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Sensitivity Analysis of the Economic
Benefits from Electricity Storage
at the End Consumer Level

Klaus-Henning Ahlert, Clemens van Dinther

Abstract--The article presents the results of simulations based
on a linear optimization model of a storage system that calculates
the economic benefits of distributed storage devices at the end
consumer level by determining the cost optimal charge-
discharge-schedule. The primary objective of the storage applica-
tion is arbitrage accommodation.

Particularly, parameters for a li-ion-based and a lead-acid-
based storage system are simulated. All parameters of the model
are varied and analyzed regarding their impact on the economic
benefits. The simulation results quantify these impacts and show
that the costs per storage capacity unit (EUR/kWh) and the effi-
ciency degrees of the storage system have the highest impact.
Additionally, the price spreads as well as the distribution of the
market price curve in relation with the distribution of the con-
sumer's load curve (demand) influence the achievable benefits
significantly. Overall, the model reveals a saving potential of 17%
on total cost for the reference case.

Index Terms--Batteries, demand-side management, economic
sensitivity analysis, energy storage

1. INTRODUCTION

HE most recent developments and issues on the EU ener-

gy market show that the utilities industry as well as most
energy consumers are facing significant changes in the future.
Examples for decisions and targets behind these changes are
the intended increase of energy generation from renewable and
distributed energy sources, the announced CO, reduction in
the EU until 2020, and a continuation of the ongoing liberali-
zation and unbundling movements in the market [1], [2].

The significant increase of power generation from distri-
buted and renewable energy sources is a central target, which
can positively contribute to an increase in energy autonomy
and a reduction of CO, emissions. Depending on the owner-
ship and market structure in the power generation sector, it
could also contribute to further liberalization of the energy
markets.

Clearly, a shift from today's centralized market structure
towards a decentralized model would cause problems in terms
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of keeping or improving the level of quality and reliability of
energy supply and would require major investments and tech-
nological innovations in the electricity grid infrastructure.

Assuming an infrastructure that allows providing time-
dependent electricity tariffs to the end consumer level, con-
sumers would have an economic incentive to reduce energy
consumption in peak hours and shift it to off-peak hours — if
appropriate price signals are provided. A storage application
could help to maximize demand-side flexibility, i.e., having
the option to shift portions of demand to different times than
those where they actually occur.

This article defines and analyzes a detailed storage model
that links technical, economic, market, and consumer parame-
ters. The model calculates the economic benefits of a distri-
buted storage device at the end consumer level by determining
its optimal charge-discharge-schedule. All parameters of the
model are analyzed with respect to their impact on the result-
ing total cost.

The motivation behind this research is that distributed sto-
rage devices might help to lower the average electricity cost,
increase the demand-side flexibility and, hence, foster the in-
tegration of intermittent energy sources.

The remainder of this article is structured as follows: Sec-
tion II gives an overview of related scientific literature. In Sec-
tion III, the linear optimization model and its parameters are
defined. Section IV presents the results of the sensitivity ana-
lyses. Section V gives a conclusion of the findings.

II. RELATED WORK

Whereas large, centralized storages of more than 1 MWh
capacity exist since the beginning of the 1980s and have been
discussed and analyzed in the scientific literature (an overview
is given in [3]), distributed storage is a more recent and less
researched field. The focus of this article is on distributed sto-
rage devices. Technical and economic literature on storage for
electrical energy describes various, partly overlapping storage
applications. In [4], storage devices are used as emergency
power supply during interruptions in transmission and distri-
bution or generation. Power quality improvements through
correcting load voltage profiles, regulating frequency, or stabi-
lizing long transmission lines are in the focus of [5] and [6]. A
set of deeply researched storage application areas aims at
shaping the load curve through peak shaving, load leveling or
providing spinning reserves, e.g., in [7], [8], [9] and [10]. A



storage application with a primarily economic objective is
arbitrage accommodation. Arbitrage accommodation, i.e.,
charging at low and discharging at high market prices, is the
focus of this article. It is also analyzed in, e.g., [11], [12] and
[13].

III. MODEL DEFINITION

A. Parameters and Data Sources

Analyzing and assessing the economic benefits of a storage
system at the consumer level requires a detailed description of
the storage system's technical specification and of the external
parameters of the environment where the storage system is
located. The storage system consists of the storage device and
peripherals, e.g., power converters. The external parameters
contain information about the context of the consumer and the
energy market where the consumer obtains its energy from.
Fig. 1 depicts an overview of the basic parameters and their
interdependencies.

1) Storage System Parameters: The key parameters of a
storage system are its dimensions capacity, power, efficiency,
and estimated system life time, as well as their corresponding
cost components. Table I contains an overview of all storage
system parameters.

The estimated life time of the system can be distinguished
into the expected life time of the peripherals T (years) and the
number of expected nominal (full) charge cycles of the storage
device Y (#), according to a defined limit for the maximal

depth of discharge (DOD) & (%).

2) Market and Consumer Parameters: The parameter p,
models the price curve by indicating the energy price
(EUR/kWh) per timeslot ¢ and, thus, determines the price
curve's granularity and distribution.

Another market parameter - that is not directly related to the
energy market - is the interest rate i (%). In this paper, the
interest rate is the key parameter for the capital cost of the
investment into the storage system.

The customer parameter ¢/, models the load curve by indi-

cating the load (kWh) per timeslot ¢. Its distribution and ag-
gregated height (annual load) differ depending on the house-
hold's size, consumer habits, and electrical devices used. Table
II contains the market and consumer parameters.

Market Parameters

+ Price curve granularity
* Price curve distribution
+ Average market price
* Interest rate

Storage System Parameters

TABLE I
OVERVIEW OF STORAGE SYSTEM PARAMETERS
Parameter Description Symbol Unit
Maximal capacity of the storage device C (kWh)
Cost rate per storage capacity unit K (EUR/kWh)
Maximal charging speed of the device ptore (h)
(hours required for full charge cycle)
Power-in of the storage system (rectifier) pin (kW)
Power-out of the storage system (inverter) pout (kW)
Cost rate per power unit (in) i (EUR/KW)
Cost rate per power unit (out) rout (EUR/KW)
Annual maintenance cost as percentage of m (%)
the initial investment
Rectifier efficiency (in) nin (%)
Storage efficiency nslar‘e (%)
Inverter efficiency (out) nout (%)
Self-discharge rate of the storage device nxe[f'dch (%/h)
Estimated life time of system peripherals T (years)
Expected nominal cycles of the storage Y #)
device
Maximal depth of discharge allowed 5 (%)
TABLE II
MARKET AND CONSUMER PARAMETERS
Parameter Description Symbol Unit
Price per energy unit in timeslot # P, (EUR/kWh)
Interest rate on investment i (%)
Load (demand) in timeslot # , (kWh)

Analysis and assessment
of economic benefits

3) Data Sources: The input values for the technical sto-
rage parameters reflect an average and a best case of a deve-
lopmental stage of known technologies (see Table III), pub-
lished in [14]. The best case of the lead-acid technology scena-
rio is the reference case for all simulation results. Table IV
depicts the reference values for the remaining storage and
market parameters. Data for market prices accord to the price
distribution of the published hourly prices in 2007 on the Eu-
ropean Energy Exchange (EEX) [15] and are normalized to an
annual average price of 0.18 EUR/kWh. The data for the load
curve (electricity demand) reflect the standard "HO profile"
(profile of a private household) published by the Association

Consumer Parameters

* Annual demand
» Load curve distribution

Power

 Input power (rectifier)

« Output power (inverter)
« Cost rates per power unit
* Maintenance cost

Capacity

* Max. storage capacity

» Cost rate per capacity unit
* Max. charging speed

» Maintenance cost

Efficiency

« Rectifier efficiency

« Storage efficiency

« Storage self-discharge
* Inverter efficiency

System Life Time

« Peripherals’ life time

« Average depth of discharge
« System temperature

Fig. 1. Overview of model parameters (built on [14])



of the German Energy Industry (VDEW) [16]. This reference
load profile is normalized to an annual consumption of 2,000
kWh and multiplied with a random vector (+15% for each
timeslot).

The granularity of the load data corresponds to 15-minute-
timeslots. The hourly market prices have therefore been trans-
formed into 15-minute-timeslots as well. Thus, each day con-

tains 96 timeslots (timeslots per hour 7" =4) for 365 days,
resulting in 35,040 timeslots for the following analyses.

TABLE 111
TECHNOLOGY SCENARIOS *
P in
b out store

Technology ¥ K L n
Best case Lead-af:l(l (ref- 3000 100 120 85

scenario)

Nickel-cadmium 10000 400 120 70

Li-ion 10000 300 130 95
Average Lead-acid 2100 175 175 82
case Nickel-cadmium 7500 550 177 65

Li-ion 7000 650 315 92

 Published in [14]

® Maximum DOD: 80%.
° The best case of the lead-acid technology is the reference scenario for all
later simulation results, unless differently stated.

TABLE IV
REFERENCE PARAMETER VALUES

Symbol Unit Reference Value
)2 (EUR/kWh) EEX price data, 2007 [15]
L, (kWh) VDEW load profiles [16]
i (%) 7
m (%) 2
T (years) 10
C (kWh) 5.0°
pin (kW) 1.0*
Pout (kW) 0.5%
nin (%) 95
e (%) 98
pyelen (%/h) 0°
vS[UV@ (h) 50
5 (%) 80
Th (#/h) 4¢

# The optimal values for C, P™, and P are adjusted depending on the
simulated technology, consumer load curve, and market price curve. The
reference values are the optimal values for the reference scenario.

b Self-discharge is neglected for the selected technology scenarios due to
short time periods between charge and discharge cycles.

® Model parameter (no storage system parameter).

B. Definition of a Linear Optimization Model

The objective of the linear optimization model is to deter-
mine the minimal total costs for a given time period. For each
timeslot ¢ in the given period, the model can determine the
amount of energy to charge into the storage device respective-
ly to discharge from it. The time period consists of 7' time-
slots ¢ with ¢ =1...T . The decision variables are @, € [0;1] for

charging and A, € [0;1] for discharging the storage device (see
Table V). The decision variables indicate the percentage of
time at which the storage is charged respectively discharged in
timeslot ¢ .

Hence, the possible modes for the storage device are charg-
ing (g, >0), waiting/idle (¢, =0 A A, =0) and discharging
(A, >0).

TABLE V
DECISION VARIABLES
Parameter Description Symbol Unit
Charge parameter for timeslot # o, (%)
Discharge parameter for timeslot # A, (%)

out

The potential discharge volume ¢;* in timeslot ¢ is limited

by the power output P°* and the maximal capacity C of the
storage system:

Pout

WJ v

The maximal charging speed of the storage system V (#) in-
dicates the required timeslots for a nominal charge cycle. It
depends on the slowest component (system's peripherals pow-
er limitation vs. charging speed of the storage device):

v=T" .max(P—C;n;vmre) 2)

The storable volume per timeslot is limited by the maximal

g’ =min Z,;min(C;

charging speed v to C-v™'. The necessary charge volume
qf" exceed the stored volume due to limited efficiency de-

grees of the power input component and the storage device
itself.
in _ C

t

- nin .nstare - (3)
The total costs of installing and operating the storage sys-
tem consist of a fixed and a variable component:

Ktotal _ Kﬁxed +iKvariable (4)
- t
r=1
The fixed costs are independent from the charge and dis-
charge cycles of the storage system. They contain the annual
depreciation rate for the peripheral components, the capital
costs of the initial investment into the storage system, and the
annual maintenance costs for the storage system, i.e., the sto-
rage device and the peripheral components:
Kﬁxed _ Pinnin +Poutnout .
T (%)
(m+i)-(Pf"n"" + P ot +CK)

The variable costs depend on the scheduling and the volume
of the charge and discharge cycles. They contain the energy
cost components for (external) market supply, the savings due
to supply from the (internal) storage system, the costs for



charging the storage device, and the storage depreciation
costs:
K[varlable — K[marketﬁsupply _ Ktstorageisupply +

K [storageicharging +K tstorage _depreciation (6)

The costs for (external) market supply correspond to the

costs the consumer would have without using a storage sys-

tem, i.e., the product of the price per energy unit in timeslot ¢
and the load (demand) volume in the same timeslot.

The savings due to supply from the (internal) storage sys-

tem in timeslot ¢ indicate the cost reduction respectively re-

out

duction of demand on the external market (-4, -¢,), i.e.,

the demand is partly or fully served from the storage device.
The costs for charging the storage device in timeslot ¢ are
based on the price per energy unit in the current timeslot p,

and the charged volume (g," - ,).

The storage depreciation costs in timeslot ¢ are the product
of the discharged volume relative to the storage system's ca-
pacity (A, g™ -C™") and the costs for a nominal discharge
cycle ¥ (EUR):

C-x
v
Thus, the variable costs are defined as follows:

V= (7

") i K
K = p, t—pzqzo”t%t+pzq§"<|>z+§fl§’”t7»z ®)

For the formulation of the linear optimization model,

K¥ible can be transformed into (9) with a, as ex ante given

vectors. Accordingly, (5) can be represented by an ex ante
given value q .

variable out| K in
Kt bl =7\'z(qz t(?_psz"'(Pz(qt pt)+pt€t (9)
-— a as
a

C. Model Formulation

Based on the definitions and equations of the preceding pa-
ragraphs, we can now formulate the optimization problem.
The objectives of the optimization model are to determine the
optimal timeslots for charging and discharging the storage
device in order to minimize the total cost for the given time
period (¢t =1...T ). For each timeslot ¢, the model must deter-
mine the amount of energy to charge into the storage device
respectively to discharge from it. The costs resulting by using
an optimally dispatched storage system are calculated against

the annual baseline cost K “*“¢¢ (EUR) for an identical con-
sumer scenario without a storage system.

Kbaseline _ i N
=2.P: by

t=1

(10)

Hence, the objective function of the linear optimization
model is

T .
max — 1-— ! .(Kﬁxed+z[<t\/arzable] (11)

K baseline bt

The constraints for the optimization problem are as follows:
A solution is valid only if the decision variables @, and 2,
are kept within their range [0;1] (12). Charging and discharg-
ing within the same timeslot ¢ is allowed, but must not over-
lap (13). At each point in time, the system's state of charge
(SOC) &, must be positive, but not exceeding the maximal
capacity of the storage device (14). After a start-up phase (ini-
tial charging), the SOC &, must not fall below the maximal

DOD § (%) (15). The SOC &, in timeslot 1 must take the
intended charge and discharge actions into account (17):

0<¢,, A, <1 Vi (12)
o, +A, <1 V¢ (13)
0<E, <C Wt (14)
(1—8)-03@, Vit (15)

The start-up phase until ' can be set arbitrary, but must be
in the following range to ensure a sufficiently long initial
charging phase with respect to the system's charging speed v.

N 16
1=3]v<rsr 1o
t C q({ut
=2 0N (17)
t'=1

As (9) expresses, the usage of a storage system with the ob-
jective of arbitrage accommodation is beneficial, if the
avoided cost for external supply in the moment of discharge
are higher than the previously required cost for charging and
using (depreciating) the storage device. In the standard case
the costs for using (depreciating) the storage device are greater
zero, i.e., the cost per unit for charging the device must be less
than the cost for external supply (per unit) in the moment of
discharge. Thus, time-dependent electricity tariffs are re-
quired.

IV. SIMULATION RESULTS

The linear optimization model calculated the annual savings
that a consumer could ideally realize when using a storage
system in comparison to the baseline case of a scenario with-
out a storage system. The reference case for the storage system
parameters is given in Tables III and IV. The load curve data
(electricity demand) for the reference case are taken from the
standard household profile of the VDEW. The distribution of
the reference case's electricity tariff corresponds to the price
curve of the EEX from 2007 (all defined in Section III.A).

The following paragraphs present the results of varying the
input parameters of the reference case, namely the impact of
sizing the storage system's capacity, changing technical and
economic parameters, and modifying the characteristics of
price and load curves.

A. Capacity Variation

The larger the storage system capacity, the more load can be
shifted from peak to off-peak hours. Such load shifting is
beneficial, if the spread between off-peak and peak tariffs is



greater than the costs for using the storage device. The costs
for using the device are determined by the technology used,
namely its costs per storage capacity unit and the expected
number of nominal (dis-)charge cycles (see (7) and (8)). Dis-
advantageously, extending the capacity leads to higher fixed
costs due to higher capital costs of the system (see (5)). Fig. 2
shows the impact of capacity extensions for the technology
cases presented in Table III.

20,0%
:\; o //‘—"N
E / —— Lead acid (best case, ref. case)
£ /"H“ —&— NiCd (best case)
& 0,0% A g-ee AAX e —a&— Lilon (best case)
§ "‘\\ ---#--- Lead acid (avg. case)
E: 10.0% | n — —® — -NiCd (avg. case)
, L i
A - ---A--- Lilon (avg. case)
" [ ]
-20,0%
0 2 4 6

Storage Capacity (kWh)

Fig. 2. Impact of capacity variations for different technology cases

The results of the capacity variation reveal that the parame-
ter "cost per storage capacity unit" k (EUR/kWh) has the
largest impact on the overall result. Although the li-ion tech-
nology (best case) has a by factor 3.3 higher number of ex-
pected life cycles and a higher storage efficiency than the lead-
acid technology (best case), the lead-acid technology with its
by factor 3.3 lower costs per capacity unit leads to significant-
ly better results of ~17% vs. ~5% annual savings.

For the reference scenario, the system based on lead-acid
technology has an optimal storage capacity of 5 kWh, while
this is 2.5 kWh for the li-ion-based system. For larger capacity
values, both cases result in lower percentage of annual sav-
ings.

For all other technologies, the analysis reveals negative an-
nual savings. Thus, in these cases the use of a storage system
is not beneficial in the given scenario.

For the following simulation results, the lead-acid technolo-
gy scenario (best case) is the reference, unless a different sce-
nario is explicitly named.

B. Sensitivity Analysis of System Parameters

Besides the storage system's capacity, technical and eco-
nomic parameters of the storage system determine the annual
savings. In order to assess their impact on the savings, each
parameter is varied separately in 4 levels (£1%, £10%) from
the reference value in Table III respectively IV (all parameters
are varied separately from each other). The results in Fig. 3
reveal that variations of the efficiency parameters” and the cost

! Variations from the reference scenario, e.g., a variation of the load curve
distribution or the annual load volume, lead to different optimal capacity
values.

% Storage efficiency and rectifier efficiency have the same impact due to
the model formulation, see (2). An increase of the rectifier and inverter effi-
ciency by 10% from the reference value is not applicable, since this would
lead to efficiency values >100%.

rate per storage unit show the highest sensitivity on the annual
savings. These results are in line with the findings of a sensi-
tivity analysis in [10].

Although the variation of the cost rate per storage capacity
unit shows a lower sensitivity than the efficiency degrees, it
still has the highest absolute impact on the savings (see pre-
vious paragraph) due to the larger absolute differences be-
tween the parameter values (100 [EUR/kWh] (lead-acid) vs.
300 [EUR/kWh] (li-ion)). Variations of the remaining parame-
ters have a minor influence on the savings.

Change of Annual Benefits (% points) due to Parameter Value Variations

Reference Value Variation

Ref. Value - 10% -1% +1% +10%

_w Storage efficiency: 77*”" 85%  -3.9 04 0.4 . 35

é Rectifier efficiency (in): 77" 95 % -3.9 -0.4 0.4 n/a

o

§ Inverter efficiency (out): 77" 98% -55 0.5 05 n/a

é Nominal discharge cycles: ¥ 3000 -1.2[ -0.1 0.1 } 1.0

O

- Life time of system peripherals: 7 10 -0.3 0 0 0.2

E Cost rate per capacity unit: x° 100 EUR/KWh . 24 02 -0.2 -2.4 .

[5)

§ Cost rate per power unit: 7™ 420 EURKW 0.5 0.1 -0.1 -0.5

o

E Interest rate on investment: ; 7% } 1.2 0.1 -0.1 -1 .2[

o

LI§.I Annual maintenance cost: m 2% 0.3 0 0 -0.3

Fig. 3. Sensitivity analysis for technical and economic storage parameters

C. Price Curve Variation

The fluctuations of the market price determine the off-peak
and peak periods when the storage system can be charged re-
spectively discharged. Additionally, the price level and the
spread between peak and off-peak periods determine the
charge and discharge volumes.

The following paragraphs analyze the relative impact of
price spreads, the average price level, and the granularity on
the annual savings. The point in time of peak and off-peak
periods does not shift.?

1) Variation of the Average Market Price: The variation
of the average market price analyzes a linear decrease respec-
tively increase of the average (annual) market price. The mar-
ket price vector contains a price p, for each timeslot ¢. Each

price is increased respectively decreased with the same con-
stant value. Price vectors with average market prices of 90%,
99%, 101%, and 110% of the reference vector's average price
are compared in the analysis. For each price vector, Fig. 4
depicts the relative savings in the context of the reference sce-
nario.

As shown in Fig. 4, the relative savings decrease in case of
an increasing market price. Since all market prices for the ana-
lyzed time period are varied by the same constant factor, the
realizable spreads remain the same. Thus, the absolute savings
also remain equal. Since a decrease in market prices also leads
to lower baseline cost (see (10)), the relative savings decrease.

* The effect of shifting peak and off-peak hours is indirectly analyzed in
Paragraph IV.D, where the load curve distribution is varied.



Additionally, limited efficiency degrees even decrease the

absolute savings in case of higher average market prices (see
(2) and (9)).

= 197%
3 16,9% 16,6% 16,3%
£ 14,0%
©
7]
s
=]
c
c
<
90% 99% 100% 101% 110%

Level of average market price vs. reference price (%)

Fig. 4. Impact of market price level variations

2) Variation of Price Spreads: The variation of price
spreads analyzes a linear increase respectively decrease of the
average spread between peak and off-peak timeslots. The av-
erage (annual) market price is constant in all compared cases
in Fig. 5.

22,0%

9
S 16.1% 16,6% 17,2%
S ,
S
T
n 11,3%
]
-]
c
c
<

90% 99% 100% 101% 110%

Level of average price spread vs. reference case (%)

Fig. 5. Impact of price spread variations

For the reference scenario, an increase of the average price
spread by 1% leads to 0.6%-point higher annual savings. An
increase by 10% raises the annual benefits through the storage
system to 22.0% (+5.4%-points). In the context of increasing
shares of intermittent energy sources that are likely to cause
more volatility on future electricity prices, the significant in-
fluence of the spread supports the benefits of the storage mod-
el.

3) Variation of the Price Curve Granularity: The price
curve granularity determines the number of (potentially) dif-
ferent price blocks per day. The assumption is that all price
blocks are of equal size, i.e., account for the same number of
timeslots. The market price within a price block is constant.
All market price variations base on the reference price vector,
which has 24 different price blocks per day. Fig. 6 depicts the
relative savings in dependency from the price curves granu-
larity.

The analysis shows that an increasing number of market
price blocks per day increases the benefits from a storage sys-
tem. A larger number of price blocks allow the storage system
to charge in particularly low-price timeslots and to avoid ex-
ternal market supply in timeslots with extremely high prices.
A decreasing number of price blocks flattens the extreme val-
ues of a price curve and impedes the arbitrage accommodation
strategy of the storage system.

Hence, this market parameter is an important decision and
steering (incentive) variable for consumers, providers, and
regulators.”

20,0%

16,0%

4,0%

0,0%

12,0%

Annual savings (%)

0 4 8 12 16 20 24 28
Market Prices per Day (#)

Fig. 6. Impact of price curve granularity on annual savings

D. Load Curve Variation

The load curve represents the electricity demand of the ana-
lyzed consumer case for each timeslot. It is assumed that the
load data are ex-ante given. The main characteristics of the
load curve are its distribution and its aggregated height, i.e.,
the annual load (electricity demand) of the consumer.

The following paragraphs analyze the influence of these
components on the relative savings.

1) Annual Load Variation: The variation of the annual
load is a linear modification of the consumer's annual con-
sumption. Each load value ¢, of the load curve vector is mul-

tiplied with a constant variation factor. The analysis compares
annual loads from 1000 kWh to 8000 kWh for a lead-acid-
based storage system and a li-ion-based storage system.

Due to the higher annual load, the load shift volumes also
increase. Therefore, each data point in Fig. 7 is based on the
optimally sized storage system for the corresponding situa-
tion.”

The simulation results in Fig. 7 reveal that higher annual
loads do not necessarily lead to higher relative savings. Be-
sides the optimization of the storage system capacity, an opti-
mization of the power converter dimensions is required. Nev-
ertheless, size variations for the power and storage capacity
can not always achieve positive annual savings. Both, the
charging speed limit and the increasing power converter costs
are bottlenecks in case of larger annual loads (see (2) and (5)).

* E.g., the offering of flexible tariffs is legally required in Germany from
beginning of 2011 onwards [17].

* The optimal storage capacity has been determined separately for each an-
nual load variation and technology scenario.
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Fig. 7. Influence of the annual consumer demand on relative savings

2) Variation of the load curve distribution: Load distribu-
tion variations, i.e., shifting the time of occurrence and level of
load peaks, change the characteristic of the load curve. As a
consequence, the optimal charge-discharge-schedule differs
for each load distribution (assuming the same price curve).
The saving potential of a storage system depends on the distri-
bution of the load curve in comparison with the price curve's
distribution. Load distribution variations do not change the
annual load.

Besides the reference load curve, two additional load curves
were generated: a load curve with an approximately equably
distribution as the price curve and a generated load curve of a
single working household. The reference load profile and the
generated load profile differ only in their intra-day load distri-
bution. The seasonal and weekday-specific load distributions
are equal. As Fig. 8 shows, the variation of the load curve's
distribution has a significant impact on the relative savings
that can be achieved by operating a storage system.

20,0%
g 16,0% -
A
£ 12,0% A
>
©
2 8,0% }/.\.
E / —&— Generated Load Profile
< 4,0% —a— Profile with Price Curve-similar Distribution
—e— VDEW Standard Load Profile
0,0% : . . . —
0 2 4 6 8 10

Storage Capacity (kWh)

Fig. 8. Impact of the load profile shape on relative savings

The more the load curve distribution differs from the given
price curve distribution, the more the relative savings de-

shape

crease. The indicator ¥ measures the similarity of the

load curve distribution to the price curve distribution.

Xshape 1 i b Z[ 1 (18)
=—" aos| ——
T t=1 ft

The vector Z represents a load curve with the same annual

load as ¢, and the similar distribution as the reference price

curve p,:
~ T T -l
L=p | 2l || Zpo 19)
t'=1 t'=1
T T
2l =21 (20)
t=1 t=1
TABLE VI
LOAD CURVE DISTRIBUTION INDICATOR VALUES
shape Annual Sav-
Load Curve X ings (%)
VDEW Standard Load Profile (reference) 0.51 16.6
Profile with Price Curve-similar Distribu- 0.29 19.1
tion
Generated Load Profile of a single work- 1.57 9.6

ing household

A series of simulations with 60 randomly generated load
profiles of 1- and 2-person households (30 households each,
includes 67% working and 33% not working households) con-

shape

firms the correlation of and the relative annual savings

(see Fig. 9), which is not intuitive regarding the number of
possible load distributions and their effects on the savings

through the storage system. Thus, the indicator "% can be

seen as an indicator for investment decisions that allows an ex-

ante estimation of potential benefits from a storage system for
a given consumer profile.
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Annual Savings (%)

0 ,
1,1 1,4
X

Fig. 9. Impact of the load profile shape on relative savings

1,7
shape

Furthermore, the optimal system capacity varies depending
on the load curve distribution. If the consumer's load is high in
low-price timeslots and low in peak price timeslots, the base-
line cost and the saving potential are low due to low load shift-
ing volumes, which again results in a lower optimal storage
capacity value. If the load curve distribution is pro-cyclic with
the price curve (highest electricity demand occurs in price
peak timeslots), the annual savings potential, the load shifting
volumes and the corresponding optimal storage capacity value
are high.



V. CONCLUSIONS

The presented model reveals a cost reduction potential
through a storage system of up to 17% on total annual costs
with a lead-acid-based storage system, whereas a li-ion-based
system achieves only ~5% savings. The sensitivity analyses
underline the outstanding impact of the costs per storage unit
(EUR/kWh) and the high sensitivity of the efficiency degrees
on the achievable benefits.

In the context of increasing shares for intermittent energy
sources with their potential impact on the resulting market
price, the analysis of price curve variations reveals further
benefit potentials for the presented storage application in case
of increasing gaps between peak and off-peak prices. The
market price granularity results as an important incentive pa-
rameter regarding investments into storage systems for con-
sumers, regulators and electricity providers. Additionally, the

shape

developed indicator ¥ may serve as an indicator for in-

vestment decisions. It allows an ex-ante estimation of potential
benefits from a storage system for a given consumer profile.

The next research step will deepen the assessment of poten-
tial benefits from distributed storage. Analyzing the impact of
available forecasts regarding the consumer load and the mar-
ket prices will address a weakness of the presented model that
assumes ex ante known values of price and load data.
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