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Abstract: For off-grid microgrids in remote areas (e.g., sea islands), proper configuring the battery energy storage system
(BESS) is of great significance to enhance the power-supply reliability and operational feasibility. This paper presents a life
cycle planning methodology for BESS in microgrids, where the dynamic factors such as demand growth, battery capacity
fading, and components’ contingencies are modelled under a multi-timescale decision framework. Under a yearly time-
scale, the optimal DER capacity allocation is carried out to meet the demand growth, while the investment decisions of
BESS are made periodically to yield the optimal sizing, type selection, and replacement plans of BESS during the entire
lifetime of microgrid. Then, under an hourly time-scale, the long-term probabilistic sequential simulation is adopted to
comprehensively evaluate the investment decisions and derive detailed operation indicators. Moreover, a decomposition-
coordination algorithm is developed to address the presented planning model, which iteratively strengthens the feasible
space of investment decision model by substituting the operation indicators until an acceptable sub-optimal solution is
obtained. Case studies on a wind-solar-diesel microgrid in Kythnos Island, Greece, illustrate the effectiveness of the

proposed method. This study provides a practical and meaningful reference for BESS planning in off-grid microgrids.

1. Introduction

In remote areas (e.g., high mountains, sea islands),
the fuel supply (e.g., coal and natural gas) is costly. Also, it
could not be economical to expand the utility distribution
network to energize the remote users. On the other hand,
these regions typically possess abundant natural resources,
which proliferates the application of off-grid microgrids
with hybrid renewable energy and flexible loads as a clean
and sustainable alternative of power supply [1]-[2].

In these off-grid microgrids, battery energy storage
system (BESS) is essential to cope with the supply-demand
mismatches caused by the intermittent and volatile nature of
renewable energy generation [3]. However, the functionality
of BESS in off-grid microgrids requires it to bear the large
charge/discharge power, deep cycling and frequent charging
process, which may lead to nonnegligible and irreversibly
degradation of storage capacities. Because of the capacity
degradation, the energy storage modules in microgrids will
be replaced for several times. In addition to the capital
investment, the expense of facility replacement is also a
crucial factor in the economic measures of microgrid
planning. Hence, the optimization of BESS investment and
replacement decisions should be fully considered at the
planning stage of off-grid microgrids [4].

Generally, the main task of BESS planning contains
the optimal sizing and type selection of storage modules,
which has been extensively studied in current literatures
through either optimization methods [5] or commercial
software, e.g., Hybrid Optimization Model for Electric
Renewable software (HOMER) [6]. Paper [7]-[8] presented
the design approaches of hybrid electrical energy storage
(HEES), where the power processed by HEES was separated
into the low frequency and the high frequency parts. In the
proposed methods, the low frequency part was leveled by
energy storage batteries while the high frequency part was

compensated by the quick-response power storage devices.
Paper [9] adopted the wavelet analysis to make the
investment decision of hybrid energy storage system. Paper
[10] applied the discrete Fourier transform (DFT) method to
coordinate the sizing of BESS and diesel generators. Note
that in a practical microgrid, the operation of BESS is highly
correlated to the power generation of other distributed
energy resources (DER), e.g., wind turbines, solar panels,
and diesel generators. Thus, it is essential to coordinate the
optimal configuring of BESS and other DERs (as generation
sources), which could be hardly captured by the modeling in
the aforementioned studies and require for more advanced
optimization tools [11]. Moreover, the component sizing has
a tight relation with many factors, e.g., long-term trend of
load demand, precise component modeling, different energy
management strategies and component contingencies. For
example, paper [12] shows the importance of utilizing
accurate battery models in sizing standalone photovoltaic
systems. Paper [13] puts emphasis on the positive effect of
demand response programming in component sizing.

We notice that the joint planning of BESS and DERs,
which is an effective way to improve the entire performance
of microgrids, has been discussed in some current studies.
Paper [14] presented a two-layer co-optimization framework
for the sizing of different energy resources in a hybrid
renewable energy microgrid. In this study, particle swarm
optimization (PSO) method was adopted to generate and
sort the planning alternatives following a cost-minimization
criterion, while the planning schemes were assessed by an
analytical approach. Paper [15] designed a heuristic sizing
strategy for a wind-solar-battery microgrid based on several
principle, e.g., high reliability, cost-minimization, and the
complementary of natural resource. Paper [16] implemented
the sequential Monte Carlo simulation (MCS) under a
pattern search (PS) optimization framework to seek for a
least-cost sizing plan of a microgrid with BESS integration.
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As mentioned in [14]-[16], the combination of heuristic
optimization framework (e.g., PSO, genetic algorithm (GA),
and ant colony algorithm) and performance assessment
methods provides a generic computational framework for
BESS planning problems. The performance assessment
criteria could be defined as a variety of reliability and
economic indicators, e.g., loss of power supply probability
(LPSP), net present cost (NPC), and levelized cost of energy
(LCE) [17]. To capture the coherent and stochastic
behaviors (incurred by intermittent renewable energy
generation, load variation, and unexpected components’
failure, etc.) of microgrids operation, the probabilistic
sequential  simulation methods are preferable for
performance assessment. Paper [18] proposed a two-step
sequential MCS method along with the modeling of battery
packs to evaluate the reliability and economics of a
microgrid considering the random outputs of renewable
energy sources. The evaluation results can be used to
compare and sort the planning alternatives. However, the
impact of operation problems was only simply modeled in
the aforementioned sizing methods. Paper [19] proposed a
generation scheduling based approach to optimize the sizing
of BESS.

Based on our previous studies in [20], the operational
feasibility of BESS integrated microgrids could be largely
influenced by dynamic and random factors under different
timescales. The short-term random factors (also known as
random uncertainties), e.g., renewable energy generation
and component contingencies, have been maturely modeled
or simulated in the current literatures [16], [18].
Nevertheless, another category named long-term dynamic
factors, e.g., load growth and the capacity fading of energy
storage modules, are not well considered in the previous
studies of BESS planning. Compared to the grid-connected
systems, the off-grid microgrid cannot receive the power
and reserve supports from the external utility grid, which
makes it more vulnerable to the operational risks introduced
by these dynamic factors. In this regard, proper planning
strategies should be put forward to trace the long-term
varying trend of key design factors such as load growth and
storage capacity degradation, in the BESS planning for an
off-grid microgrid, which motivates our research in this
paper.

This paper studied the life cycle planning of BESS
considering battery performance degradation, load growth
and component random contingencies in an off-grid wind-
solar-diesel microgrid. Compared to the current literatures,
our major contributions can be summarized as:

1) We propose a multi-stage and multi-timescale BESS
planning formulation to integrally consider the long-
term dynamic and short-term random factors. On one
hand, the strategies of storage capacity expansion and
replacement are developed under a yearly timescale
to handle the long-term dynamic changes of demand
capacity and available storage capacity. On the other
hand, the hourly operation of microgrids (with BESS
and DERs) is elaborately modeled to capture the
short-term randomness of component contingencies
as well as renewable energy generation.

2) To address the computational challenge of the
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proposed formulation, we apply the decomposition-
coordination algorithm [21], [22] to BESS planning,
where the complex mixed-integer program problem
is separated into two simpler parts. The first part is to
optimize the capacity allocation of DERs and the
multi-period sizing plan of BESS. Then, in our
second part, the probabilistic sequential long-term
simulation is carried out based on the operational
modeling of off-grid microgrids. Coordination
variables generated by simulation will be fed back to
strengthen the solution space of the first subproblem
iteratively until a specified convergence precision is
met. In addition, case studies are conducted to
validate the developed solution algorithm.
The rest of the paper is presented as follows: Section
2 establishes the multi-timescale modeling of BESS. Section
3 puts forward the overall framework of research and the
life cycle planning model of BESS. Then decomposition-
coordination algorithm is introduced in Section 4. Section 5
presents the case studies. The conclusions are in Section 6.

2. Multi-timescale modeling of BESS

An off-grid wind-solar-diesel microgrid is studied in
this paper. The configuration of mentioned microgrid and
the basic models of its components are shown as Fig.1. All
DC-based renewable energy sources and energy storage
units are connected to a DC bus to facilitate the control of
distributed power. The controllable diesel generator and AC
load are connected to AC bus, thus reducing the probability
of power outages. The AC/DC rectifier or DC/DC converter
is simplified as a coefficient of 95% as the efficiency of
power output of each component. It combines the strengths
of different energy sources to achieve wind-solar
complementary, flexible operation and high efficiency.
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Fig.1. Configuration of an off-grid wind-solar-diesel

microgrid
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For off-grid microgrids in remote areas and islands,
battery energy storage system (BESS) is of great importance
for power supply reliability and power balance. However,
BESS usually faces severe variable charging condition
battery capacity degradation cannot be neglected in practical
use, especially along the life cycle of microgrid. In order to
fully describe the behaviour of BESS, multi-timescale
modeling is proposed in this paper. In the short-term, BESS
charge/discharge control is considered in the operation.
While in the long run, BESS capacity degradation has to be
modelled to illustrate the realistic battery state.

2.1 Charge/discharge control of BESS

The charging or discharging state of battery storage
system is determined by the matching condition of
renewable energy resources and load demand. The power
difference between the power output of WT, PV and the
load demand can be calculated as follows:

Pdiff(t) = ninv[va(t) + Pwt(t)] - P.(t) (1)

where P, (t), P,,(t) and P, (t) are power generation of WT,
PV and the load demand in hour t, respectively. n;,, is
bidirectional bus converter efficiency.

1) If the output power of WT and PV exceeds the
load demand, the batteries will be charged. The charge
power in hour t P.(t) is determined as follows:

for Pdiff(t) < Pch,max
for Pdiff(t) > Pch,max

where here Py 4, is the maximum charge power BESS
allowed. . is the charging efficiency.

After the charging process, the state of charge (SOC)
will change accordingly. The SOC in hour t can be obtained
as:

S0C(t) = SOC(t —1) + P.(t) - At/Qpar ®3)
where Q4 is the rated capacity of BESS (kWh).

2) When the output power of renewable energy
resources cannot meet the load demand, the batteries will
get discharged. The discharge power in hour t Py (t) is
determined as follows:

ncninvpdiff (t)

NeNinw Pch,max

P(t) = { 2

—Pg; t
dlff( ) for Pdis max > _Pdiff(t)
NdisNiny ’ (4)
P

disimax for Pdis max < _Pdiff(t)
NdisNinv ,

Pyis(t) =

where 14;, is discharge efficiency, Py;s mqx 1S the maximum
discharge power. The SOC in hour t therefore changed into:

SOC(t) = SOC(t = 1) — Py;s(£)At/Qpat,y ®)

3) When the load demand is exactly balanced by
renewable power output, the batteries will neither be
charged nor be discharged.
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2.2 Capacity degradation modeling of BESS

Battery testing shown in paper [23] demonstrates that
the battery capacity is linearly declining along with the
increment of cycles. And in the variable charging condition,
the capacity of BESS decreases faster than that is in the
constant charging condition. The larger the depth of
discharge is, the faster the battery capacity fades.

Assuming that charge/discharge process of BESS in
one year are recorded, the annual energy absorbed by BESS
can be cumulated as Q,. The number of full cycles in the
ythyear C, can be calculated as below:

Q

c,=—=2 6
4 Pdismax ( )
The standard criterion for battery failure is that the
capacity of battery degrades to 80% of its rated capacity.
The corresponding number of cycles one battery can run till
it fails is called cycles to failure CTF,,4. To simplify the
characteristic of battery capacity loss process, the
relationship of remaining available capacity and number of

full cycles can be linearized [24] and expressed as follows:
_ Cy(Qini—Qend) (7)

Qbat,y+1 = Qbat,y CTFong

where Qpq,yis the remaining available capacity in the end of
the yth year. Q;,; is the rated capacity. Q.,q IS the end
capacity at the last year of its minimum lifetime, namely 80%
of the rated capacity Q;p;.

3. Life cycle planning of battery energy storage
system

As mentioned before, the planning of BESS is in
conjunction with the optimal capacity configuration of
DERs. The planning of DERs and BESS should be
implemented at the same time. A multi-stage planning
framework is established for the life cycle planning of BESS
in off-grid wind-solar-diesel microgrid. The framework is
decomposed into three stages and depicted in Fig.2.

In the first stage, microgrid system structure and
equipment type are determined. Scenario database
renewable energy is generated based on localized
information. The life-cycle capacities of DERs are
preliminarily allocated in this stage.

In the second stage, the investment-decision model is
established to derive the type and size of BESS. Long-term
simulation is adopted to verify the feasibility of the scheme
and obtain practical operation variables. As shown in Fig.2,
these practical operation variables will be fed back to the
investment-decision model as coefficients in a new iteration.
The iterative approach keeps running until the variation of
the operation variables is limited within a pre-defined range.

In the third stage, economic, reliability and operation
performance indicators of the microgrid are evaluated. If the
performance of sizing result is not satisfied, constraints will
be adjusted and the process will be restarted.

2018/08/30 19:06:40

IET Review Copy Only



ReView by River Valleyrlechielogi€Seen accepted for publication in a future issue of this iour‘gﬂ—bmﬂ&.@{éen—ﬁﬂﬁ%ﬁﬁo” Distribution

Historical Load Renewable Energy System
Demand Data Configuration
[ l I l I
Generate Scenario Distributed Energy Resources
Database Capacity Allocation

Hage 0

Adjust the reserve ratio
of DG & BESS

The allocated capacity
of WT, PV and DG

Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.

Life Cycle Planning of Battery
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Fig.2. The framework of life cycle planning of battery energy storage system

3.1 Scenario database generation

Known the location of the microgrid, the monthly
mean value of wind speed and irradiation can be estimated
via NASA Surface meteorology and Solar Energy service
[24].

The hourly wind speed for one year can be generated
based on monthly wind speed and be directly adopted in
Monte Carlo iterations [25]. The hourly output power of
wind turbine (WT) can be estimated as follows:

0 v<vgand v =,
v(t)3—v3‘
Pwe(t) = Pwt;n — 3 3 Vi SV Sy (8)
Yn~V¢i
Pwt,n VUp SV SV

where p,,; ,, is the nominal output power of wind turbine. v;
is the cut-in wind speed. v, is the cut-out wind speed and
vy, is the rated wind speed of WT.

Paper [26] provides a methodology on the basis of
monthly radiation to generate hourly solar radiation
scenarios for one year. The output power of a photovoltaic
module is mainly determined by two factors: ambient
temperature and solar radiation. Several solar radiation
scenarios can be adopted for Monte Carlo simulation.
According to module characteristic, the output power of a
photovoltaic cell (PV) can be obtained as follows:

Ppv(t) = PsrcGe(®)[1 + k(Tc(t) — Tore)]/Gsre )

where Ggre, Psre, Tsye are the PV cell solar irradiance,
maximum power output and the temperature under standard
condition, respectively. G, and T, are the solar radiation and
the surrounding temperature in hour t respectively. k is the
temperature coefficient.

Therefore, hourly renewable power output scenario
database is generated in advance. The row vector of hourly
power output of a wind turbine and a photovoltaic module
for one year is demonstrated as p,,. and p,,, respectively.

3.2 Capacity allocation of DERs

Distributed energy resources (DERs) are power
generation units located within the electric distribution grid.
They can be divided into intermittent resources, such as
wind turbine, photovoltaic array, and controllable resources
like diesel generator. The life-cycle sizing of DERs is
optimized year by year. For the yth year, the number of
wind turbine, photovoltaic module and diesel generator N,
Ny, and Ny is solved.

Renewable  energy  resources are  chosen
preferentially as the energy suppliers of the microgrid. The
balanced load demand can be defined as the difference
between load demand and output power of WT and PV. The
row vector of hourly balanced load demand P, can be
calculated as:

PZet = PL(1 + a)y—l - NM}/,[th - Ngvppv (10)
where P, is the row vector of starting year microgrid hourly
load demand and « is the average load growth factor.

3.2.1 Capacity allocation of renewable DERSs:
The annual variation [15] is introduced to show how the
renewable power output compensates the electrical load
demand. For the yth year, the optimization problem is to
minimize the annual variation Dy’ [15]. The number of WT
and PV, N;, and N;,, can be allocated by solving this
model for each year.

min DY = min P, - (P%,,)" (11)

Related constraints are listed as below:
1) The numbers of WT and PV are confined by the
area of the system.

Ny < (S+1)(5+1) (12)
e (13)

where L and W are the length and width of the wind farm; d
is the rotor diameter of WT; S,,, is the total area where PV
can be installed; S,qne; is the area of one PV panel.

2) From energy utilization point of view, extreme
high penetrated renewable energy may not fully meet the
load. On the contrary, it may lead to the instability of the
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system. In addition, diesel generator will have their annual
electricity production no less than 0. The constraint of net
electricity demand is expressed as:

W2, = WY — 88N, ppy () + Nepwe ) =0 (14)

where Wnyet is the net electricity demand. W;” is the total

annual electricity consumption.

3.2.2 Capacity allocation of controllable DER:
Diesel generator (DG) is a kind of controllable power
generation equipment. By consuming diesel fuel, the diesel
prime mover drives the generator to supply electricity. In
this study, its real-time power output depends on the power
balance of microgrid.

The balanced load demand P2, as discrete samples,
can be decomposed into DC component, low-frequency and
high-frequency power fluctuation component. FFT is
adopted as a filter to separate these components [2]. For
high-frequency power fluctuations th, BESS with rapid

response time is used. While the DC component and low-
frequency parts that represent seasonal variation of the
balanced load demand are covered by diesel generator.

The number of diesel generators could be achieved
based on the determined capacities of WT and PV. In
operation, some reserve power is maintained in case of
accident or prediction errors. An operating reserve ratio 4
is introduced to cope with sudden power unbalance. ry, is
defined as the ratio between extra reserve power and the
maximum power demand. The number of diesel generators
in the yth year is determined as follows:

max( et th)
Pdgn

=(1+144) (15)

where pgg  is the rated capacity of a single DG.

3.3 Investment-decision model of battery energy
storage system

The life cycle planning of BESS is on the basis of
allocated capacities of DERs. The target of the model is to
choose one type from alternative types of batteries and offer
the optimal capacity for BESS along the project lifespan. In
this study, the lifetime of each kind of battery is
predetermined and the replacement is implemented group by
group during the project lifespan. The storage batteries will
be replaced and recycled at the beginning of a year.

The objective of investment-decision model is to
minimize the life cycle cost of battery energy storage system.
The total cost is comprised of investment and replacement
(I&R) cost, operation and maintenance (O&M) cost, and
recovery cost.

()

where r is the interest rate and the investment and
replacement, operation and maintenance and recovery cost
is listed as follows:

min LCC = min(%}% (Ch+Cl+CY)) (16)

Cih = i, CE N s, 1
CgM = Zl =s; s, NprSi (18)
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Cgc = Zx =S5 CRC rJ;sl (19)

where Ny, s, Nps,» Nes, are the numbers of batteries
newly installed, the batteries in operation and the recycled
batteries of S; type in the yth year, respectively. CiF is the
capital cost of one S;type battery unit (€/battery), CI™ is the

O&M cost of one S;type battery unit (€/battery), Cp, is the
recycling cost of one S;type battery unit (€/battery).

The objective function of BESS planning is subject
to a series of constraints, which can be classified into
uniqueness  constraint, numerical relationship, power
balance and energy balance.

1) Uniqueness constraint

In this paper, it is assumed that three kinds of
batteries can be chosen. And the microgrid installs only one
type of batteries as the energy storage device. Bsyi is a0-1

variable to indicate whether type S; batteries will be chosen
as the storage system. Therefore the sum of all the 0-1
variables representing battery type from S, to S, is equal to
1. It means if BS’; is 1, the rest other 0-1 variables are all
equal to 0 so that the S; type battery is chosen to be installed.
Yins, B =1 (20)

Si

2) Numerical relationship of battery installation.

The number of batteries in operation in the yth year
is the difference of the total number of newly installed
batteries and that of recycled batteries since the first year:

ap Si = 1( nneW,Si - Nizle,Si) (21)

And the installed batteries have to operate at least for
a predetermined lifetime. It can be expressed as follows:

0 y<Ys,

—Ys. 22
y-Ys; Ys,-<ySYs (22)

Ny s =
rest Nnew,si
where Y, is the lifetime of the S; type batteries.

Unless the current group of batteries is worn out, no
battery will be installed during the lifetime.
Npoys, =0 Lify # k¥s, + 1,k =0,1,23 .. (23)

new,S;

Assuming that all power sources fail simultaneously,
the battery storage system ought to meet the load
independently for a period of time which is called the
autonomous hours.

3) Constraints of power and energy balance.

In the planning stage, we assume that the electricity
stored in the batteries could maintain the average load
demand for A hours:

P (24)

dis,max

A PLy/ninv = ndLSNnyp,Si '

Together with the volume limit of the control room,
the number of operating batteries has the following
constraint:

/lP Vol
B L <N), < By (25)
Si mnvndzspdlsmax oP.Si Si vols;
where P_y is the average load demand, dls max 15 the
maximum discharge power of the S; type batteries.
5
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As a crucial measure for load following, BESS has to
manage power fluctuations caused by load and RES.
Batteries should meet the instant power shortage between
the peak load and the average power output of distributed
energy resource. In the investment-decision model, the
instant power balance requirements during the year are
approximated by the following constraint:

Si oy DY pY  py-
r]invr]dispmaxNoyp,si 2 (1 + rB)(PLy - Pv;r: - ij; - P;fq) (26)

ayt = vJv/tpwt,n ) FLH,,J,;t/8760 27)
PZ’J:J = gvppv,n . FLHgy/876O (28)
de;] = Nz{gpdg,n . FLHgg/8760 (29)

Where Pnslflxis the maximum discharge power output.
rg 1S the security coefficient introduced to cope with the
uncertainty of renewable power and load. In this paper, the
indicator full load hour (FLH) is defined as the ratio of
annual energy production of each DER unit to its installed
capacity. FLH,,, FLHy, and FLH denote the FLHs of

wind turbines, PV panels and diesel generators respectively.

3.4 Microgrid
simulation

long-term  probabilistic  sequential

In the life cycle planning of BESS, some key
indicators need to be evaluated such as LPSP and yearly
cycled energy of batteries. Therefore, the sequential Monte
Carlo simulation is employed to deal with the problem [28].

In Monte Carlo simulation, the two-state Markov
model is utilized to characterize the random contingency of
each component in microgrid. Then, considering the
intermittency and time-dependent feature of renewable
energy generation, the output sequences of these
components are sampled according to the time series models.
To simplify the sample extraction process, normalized long-
term hourly scenario database has been generated in
advance, which speeds up the calculation of Monte-Carlo
iterations.

After the sampling process, a heuristic energy
management strategy is applied to simulate the detailed
operation of the microgrid. The off-grid wind-solar-diesel
microgrid should make full use of renewable energy to
compensate the load demand. BESS and diesel generators
are employed to cover the balanced load. The equations are
as follows:

APY() = PY(t) = Ny, o (8) = Ny, 13, () (30)
The operating constraints of batteries are shown as follows:

SOCE™ < S0C5,(t) < SOCH™ (31)
0 < Py 5,(t) <P, asiis,max (32)
0 <Py, (t) <P cii,max (33)
where Py ., Pyl ... are the maximum charge and

discharge rate of the type S; batteries.

If APY(t) <0, it means the renewable energy
supplied exceeds the need of demand. The redundant energy
will be stored into batteries. If the batteries are fully charged,
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the spare energy will be wasted.

If A PY(t) > 0, it means the load has not yet been
met. The storage batteries will be discharged. If SOC gets
below its lower limit, the batteries stop discharging. If the
load is not satisfied, diesel generators will start. Regardless
of the impact of ramp rate, the diesel generator will generate
AP} (t) at hour t:

Si
0 APLy(t) < Pdis,max
S, Si
APd}jg(t) = APLy(t) - Pdils,max APLy(t) - Pdi;,max < sz,max
Si
Pd};;,max APLy (t) - Pdis,max 2 Pd};].max
(34

4. Solution approach

For microgrid in remote area or island, the life cycle
planning of BESS is quite crucial. The long-term practical
operation factors such as load growth, battery capacity fade
and component random contingency have to be taken into
account in planning stage. Thus the programming problem
becomes a nonconvex nonlinear problem, which is difficult
to be solved by analytical optimization algorithm. The
decomposition-coordination approach is utilized to separate
the problem into a main problem and long-term simulation
constraints. Indicators that reflect the simulation result are
continuously substituted to the main problem to change the
solution space until an optimal result is acquired.

4.1 The feedback mechanism and convergence
criteria based on key indicators

The key feedback variables of decomposition-
coordination algorithm are the yearly full load hours (FLHs)
of WT, PV and DG. FLHs of WT, PV and DG can be
derived from microgrid long-term simulation. In the
investment-decision model, FLHs has been substituted to
constraint equation (26). If the relative error of FLHs with
respect to that of previous iteration declines to a value small
enough, it means the iteration process converges to a final
state. A convergence index DE;;can be expressed as

. Ys yitr_ yitr-1\_ oy
DE't _ Yi=WT,PV,DG Zy:l(l(FLHi FLH; )pt,nNi |)
itr — Y T y
)i Xt P (O

(39)

where FLH?"'" is the yth year full load hour of a kind of
DER in the itrth iteration. p;,, is the rated power of one
DER unit. N/ is the installed number of DER. If the
convergence index DE;, for the itrth iteration is smaller
than a small enough value ¢, the process stops. Otherwise it
will run for itrmax times at most and stop.

LPSP is an index to characterize the reliability of a
power system. State of Health (SOH) indicates the
remaining available capacity of batteries with respect to its
nominal one. After carrying out the simulation, LPSP and
SOH are evaluated to verify the feasibility of the planning.

LPSP is affected by the controllable components like
the number of batteries and the reserve ratio of DG. LPSP in
the yth year should be less than an upper limitation.
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LPSPy(Ng,p,Si'rdg) < LPSPmax (36)

SOH is a function of the number of batteries and the
security coefficient of BESS. If the SOH of BESS is lower
than 80%, it ought to be replaced immediately. Therefore,
the quantity of batteries should be sufficient to maintain the
necessary SOH.

SOH, (Npy s, 78) > 80% (37)

4.2 Decomposition-coordination algorithm

The flow diagram for life cycle planning of BESS in
an off-grid wind-solar-diesel microgrid is shown in Fig.3.
The implementation is described according to the steps as
follows:

Step 1: Initialize the number of iteration. Specify the
location and configuration of the microgrid. Collect the
historical data of renewable resources and the load demand.
Specify the technical parameters of microgrid components.
Step 2: Determine the capacity of WT and PV for each
planning year.

Step 3: Derive the capacity of diesel generators for each
planning year.

Step 4: Save the life cycle configuration of DER as the input
variable of the BESS planning. Initialize the key feedback
variables that are the yearly FLHs of WT, PV and DG.
Step5: Update the number of iterations. Select the optimal
battery type and calculate the number of batteries in the
project lifespan according to the investment-decision
objective function and constraints.

Step 6: Carry out the long-term microgrid simulation.
Battery capacity loss is updated along with the
charging/discharging cycles. If the batteries are replaced, the
capacity loss is reset.

Step 7: Calculate the economic, reliability and operation
performance indicators of the microgrid.

Step 8: Check whether the number of iterations reaches its
maximum number.

Step 9: If the convergence criteria is not yet satisfied, update
the FLHs of DER units and feed back to the investment-
decision model in step 5.

Step 10: If the reliability requirement is not satisfied, the
operating reserve ratio of diesel generators rpg needs to be
adjusted by a fixed step value. Then the new coefficients
will be substituted and the process will be restarted from
step 2.

Step 11: If the SOH of batteries is not satisfied, the
coefficient r; needs to be adjusted by a fixed step value.
Then the new coefficients will be substituted and the process
will be restarted from step 2.

Remark 1: Note that each step in the proposed
decomposition-coordination algorithm will be finished in a
deterministic way. As long as the input parameters
(including the scenarios for long-term simulation) are fixed,
it follows a well-defined procedure (as in Steps 1-11) to
deterministically generate and update the planning
alternatives, which guarantees the uniqueness of the final
solution. Moreover, the convergence condition (as defined
in Section 4.1) provides an evaluation criterion to steadily
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yield a high-quality suboptimal solution of the original
planning formulation.

Start
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Fig.3. Main flowchart of the life time planning of battery
energy storage system

5. Case Studies

Kythnos is one of the islands in the middle of the
Aegean Sea in Greece. Kythnos microgrid is one of the pilot
microgrids built by European MICROGRIDS project. In
paper [29] the actual microgrid is presented. The microgrid
is isolated from the distributed network of the island. A
20m? control room was built in the middle of the site to
house battery inverters and its banks, diesel generators and
its tank, and communication equipment. According to the
MICROGRIDS project, the microgrid is composed of two
subsystems. The first subsystem contains a 10kW
distributed photovoltaic systems with a 53kWh battery bank
and a diesel generator with a nominal output of 5SkVA. The
second one has 2kW of PV panels mounted on the roof of
the control room and a 32kWh battery bank. The second
system is in a control room with 2kW of PV panels mounted
on the roof and a 32kWh battery bank inside. It provides
electricity for the monitoring and communication needs.

In this section, we employed the proposed
methodology considering the same conditions. Three types
of tests are presented: Firstly, the complete methodology is
applied to the Kythnos Island. Secondly an error analysis is
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illustrated. Thirdly a comparison with HOMER is presented
assuming the load growth factor of the microgrid is zero.

The lifetime of the microgrid is 20 years, with a load
growth of 2% each year. According to the longitude and
latitude of Kythnos Island, the renewable resource data can
be found from NASA Surface meteorology and Solar
Energy Website [23]. The monthly average wind speed,
solar radiation and temperature are listed in Table 1.

Table 1 Renewable resource data in Kythnos

Monthl Monthly Wind ~ Tempera

'r:/tlr? Clierijrgjss Radiatio):l Speed Zt 50m tufe

(kwh/m?/day) (m/s) (° C)
1 0.473 2.213 7.230 11.0
2 0.464 2.801 7.610 10.7
3 0.531 4.212 6.460 124
4 0.552 5411 5.650 15.7
5 0.574 6.350 5.050 20.0
6 0.648 7.503 4.810 24.0
7 0.647 7.303 6.120 259
8 0.637 6.529 6.070 259
9 0.637 5.453 5.470 233
10 0.539 3.555 5.930 29.6
11 0.472 2.347 6.500 154
12 0.453 1.931 7.000 12.2

The main electricity load is residential and
commercial load. This paper uses a typical commercial and
residential load curve [30] as the load curve. The annual
peak load is 11.5kW.

In this paper, the microgrid is electrified mainly by
RES such as wind turbine and photovoltaic arrays. BESS
and diesel generators are used to coordinate with renewable
power generators. In this paper, the microgrid is electrified

mainly by RES such as wind turbine and photovoltaic arrays.

BESS and diesel generators are used to coordinate with
renewable power generators. Table 2 lists the specification

Table 2 Parameters of distributed generators
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of wind turbine, PV panel and diesel generator. Table 3
provides data of optional storage batteries.

According to Table 2, Fig.4 depicts the weekly PV
power output of a 0.2 kW PV panel, WT power output of a
2kW wind turbine and hourly load curve for the first year.

5.1 Life-cycle planning of BESS

Fig. 5 shows the allocated capacities of wind turbines,
PV panels and diesel generators. As the load demand
increases, the number of wind turbines increases slightly
while the number of PV panels increases in a more sensitive
way. This is because the panels have smaller rated capacity
and can be dispersedly mounted above household roofs.

The average relative variation between load and
renewable power D, for 20 years is 1.39. According to the
allocation result of WT, PV and DG, the battery energy
storage system will be optimally sized. Among the three
types of batteries, the lead-acid batteries are finally chosen.
Assuming the lifetime of lead-acid batteries are 5 years, they
will be replaced for 4 times. The loss of battery capacity
along the years is shown in Fig.6. The total capacity of
BESS increases periodically as load demand grows.
Moreover, the available capacity will continue to fade along
with the battery charging/discharging cycles. If the loss of
capacity was not considered, the accuracy of optimal
configuration results might be affected. Microgrid energy
production of different sources is shown in Fig.7. It can be
seen that, with the help of BESS, renewable energy offers
80% of the total energy consumption.

Fig.8 shows the annual cash flow in the considered
planning period. Initial investment accounts for the largest
part and fuel cost is relatively high (white bar). The cost
increment in the twelfth year is mainly caused by the
growing number of wind turbines. Replaced with new
storage batteries, the replacement fee is showed as the grey
bar respectively in years 6, 11 and 16.

Photovoltaic Panel
BP-solar 3200

Wind Turbine Generator
ECO2kW

Diesel Generation

Price: 390€/panel
O&M cost: 0.6€/year
Lifetime: 20 years
Rated power: 0.2 kW
Open-circuit voltage: 30.8 V
Short-circuit current: 8.7 A
Efficiency: 18%

Price: 3000€
O&M cost: 6€/year
Lifetime: 20 years
Rated power: 2 kW
Cut-in speed: 3 m/s
Cut-out speed: 24 m/s
Rated speed: 8m/s --

Price: 100€/kW
O&M cost: 0.004 €/hr
Lifetime: 20000 hrs
Diesel price: 1.3€/L
Fuel consumption a: .01L/hr/kW(rate)
Fuel consumption b: 0.29L/(kWh)

Area: 1.4 m? Blade length: 2 m -
Operation current: 47 'C Hub height: 8 m -

MTTF: 950 hr MTTF: 950 hr MTTF: 950 hr

MTTR: 50 hr MTTR: 50 hr MTTR: 50 hr
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Table 3 Parameters of optional storage battery

Battery Type Rated Capacity =~ Rated Voltage Initial cost O&M cost Recovery cost Volume
(Ah) ™) O] (O] ® (m)
Lead-acid 83.4 12 86 2 -0.5 0.013
NaS 650 2 260 4 5 0.010
Li-ion 200 3.3 215 2 0.1 0.004
Lifetime Max DOD - Max charge Max discharge  Cycles to failure
Battery Type (year) (%) Efficiency current (,3\) current(A)g g (Times)
Lead-acid 5 70 0.80 83.4 83.4 818
NaS 9 90 0.85 325 650 4000
Li-ion 8 80 0.93 100 200 3000

Load Power (kW)
[} @
1
=
=

thour=4418, P=11.6kW)

g

T T
o 1000 2000

Fig.4. Historical data of renewable sources and the load
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Fig. 5. Capacity allocation results of DER for 20 years
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Fig.6. The comparison of battery rated capacity and available capacity along the years
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Fig.7. Microgrid energy production of different sources
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Fig.8. The annual cash flow for the microgrid in planning

period

The main economic indicators, net present cost is
180,149¢€, and levelized cost of energy is 21.4 cents/kWh. If
the system only allocates 17kW diesel generators to meet
the load, the net present cost will be no less than 355,522€,
of which the fuel costs have far exceeded the total cost of
proposed project. The diesel-powered system will have the
levelized cost up to 40 cents/lkWh. The literature [31]
reported that the LCE of Kythnos Island Microgrid is about
30 cents/kWh. Therefore, the proposed sizing result is more
economical than diesel-electrified system and the practical
one.

As mentioned above, the energy production of DER
can be derived by multiplying the FLH by its rated power.
Fig.7 illustrates the energy production of each DER in 20
years. Cooperating with BESS, wind and solar energy
production account for respectively 41%, 39% of the total
energy production and the fuel-consumed energy takes the
rest 20% for 20 years.

To illustrate the properties of the proposed method,
one representative week is selected to illustrate the
simulation and operation of various components in
microgrid under different circumstances. Fig.9 (a) shows
that the power output of photovoltaic panels and wind
turbines contributes to a certain extent to the load. Fig.9 (b)
shows the SOC of energy storage batteries and diesel
generator power output. Battery energy storage system
allows the full use of renewable power sources. Diesel
generators can provide sufficient backup if necessary.
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Fig.9. The coordination operation of components in the
microgrid

Overall, a practical microgrid operation simulation
can be divided into the following situations:

(1) During the first 3 days (hour 1-72), renewable
DER units have large power output. The net load is always
less than O so that the energy storage batteries are usually
charged and only release a certain amount of energy at night.
Diesel generators are not used.

(2) During the next 2 days (hour 73-121), renewable
DER units have less power output. The energy storage
batteries have insufficient capacity to sustain the demand.
So, the SOC is kept at 30%, i.e., the lower limit. The diesel
generator needs to be started to supply the load.

(3) In the 6™ day (hour 122-146), a failure occurs to
the battery energy storage system. The battery will neither
charge nor discharge. The diesel generators have to generate
power to meet the remaining load as much as possible.

(4) In the 7" day, the battery energy storage system is
recovered. Since the power output of renewable sources is

10
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small, the storage batteries keep discharge and coordinate
with diesel generators to meet the load.

5.2 Error analysis

The decomposition-coordination method needs a few
iterations to find the final result. In this study, the
convergence index DE;, demonstrates the process of
coordination iteration.

Before simulation, the annual electricity supply and
the full load hours of renewable distributed generators are
unknown. They are related to the abundance of renewable
resource and the available amount of energy that could be
stored in batteries. Hence, the loss of load and operation cost
of microgrid cannot be defined before simulation.

Diesel generator, for example, is here to show the
iteration process and full load hour convergence in Table 4.
Firstly, initial FLH, 2000 hours, is assumed into investment-
decision model. Then the microgrid is simulated for 20
years. New FLH of diesel generator is achieved and fed

Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.

back to equations (25), (26) and (27) to refresh the result of
battery storage system.

Table 5 shows that the variation of FLHSs is smaller
than 0.003 after 5 iterations.

5.3 Comparison with HOMER results

HOMER software is hybrid power system analysis
and design software developed by the US National
Renewable Energy Experiments (NREL) in 1993. This
software has been widely recognized and applied to hybrid
power system techno-economic analysis. In this paper, a
comparative analysis will be presented for the results of the
proposed method and HOMER.

HOMER will enumerate all the possible values to
find several feasible solutions that meet the microgrid
operation requirements, and sort them according to the net
present cost. To facilitate the analysis, only load following
mode (LF mode) is used as the control mode.

Table 4 The iteration process and diesel generator full load hour convergence

Diesel Generator FLH

Year Itr 0 Itr 1 Itr 2 Itr 3 Itr 4 Itr5
1 2000 1589 1640 1654 1640 1642
2 2000 1722 1724 1721 1724 1734
3 2000 1616 1663 1670 1638 1667
4 2000 1708 1721 1729 1747 1731
5 2000 1805 1834 1811 1848 1819
6 2000 1733 1766 1760 1791 1769
7 2000 1662 1707 1696 1686 1716
8 2000 1765 1814 1775 1791 1792
9 2000 1806 1855 1862 1869 1847
10 2000 1898 1042 1927 1926 1925
11 2000 1761 1775 1760 1763 1759
12 2000 1579 1625 1637 1632 1633
13 2000 1677 1706 1725 1697 1703
14 2000 1736 1790 1784 1770 1782
15 2000 1815 1870 1861 1860 1855
16 2000 1805 1825 1845 1834 1835
17 2000 1760 1786 1793 1796 1783
18 2000 1825 1867 1854 1854 1865
19 2000 1017 1936 1931 1953 1031
20 2000 1838 1884 1871 1907 1870
DE 0.805 0.01 0.003 0.003 0.003

BSS(€) 48675 43649 43843 43947 43793
NPC(€) 183736 180160 180226 180434 180149

Since HOMER is not possible to take into account
any load growth along the planning horizon, for comparison,
the same case without load growth is solved by the proposed
approach.

Fig.10 illustrates the rated power of distributed
energy sources and available capacity of battery energy
storage system obtained by the proposed method, HOMER
and the practical configuration without load growth. It can
be seen that the installed numbers of WT and PV panels of
the proposed method are smaller than that of HOMER.
However the battery bank capacity of the proposed method

is larger than that of HOMER. It is because battery capacity
fade is considered in this study while in HOMER this factor
is neglected along the project lifespan.

In this paper, the comparison of economic and
technique indicators of the proposed method and HOMER
software is listed in Table 5. In general, the LPSP of both
methods are comparable. And the batteries in two systems
can both sustain for more than 5 years’ lifetimes. However
the net present cost and the annualized fuel cost of proposed
method is greater than the costs of HOMER, respectively. It
is because random failures of microgrid components are
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considered in this study while the reliability of microgrid
components in HOMER is 100%. Therefore at the
comparable level of LPSP, the proposed planning scheme
costs more to handle with the uncertainty of renewable
energy sources, the primary load and component random
failures.

—
e
o O O

Capacity (kW/kWh)
SES
S3S

WT PV DG ESS

m Proposed Method 14 172 6 99.4
®HOMER 15 26 5 91
Kythnos Microgrid 5 12 5 85

Fig.10. The different configurations of Kythnos Island
obtained by different methods

Table 5 The comparison of proposed method and HOMER

Economic and Proposed
technological indicator Me?hod HOMER
Net present cost(€) 141,623 118,437
LCE (€/kwh) 0.2046 0.1740
Initial capital cost(€) 66814 75071
Annual fuel cost (€) 3939 2242
LPSP 0.0277 0.0276
EENS(kWh/yr) 1539 1531
Energy excess rate(%) 0.1307 0.1468
Battery throughput
&’Wh /yr§’ P 16197 14393
WTG Full load
hours(hr) 1924 1805
PV Full load hours(hr) 1364 1667
DG Full load hours(hr) 1659 1132
Battery charge cycles 155 158

In conclusion, several advantages are possessed by
the proposed method. Compared with HOMER, the
proposed method can consider load growth factor, battery
capacity fade and component random failures. At the
perspective of operation, it can provide the life cycle
planning of battery energy storage system and microgrid
performance indicators for the planning period, which offers
meaningful reference for microgrid sizing and electricity
market price setting.

6. Conclusions

This paper puts forward a life cycle planning of
battery energy storage system in an off-grid wind-solar-
diesel microgrid where the dynamic factors such as demand
growth, battery capacity fading, and components’

Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.

contingencies are well-considered under a multi-stage and
multi-timescale decision framework. In the first stage,
Multi-timescale BESS modelling is established. The optimal
DER capacity allocation is carried out to meet load demand.
While in the second stage, the investment decisions of BESS
are made periodically to yield the type selection and life
cycle plans of BESS. And the long-term probabilistic
sequential simulation is adopted to comprehensively
evaluate the investment decisions and derive detailed
operation indicators. Decomposition-coordination algorithm
is developed to address the presented planning model, which
iteratively strengthens the feasible space of investment
decision model by substituting the operation indicators until
an acceptable sub-optimal solution is obtained. In the third
stage, the performance of optimal configuration will be
tested and evaluated. A case study of practical microgrid is
demonstrated. Compared with HOMER’s result, the total
cost of the proposed method is essentially the same at a
comparable level of reliability, which validates the
feasibility and effectiveness of this method. This work can
provide a more practical and precise BESS type selection,
capacity determination and replacement plan during the
overall microgrid lifetime which is of practical reference for
the BESS planning in off-grid microgrids.

In future studies, more sophisticated battery model
and flexible energy management strategies, which can refine
the sizing results, will be developed and extended in our
proposed optimization framework.
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