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Optimal Energy Management and Techno-economic
Analysis 1n Microgrid with Hybrid Renewable
Energy Sources

Vallem V. V. S. N. Murty and Ashwani Kumar

Abstract—Microgrids with hybrid renewable energy sources
are increasing and it is a promising solution to electrify remote
areas where distribution network expansion is not feasible or
not economical. Standalone microgrids with environment-friend-
ly hybrid energy sources is a cost-effective solution that ensures
system reliability and energy security. This paper determines
the optimal capacity, energy dispatching and techno-economic
benefits of standalone microgrid in remote area in Tamilnadu,
India. Microgrids with hybrid energy sources comprising photo-
voltaic (PV), wind turbine (WT), battery energy storage system
(BESS) and diesel generator (DG) are considered in this paper.
Various case studies are implemented with hybrid energy sourc-
es and for each case study a comparative analysis of techno-eco-
nomic benefits is demonstrated. Eight different configurations
of hybrid energy sources are modeled with renewable fractions
of 50%, 60%, 65%, and 100%, respectively. The optimization
analysis is carried out using Hybrid Optimization Model for
Electric Renewable (HOMER) software. Impact of demand re-
sponse is also demonstrated on energy dispatching and techno-
economic benefits. Simulation results are obtained for the opti-
mal capacity of PV, WT, DG, converter, and BESS, charging/dis-
charging pattern, state of charge (SOC), net present cost
(NPC), cost of energy (COE), initial cost, operation cost, fuel
cost, greenhouse gas emission penalty and payback period con-
sidering seasonal load variation. It is observed that PV+BESS is
the most economical configuration. COE in standalone mi-
crogrid is higher than the conventional grid price. The results
show that CO, emissions in hybrid PV+WT+DG+BESS are re-
duced by about 68% compared with the traditional isolated dis-
tribution system with DG.

Index Terms—Microgrid, photovoltaic, wind turbine, diesel
generator, battery energy storage system, greenhouse gas emis-
sions, cost of energy.

NOMENCLATURE
a, Parameters of Beta distribution
a, Temperature coefficient of power
o Efficiency of photovoltaic (PV) array at maxi-
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Initial electricity price at the i hour
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Total annualized cost
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er during the project life time

Capital recovery factor
Cost of energy
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Modified load demand due to DR at the i
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Initial load demand at the /™ hour
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Battery charging energy
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Weibull distribution function
Solar radiation on PV array
Solar radiation at standard test conditions

Solar radiation at which nominal operation PV
cell temperature is defined

Actual rate of interest
Discount rate of interest
Rating of inverter

Weibull shape factor

Total inductive load

Total non-inductive load
Project life time

Net present cost

Penalty of DR program at the i hour
Power output of PV array
Rated capacity of PV array
Power output of WT

Rated power output of WT

Charging power of battery energy storage sys-
tem (BESS)

Discharging power of BESS

Power output of BESS

Rated capacity of BESS

The rated capacity of diesel generator (DG)
Minimum output power of DG

Maximum output power of DG

Required operation reserve on AC bus
Required operation reserve on DC bus
Average AC load

Average DC load

Maximum AC load

Maximum DC load

Average PV power output

Load demand

Load demand after demand response (DR)
Power import from grid

WT power output function of wind speed
Average AC wind power output

Active and reactive load demands
Operation reserve as percent of load

Operation reserve as percentage of wind power
output

Operation reserve as percentage of PV power
output

Operation reserve as percent of peak load
Solar irradiance and its rated value
Battery state of charge (SOC) at time ¢

T. PV cell temperature

T, src PV cell temperature at standard test conditions

T, Ambient temperature

T, vocr Nominal operation PV cell temperature

Ty nocr Ambient temperature at which nominal opera-
tion PV cell temperature is defined

v, v Wind speed and its average value

Vs Veo Cut-in and cut-out wind speeds

1. INTRODUCTION

VEN though the expansion of generation, transmission

and distribution systems are increasing day to day to ca-
ter growing electricity demand, as on today approximately
13% of world population has no access to electricity [1]. In-
tegration of renewable energy sources with adequate energy
storage devices is environment-friendly and provides diversi-
fication opportunities with additional revenue for remote ar-
eas. Optimally designed microgrid systems provide signifi-
cant benefits of energy security, lower electricity rate, sys-
tem reliability, integrating excess renewable power genera-
tion to microgrid, economic growth of rural areas by provid-
ing electricity to remote areas, and emission reduction. How-
ever, the optimal energy management in microgrid is a chal-
lenging task for microgrid operators (MGOs) with the opti-
mal energy utilization of hybrid renewable energy sources
and energy storage systems considering the uncertainty of
load demand and renewable power generation.

A nano-grid was modeled in [2] using adaptive neuro-
fuzzy inference system (ANFIS) considering photovoltaic
(PV), wind turbine (WT) and battery energy storage devices
to minimize the total cost. Simulation results were compared
with Hybrid Optimization Model for Electric Renewable
(HOMER) software and Hybrid Optimization by Genetic Al-
gorithm (HOGA) software. It was concluded that better re-
sults were obtained using ANFIS compared with HOMER
and HOGA in terms of total cost and excess power generat-
ed [2]. In [3], the integration of PV, WT and fuel cell in dis-
tribution system was reported using hybrid Nelder Mead-par-
ticle swarm optimization algorithm to minimize power loss.
The location of distribution generation was obtained using
voltage stability index. In [4], the model predictive control
based energy management in microgrid was presented with
WT and plug-in electric vehicles to minimize the operation
cost. The load profile, WT power output and electricity price
were estimated using seasonal autoregressive integrated mov-
ing average model. Also, the role of plug-in electric vehicles
in demand response (DR) program was studied. In [5], the
optimal energy scheduling problem was solved using alter-
nating direction method of multipliers to minimize power
fluctuations. In [6], the energy dispatching in grid connected
microgrid with micro-turbine, fuel cell and battery energy
storage devices was presented using mixed-integer quadratic
programming to minimize operation cost. HOMER software
was used in [7]-[19] to determine the optimal capacity of hy-
brid energy sources to quantify techno-economic benefits.
Hybrid power system was simulated with hybrid energy
sources in China [7], Nigeria [8], [13], Saudi Arabia [9],
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[19], Iran [11], Turkey [14], and India [10], [17] to evaluate
technical-economic benefits. The feasible solution was ob-
tained based on the minimum cost of energy (COE) among
different configurations of PV/battery energy storage system
(BESS)/WT/fuel cell energy sources in Saudi Arabia [12].
The techno-commercial benefit of isolated grid with hybrid
energy sources in Turkey was simulated using HOMER soft-
ware [14]. It was concluded that the cost of energy in island-
ed grid mode is higher than the grid electricity. However, in
future it is expected that COE is further reduced due to
downward cost trend of BESSs. Further, it was stated that
BESS technology was economical compared with fuel cell
technology. The average cost of a typical microgrid with hy-
brid energy sources was estimated using HOMER software
[15], [16].

However, associated cost components such as transformer
cost, protection & measuring device cost, cable cost, battery
degrading cost were not included. In [18], PV+BESS, WT+
BESS, PV+WT+BESS, PV+fuel cell (FC), WT+FC and PV+
WT+FC systems were simulated to investigate techno-eco-
nomic benefits in Saudi Arabia. In [19], the PV+BESS based
standalone microgrid system was simulated to demonstrate
techno-economic benefits. In [20], the optimal capacity of
WT+DG+BESS system was determined using stochastic opti-
mization in standalone power system. In [21], the optimal ca-
pacity of PV/WT was determined using source sizing algo-
rithm in grid-connected microgrid to minimize the total cost.
Subsequently, the battery sizing algorithm was applied in the
second stage to find the rating of BESS. In [22], the optimal
size of BESS was determined in islanded microgrid with
WT/PV/DG considering load growth scenario using the de-
composition coordination algorithm. The techno-economic
analysis of islanded microgrid with PV+WT+BESS was pre-
sented using genetic algorithm. In [23], the off-grid mi-
crogrid was modeled to provide power supply to telecommu-
nication network at remote areas. In [24], the particle swarm
optimization algorithm was adopted to determine the optimal
capacity of PV/WT/DG/BESS/fuel cell in standalone mini-
grid in Australia. In [25], the optimal capacity of PV and
BESS was determined using the particle swarm optimization
for microgrid catering residential loads in Netherland and
Texas. In [26], the energy dispatching and economic analysis
in distribution system integrated with PV/WT/BESS were
studied using the genetic algorithm. The economic energy
dispatching strategy was formulated for microgrid with WT+
BESS using the predictive optimization. In [27], the wind
power and energy price were estimated using radial function-
al network. In [28], the optimal sizing of microgrid with hy-
brid PV+WT+BESS+DG was determined using the whale
optimization algorithm (WOA), water cycle algorithm
(WCA), moth-flame optimizer (MFO), and hybrid particle
swarm-gravitational search algorithm to minimize the COE.
In [29], the energy management in a community microgrid
was presented considering the uncertainty of renewable ener-
gy sources, electricity price and load demand to minimize the
total cost. In [30], the optimal size of BESS was determined
using the mixed-integer programming for commercial applica-
tions integrated with PV system. In [31], the appropriate bat-
tery technology selection and sizing for microgrid expansion
were solved using the mixed-integer linear programming.
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It can be observed from the above literature survey that
many researchers have focused on techno-economic analysis
of microgrid without considering the impact of DR. Further,
the potential benefit of DR program was not addressed in
their analysis, which is essential for the effective operation
of microgrid. The optimal energy dispatching with hybrid en-
ergy sources is a challenging task with consideration of load
and generation uncertainties, which needs to be considered
in the analysis for better system planning. Moreover, a com-
parative assessment of techno-economic benefits of various
hybrid power systems considering DR program and seasonal
load variation was not reported yet.

Based on the above research gaps, this paper investigates
the optimal sizing of hybrid power system with PV/WT/DG/
BESS, energy management, and techno-economic aspects of
standalone microgrid. The HOMER software is used to mod-
el, simulate and optimize the hybrid power system to mini-
mize COE and net present cost (NPC) subject to providing
required operation reserve and reliability constraint of loss
of power supply probability (LPSP) in conjunction with min-
imum excess energy production. In addition to optimal ener-
gy dispatching problem, a comparative analysis of techno-
economic benefits is demonstrated for standalone microgrid
with hybrid energy sources. Eight case studies are performed
considering hourly varying seasonal load combination of resi-
dential and commercial loads throughout the year. The uncer-
tainty of load demand is modeled using normal distribution
function. Moreover, the impact of DR program on energy
dispatching and techno-economic implications is also demon-
strated. Simulation results are obtained for the optimal capac-
ity of PV, WT, DG, BESS, charging/discharging pattern,
state of charge (SOC), COE, NPC, initial cost, operation &
maintenance (O&M) cost, fuel cost and payback period.

The estimated electricity consumption is 62039 kWh/year
for the project site located far away from the main grid. Ma-
jor activities of remote area communities include fishing and
agriculture. The project site has abundant renewable energy
sources of solar and wind. For accurate analysis, the real-
time data of solar irradiation and wind velocity at the project
site location are taken from National Renewable Energy Lab-
oratory (NREL).

The rest of the paper is organized as follows. The model-
ing of hybrid power system is presented in Section II. The
economic modeling is explained in Section III. The DR pro-
gram is described in Section IV. Simulation results and dis-
cussions are presented in Section V. Finally, conclusions are
drawn in Section VI.

II. MODELING OF HYBRID POWER SYSTEM

The hybrid power system comprising PV/WT/BESS could
be an economical solution to produce clean energy to match
with time-varying realistic load demand and therefore the un-
met energy demand shall be zero at any instant of time. The
modeling of each source is explained in subsequent subsec-
tions.

A. PV

The output power of PV array is calculated as:
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The solar irradiation is modeled using the Beta distribu-
tion function, as expressed in (3)-(6).
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The power output from WT is calculated as:
0 v<v,
. P.(v) v,<v<v,
Py = (7
v, <v<v,
0 V>V,
Pyr =0y Py ®)

The wind velocity is modeled using the Weibull distribu-
tion function as formulated in (9)-(11).

f(v)= I;(Z)k_lexp(_cv)k 0<v<mw )
k= (g)m% (10)

7
() i

C. BESS

The integration of renewable generation and electric vehi-
cles to electric grid makes it more difficult to maintain ener-
gy balance and can result in large frequency deviations in
the microgrid. Ancillary services provide supplementary re-
serve required to maintain the instantaneous and ongoing bal-
ance between sources and loads. BESSs can provide regulat-
ing reserve, a type of ancillary service, by modulating active
power for frequency control, to reduce frequency deviations
caused by sudden changes in renewable generation [32]. The
rating of BESS is affected by battery configuration, back-up
period, temperature, battery life time, depth of discharge, re-
serve power requirement and renewable energy sources, etc.
The charging and discharging schedule of battery is ex-
pressed in (12).

Pch(t) PPV(t)+PWT(t)+PDG([)_PD(t)Z0
Pdc/z(t) PPV([)+PW'T(1)+PDG(t)_PD(t)<O

The charging and discharge power of BESS shall be less
than the nominal capacity of BESS.

0< P, (1)< P

Pypss (t) =

(12)

(13)
(14

At a particular instant, a BESS can operate in one mode
only, i.e., charging or discharging state. As specified in (12),
the BESS operates in charging mode during surplus power
generation and operates in discharging mode when the de-
mand is more than the generation. The charging and dis-
charging power of BESS is calculated as below.

1) Charging mode:

OSPdt?h(t)SP}GESS

E.(1)= (PDG(t)+PZT(t)—PD(t) P, ( t)) A, (15)
SOC(1)=(1-0,) - SOC (t—1)+E,, (1) (16)

2) Discharging mode:
£, ()= —PDG(t)—ZVT(t)+PD(t)_ PoO|am, (7)
S0C(1)=(1-0,) - SOC (t-1)-E,; (1) (18)

D. Modeling of Power Converter

Converter is required in AC/DC hybrid power systems.
The rating of inverter is determined using (19) [33].

INV,, =3L,,+L,

cap

(19)

E. Generator Capacity

The output power of diesel generator (DG) shall be within
its upper and lower limits.

Ppg SPpg SPpg (20)

F. Power Balance

The net power generation from PV, WT, DG and BESS
shall be equal to the total load demand. Therefore, the un-
met energy at any time shall be zero.

Py (1) 4+ P ()4 Py (1)=P, (1) + Py (1) + Py (1) Py (1) + P, (1)
1)

G. Reserve Power

Sudden disturbances of generation and load demands in
the power system can initiate a steep fall or rise in the fre-
quency of the power system, which can be detrimental to the
power system operation if the disturbances are not cleared
immediately. The corrective action shall be taken instanta-
neously to regulate frequency as per statutory limit by pro-
viding real power operation reserve which acts instantaneous-
ly with frequency change. The grid operators must have
planned the adequate amount of reserve power capacity at
strategic locations in the grid to ensure reliable power sup-
ply for 24x7 despite the intermittent nature of renewable
power and the uncertainty of load demand.

(22)

Pres.,AC = rloadem'm&AC + rpeak,/oaderim(ﬁ,AC +rw[r1deind>AC
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P res,DC =r InadP prime,DC +r peak, load P prime,DC +r .mlarP PV.avg

(23)

H. LPSP

In case the load demand is more than the generation, a sit-
uation arises that the customer energy demand is not served
completely, i.e., there is loss of power supply. The LPSP is a
design indicator which measures the probability of unmet en-
ergy demand, as given in (24). The formula of the availabili-
ty of power supply (APS) is given in (25).

T

lemmel, t

LPSP= "~ (24)

t=1
APS=1-LPSP (25)
To ensure the reliability, the energy generated P, () shall
be greater than energy demand at any instant.

P (1)> Py (1)

1. Modeling of Load Uncertainty

The uncertainty of electricity demand is modeled using the
normal distribution function [34] as given in (27) and (28).

(26)

2

o

7(P)= O_i/ﬂexp 27)
,(Qt-fj%)z

7(0.)= %Lﬁﬂp (28)

III. ECONOMIC MODELING

The HOMER software [35] optimizes various possible
configurations and ranks each feasible configuration based
on NPC. Capital, replacement, O&M, and fuel costs are in-
cluded in the NPC calculation. The NPC is calculated us-
ing (29).

ann, total

NPC= ——"F— 2
CRF (i,N) (29)
The CRF (i, N) is determined by:
, i(1+i)"
CRF (i,N) = —~— (30)
i(1+i)" -1
ci=f
T as @D

The levelized COE is the ratio of the total annualized cost
to the total electrical load served.

Cmm. total
LCOE - E served (32)
NPC=Cpy+Cyr+Cpg+ Cppss + Cyy (33)

The HOMER software determines the economical configu-
ration of hybrid power system, capacity of each component
and cash flow summary. The software simulates microgrid
with all feasible combinations of hybrid energy sources and en-

ergy storage devices and determines the most economical con-
figuration based on NPC and COE. Three major steps in-
volved in the HOMER software are simulation, optimization
and sensitivity analysis. A set of constraints of power balance,
diesel power limits, reserve power requirement and grid power
import/export limits shall be specified. During the optimiza-
tion process, all possible hybrid power system configurations
are optimized and the most viable configuration is selected
based on the lowest NPC and COE. The sensitivity analysis is
used to investigate the impact of sensitivity variables on opti-
mization results. For example, the sensitivity analysis is useful
to study the impact of fuel price, battery life time, type of stor-
age, solar irradiation level and wind speed on the optimal sys-
tem design.

The microgrid energy management (MGEM) involves the
following main blocks of monitoring (load forecasting de-
mand, renewable power generation, utility electricity price,
etc.), controlling (distributed energy resource on/off control,
switching of controllable loads, battery SOC, power import/
export from grid), and optimization to achieve the minimum
COE, maintain supply-demand balance and provide reliable
power supply to all customers. The key issues of MGEM in-
clude the microgrid system configuration, coordination of hy-
brid energy sources, adequate energy storage capacity to en-
sure reliability, energy management and control. For effec-
tive MGEM, the bidirectional communication link is essen-
tial between grid controller and microgrid controller. The en-
ergy management module of central controller is responsible
for the optimal energy dispatching in microgrids. The problem
of MGEM involves finding the optimal unit commitment (UC)
and optimal energy dispatching to achieve set objectives.

The polycrystalline type Huawei SUN2000 flat plate PV
panel is considered in the simulation study. The rated capaci-
ty of the PV system is 40 kW. The operation temperature is
45 °C, the temperature coefficient of PV panel is —0.41, the
efficiency of PV panel is 17.30% and the life time is set as
25 years. The capital and replacement cost of the PV system
is considered as 900 $/kW and the O&M cost is 10 $/kW
per year. The monthly average solar radiation and tempera-
ture are illustrated in Figs. 1 and 2. The WT of Bergey is
considered in this paper. The capital and replacement cost of
WT system is set as 15000 $/kW, the O&M cost is set as 75
$/kW per year and the life time is set as 20 years. The cut-
in and cut-out speeds are taken as 3 m/s and 20 m/s, respec-
tively. The rated capacity of WT is 10 kW and the hub
height is 24 m. The DG of TD Power Systems (TDPS) is
considered in the simulation study. The capital and replace-
ment cost of DG is considered as 500 $/kW, the O&M cost
is 0.03 $/kW per year and the fuel price is 1 $/L . The penal-
ty rates for CO,, CO, SO, and NO, emissions are set at 0.03
$/kg, 0.03 $/kg, 2.18 $/kg and 9.26 $/kg, respectively. BESS
of Trojan with nominal capacity of 72 kWh is taken in the
simulation study. The nominal voltage is 60 V. The BESS
comprises 10 batteries in 10 parallel strings. Therefore, the
available nominal capacity of BESS is 720 kWh. The maxi-
mum charging and discharging currents of BESS are 250 A
and 500 A, respectively. The capital and replacement cost of
BESS is considered as 350 $/kW, the O&M cost is 10 $/kW
per year and the life time is set as 20 years. The maximum
capacity of DG is 60 kW and the minimum output is 20 kW.
The BESS has a maximum charging and discharging power
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of 50 kWh and a capacity of 100 kWh, respectively. In or-
der to increase the life of the BESS, the minimum and maxi-
mum SOCs are set as 20% and 95%, respectively. The rated
capacity of system converter is 30 kW. The limit on power
import and export to the main grid is considered as 80 kW.
The nominal discount rate as 8% and the inflation rate as
2% are considered in the simulation study for the project life
time of 25 years.
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Fig. 1. Monthly profile of average solar radiation.
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Fig. 2. Monthly profile of average temperature.

IV. IMPLEMENTATION OF DR PROGRAMS

Demand-side participation is an important aspect for opti-
mal energy scheduling at lower cost and higher security
[36]. DR is one of the most popular methods of demand-
side participation that encourages the customers to adjust
their elastic loads in accordance with the operator’s request
or price signals. Usually, the elastic loads are classified into
shiftable loads and curtailable loads. The benefits of DR for
customers include cost savings and continuity of electricity.
It also has benefits for MG operators such as cost savings,
optimal operation, reduced use of costly generators, reduced
purchase of expensive power from the main grid and load
curve flattening. In general, DR programs are classified into
two main categories of time-based rate (TBR) and incentive-
based (IB) programs. In the TBR program, the motivation to
change customer demand is related to the difference in elec-
tricity prices at different time, while in the IB program, in-
centive and penalty options are the motivation behind the
change in customer demand.

A. Modeling of Demand Price Elasticity
The elasticity is defined as the load sensitivity with re-
spect to the electricity price as expressed in (34) [37].
Ad/d,
Aplp,
The elasticity is composed of two different coefficients
namely self-elasticity and cross-elasticity. The self-elasticity

is a measure of the load curtailment while the cross-elastici-
ty is a measure of the load shifting. The self-elasticity is de-

(34
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fined as the change in demand at a time instant i, due to
change in price at the same time instant i as represented in
(35). Since the change in price will have an inverse effect
on the change in demand, self-clasticity E(i,7) takes a nega-
tive value. The cross-elasticity is defined as the change in de-
mand at time instant / due to change in price at some other
time instants ;j as represented in (36). The cross-elasticity
E(i,j) is either positive or zero depending on whether the cus-
tomer is willing to shift their load or not.

- ad(i)/d, (i)
T om0 o

od (i)/d, (i)
Q)= 36
(), (0

The price elasticity matrix will be of the order 24 x 24 for
24 hours of a day as represented in (37). The diagonal ele-
ments of the price elasticity matrix represent self-elasticity
coefficients and the off-diagonal elements represent cross-
elasticity coefficients.

[ Ad(D) T [ Ap(D) |

d,1) p. ()

O E(1,1) E(L2) E(1,24) )

0 | E(2.,1) E(2.,2) E(2,. 2\ 2

A d(:2 | LEQ4D EC42) E(24,24) Ap& 4

| d,24) | 1.4 |
(37)

The electricity prices are assumed as 0.03 $/kWh in flat
rate, and 0.012 $/kWh, 0.02 $/kWh and 0.05 $/kWh at val-
ley, off-peak and peak periods, respectively. In this case, we
assume electricity prices of 0.025 $/kWh and 0.01 $/kWh
have the incentive and penalty rates, respectively. According
to Table I, the load curve is divided into three different peri-
ods, namely valley period, off-peak period and peak period.

TABLE I
SELF-ELASTICITY AND CROSS-ELASTICITY FOR 24 HOURS

. Elasticity ) .
Period Time period (hour)
Valley Off-peak Peak
Valley —-0.100 0.010 0.012 1-9
Off-peak 0.010 -0.100 0.016 10-18
Peak 0.012 0.016 —0.100 19-24

B. Load Control in TBR Program

In the TBR program, the customer load demand changes
with respect to the electricity price signals. The modified
load demand due to the implementation of TBR program is
obtained from the following equation.

d(i)=d. (i) 1+E(i)p(i;:('l;)”(i)+ ) E(i,j)p(]:(/;)”(j)
i=1,2,...,24

jeLy#i

(38)

C. Load Control in IB Program
In the IB program, the changes in electricity usage is
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based on incentive and penalty options in certain periods,
such as peak periods. The modified load demand due to the
implementation of IB program is obtained as:

p(i)=p, (i) = A(i)+pen(i)
N
p, (i)
ST p()=p.(j)=A4()+pen())
>, E(i)) o0

d(i)=d, ()| 1+E (i)

(39)

j=Lj#i

V. RESULTS AND DISCUSSIONS

The optimal energy management is a challenging task for
MGOs with optimal utilization of hybrid energy sources and
energy storage devices considering uncertain environment.
This paper simulates the standalone microgrid with PV/WT/
DG/BESS at remote village in Tamil Nadu, India using
HOMER software to quantify techno-economic benefits. The
optimal power system configuration is also determined based
on the COE and annual NPC. The hybrid power system is
modeled to cater the varying seasonal residential and com-
mercial loads for the project site. In this paper, the hybrid
power system is designed to provide the minimum requisite
operation reserve to ensure the grid reliability. A comparative
analysis of techno-economic and environment benefits is pre-
sented with different configurations of PV+BESS, WT+BESS,
DG+BESS, PV+DG+BESS, WT+DG+BESS, PV+WT+BESS
and PV+WT+DG+BESS with and without DR.

A. Without DR

As mentioned in the previous section, eight different con-
figurations of hybrid power systems are optimized consider-
ing hourly variation of load, wind velocity, solar radiation
and ambient temperature. The peak electricity demand oc-
curs during evening hours (06:00-10:00 p.m.), which cannot
be catered using PV or WT due to the non-availability of ad-
equate solar or wind power output. Therefore, the hybrid
power system comprising of PV/WT/BESS could be an eco-
nomical solution to produce 24x7 clean energy to match
with time-varying realistic load demand. In this way, the hy-
brid power system is able to cater both the base load and the
flexible load. The optimal configuration of hybrid power sys-
tem (PV+BESS) can deliver requisite power for 24x7 at a
cost of 0.124 $/kWh. This provides a framework to promote
hybrid power systems for electrifying remote areas. The com-
parative analysis of techno-economic benefits for various
configurations is given in Tables II-V. The system configura-
tion details for each configuration are given in Table II. Ta-
ble II shows the optimal capacity of PV, WT, DG, BESS for
each case study. The analysis has been carried out consider-
ing 100%, 65%, 60% and 50% of renewable energy contribu-
tion, respectively. From Table III, it can be observed that the
levelized COE is low for PV+BESS (0.124 $/kWh) and high
for WT+BESS (0.7273 $/kWh). The integration of DG has
great influence on COE than BESS. The annual NPC is low
for PV+BESS ($99427.02) and high for the microgrid with
DG ($502348.3).

The annual energy production details of each configura-
tion are given in the Table IV. The total annual load con-
sumption of the system is 62039 kWh/year, which is met by
PV power production of 44588 kWh/year, DG power produc-
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tion of 25789 kWh/year and WT power production of 2865
kWh/year in the PV+WT+DG+BESS configuration.

TABLE I

SIMULATION RESULTS OF VARIOUS CONFIGURATIONS

Configuration };i;u(llz\;/g Ix;u(llt(\(;vf) T(:Tfu EE grs oRfe %l(lf: 3;?3212:

(kW) kW)

PYRWIEBESS® o5 10 10 5 17.5
PV+DG+BESS 17 300 5 26.0
WT+DG+BESS 70 50 7 30.3
PV+WT+BESS 40 10 43 22.0
PV+BESS 41 65 22.7
WT+BESS 200 377 31.0
DG+BESS 3 8 14.7

DG 23
TABLE III

EcoNOMIC RESULTS OF VARIOUS CONFIGURATIONS

Operation cost

Configuration NPC ($) COE ($/kWh) ($/ycar)
PV+WT+BESS+DG 199850.80 0.2492 11081.21
PV+DG +BESS 319414.80 0.3982 13700.61
WT+DG +BESS 424570.30 0.5296 21335.14
PV+WT+BESS 103661.70 0.1293 1635.06
PV+BESS 99427.02 0.1240 1758.84
WT+BESS 583120.80 0.7273 9893.38
DG+BESS 342131.30 0.4266 25224.18
DG 502348.30 0.6263 37969.26
TABLE 1V

ANNUAL ENERGY PRODUCTION OF VARIOUS CONFIGURATIONS

Annual energy

. N
Configuration Resource production (kWh/year) Fraction (%)
PV 44588 60.90
PV+WT+DG+
BESS WT 2865 391
DG 25789 35.20
PV 30276 57.80
PV+DG+BESS
DG 22088 42.20
WT 20058 28.80
WT+DG+BESS
DG 49615 71.20
PV 71408 95.90
PV+WT+BESS
WT 3072 4.12
PV+BESS PV 73192 100.00
WT+BESS WT 57309 100.00
DG+BESS DG 67720 100.00
DG DG 69259 100.00

It is observed from the simulation results that the total
electricity demand is supplied by 64.8% renewable fraction
and 32.2% non-renewable fraction in PV+WT+DG+BESS
configuration. As specified in the Table II, the PV+WT+DG+
BESS configuration consists of 25 kW PV, 10 kW WT, 5
kW DG set, 10 battery strings and 17.5 kW converter. The
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cash flow summary of hybrid power systems is shown in Fig. NPC. Among various feasible configurations, it is observed
3. The hourly optimal power dispatching of the hybrid power that the PV+BESS configuration is the most economical com-
system is illustrated in Fig. 4 to balance the electricity demand pared with other configurations considered in the simulation
and power generation subject to the minimization of annual study.

TABLE V

SUMMARY OF OUTPUT POWER OF DIFFERENT ENERGY SOURCES

Value
Source Parameter TWTH T + + TWT+
DG DG+BESS WT+BESS PV+BESS P\];EVSVéF BE\QJS];—DG PV ggss [I))(\; +]¥gs
Rated capacity (kW) 41 40 17 25
Mean output (kW) 8.36 8.15 3.46 5.09
Mean output (kWh/day) 201.0 196.0 82.9 122.0
Capacity factor (%) 20.4 20.4 20.3 20.4
PV Total production (kWh/year) 73192 71408 30276 44588
Minimum output (kW) 0 0 0 0
Maximum output (kW) 40.5 39.5 16.8 24.7
PV penetration (%) 118.0 115.0 48.8 71.9
Operation hours per year 4380 4380 4380 4380
Levelized cost ($/kWh) 0.0446 0.0446 0.0447 0.0446
Total rated capacity (kW) 200 10 70 10
Mean output (kW) 6.540 0.351 2.290 0.327
Capacity factor (%) 3.27 3.51 3.27 3.27
Total production (kWh/year) 57309 3072 20058 2865
WT Minimum output (kW) 0 0 0 0
Maximum output (kW) 195.00 9.77 68.10 9.73
Wind penetration (%) 92.4 4.95 323 4.62
Operation hours per year 6041 6011 6041 6041
Levelized cost ($/kWh) 0.476 0.444 0.476 0.476
Operation hours per year 8760 8468 7681 6102 6615
Number of starts per year 1 108 2 1 57
Operation life (year) 1.71 1.77 1.95 2.46 2.27
Capacity factor (%) 344 96.6 80.9 50.4 58.9
DG Fixed generation cost ($/h) 2.220 0.771 0.674 0.482 0.482
Marginal generation cost ($/kWh) 0.273 0.273 0.273 0.273 0.273
Electrical production (kWh/year) 69259 67720 49615 22088 25789
Mean electrical output (kW) 791 8.00 6.46 3.62 3.90
Minimum electrical output (kW) 5.75 2.00 1.75 1.25 1.25
Maximum electrical output (kW) 23 8 7 5 5
Number of batteries 3 377 65 43 50 300 10
Number of string size 1 1 1 1 1 1 1
Number of strings in parallel 3 377 65 43 50 300 10
Bus voltage (V) 60 60 60 60 60 60 60
Autonomy (hour) 30.5 3066 661 437 508 3049 102
Storage wear cost ($/kWh) 0 0 0 0 0 0 0
Nominal capacity (kWh) 216 27144 4680 3096 3600 21600 720
BESS Usable nominal capacity (kWh) 216 21715 4680 3096 3600 21600 720
Life time throughput (kWh) 269473 854837 811685 763374 427787 726111 575210
Expected life (year) 20 20 20 20 20 20 20
Average energy cost ($/kWh) 0.397 0 0 0 0.248 0.105 0.131
Energy input (kWh/year) 15721 24792 42325 41392 23380 18684 33387
Energy output (kWh/year) 11433 36268 34437 32387 18149 30806 24404
Storage depletion (kWh/year) 134 21705 4670 3046 1551 20452 431
Loss (kWh/year) 4422 10229 12558 12051 6781 8329 9414
Annual throughput (kWh/year) 13474 42742 40584 38169 21389 36306 28761




MURTY et al.: OPTIMAL ENERGY MANAGEMENT AND TECHNO-ECONOMIC ANALYSIS IN MICROGRID WITH HYBRID RENEWABLE... 937

% 15000
z 5000t
= -5000
<= -15000F
< -
S -23000 2 4 6_8 10 12 14 16 18 20 22 24 26
1 3 5 7 9 11 13 15 17 19 21 23 25
Project life (year)
=BESS; =WT;=DG; =PV, =Converter
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Fig. 4. Optimal power dispatching in microgrid with various configura-

tions. (a) DG+BESS. (b) WT+BESS. (c) PV+BESS. (d) PV+WT+BESS. (c)
WT+DG+BESS. (f) PV+DG+BESS. (g) PV+WT+DG+BESS.

The COEs of the hybrid power systems are 0.124 $/kWh,
0.2492 $/kWh, 0.3982 $/kWh, and 0.5292$/kWh with renew-
able fractions of 100%, 65%, 58%, and 28%, respectively.
Similarly, the NPCs of the hybrid power systems are
$99427, $199850, $319414, and $424570 with renewable
fractions of 100%, 65%, 58%, and 28%, respectively. It is
observed that COEs and NPCs are inversely varying with re-
newable fractions. It is obtained from the cost summary of
the hybrid power systems that the capital cost of PV+WT+
DG+BES configuration is lower compared with other sys-
tems. It should also be noted that the payback periods of
PV+WT+DG+BESS, PV+DG+BESS, WT+DG+BESS, PV+
WT+BESS, PV+BESS configurations are 0.34 year, 0.54
year, 0.72 year, 0.177 year and 0.17 year, respectively, com-
pared with WT+BESS configuration.

Table VI and Table VII demonstrate the reduction in
greenhouse gas emissions in microgrid with renewable ener-
gy sources compared with conventional isolated distribution
system with DGs. In Table VI, UHC stands for unburned hy-
drocarbon and PM stands for particulate matter. The PV+
WT+DG+BESS configuration reduces CO and CO, emis-
sions by 68.1% per year compared with off-grid microgrid
system operating with DG. After implementing the DR pro-
gram, CO and CO, emissions are reduced by 67.7% per year
as compared with the islanded microgrid system operating
with DG alone.

TABLE VI
GREENHOUSE GAS EMISSIONS

Emission (kg/year)

Configuration
CO, CO UHC PM SO, NO,
DG 66904 418 1840 2.500 1640 393
DG+BESS 54250 339 1490 2.030 133.0 318
WT+BESS+DG 40104 250  11.00 1.500 982 235
PV+BESS+DG 18421 115 5.07  0.690 45.1 108
PV+WT+DG+BESS 21288 133 585  0.797 52.1 125
TABLE VII
GREENHOUSE GAS EMISSION SUMMARY WITH DR
. Emission (kg/year)
Configuration
CO, CO UHC PM SO, NO,
DG 61086 381 16.80 2280 149.7 3588
DG+BESS 47468 296  13.00 1.770 1163  278.2
WT+BESS+DG 37833 299 1320 1.790 117.0 281.0
PV+BESS+DG 26051 163 7.16 0975 63.8  153.0
PV+WT+DG+BESS 19732 123 543 0.739 483  116.0

B. Simulation Results Considering Reserve Power

The brief summary of simulation results is presented con-
sidering the reserve power with BESS to ensure microgrid
resilience during unexpected outages. The optimal size of
PV+BESS configuration is determined for cost savings and
enhanced resilience of the system. In this paper, the system
is optimized to minimize the life cycle COE without consid-
ering resilience factor and then the system is re-optimized
considering resilience. Simulation results are obtained with
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PV+BESS configuration to sustain the critical load and en-
sure the grid resilience. The system is designed to sustain
the 50% critical load during the specified outage period for
48 hours. The hourly power dispatching results considering
resilience are shown in Fig. 5. The hybrid power system in-
cludes PV system with rated power of 449 kW and BESS
with rated power and capacity of 136 kW and 746 kWh. De-
tailed simulation results for resilience is demonstrated in Ta-
ble VIII, where model 1 is business as usual; model 2 is re-
silience model; model 3 is financial model; and CAPEX
stands for capital expense. Outages are simulated starting at
every hour of the year and the amount of time that the sys-
tem can sustain the critical load during each outage is calcu-
lated, as shown in Fig. 6. From the simulation results, it is ob-
served that the capacity of PV+BESS configuration increases
when the resilience is considered.

350

Battery SOC (%)

1 21

41 61

Time (hour)

== Grid serving load; - PV serving load; - Battery discharging
== PV charging battery; Grid charging battery

— Outage period; — Battery SOC; — Electric load

Fig. 5. Hourly power dispatching results considering resilience.

TABLE VIII
COMPARISON OF SIMULATION RESULTS CONSIDERING RESILIENCE
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Fig. 6. Probability of surviving outages.

C. With DR

Figure 7 demonstrates the change in load profile before
and after the implementation of DR program. It is observed
that the peak electricity consumption is reduced by 26.6%
which has significant economical, technical, and environmen-
tal benefits.

—~ [ — Actual load
é 14 | — Load after DR
el
g
g L
S 6f
T 4
S 2t
Oy 5 9 13 17 21 24

Time (hour)

Fig. 7. Load profile with and without DR program.

The details of microgrid system configurations are given
in Tables IX and X with DR.

TABLE IX
SIMULATION RESULTS FOR VARIOUS CONFIGURATIONS WITH DR
CONFIGURATION

Parameter Mode 1 Mode 2 Mode 3
Survived in specified outage No Yes No
Average outage time (hour) 0 1020 10
Minimum outage time (hour) 0 2 0
Maximum outage time (hour) 0 4052 63
PV size (kW) 0 449 366
Annualized PV energy production (kWh) 0 716554 584728
Battery power (kW) 0 136 75
Battery capacity (kWh) 0 746 231
NetCAPEX-+treplacement+O&M cost ($) 0 1064278 527051
Energy supplied from grid in 1% year (kWh) 992952 318458 443892
Utility energy cost before tax in 1% year (§) 74050 20817 31145
Utility demand cost before tax in 1% year (§) 79692 26521 46469
Utility fixed cost before tax in 1* year ($) 5551 5551 5551
Utility minimum cost before tax in 1* 0 0 0
year ($)
Utility energy cost after tax ($) 709556 199472 298434
Utility demand cost after tax (8$) 763618 254129 445269
Utility fixed cost after tax ($) 53191 53191 53191
Utility minimum cost after tax ($) 0 0 0
Initial cost after tax before incentives () 1145520 745458
Initial cost after tax after incentives ($) 720625 444183
O&M and replacement cost after tax ($) 205124 76873
Total life cycle cost after tax ($) 1526366 1365948 1323944
Net present value after tax ($) 0 160418 211011

Configuration PV WT No. of DG Converter
(kW) (kW) BESS (kW) (kW)
PV+WT+BESS+DG 25 10 23 4 12.80
PV+DG+BESS 18 113 5 12.30
WT+DG+BESS 20 29 7 9.65
PV+WT+BESS 40 10 36 16.70
PV+BESS 43 19 21.00
WT+BESS 200 379 30.20

TABLE X

COST ANALYSIS OF FOR VARIOUS CONFIGURATIONS WITH DR

Configuration NPC (8) ($?k%\l;:h) Operat(i;;))n cost
PV+WT+BESS+DG 193898.70 0.24180 10575.88
PV+DG+BESS 255261.20 0.31820 14524.15
WT+DG+BESS 347733.30 0.43360 22962.22
PV+WT+BESS 94671.38 0.11800 1433.77
PV+BESS 75416.50 0.09402 1110.23
WT-+BESS 583289.70 0.72720 9903.33

The SOC of battery throughout the year of PV+WT+DG+
BESS configuration is shown in Fig. 8.
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Fig. 8. Hourly SOC of PV+DG+WT+BESS configuration.

Different configurations of hybrid system are simulated
considering 100%, 67% and 50% renewable fractions, re-
spectively. After the implementation of DR program, the an-
nual energy production details of each configuration are giv-
en in Table XI.

TABLE XI
ANNUAL ENERGY PRODUCTION FOR VARIOUS CONFIGURATIONS WITH DR

Annual energy

. N
Configuration Source production (kWh’year) Fraction (%)
PV 44588 62.70
PV+WT+DG+BESS WT 2865 4.03
DG 23653 33.30
PV 32062 50.60
PV+DG+BESS
DG 31358 49.40
WT 5731 8.76
WT+DG+BESS
DG 59683 91.20
PV 71408 95.90
PV+WT+BESS
WT 3072 4.12
PV+BESS PV 76759 100.00
WT+BESS WT 57309 100.00

The total annual load consumption of the system is 62050
kWh/year which is met by PV power production 44588 kWh/
year, DG power production 23653 kWh/year and WT power
production 2865 kWh/year in PV+WT+DG+BESS configura-
tion. It is evident from simulation results that the total elec-
tricity demand is supplied by 66.7% renewable fraction and
33.3% non-renewable fraction, respectively. As specified in
Table IX, the PV+WT+DG+BESS configuration consists of
25 kW PV, 10 kW WT, 4 kW DG set, 23 battery strings and
12.8 kW converter. As mentioned in Table X, the levelized
COE is low for PV+BESS configuration and high for WT+
BESS configuration. The annual NPC is low for PV+BESS
configuration and high for WT+BESS. The COEs of the hy-
brid power system are 0.09402 $/kWh, 0.2418 $/kWh, and
0.3182 $/kWh with 100%, 67%, and 50% renewable frac-
tions, respectively. The NPCs of the hybrid power system
are $75416, $193898.7, and $255261.2 with 100%, 67%,
and 50% renewable fractions, respectively. With the imple-
mentation of DR program, NPC and COE are decreased by
24.1% for PV+BESS configuration. The payback periods of
PV+WT+DG+BESS, PV+DG+BESS, WT+DG+BESS, PV+
WT+BESS, PV+BESS configurations are 0.33 year, 0.43
year, 0.59 year, 0.16 year and 0.12 year, respectively, com-
pared with WT+BESS configuration.
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VI. CONCLUSION

This paper evaluates the techno-economic benefits of
standalone microgrids with hybrid energy sources and bat-
tery energy storage devices. Different feasible configurations
of hybrid power system with PV/WT/DG/BESS are studied
and a detailed comparative analysis is presented. The capital
cost, operation cost, fuel cost, COE and total cost are deter-
mined for each configuration. The objective function consid-
ered in this paper is the minimization of COE and NPC sub-
ject to the reliability index LPSP, zero unmet energy de-
mand, operation reserve and emission reduction. The analy-
sis has been carried out considering the seasonal load varia-
tion throughout the year and the renewable fraction of
100%, 65% and 50%, respectively. Also, the load uncertain-
ty is considered in the simulation study. Among the various
feasible configurations at the project location, PV+BESS is
the most economical with lower NPC and COE. The fuel
cost of DGs has significant impact on NPC and COE. The
greenhouse gas emissions from hybrid power system is low-
er than the conventional grid. The hybrid power system with
PV+WT+DG+BESS reduces CO and CO, emissions by
68.1% per year as compared with the off-grid microgrid inte-
grated with DG alone. Further, the impact of DR is also
demonstrated on optimal energy dispatching and techno-com-
mercial benefits. NPC of hybrid system is low with high
share of renewables. With the implementation of DR pro-
gram, NPC and COE are decreased by 24.1% for PV+BESS.
In addition, the reserve power requirement with BESS is al-
so assessed to ensure grid resilience.

This paper is helpful to the microgrid operators for deci-
sion making, solid investment planning towards rural electri-
fication, competitive microgrid design with hybrid energy
sources and effective energy dispatching strategy develop-
ment. Further, this study can assist microgrid system engi-
neers during preliminary design phase to estimate the capaci-
ty of renewable energy source and the project cost.
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