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• We will continue to deploy solar and wind generation at scale in Europe and North America as 
their cost keeps decreasing.

• However, the intermittency of solar and wind creates a high demand for flexibility because the 
load profile is more rigid than their variability. For instance, in Germany, the difference between 
the day-ahead plan associated with renewables and their actual generation can be up to 75% of 
the total load.

• Energy storage and demand-side management are the only forms of flexibility that ensure 100% 
clean-power: New energy storage is reputed to be expensive, and some are just difficult to build 
(e.g., pumped hydro); and, demand-side management is not as reliable as energy storage.

• For practical reasons, we have assessed the cost of mitigating energy intermittency through 
energy storage by installing a large Lithium-Ion battery (e.g., 100 MW) in California and Germany 
where solar and wind represent a vital share of the generating capacity. That is, energy storage 
takes advantage of capturing low prices when there is an excess of solar and wind generation and 
providing peaking generation when there is a lack of mid-merit order generation.

• In both markets, a new large battery is today profitable if we can capture the value associated 
with its capacity (i.e., its extrinsic value). In other words, a battery is today more valuable as an 
insurance product than a device for smoothing renewable generation profile. 

• A corollary is that it should be expensive for renewable merchant generation to hedge forward 
their energy intermittency in these markets.

EXECUTIVE SUMMARY
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ISSUES RELATED TO INTERMITTENT ENERGY
There are three issues related to intermittent energy that we can address at 

the wholesale, transmission, distribution, or behind the meter levels.
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Ensure resource 
adequacy as the 
absence of wind 
power can be 
coincidental with 
peak load.
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Move the excess 
of energy to the 
periods with a 
deficit1.

2

Wind generation: Forecast vs. actual
MWh

1 We can emulate this with conventional thermal power plants by ramping-down when there is an excess of energy (leading to very low prices) and ramping-up when there is a lack of energy (leading to high prices).
2 The power developed by a wind turbine is proportional to the wind speed power three. This cubic relationship means small changes in wind speed translate to significant changes in power.

Deal with the 
very short-term 
random nature 
of wind 
generation2.

3



4

USE CASES RELATED TO ENERGY STORAGE

There are many forms of energy storage (e.g., batteries, pumped hydro, flywheel) but we only explore Lithium-Ion 

batteries in this document as they are efficient, scalable and accessible. These are the primary use cases for 

Lithium-Ion battery technology (“energy storage”) that we can observe today – it is by no means exhaustive.

W H O L E S A L E
We develop large scale energy storage 
systems to address the following 
opportunities or services:
• Resource adequacy 
• Energy arbitrage
• Frequency regulation
• Primary/secondary reserves

U T I L I T Y - S C A L E

T R A N S M I S S I O N  &
D I S T R I B U T I O N
We use energy storage to delay 
transmission or distribution projects.

B E H I N D - T H E - M E T E R
Commercial or residential use energy 
storage for peak shaving, power quality 
signal, complementing PV, backup 
power, etc.

We complement wind or solar projects 
with energy storage to mitigate the risk 
associated with intermittent energy. 
E.g., it allows the project developer to 
get a better market price by selling 
baseload or peak power instead of "as 
produced."

Europe and many states in the U.S.1 want to achieve 
100 percent clean-power in 15-25 years with the 
use of wind and solar power (i.e., intermittent 
energy). The implications for transmission and 
distribution networks will be significant but meeting 
the energy demand will be challenging too. Indeed, 
the markets will need an amount of reserve 
proportional to the installed capacity of wind and 
solar to provide “firm” generation (and avoid 
blackouts). Therefore, our focus is on the use of 
energy storage for resource adequacy and energy 
arbitrage (i.e., shaping intermittent energy into a 
given load profile) as we think they will represent 
the most significant use of flexible power generating 
capacity in the medium term.

K E Y  U S E  C A S E S

Focus of this document

1 California, Colorado, Hawaii, New Mexico, New York and Washington have enacted laws requiring them to be near 100% renewables and zero emissions by 2050.
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RESOURCE ADEQUACY IN CALIFORNIA

1 Revenues associated with ancillary services and energy arbitrage are not mutually exclusive (e.g., regulation up requires discharging at less than the power rating).

Wholesale batteries are currently competitive to meet peak generation requirements in California.
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• A wholesale battery (100 MW and 400 
MWh) has the advantage of capturing 
time spreads that are more valuable than 
clean spark spreads (due in no small 
amount of renewable energy in CAISO 
and low natural gas price).

• This type of battery requires, to break 
even, revenues from ancillary services1

(A/S) and resource adequacy that are 
26% lower than a gas turbine but 17%
higher than an advanced gas turbine.

• A battery is better positioned to offer A/S 
than a gas-fired plant and, thus, it will 
become more profitable in the future as 
California will be increasing its share of 
intermittent renewable energy.

• We show our key assumptions and 
modeling in the appendix.

D E S C R I P T I O N
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TYPES OF ENERGY ARBITRAGE

Energy storage can arbitrage energy prices in three ways.
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•Within a given time horizon (e.g., 24 hours), we buy energy in the spot 
market when the price is low with an expectation to sell it for a profit in 
the future – it represents a “statistical” arbitrage as there is no guarantee 
of a positive margin.
• This is the most popular approach for managing energy storage, but it is 

not necessarily the most profitable one.
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S P R E A D
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•We match each purchase done in the spot or forward markets (t1) with a 
forward sale (t3) – it is a pure arbitrage.
• There is a chance in the future (t2) that the spot/forward price gets above 

our forward sale (t3). If it is the case, we buy back our forward sale (t3) 
and sale instead our energy at t2 – it is again a pure arbitrage.
• This is quite profitable in volatile forward markets and there are no 

market risk exposures (in opposition to the previous approach).

•We can use storage's capacity for selling insurance against low (put 
option) or high (call option) prices.
• For instance, a wind producer may want to buy a put option during the 

off-peak hours in case it produces more energy than anticipated.
• This approach is quite relevant in markets with a significant share of 

intermittent energy.
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TIME HORIZONS

Time spreads occur over various time horizons (e.g., night vs. daylight, summer vs. 

winter), and energy storage usually addresses a specific time horizon.

Within day

Within week

Beyond week

• Chemical batteries
• Pumped hydro
• Conventional hydro
• Run-of-river with some 

regulation capacity
• Compressed air
• Flywheel
• Thermal energy storage

R E L E V A N T  
E N E R G Y  
S T O R A G E  
T E C H N O L O G I E S

M A R K E T S  
I N V O L V E D 1

• Pumped hydro
• Conventional hydro

• Seasonal pumped hydro
• Large conventional hydro

Intermittent 
energy impacts 
mostly within 
day markets

• Day ahead
• Intraday
• Real-time
• Balancing

• Day ahead
• Forward (e.g., balance of the 

week)

• Day ahead
• Forward (e.g., balance of the 

month)

1 We provide a glossary of the various energy markets in the appendix.

Focus of this document
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ASSESSING THE ARBITRAGE OPPORTUNITIES

We have developed a backtester1 to identify all the potential energy arbitrages that an energy 

storage asset or thermal power plant can do based on historical day ahead and intraday prices.

1 Backtesting consists of validating a trading strategy based on historical prices. It is popular among technical traders as it is easier to identify patterns than anticipating market movements. Past performance is no guarantee of 
future results, but backtesting helps supporting trading strategies – it is harder to convince someone if a given strategy did not produce in the past. We use backtesting results to calibrate our optimization/trading 
algorithms.
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Trading rules

• Any sales must be backed by 
generation, fast-start/spinning 
generating capacity or actual 
purchases

• Any purchases must be backed 
by consumption, charging 
capacity or actual sales

Historical market prices

• Day ahead
• Intraday
• Fuels and emissions

Mathematical program

• Mixed-integer
• 15-min periods
• 1+ million variables

Asset

• Energy storage
• Coal-fired plant
• CCGT

R E S U L T S

The rules allow emulating 
the various ways energy 
storage or thermal plant 
can arbitrage prices.
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ENERGY ARBITRAGE IN GERMANY (1/2)

1 The Intraday market offers the opportunity to continuously trade power products in hourly, 30-minute and 15-minute intervals as well as loosely defined block orders up to 5 or 30 minutes before delivery.
2 Market-making consists of buying from some ask orders that we feel confident of selling back later to some bid orders (and vice versa). It is a way to “emulate” asset-backed and flexible time spreads in short-term markets.

In markets where intermittent energy constitutes 50+% of the generating capacity, 

energy arbitrage represents a significant potential for wholesale batteries.

• Germany has 42 GW of solar and 56 GW of wind 
for 91 GW of conventional thermal generating 
capacity – the average peak load is ~70 GW.

• In Germany, we can rebalance our day ahead 
position in the intraday market1 to mitigate our 
exposure to the balancing market – essential for 
managing intermittent energy and forced outages. 
This market is quite liquid with some days having 
more than two million orders.

• Energy storage is well-positioned to capture the 
time spreads offered in day ahead and intraday 
markets and be a market-maker2 to arbitrage the 
various asks and bids.

• We have assessed the potential of these 
commercial opportunities where market-making is 
the most important one.

D E S C R I P T I O N

Intraday price 
volatility makes 
battery’s 
flexibility quite 
valuable.

The value that we 
can realistically 
realized for a ROE 
of 16%.

BACKTESTER RESULTS

Cash time 
spreads

Mix of asset-backed/ 
flexible time spreads
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ENERGY ARBITRAGE IN GERMANY (2/2)

Even German conventional thermal generation plants 

can take advantage of the short-term price volatility.

• Coal-fired plants in Germany can allocate 
"spinning" ramping capacity (up & down) in day 
ahead market to actively participate in the 
intraday market. For instance, ramping-up 
capacity allows selling at a higher price in the 
intraday market than day ahead one. However, 
they cannot capture any time spreads.

• We can use the same ramping capacity for 
market-making activities in the intraday market. 

• The economics for thermal power plants 
associated with ramping capacity are more 
expensive than batteries and, therefore, the 
commercial opportunities are not as high.

• As shown by our assessment (see graphic on the 
right), capturing these commercial opportunities 
can make the difference between a positive 
EBITDA or not for German coal plants.

D E S C R I P T I O N

BACKTESTER RESULTS
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THE VALUE OF FLEXIBILITY

The ability to buy/sell multiple times the same intraday product (i.e., market-

making) represents a significant commercial opportunity for wholesale batteries.

BACKTESTER RESULTS

€x Total margin

10

20

30

40

50

0

10

20

0

10

20

0

100

200

300

400

00:00
Mar 15, 2018

06:00 12:00 18:00 00:00
Mar 16, 2018

06:00 12:00 18:00
−1

−0.5

0

0.5

1

day ahead price
day ahead purchases
day ahead sales
net intraday sales
injection
withdrawal
storage level
reservedown
reserveup

German 100 MW battery: Day ahead only

€/
M
W
h

M
W
h

M
W
h

M
W
h

M
W

Day ahead and executed intraday prices

Sales & purchases

Withdrawal, injection & storage level

Reserve up & down

€22k

0

100

200

−40

−20

0

20

0

10

20

0

100

200

300

400

00:00
Mar 15, 2018

06:00 12:00 18:00 00:00
Mar 16, 2018

06:00 12:00 18:00 00:00
Mar 17, 2018

0

50

100

150

200

day ahead price
id purchase prices
id sale prices
day ahead purchases
day ahead sales
net intraday sales
injection
withdrawal
storage level
reservedown
reserveup

German 100 MW battery: Day ahead and intraday

€/
M
W
h

M
W
h

M
W
h

M
W
h

M
W

Day ahead and executed intraday prices

Sales & purchases

Withdrawal, injection & storage level

Reserve up & down

€480k

2

1

2

1

2

1 • In order to avoid excessive speculation, we use reserve up & down to sell/buy energy with the goal of buying/selling it back later – e.g., we can 
charge the battery if we cannot sell back the purchases.

• The graphic on the left shows no use of reserve as we only capture day ahead (cash) time spreads.
• However, the graphic on the right shows a significant use of reserve to support the market-making arbitrages.

• In day ahead only (left graphic), the battery is cycling twice a day due to solar peaking around 13h.
• Market-making arbitrages lead to less cycling due to the use of reserve.
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WHY IS FLEXIBILITY SO VALUABLE?

The amount of intermittent energy (i.e., solar and wind) in Germany is such that the day ahead plan could be quite 

different from the actual generation leading to continuous adjustments of the supply/demand balance until delivery.

• The graphic shows for each hour of 

the day a bloxplot1 of the difference 

between actual renewable 

generation and its day ahead forecast 

relative to the actual load.

• The variance gets pronounced during 

days where the load is low (e.g., 

weekends, holidays).

• The intraday market allows to 

balance the system closer to the 

delivery time and, thus, reduce the 

need for mandated reserves – it is an 

essential tool that lets market 

participants to manage unexpected 

changes in consumption and 

outages.

1 A box plot is a statistical representation of numerical data through their quartiles. The ends of the box represent the lower and upper quartiles, while the median (second quartile) is marked by a line inside the box.
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APPENDIX
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ENERGY MARKETS
Glossary

D A Y  A H E A D I N T R A D A Y R E A L - T I M E B A L A N C I N G

Customers can sell or buy 
energy for the following day 
in a closed auction. The 
objective is to maximize 
social welfare while taking 
transmission and generation 
constraints.

The intraday market 
complements the day ahead 
market as it is a continuous 
market, with trading taking 
place every day around the 
clock until delivery. Prices 
are set based on a first-
come, first-served principle, 
where best prices come first 
– highest buy price and 
lowest sale price. Today, 
this market only exists in 
Europe.

The real-time market is like 
the day ahead market, but it 
settles the price for 5-
minute periods during the 
day of delivery. It is only 
present in the U.S.

The balancing market 
provides near real-time 
matching between supply 
and demand. The 
transmission system 
operators use this market to 
maintain the system 
frequency and comply with 
the amount of reserves 
required.

Low liquidity

High liquidity



15

BATTERIES: U.S. LEVELIZED COST ANALYSIS 
We have based our batteries’ assumptions on “Lazard’s levelized cost of storage analysis, version 4” 

and our market operations’ assumptions on actual CAISO day ahead and natural gas prices.
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GAS TUBINES: U.S. NEW ENTRY COST
We assume that gas turbines are built in California SP-15 and we have based our 

market operations’ assumptions on actual CAISO day ahead and natural gas prices.
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BATTERIES: EUROPEAN LEVELIZED COST ANALYSIS 
We have based our batteries’ assumptions on “Lazard’s levelized cost of storage 

analysis, version 4” and our market operations’ assumptions on backtester results.
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ENERGY ARBITRAGE IN FRANCE

The French short-term markets do not yet offer sizeable commercial 

opportunities because intermittent energy represents only 15% of the generating 

capacity – 10% of this capacity is from hydro water reservoir and pumped hydro.
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MARKET-MAKING ARBITRAGES IN GERMANY

The last five hours prior delivery experience a lot of price volatility 

leading to numerous market-making arbitrage opportunities

BACKTESTER RESULTS

sale price
purchase price

German 100 MW battery: Intraday sales & purchases


