of

(1/Zgrid)¼3.2. This new comparison shows that the equivalent
primary energy that is virtually ‘returned’ to society (i.e. preserved
for alternative uses) when one chooses to invest a given amount of
primary energy to build and operate a PV system is actually
marginally higher (EROIPE-eq¼19–38, mean¼28.5) than the average
energy delivered by oil itself, were one to invest the same amount
of primary energy at hand in extracting and delivering that oil
(EROIF¼10–30, mean¼20). Coal, as a fuel, is instead characterised
by a more favourable energy return on energy investment
(EROIF¼40–80, mean¼60); however, it must not be overlooked
that coal is a less flexible and more polluting energy carrier than oil,
which needs to be liquefied (or even converted to electricity) before
it can be used for a number of important end uses (e.g. modern
high-efficiency internal combustion or electric engines for transpor-
tation), with concomitant energy losses that will result in a reduc-
tion in its final EROI at the point of use.

5. Outlook

It is important to stress that the EROI results for PV presented
here cannot be simply extrapolated to the future. On one hand,
technological improvements are expected to continue providing
incremental life cycle energy efficiency gains to the existing PV
technologies, and even radically more efficient, third-generation
devices might become available in the long run. On the other
hand, PV is not a base-load technology, and deploying it on a large
scale, beyond approximately 20% of grid penetration, may require
building an extensive energy storage infrastructure (Denholm and
Margolis, 2006; Lewis, 2007). To date, compressed air energy
storage (CAES) is the least expensive large-scale option, but
finding appropriate porous media underground reservoirs is a
challenge and a conventional CAES plant requires approximately
3.5 MJ/kWh of additional natural gas to heat the compressed air
when the latter is released to run a gas turbine (Mason et al.,
2008). Advanced adiabatic CAES (AA-CAES) might become viable
in the future, with an anticipated 50% cycle efficiency (Pickard
et al., 2009); flexible fabric structures anchored to the seabed are
also being investigated for their potential to be a clean, economic-
ally-attractive means of energy storage (Pimm and Garvey, 2009).

Most importantly, a fully-fledged long-term analysis of the
EROI of PV vs. conventional energy generation cannot be done by
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Fig. 2. EROIel of PV electricity, compared to the EROIel of oil- and coal-fired thermal electricity (Eq. (2)).

M. Raugei et al. / Energy Policy 45 (2012) 576–582580



To Store or Curtail? 
Ø  Energy lost with curtailment vs energy lost through building and operating 

storage technologies 



Can we build enough storage to supplement 
variable electricity supply? 

41 

•  How much storage might society need? 
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How much storage exists today? 
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0.2 % of average daily global electricity consumption 



Backup 6: ESP Calculation Data 
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scatter plots with embodied energy and price 

44 


