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Abstract—The EU is committed to reducing greenhouse gas
emissions to 80-95% below 1990 levels by 2050. To accomplish
this goal the share of renewable energy sources have to increase
significantly. Challenges related to keeping a high security of
supply have raised while the share of intermittent renewable
electricity generation is increasing. The increasing level of RES
production leads to higher volatility in market prices. The main
challenges lay within the modeling and simulation of the random
variables. Therefore, the assessment of the operation of the entire
micro-grid should be studied while constructing different test
scenarios under uncertainty of the market prices and micro-grid
configuration. This paper constructs different tests to investigate
the integration of Electric Energy Storage unit technologies in a
micro-grid. The assessment of the impact on the micro-grid, like
congestion or voltage problem, are analyzed when the EES units
are owned by a separate business entity called aggregator or a
grid owner.

Index-terms: EES units, aggregator, micro-grid.

I. NOMENCLATURE

A. Indices

k index for storages, k = 1, . . . ,K;
t planning periods, t = 1, . . . , T ;

B. Parameters

P k/P k Max/Min storage rate of disch./charge ;
Ek Max. capacity of a storage;
γk/γk Scalar to calculate max/min SoC ;
ηchk /ηdchk Charging/discharging efficiency of a storage;
ηrk Round trip efficiency;
∆t time duration of each time step;
SoCk,t=0 Starting storage level;
SoCend

k, Storage level at the end of the day;
λs,t Market price scenarios;
ct Aggregator’s offer to storage owner;
ccapk Capital cost of a storage;
µk The slope of the linear approximation of the

battery life as a function of the cycles;
As,k,t Availability matrix ;
Ds,k,t Average hourly driving distance;
ηdrk Driving efficiency of a mobile storage;

C. Variables
pchk,t/p

dch
k,t Charge/discharge level for kth storage;

SoCB
k,t Storage level at the end of time step t ;

uk,t binary variable;

II. INTRODUCTION

The RES (Renewable Energy Sources) share in the power
system is growing notably. Predictions, as well as EU tar-
gets 2030, 2050 [1], indicate that this growth will keep on
increasing in the future. In addition, the RES (wind, solar,
etc.) prediction techniques are not accurate enough to consider
power production variations, and therefore huge unpredicted
RES power production variations might happen in the power
system in the near future. These variations must be handled
in an optimal way. Some conventional generation units and
demand response must be used to compensate RES power
production variations in the power system and in this way,
maintain the balance between production and consumption.

One way to support the grid is to enable the aggregation of
the smaller resources to participate in the market. Recently,
European electricity markets, particularly Nordic electricity
market, are discussing about a new market entity called a third
party aggregator [2].

Worldwide stationary and mobile Electric Energy Storage
(EES) penetration are increasing significantly [3]. Therefore,
there is a huge potential using stationary and mobile storages
to assist the electric power grid. Under the smart grid concept,
an EES aggregator will participate in energy markets on behalf
of the EES owner, aiming to maximize its profit. Stationary
and mobile storages can act as generators or consumers while
interacting with the electric grid. As a market entity, the EES
unit aggregator aims at buying/selling the electric power at the
lowest/highest possible price [4].

Authors in all mentioned references study standalone cases
to validate the developed models. In the similar way, the
developed approach in [5] is applied to derive a bidding
discharge/charge curve of an EES unit aggregator managing
large number of stationary and mobile EES units without
considering any micro-grid. Therefore, real case studies, which
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illustrate and analyse the simulation results of an EES unit
aggregation models on a grid formed by different components
like generation, loads, storage devices and so on, will bring
an additional value.

In addition, the increasing level of RES production leads
to higher volatility in market prices. The main challenges lay
within the modeling and simulation of the random variables.
Hence, the assessment of the operation of the entire micro-grid
should be studied while constructing different test scenarios
when 1) the EES units are owned by an aggregator or 2) by
the grid operator.

Therefore, first, the model developed in [5] is used to
generate optimal charge/discharge planning of EES units.
Then, different tests have been carried out using RSE’s micro-
grid infrastructure, considering different market price scenarios
and assuming 1) the EES units in the micro-grid are owned
by an aggregator who aims to fulfil its economic incentives
2) the EES units are owned by the grid operator who aims to
support the grid needs. Finally, the behaviour of the micro-grid
is studied by investigating the executed test results.

The paper is structured as follows. Section III describes
the executed tests and experiments. Section IV discusses the
results of the tests and in Section V the conclusion is drawn.

III. EXECUTED TESTS AND EXPERIMENTS

A. RSE micro-grid configuration

The RSE DER-TF (Distributed Energy Resources Test
Facility) [6] is an infrastructure available for researchers in
order to develop and test Smart Grid and Microgrid concepts,
including management and control optimization, advanced
power system architectures, DER and storages integration,
electric mobility. RSE DER-TF is a real hybrid AC-DC low
voltage micro-grid that interconnects different generators, stor-
age systems and loads to develop studies and experimentations
on DERs and micro-grids. The Facility extends over an area
of about 20000 m2, is interconnected to the MV Grid by
means of a 800 kVA dedicated transformer and is able to
operate in grid-connected or in islanded mode thanks to
grid-forming converters. The micro-grid is configurable at
the interconnection board in order to obtain different grid
topologies and the feeders can be extended till one kilometer.
The micro-grid is equipped with power quality analyzer and
phaser measurement units, set up to collect and analyze the
experimental data derived from the field test. A Supervision
and Control system has been developed in order to monitor
and control all installed resources.

Fig. 1 illustrates the RSE’s micro-grid configuration
(’benchmark’ configuration in our experiments). All the com-
ponents are connected directly to the main bus in a radial
configuration. According to the Fig. 1, during the tests, the
main components of the micro-grid configuration were four
EES units, the PV plant, the wind turbine and the load. The
main specifications related to the EES units integrated in the
RSE’s micro-grid are summarized in Table I.

TABLE I: EES unit specifications

Lithium Lead NaNiCl Redox
Ek (kwh) 32 35 67 90

P
ch
k (kw) -30 -5 -18 -20

P
dch
k (kw) 30 15 18 25
ηrk(%) 92-98 88-94 90-96 68-72
γk 0.8 0.8 0.8 0.8
γ
k

0.2 0.2 0.2 0.2
ccapk (e) 31000 22250 50020 97000
µk -0.0013 -0.0013 -0.0013 -0.0013

Normally the micro-grid is operated in radial configuration
Fig. 1. However, in case of line fault or maintenance, the
micro-grid configuration can be modified (’modified’ con-
figuration in our experiments). In this situation the overall
micro-grid could be weaker than in a radial configuration. To
verify that, also in this case contingency doesn’t happen, we
realized some tests with a modified (weak) configuration of the
RSE’s micro-grid. The weak configuration has been obtained
connecting the main components to a single feeder, inserting
line extensions with different length between them.

B. Aggregation model

The aggregator solves a linear program stated in (1)-(5) to
derive optimal charge/discharge plans for its EES units.

Max.
∑
t,k

[(
λtp

dch
k,t ∆t− ct

pdchk,t

ηdchk

∆t−
∣∣∣ µk

100

∣∣∣ ccapk

Ek

pdchk,t ∆t

)

−

(
λtp

ch
k,t∆t− ctη

dch
k pchk,t∆t+

∣∣∣ µk

100

∣∣∣ ccapk

Ek

pchk,t∆t

)]
(1)

The first line in (1) formulates the aggregators profit (rev-
enue minus cost) while discharging. The second line in (1)
expresses the aggregators profit (revenue minus cost) when
offering charging. In (1) the last term in both lines model the
battery degradation cost.

The energy balance constraint can be modeled as:

SoCk,t = SoCk,t−1 +

[
pchk,tη

ch
k ∆t−

pdchk,t

ηdchk

∆t

]
Ak,t

−Dk,tη
dr
k (1 −Ak,t) (2)

Equation (2) states that for each hour the new energy level
is equal to its old value plus energy inflow minus energy
outflow. Please note that, (2) allows modeling both stationary
and mobile storages. For stationary storages, the availability
matrix Ak,t is always 1; hence the last term which is energy
spend on driving purposes vanishes. For mobile storages the
availability matrix is either 0 or 1 depending on weather the
mobile storage is available or on a trip.

The constraint (3) bounds the storage content by its mini-
mum and maximum levels.

γ
k
Ek ≤ SoCk,t ≤ γkEk (3)
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Fig. 1: RSE micro-grid configuration.

The constraints (4) and (5) define charge/discharge power
level based on the maximum and minimum device dis-
charge/charge capacity. Note that if the device is not available
the power level will be forced to be 0 according to (4) and
(5). In addition, an EES unit will either charge or discharge
for each time step by introducing binary variable uk,t in (4)
and (5).

Ak,tP
dch
k uk,t ≤ pdchk,t ≤ P

dch

k uk,tAk,t (4)

Ak,tP
ch
k (1 − uk,t) ≤ pBch

k,t ≤ P
ch

k (1 − uk,t)Ak,t (5)

C. Market Price scenarios

Studies in [7] show that the Markov-based HW model is one
of the best performing predicting tool for electricity market
prices. Accordingly, the market prices are predicted using the
standard HW model as in [7]. For that purpose historical
data related to market prices reported in Nord Pool website
[8] is used. Then, the market price scenarios are generated
considering the expected values, the variances of market prices
and assuming normal distribution.

D. Test Set-up

Using RSE’s micro-grid benchmark configuration depicted
in Fig. 1 two tests are launched (Test 1 and 2). For each
test the procedure is the following: 1) deriving hourly op-
timal charge/discharge plans for EES units for an example
market price scenario using optimization model summarized
in (1)-(5) and 2) operating the whole micro-grid with the
optimal charge/discharge plans calculated in step 1). Using
RSE’s micro-grid modified configuration another two tests are
conducted (Test 3 and 4). For the Test 3 charge/discharge plans
for EES units are obtained from the optimization model (the
EES units are owned by an aggregator). However, the storage
units are allowed to support freely the micro-grid needs for
the Test 4 (the EES units are owned by the grid operator).

The constructed tests are summarized in Table II.

TABLE II: Summary of the constructed tests

Micro-grid Market price Operation of EES unit
configuration scenario the EES units owner

Test 1 Benchmark scenario 1 optimal Agg-tor
Test 2 Benchmark scenario 2 optimal Agg-tor
Test 3 Modified scenario 1 optimal Agg-tor
Test 4 Modified – Not optimal Grid op-tor

E. Data Management

The communication between the EES unit aggregation
model, coded in GAMS, and the RSE test environment have
been conducted in the following way. First, the optimization
model have been simulated with corresponding input data in
GAMS. Then the derived optimal charge/discharge plans for
the EES units have been manually transferred as input data
to the micro-grid test environment. Finally, the corresponding
test has been launched.

IV. RESULTS

A. Tests constructed on the RSE’s benchmark configuration:

Test 1: Results from RSE’s micro-grid benchmark configu-
ration, while optimal operating the EES units with market price
scenario 1, are discussed below. Fig. 2 depicts the optimal
charge/discharge power profiles for EES units resulting from
the optimization model.

Accordingly, Fig. 3 and Fig. 4 are the voltages and the
frequencies of the micro-grid components. Taking into consid-
eration that the voltage and frequency limits for RSE’s micro-
grid components are nominal voltage ± 10 % of nominal
voltage (400 ± 40 V) and nominal frequency ± 5 % of
nominal frequency (50 ± 2.5 Hz) respectively, it is easy to
observe that there is not any issue related to the voltages and
the frequencies of micro-grid components.

Test 2: The discussion of the results from RSE’s micro-grid
benchmark configuration, while optimal operating the EES
units with market price scenario 2, are presented below. Fig.
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Fig. 2: Optimal charge/discharge plans for the storage units resulted from the optimization
problem; scenario 1. The positive/negative active power represents discharge/charge
volumes respectively.

Fig. 3: Micro-grid component voltages for Test 1.

Fig. 4: Micro-grid component frequencies for Test 1.

5 depicts the optimal charge/discharge plans for EES units
resulting from the optimization model.

Fig. 5: Optimal charge/discharge plans for the storage units resulted from the optimization
problem; scenario 2. The positive/negative active power represents discharge/charge
volumes respectively.

Similar to the Test 1, Fig. 6 and Fig. 7 illustrate the voltages
and the frequencies of the micro-grid components for Test 2.
Again, it is obvious that any issue related to the component
voltages and the frequencies is not observed in Test 2.

Fig. 6: Micro-grid component voltages for Test 2.

Fig. 7: Micro-grid component frequencies for Test 2.

B. Tests constructed on the RSE’s modified configuration:

Test 3: The results using the modified configuration of the
micro-grid, when the EES units are owed by an aggregator,
are depicted in Fig. 8, Fig. 9 and Fig. 10. Fig. 8 illustrates the
optimal charge/discharge plans for EES units resulting from
the optimization model. While, Fig. 9 and Fig. 10 draw the
voltages and the frequencies of the micro-grid components for
Test 3. According to Fig. 9, this approach determines higher
voltage variation respect to Test 1 and 2, but in any case the
voltages are still within the bound for the entire period.

Fig. 8: Optimal charge/discharge plans for the storage units resulted from the optimization
problem, scenario 1. The positive/negative active power represents discharge/charge
volumes respectively.

Test 4: Finally, the results obtained from Test 4 are pre-
sented in Fig. 8, Fig. 9 and Fig. 10, where the modified
configuration of the micro-grid is used and it is assumed that
the EES units are owed by the grid operator. In this specific
case also the component voltages and frequencies lay within
the allowable limits.

To summarise, according to the results gathered and anal-
ysed in all four tests, higher voltage variation has been
discovered in Test 3 compared with the other three test
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Fig. 9: Micro-grid component voltages for Test 3.

Fig. 10: Micro-grid component frequencies for Test 3.

Fig. 11: Charge/discharge plans for the storage units to support the micro-grid needs.
The positive/negative active power represents discharge/charge volumes respectively.

Fig. 12: Micro-grid component voltages for Test 4.

results. However, still component voltages in Test 3 don’t
violate the voltage limits. Thus, the present configuration of
the RSE’s micro-grid is strong enough to cope with current
RES integration level and corresponding disturbances caused
by intermittent RES units, namely PV and wind. Moreover,
the RSE’s current micro-grid configuration might support
additional RES integration in the system without causing any
voltage or frequency problem. More tests need to be launched
and more analysis should be carried out to emphasise this

Fig. 13: Micro-grid component frequencies for Test 4.

thought.

V. CONCLUSION

The aggregators are required business entities, who enable
smooth cooperation of large EES unit owners and the SO
(System Operator) while maximizing their own profit. This
paper constructs different test scenarios to investigate the
integration of EES unit technologies in a micro-grid, when the
EES units are owned by an aggregator or the grid owner. The
RSE’s micro-grid configuration has been used for performing
tests. The assessment of the micro-grid behaviour is carried
out through observations of frequencies and voltages of the
underling grid components. The present configuration of the
RSE’s micro-grid is strong enough to cope with current RES
integration level and corresponding disturbances caused by
intermittent RES units. In addition, RSE’s micro-grid configu-
ration is quite robust to allow new level of integration of RES
units. However, to be able to stress this opinion out more tests
should be conducted.
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