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Chapter 4

H istoric cases of storage

deployment from a socio-technical

perspective

cpt _t r ansi t i on
The storage bat tery is one of those peculiar things which appeal to the imagin-

at ion, and no more perfect thing could be desired by stock swindlers than that

very selfsame thing [. . . ] Just as soon as a man gets working on the secondary

battery it brings out his latent capacity for lying. [. . . ] Scient ifically, storage is

all right , but , commercially, as absolute a failure as one can imagine.

Thomas Edison, 2 February 1883

Inside of 15 years the ent ire vehicle t ract ion in large cit ies in the United States

will be done elect rically & I am now manufacturing the battery that will permit

this to be brought about commercially.

Thomas Edison, 6 May 1908

Transit ion theory has been widely applied to technological t ransit ions, such as trans-

port , consumer goods and even whole energy systems. The mult i-level-perspect ive (MLP),

developed by Frank Geels to bet ter understand the interact ions taking place during tech-

nological t ransit ions was int roduced in Chapter
cpt _backgr oundcpt _backgr ound
2. The MLP was developed based on

historical case studies, such as for instance the transit ion from sailing ships to steam ships,

the intent ion is to use the insight gained from such past t ransit ions and to inform the

discussion on the dynamics underlying future transit ions. This chapter follows a similar

approach. It sets out to draw on the wealth of insight and methodology developed by ap-

plying it to historic cases of storage deployment. This process is intended to provide insight

into the dynamics of past deployments of storage. It further helps to ident ify limitat ions of
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Figure 3: Electricity generation by plant type in the Grassroots scenario. Based

on DECC (2010a)

Table 3: Capacity mix for core scenarios in the year 2030. Based on DECC

(2010a) and Strbac et al. (2012)

Plant class Share of convent ional generat ion [%]

Grassroots Nuclear CCS

Baseload 14.7 35.4 12.9

Mid merit 53.7 24.0 53.3

Peaking 31.6 40.6 33.8

Renewables 60.0 9.4 18.0
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5.1. MODEL OVERVIEW 103

Table 5.2: Gas price forecasts for 2030 based on DECC (2011a)

Est imate Cost [£ / kWht h ]

Low 12

Cent ral 24

High 34

0 200 400
0

500

1000

W
h

o
le

sa
le

p
ri

c
e

[£
/
kW

h
]

κ = 50

κ = 75

κ = 25

Durat ion (ext ract ) [hour]

(a) Price duration curve for di fferent κ

values.

-100 0 100 200 300
0

0.5

1

κ = 25

P
ro

b
a
b

il
it

y
(n

o
rm

a
li

se
d

)

Net value [£ / kW / year]

κ = 50

κ = 75

(b) Net value probabi li ty distr ibution

for a gas fired peaking capacity. Fi l led

areas enclose the 5% confidence interval

F igure 5.3: The κ value of the upli ft function shifts the price duration curve

and thus the revenue for peaking capaci ty operating in this price zone. Here,

wi th κ ≥ 50, the confidence in a positive NPV is ≥ 95%.

of the dist ribut ion and the confidence of future NPV to be above this level is 95%. The

uplift funct ion must be tuned for this value to be ≥ 0. Figure 5.3a shows how changes to

the κ value of the uplift funct ion shift the price durat ion curve and thus change the NPV

expectat ion for peaking plants, displayed in Figure 5.3b.

The price uplift funct ions for increasing levels of wind are shown in Figure 5.4. High

levels of wind spread the price durat ion curve at both ends, with ext reme values reaching up

to £ 10,000/ MWh on rare occasions. The effect of dynamically adjust ing the uplift funct ion

on the variability of price durat ion curves is shown in Appendix A.1.3.

This approach provides a simple, yet powerful method to model price volat ility for

storage to operate in. It does assumes that peaking plants are price makers and storage

acts as a price taker. Furthermore, the scenarios and their plant mix feeding into this model

were derived without considerat ion of the possible integrat ion of electricity storage. It is

therefore conceivable that storage, rather than added as an afterthought , should be included

in the scenario development , which could shift the opt imal plant mix. Such holist ic feedback

of storage on the plant mix is beyond the scope of this study.

For high penetrat ion of storage this approach may require refinement , if absolute values

are to be derived. In this study the evaluat ion is more focused on trends, for which the

PRICE VOLATILITY 
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Figure 5.2: Generation and demand profiles with the resulting level of electr i -

ci ty held in storage. I l lustrative example for three weeks in August. Base case

scenario with 30GW instal led wind and 10 GW 6 hour storage.

during these periods has to become. In the absence of such price spikes these plants are not

economically viable, ret ire and risk supply shortages and blackouts1.

The same principle can be applied for the reverse situat ion. If demand is low and

plant with high short run marginal cost are no longer operat ing, any further reduct ion in

generat ion requires plant with low short run marginal costs (and thus lit t le incent ive to

curtail output) to reduce generat ion. The bidding posit ion is now reversed in that bidding

takes place on the price at which these actors are willing ‘not to generate’. As in the

example above, the less capacity remains the stronger the bidding posit ion for those actors

and market prices can depart significant ly from the marginal cost . The symmetry between

this marking up and marking down of wholesalepricesallows for a single funct ion to describe

both phenomena.

The funct ion to calculate the uplift U consists of a proport ional term (κ) and an expo-

nent ial term (α)

Ug(t) = 1 + κ × e
− α

C g − P g ( t )

C g (5.8)

where g denotes the class of generator in the merit order (e.g. peaking plant , or wind).

The mult iplier in the exponent is a measure of the ‘slack’ in the system. Cg is the installed

capacity of this classand Pg(t) denotes the output of this classat this moment. Analogously,

during periods when demand is low, Cg is the capacity remaining on the system and Pg is

the curtailment required from this class.

From this uplift funct ion the wholesale price Π at t ime t can be calculated from the

marginal price π̇g as

Πg(t) = π̇g × 1 + κ × e
− α

C g − P g ( t )

C g (5.9)

The uplift funct ion only applies to the extremes of the merit order. Mid merit plants

are bound by the marginal costs of their neighbouring plants. Their minimum bid is their

own short run marginal cost and the maximum markup they can realise in a compet it ive

1T he extent to which uncertainty over future earnings can inhibit resource adequacy despit e such price

signals has been studied by Eager (2010) and is discussed in (Grünewald et al., 2011).

STORAGE OPERATION 



3. Gross value of storage

3.1. Storage value increase with wind deployment

Intermit tent generat ion increases the volat ility of elect ricity prices, which adds to the

value proposit ion for storage. Figure 4 shows the increasing gross value of storage for the

base case scenario with increasing amounts of wind.
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Figure 4: Increase in gross value of storage with increasing wind deployment.

2 and 10GW storage with 6 hour duration. Based on Grassroots 2030 scenario.

At present levels of wind the value is not sufficient to st imulate further investment ,

and even at 16GW of wind values do not increase substant ially, yet . At 32GW of wind

deployment , the gross value begins to exceed £ 100 per kW per year, which is roughly the

level of present technology opt ions. With further expansion of wind capacity the value

increase begins to level out .2

The relat ive difference between the value of 10GW and 2GW storage reduces with

increasing levels of wind, point ing towards a larger market for storage. The effect of

diminishing value with increasing capacity is discussed in the following sect ion.

3.2. Diminishing marginal value

Storage is often said to suffer from ‘self cannibalisat ion’: the more storage is installed

the less it is worth. Arbit rage levels prices, which diminishes its own value.

2Assuming excessive amounts of wind on the system leads to persistent oversupply of elect ricity, which—

if stored—can no longer be discharged, unless other plants are ret ired.
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3.3. Value of storage duration

A similar effect of diminishing value applies to the energy capacity (i.e. the maximum

amount of energy that can be held in storage).

Figure 6 shows how the highest values can beachieved with relat ively short storage dur-

at ions. The addit ional value of increasing the energy capacity to longer storage durat ions

falls sharply.

It is short durat ions that can capture the most volat ile ‘spikes’ in the price profile.

The added value from longer durat ion storage has to come from trades in the remaining,

smoother price profile.3
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Figure 6: Diminishing marginal value for increasing storage durations. Based

on Grassroots scenario with 10 GW of storage.

3Despite the lower value of long durat ion storage, some technologies with low energy capacity cost , such

as CAES of hydrogen, may be able to operate profitably within such markets as shown by Grünewald et al.

(2011)
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G
ro

ss
v
a
lu

e
o
f

st
o
ra

g
e

Scenario

[£
/
kW

/
ye

a
r]

44.8

72.7

162.5

Figure 8: Sensitivity to changes in scenario assumption. The high renewables

Grassroots scenario yields the highest value. The CCS scenario is least suitable

for storage. Examples shown for 10 GW 6h storage.

insight into the wider system value, but do not necessarily expose the at t ract iveness of

the technologies to investors. Unless perfect markets are in place, one would expect a

discrepancy between the ‘system value’ and the ‘market value’ of storage.

Grünewald et al. (2012) argue that not all benefits of storage are necessarily captured

by t rading in volat ile wholesale markets. If wider benefits exceeded the commercial value

of storage, a welfare loss as illust rated in Figure 9 could result .

Strbac et al. (2012) conducted a comprehensive study of the system value of storage,

irrespect ive of market arrangements, and the result ing values for comparable cases are

contrasted in Figure 10.

The meaning of ‘value’ behind the two graphs is different . The system value is the

amount that could theoret ically be saved per year across the system for every kW of

storage installed, assuming system opt imal allocat ion and operat ion. The market value

stems from the trading revenue realised with each kW per year of operat ing in an energy

based market . All values are gross values, meaning no costs for storage technologies have

been deducted. The difference between the two graphs can be at t ributed to a number of

reasons, including different solvers and sources of data.

These potent ial differences notwithstanding, some of the discrepancy of results might

be at t ributed to systemat ic differences in analysis. Network savings are not accounted

for in the techno-economic model, since wholesale prices do not explicit ly reflect local or

regional network const raints. Unlike t ransmission network savings, dist ribut ion network

savings are potent ially significant in value4, and they are therefore marked separately in

4See St rbac et al. (2012), who conclude that t ransmission would be built in preference to storage due to

14
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Figure 9: Welfare loss as a result of underinvestment. Once marginal private

benefits are equal to the marginal cost of storage no further storage is deployed,

leaving a welfare loss of not realised system benefit.

Figure 10.

Furthermore, spinning reserve, which has to be held for fast reserve provision especially

in high wind scenarios, is a cost ly and inefficient form of generat ion. It can displace other

sources with potent ially very low short run marginal costs and lower emissions. Spinning

reserve is scheduled by the system operator on operat ional (rather than least cost dispatch)

grounds and any potent ial savings are therefore not necessarily captured in the wholesale

market approach. This may account for some of the larger discrepancies between system

and market based values for smaller capacit ies.

The value gap between the wholesale market based model and the whole-systems model

shows that the wholesale energy market alone may not capture the maximum value, nor

does it therefore st imulate the opt imal use of storage. Either markets have to develop

mechanisms to effect ively reward such savings, or policy makers need to create the ap-

propriate condit ions. The market values in Figure 10 const itute the lower bound (market

value) and the upper bound (system value) of what such a framework could achieve.

3.7. Value aggregation

The range of sources of value that storage potent ially has to aggregate poses a challenge

for its uptake in present markets. Figure 11 illust rates with an example based on Strbac

et al. (2012) how different sources of value can build up over t ime.

The composit ion of value also changes over t ime. In 2020 savings through avoided

it s lower costs.

15
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Figure 10: Market and system value of storage. The value for storage realised

in a volatile energy market is consistently lower than the system wide value.

Based on 2030 adapted Grassroot scenario with 6h storage. System values:

Strbac et al. (2012)
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Figure 11: I l lustrative example of storage value composition 2020–2050. In

2020 distr ibution network savings provide a large share of value. In 2030 op-

erational savings constitute the largest component, before in 2050 savings from

avoided peak generation capacity become significant. Distribution network sav-

ings remain stable in absolute terms, such that their relative contr ibution in

2050 becomes minor. Based on adapted DECC Grassroots scenario with 10GW,

24hour distr ibuted storage, Strbac et al. (2012).
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System values: Strbac et al., Strategic Assessment of the Role and Value of Energy 

Storage Systems in the UK Low Carbon Energy Future. The Carbon Trust 

SYSTEM AND MARKET VALUE 
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Figure 11: I l lustrative example of storage value composition 2020–2050. In

2020 distribution network savings provide a large share of value. In 2030 op-

erational savings constitute the largest component, before in 2050 savings from

avoided peak generation capacity become significant. Distribution network sav-

ings remain stable in absolute terms, such that their relative contr ibution in

2050 becomes minor. Based on adapted DECC Grassroots scenario with 10GW,

24hour distr ibuted storage, Strbac et al. (2012).
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VALUE AGGREGATION 

System values: Strbac et al., Strategic Assessment of the Role and Value of Energy 

Storage Systems in the UK Low Carbon Energy Future. The Carbon Trust 
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CAPACITY MECHANISM 
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ALTERNATIVES TO STORAGE 



DEMAND SIDE RESPONSE 

2 hour storage 6 hour storage 

DSR capacity [GW] 



CONCLUSIONS 

 Value increase with high levels of wind 

 Diminishing value with scale (GW / h) 

 Efficiency becomes less critical 

 System value > wholesale market value 

 Value aggregation: somebody else’s problem 

 Capacity mechanism is no panacea 

 Demand response is a serious competitor 
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