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Optimization of Energy Storage Capacity
in an Islanded Microgrid

Vassil Guliashki' and Galia Marinova®

Abstract — This paper considers one part of the islanded
microgrid design - the optimization of energy storage capacity.
GridLab-D open source simulation tool is used for simulation of
the microgrid elements. Matlab environment is used to run an
optimization solver. The product GridMat is used as an interface
tool between Matlab and GridLab-D. Eight different scenarios
are tested. For each of them an economic scheduling
optimization problem on the considered microgrid is formulated
and solved by means of three optimizations methods. The
obtained results are discussed and some conclusions are drawn.

Keywords — Microgrids, GridLab-D, GridMat, Matlab, Energy
scheduling optimization.

I. INTRODUCTION

A microgrid is a low-voltage distribution system,
integrating distributed energy resources (DERSs) or renewable
energy sources (RES) and controllable loads, which can be
used/controlled in either islanded or grid-connected mode. In
this paper an islanded microgrid is studied. DERs make the
microgrid more secure and reliable in cases of disasters, such
as earthquake, which might cause a long time power outage in
electrical power grid. On the other hand the microgrid should
be robust in controlling supply, demand, voltage, and
frequency. The DERs production plan can be evaluated by
using meteorological forecasts. In this case the use of energy
storage (battery bank) can help in meeting the hourly
production plan, providing the additional necessary energy to
cover the peak load demand [2]. The capacity of the energy
storage is limited and for the time when DERs cannot
generate enough energy an independent from the main grid
energy source, such like diesel generator is necessary.

Proper selection and optimal sizing of the energy storage is
an important task in design of microgrids. The optimal battery
bank capacity will allow a minimization of the fuel
consumption by the diesel generator and reducing the harmful
impact on the environment. At the same time the costs for the
end user can be essentially reduced. To optimize the energy
storage size eight scenarios with different battery bank
capacity are considered. The corresponding optimization
problems are based on an economic model for battery bank
and diesel generator scheduling, similar to the model
presented in [12,13]. The experimental microgrid setup
includes a photovoltaic system, a wind turbine, a diesel
generator and three houses. The considered microgrid
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operates in an island mode, i.e. its point of common coupling
(PCC) is disconnected from the main grid. To formulate an
optimization task the exact amount of power demand and
power supply for the next 24 hours period should be known.
This is a heavy requirement, especially in real world
applications. For example, there could appear great
fluctuations in the wind generators output. The solar radiation
forecasts could also be inexact and could vary essentially. For
this reason the energy, generated by the diesel generator
should include a reserve rate (see [5, 6]) and the forecasted
data for the renewable energy resources (wind turbine and
photovoltaic system), as well as for the loads (houses) should
be taken adding a safe margin for each microgrid element.

The open source GridLab-D (see [3]) is used to simulate all
the elements of the microgrid. The software product GridMat
(see [1]) is used as an interface tool between Matlab (see [4])
and GridLab-D. Climate data, available on the official website
of GridLab-D, are used for the simulations. The optimization
problem is solved by using the Matlab optimization toolbox.

II. THE EXPERIMENTAL MICROGRID

The microgrid studied in this work operates with a three-
phase medium voltage alternating current (AC) transmission
system in an Island mode (disconnected from the Network). A
diesel generator is considered in order to supply, together with
the RES, the energy necessary to cover the loads. Two type of
RES are considered connected in the Microgrid: 1) a
photovoltaic system composed by an inverter and a group of
solar panels, and 2) a wind turbine. A group of batteries
(energy storage system) is also interconnected to the
microgrid through a DC/AC bi-directional inverter. The use of
optimal battery bank schedule makes the microgrid under
study a smart microgrid, since it ensures the balance between
the loads and the energy produced by the RES, and allows the
minimization of fuel consumption by the diesel generator. The
system configuration of the microgrid is presented on Fig. 1.
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Fig. 1. Microgrid system configuration

The microgrid with all its components is shown on Fig 2.
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I1I. ECONOMIC SCHEDULING OPTIMIZATION MODEL

It this study the behavior of the RES has been simulated
from historical climate data of a particular geographical
position: Seattle (USA); The data for solar radiation and wind
speed, as well for the houses energy consumption are real data

for a given winter day. They are taken as a forecasted data.
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Fig. 2. The experimental microgrid

In [5] are given energy safety margins necessary to cover
the uncertainty of the forecasted data. Taking into account
these margin values, in the created optimization model are
assumed the following values: Wind turbine: (-30%) ;
Photovoltaic: (-37%); Houses: (+25%); Diesel generator:
(+20%). Having available correct forecasted data for the RES
production and houses consumption one day before for the
next day, it is possible to optimize the microgrid behavior for
a whole year, solving one day ahead the correspondent
scheduling optimization problem for the next day.

The time interval being analysed (one day and one night)
is divided by 24 time steps, each with 1 hour length. The
balance power Py of the studied microgrid should satisfy the
following equations (see [6]):

Pres+Pp =Py (1)
Pg= Py at+ Ppg, 2

where Ppgs is the output power of renewable energy sources,
Py is the balance power, Pg, 4 is the power from discharging
the battery system, Pp¢ is the output of the diesel generator,
and P, is the microgrid load, equal to houses consumption
energy plus battery system charging energy. The parameters
and the decision variables used are presented in Table 1.

TABLE 1 PARAMETERS

Parameter Description
CC Capital cost for interval of one hour
OM Operation maintenance for one hour
RC Replacement cost (of the battery)
FC Fuel cost for interval of one hour
EC Emission cost for interval of one hour
CRF Capital recovery factor for one hour
SFF Sinking fund factor for one hour

Taking into account that the photovoltaic area, the wind
turbine capacity, as well as the house energy consumption
cannot be subject to optimization since their schedules are
independent, the objective function includes the balance power:

min F=

=GPy = 3 CCo 0+ OM (0 + FC 0+ ECpo (0

24
+Y OM,, (1) + RCy,, (1) + CC,, (1)

t=1

where Pj, is the balance power for hour t and C, is the cost of
this power. In C, are included the deprecations costs of each
microgrid energy generation element (unit), of operational
costs of individual units, of the fuel cost (for the fuel
consumed by the diesel generator), and of emission cost.
Calculating F only the hours, when the diesel generator
operates and when the battery system is charging/discharging
are taken into account. In [9, 10] are given formulas for
calculating the correspondent annual values. Hence the one
hour capital cost of microgrid units, which do not need a
replacement during the project life time, such like diesel
generator and inverter, is calculated as follows:
_ Ceappg-CRF(, y)
CCoo= 5475 ’ @
Assuming, that the diesel generator is used average 15
hours in a 24 h period, the denominator is: 5475 = 15 x 365,

i(1+i)Y
(1+i)Y -1

Here Ccappg. is the capital cost (US$), y is the project life
time, and 7 is the annual interest rate [11]:

CRF(i,y) = 4)

i i-f (6)
I+ f
where: i’ is the loan interest (%), and f'is the annual inflation

rate (%).
The one hour operation maintenance cost is:

M = Ccappg.(1-1)

5475y )
for the diesel generator, and
OM = Ceapy,, (1=4) )
6570.y

for the battery, where: 1 is the reliability of correspondent unit.
Assuming, that the battery bank is used average 18 hours

in a 24 h period (i.e. 365 x 18 = 6570 hours annually), the one

hour battery bank replacement cost is:

_ Crepy, SFF(i,y.,,)

©))
6570
where: Crep is the replacement cost of battery bank, and SFF
is the sinking fund factor, which is calculated as follows [11]:

RC

SFF=— (10)
(+i) -1
The one hour fuel cost of diesel generator for hour ¢ is:
FC=CfG®)

where: Cf is the fuel cost per liter, and G(¢) is the hourly
consumption of diesel generator [7, 8, 9, 10] as follows:

G(f) = (0,246Ppi(t) + 0,08415.P))  (11)
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where: Ppg(?) is the diesel power at time ¢, and P; is the rated
power of the diesel generator.
The hourly emission cost (CO, emission) is:

E,E P,
EC(t) = %“ —00187.P,.(1) (12)
where: Eris the emission function (kg/kWh), and E is the
emission cost factor ($/ton)

The necessary economic data are given in Table 2:

TABLE 2 THE ECONOMIC DATA

Interest rate i’ (%) 3
Inflation rate (%) 1,6
Inverter life time (years) 20
Battery life time (years) 10
Reliability of inverter (%) 0,98
Reliability of battery (%) 0,98
Reliability of diesel (%) 0,9
Cost of diesel generator (US$/KW) | 500
Cost of battery bank (US$/KWh) 200
Cost of inverter (US$/KW) 1000
Fuel cost (Cf) (US$/1) 0,75
Emission function (kg/kWh) 0,34
Emission cost factor (US$/ton) 55

Detailed data about the microgrid components are given
in [13]. The data in Table 2 are taken from [9], only the fuel
cost value is taken from [10]. Other parameters to be defined
are the energy amount for charging and discharging:
Pbt_max, and the maximal battery bank capacity Ep .
Since Py = 38, hence Ccappe = 19000 $. In [6] is stated, that
the high speed (3600 r/min), air-cooled diesel can be used for
about 20 000 h. Hence the project life time y in formulas (5),
(7) and (8) is: y = 3,653 years. The annual interest rate i =
0,53846154. Hence CRF(i, y) = 0,67926. CCps = 2,3573 $/h.
OMpg = 0,095 $/h. SFF = 0,141. Ccap;,, = 10000 $. The
inverter one hour capital cost is: CC;,, = 0.0761 $/h.

To evaluate the optimal energy storage eight scenarios
with different battery bank capacity and the same other
parameters are tested. The battery bank capacity data are
presented in Table 3.

TABLE 3 THE BATTERY BANK DATA

Ne|  Ep o Pbt max | Crepg, OMp,, RCy,
[kWh] [kW] [$] [$/h] [$/h]
1 10 1 2000 0,00167 | 0,0429
2 25 2,5 5000 0,00417 | 0,1072
3 50 5 10000 0,00833 | 0,2143
4 100 10 20000 0,01667 | 0,4286
5 150 15 30000 0,02501 | 0,6429
6 200 20 40000 0,03334 | 0,8572
7 250 25 50000 0,04168 1,0716
8 500 50 100000 | 0,08335 | 2,1431

The constraints concerning the diesel generator are:
0,3.Pg < Ppg(f) < Pr (13)
Taking into account the modified values from [5], the
following constraint is obtained:
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The constraints concerning the battery system are:
- Pbtﬁmax < PBat(t) <+ Pbtﬁmax (15)
SOC,.in < SOC(i) £ SOC,4x (16)
24
3 P (0)=0; 1=1,.24; (a7
=1

where: P, () is the power absorbed by the houses during the
hour "' [kW]; Ppy(?) is the power delivered by photovoltaic
panels during the hour "#" [kW]; Pyr(i) is the power delivered
by wind turbine during the hour "#" [KW]; Pgy 4(t) is the
power delivered by the battery block (discharging) during the
hour "¢ [kW]. Pbt max is the maximum power that the
battery system can deliver/absorb [kW]; SOC(%) is the State Of
Charge of the battery during the hour "t" [%] SOC,,;, = lower
limit for the State Of Charge of the battery [%] SOC,.. =
upper limit for the State Of Charge of the battery [%].

Finally taking into account the energy balance of the
microgrid (see equations (1)-(2)), the last constraint obtained is:

Ppalt) + Ppe(t) 2 Pu(t) = PpAt) = Pyr(t) , 1=1,...,24; (18)
where Pp(f) is the house consumption energy. The energy
Pp(t) is considered positive when the battery is discharging
and negative when is charging. Therefore, the equation (15)
represents the power limit, which can be delivered or
absorbed by the inverter tie to the battery system; the system
cannot supply or absorb a power more than the Pbt max.

The SOC of the battery represents the amount of energy
stored in the battery system. Therefore, the equation (16)
means that, for each time step, the SOC must be included
between a minimum and a maximum value depending by the
system used to storage the energy and agree with physical
limit of maximum SOC of 100%. In this case, the minimum
and maximum level of SOC are fixed to 20% and 100%
respectively.

The SOC depends on the value of Pg,(?) for each time
step; the relation between these variables is shown below:

SOC(t)=SOC(t-1) - Lou®) ,,
bt _max
where: At is the time step [h], SOC(0) = Initial charge of the
battery (it is an input value of the problem). In this
optimization problem, the initial value of the SOC is fixed to
50% from Ej, e At the begin of the optimization, the battery
system is charged to the half of its full charge.
The constraint, shown in equation (17), is used in order to
get, at the end of the 24h period, the same value of SOC like
at the begin of the period.

(19)

IV. TEST RESULTS

The simulations with GridLab-D give the results about the
consumption of the houses, the production of the solar panels
and wind turbine.

The minimization of (3) subject to (13)-(19) requires 48
variables: Pg,(f) and Pps(f), t=1,...,24; To solve this



optimization problem, the Matlab solver fimincon has been
used. The optimization is performed by three methods:
"Interior point (IP)", "Active set (AS)" and "Sequential
quadratic programming (SQP)". The best solutions x* in all
cases are obtained by the SQP method. The calculations are
started with one and the same initial solution x0. The final
results are presented in Table 4.

TABLE 4 FINAL RESULTS

Ept max | F(x0) F(x*) | Reduced | Reduced | Iterations
[kWh] [$] [$] costs [$] | costs [%]| (IP, AS,SQP)
10 206,07 | 203,26 2,81 1,362 | 94,9,11
25 206,62 | 202,31 431 2,085 112,11,17
50 208,84 | 202,10 6.75 3,230 |156,15,21
100 | 213,29 | 196,57 | 16,73 7,842 |17,16,13
150 | 217,75 | 201,91 | 15,84 7,275 |18,27,10
200 | 222,20 | 207,25 | 14,95 6,729 |17,26,8
250 | 226,65 | 212,59 | 14,06 6,204 |13,24,9
500 | 248,92 | 239,31 9,61 3,860 |18,27,9

The optimization results show, that the maximal value of
reduced costs correspond to a battery bank with 100 kWh
capacity. If the obtained reduced costs for a 24 h period in
winter can be assumed as an average reduction, we could
evaluate the total sum (75) of reduced costs for the project life
time (3, 653 years) as a result of optimization of the battery
bank schedule and the diesel generator schedule. A
comparison with the capital costs for the battery bank (CCp,,)
is presented in Table 5.

TABLE 5 COMPARISON BETWEEN 7S AND CCj,;

Scenario | Ep max 7S CCpu TS — CCpy
Ne [kWh] [$] [$] [$]

1 10 3746,70 2000 +1746,70

2 25 5746,72 5000 +746,72

3 50 9000,08 10000 -999,92

4 100 22306,86 20000 +2306,86

5 150 21120,18 30000 —8879,82

6 200 19933,51 40000 -20066,49

7 250 18746,83 50000 -31253,17

8 500 12813,45 100000 —87186,55

V. CONCLUSION

The optimization of battery storage capacity in a microgrid
is considered in this paper. Eight scenarios with different
battery bank capacity are tested. Real data for a winter day
(the worst case) are used. Optimizing the battery schedule and
the diesel generator schedule, the electricity costs are reduced
in all cases. The greatest percent of cost reduction is obtained
for 100 kWh battery capacity (see Table 4). Increasing the
battery capacity over this value for the studied microgrid leads
to decreasing the percent of costs reduction. The comparison
presented in Table 5 shows that the total sum of cost reduction
for the project life time is less than the capital costs for the
battery bank in all cases with £y . > 100 kWh. Hence, the
increasing the battery capacity leads to increasing the daily
costs for electricity for the end user. One possibility for

improving this situation is to increase the project life time,
saving at the same time the capital costs for the battery bank
unchanged. It must be taken into account here, that the daily
charging and discharging the batteries shortens their life time.
Second possibility is to produce cheaper batteries. In [14] is
noted, that for the real projects the "battery storage would
need to cut costs by four-fold to compete in providing
capacity". Another way to reduce the electricity costs is to use
the microgrid in a mode, connected to the main grid. In this
case the generated surplus energy (due to the safe margins in
our model) could be sold to the main grid.

REFERENCES

[11 M. A. Al Faruque, and F. Ahourai, "GridMat: Matlab Toolbox
for GridLAB-D to Analyse Grid Impact and Validate
Residential Microgrid Level Energy Management Algorithms",
IEEE PES Conference on Innovative Smart Grid Technologies
(ISGT'14), Washington DC, USA, February 2014.
http://aicps.eng.uci.edu/ papers/GridMat-ISGT-2014.pdf

[2] M. Marinelli, "Testing of a Predictive Control Strategy for
Balancing", /IEEE Transactions on Sustainable Energy, 2014.

[3] D. P. Chassin et all, "GridLAB-D: An Agent-Based Simulation
Framework for Smart Grids", Journal of Applied Mathematics,
vol. 2014 (2014), Article ID 492320, 12 pages.

[4] Matlab, [Online]. http://www.mathworks.com/products/matlab/

[5] G. W. Chang, H. J. Lu, and H. J. Su, "Short-term Distributed
Energy Resource Scheduling for a DC Microgrid", Energy and
Power Engineering, vol. 5, pp. 15-21, 2013.

[6] J.Xiao, L. Bai, F. Li, H. Liang, and C. Wang, "Sizing of Energy
Storage and Diesel Generators in an Isolated Microgrid Using
Discrete Fourier Transform (DFT)", IEEE Transactions on
Sustainable Energy, vol. 5, no. 3, July 2014.

[71 R. Dufo-Lopez, and J. L. Bernal-Agustin, “Multi-Objective
Design of PV-Wind-Diesel-Hydrogen-Battery = Systems”,
Renewable Energy, vol. 33, no. 12, pp. 2559-2572, December
2008.

[8] O. Skarstein, and K. Ulhen, “Design Considerations with
Respect to Long-Term Diesel Saving in Wind/Diesel Plants”,
Wind Engineering, vol. 13, no. 2, pp. 72-87, 1989.

[97 N. A. Luu, "Control and Management Strategies for a
Microgrid", Ph.D. Thesis, Universit¢ de Grenoble, France,
18.12.2014, https://tel.archives-ouvertes.fr/tel-01144941/
document.

[10] H. Seryoatmojo, A. A. Elbaset, Syafaruddin, and T. Hiyama,
"Genetic Algorithm Based Optimal Sizing of PV-Diesel-Battery
System, Considering CO, Emission and Reliability", Interna-
tional Journal of Innovative Computing, Information and
Control, vol. 6, no. 10, October 2010, pp. 4631-4649.

[11] S. Diaf, M. Belhamelb, M. Haddadic, and A. Louchea,
"Technical and Economic Assessment of Hybrid Photovoltaic
Wind System with Battery Storage in Corsica Island", Energy
Policy, vol. 36, no. 2, pp. 743-754, 2008.

[12] G. Marinova, and V. Guliashki, “Economic Energy Scheduling
of an Islanded Microgrid”, ICEST 2016, Ohrid, Macedonia,
June 28-30, pp. 339-342, 2016.

[13] G. Marinova, and V. Guliashki, “Energy Scheduling for Island
Microgrid Applications®, Journal of Communication and
Computer, USA, vol. 13, no. 6, pp. 281-290, June 2016 (Serial
Number 128), doi:10.17265/1548-7709/2016.06.002.

[14] S. Huntoon, "Battery Storage: Drinking the Electric Kool-Aid",
Public Utilities Fortnightly, pp. 36-46, January 2016.

332



