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Abstract: Front-of-the-meter (FOM) based PV system is helpful in adding flexibility to distribution networks for locally generating
renewable energy to decarbonise the environment from the impacts of power generation sector. Presently FOM systems are used for specific
services at distribution level but for applications in industry these are under development. In this paper a techno-economic analysis of front-
of-the-meter systems in primary networks with PV system is presented that covers (i) impact of battery storage systems types (ii) the in
terms of different dispatch scheme; and (iii) the quantification for AC and DC connected schemes that give profitability based on techno
economic analysis point of view. The analysis performed for grid-level battery energy storage technology particularized to weather data
and electric tariff rates followed in Lucknow U.P,India. The techno-economic analysis is covering one year time duration with 30 minute
resolution executed at System Advisor Model (SAM) tool. The results are showing that, the techno economic benefits of FOM systems are

better than traditional transmission-level services. Several approaches are observed for improving systems profitability.
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1. Introduction

This Solar photovoltaic (PV) technology contributing
largest power compared to different renewable energy
technologies like wind/hydro [1]. PV technology growth
electric distribution has more demand than other renewable
energy resource [2]. The PV systems integration in power
distribution networks helping in decarbonising the power
systems. However, the variability and intermittency of solar
energy are facing technical challenges in terms of power
quality and output and put limits on acceptability of PV
based power resources. The intermittency and variability
PV systems mitigated with distributed storage systems, that
helps in reducing renewable energy curtailment and
supports stable operation at low-inertia power systems, from
microgrids to large systems, with high shares of non-
synchronous variable renewable generation [3]. Battery
energy storage systems (BESS) has highest applicability in
electric distribution networks due to: (i) small time-scales
requirement of few hours; (ii) large power range and (iii)
large available range of energy capacity [4]. BESS are
connected to grid at larger scale (centralised) or at small
scale consumer end only (decentralised). Decentralised
systems storage are generally behind-the-meter PV solar
systems based having battery at consumer end, in terms of
increasing self-consumption for obtaining a reduction in
utility-bought energy, charges are planned according to
demand and financial return are generated from services of
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grid [5]-[7]. In multiple literatures it is shown that obtained
profit mainly depending upon incentives, tariffs and
schemes [5], [6], [8], [9], [34].Grid services gives provision
for consumer with limited benefits due to shortage of
generated power.

The paper presents a multi-level analysis for the integration
of a BESS with high PV generation for front of the meter
system. The scope covers the above mentioned issues and
challenges with focus on specific services with BESS that
helps in enabling flexibility and add value. The techno
economic analysis presented multiple aspects of grid-
integrated BESS and PV systems with front of meter
DC/AC connected schemes that are rarely covered together
in literature with methodological contribution. The techno
economic analysis is including the analysis of different
types of batteries used under different energy dispatch
management schemes. The assessment moves into AC/DC
connected Front of meter system assessment on looking at:
(i) effect in cost parameters; (ii) role inverters (iii) provision
of flexibility through power supply mode and (iv) economic
revenue under present day energy markets.

The contributions of this research work are:

* A technoeconomic analysis on system advisor model
(SAM) software for PV integrated BESS based front of
meter system.

* The evaluation of performance for different type of battery
integrated to PV integrated power supply system impact on
low level power system infrastructure,

e The estimation of different power dispatch control
schemes for AC as well as DC connected system.
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* The exploration of response in terms of financial returns
for weather data collected for Lucknow, India for an isolated
5KW power supply system.

The paper structure is describes as: Section Il related work
and section 111 covers description of the methodology used
under the research work under mathematical approach, data
sources and electric network design. In Section 1V, present
the technical and economic response analysis generated
using SAM software for front of meter system. Section V
discusses the conclusion and future scopes.

2. Related Works

Utility grid energy storage focus on large storage in
medium-voltage (MV) distribution network serve in
mitigating the constraints derived due to distributed
generation. Grid supported energy storage useful in
stabilizing the power networks through management of grid
demand for power quality applications, centralized supply
of energy or ancillary services [4]. On comparing with
storage in decentralized system, distribution network with
centralized storage systems are representing cost-effective
solution to plan the distribution for long time duration [10].
Such systems help in minimizing losses, power lines
thermal load, fluctuations of voltage, and enhance reliable
operations under power transmission [11], [12]. Grid
systems are potentially favorable in economical terms as
compared to smaller-level microgrid due to the possibility
of providing services to grid in electricity markets [13].
Such systems have high cost of drives and require
optimization with respect to location and capacity under
sizing problem of BESS to configure the batteries operation

[4].

The grid associated BESS based distribution networks
support PV response. Using the PV structures the location
and sizing decision affects performance and act as a
characteristic of the network. As an optimization problem,
the siting and sizing problem is resolved under
mathematical programming like linear programming [14],
heuristic method [11] analytical methods or as exhaustive
search [15]. These methods require various parameters &
technical characteristics as input for modeling the system
that is responding to proposed optimization response. A
current literature review is indicating focus on topic for
optimization approach application for searching technical
parameters of power transmission system or storage system,
at distribution/transmission level to fulfill economic
considerations on addressing siting as well as sizing of
centralized BESS [4], [14]. Another consideration is related
to applications or services that are provided by BESS, which
typically classify power or energy applications for specific
application [16]. For example, analysis of BESS optimal
location for primary and secondary distribution networks is
performed to reduce the energy purchase cost in distribution
substation [14].

Economic benefit also considered for services offered by
grid and economic benefit as well as substantial value
provide by BESS are not recognized in current distribution
systems design standards [12]. Services under the traditional
methods of generation and transmission services (like
frequency/voltage regulation of transmission system level
or whole-sale of electricity) under large-scale BESS in
dealing with transient at penetrations of high renewable
energy [17]. However, distributed generation with PV
located mostly at distribution network level. Hence, BESS
deployment for mitigation of technical aspects by DG need
consideration of revenue from specific distribution services,
that are reflecting the value as well as benefit of BESS. Yet,
the distribution level based services are rarely flourished. In
Northern Ireland, services at distribution level provide real
power flexibility has started and passed through testing
phase by local network distribution operator under trials in
November2022 [18]. Analysis and research focusing
centralized BESS at distribution level explore provision for
ancillary services for supply of real power with
consideration of voltage control, power leveling and
multiple ancillary services stacking systems (example
energy arbitrage and frequency regulation) in MV range
[19,20,21] and under LV networks (example energy
arbitrage, voltage regulation, and peak shaving) [22].
However voltage regulation used for supplying reactive
power for distribution networks, it is generally ignored in
economic analysis in the literature. Generally most of the
literature focused on technical benefits, the economic
viability of distributed BESS is limited [19], [22], [23]. Yet
some literature described positive impacts of BESS in
distributed system [14] with transmission services that may
give profitability [21] or marginal economic compensation
[24]. Literature survey focus on BESS shows a gap and
defines for need of development of distribution system
services under electrical power generation. Consideration of
integrated PV systems for modern grid with voltage
regulators, BESS or transformers is not sufficient. Solar
radiation as input, PV power output, changes on variations
in irradiance and cloud coverage. Thus, integration of
studies based on PV requires temporal data of large size and
high resolution for estimation of capacity of PV based
system impact on power distribution. The dataset
availability of high resolution is limited and it requires
intensive computation. Simulations with 1to 20 seconds
time steps are considered for adequate capturing of response
of equipment like transformer, voltage regulators, load
devices etc [25]. Advanced studies of PV systems not be
limited in assessment for small duration of days, week or
month but full-year data requires deep understanding of
response and impact of associated equipment [25], [26].
Consideration of integration of PV systems in distribution
networks plan requires risk analysis & reliability for
supporting islanding behavior of micro-grids. The PV
inverter technologies developments also evolved control

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(4), 860869 | 861



algorithms implementation. Smart controls of PV inverter
for constant Volt-Watt , power factor or Volt-Varis
investigated in enabling high capacities PV systems. PV
inverters with 1-phase shows improvement in voltage
profiles of low voltage distribution systems using reactive
power controller [27].Analysis on effect of smart control
algorithms for inverter and behind-the-meter energy storage
system with PV systems shows enhanced penetration of PV
[28]. The effect of smart inverters in grid with centralized
battery storage requires investigation for cases of PV
integration.

3. Methodology
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Figurel: Front-of- meter Battery Configurations.

Environmental concerns, advances in technology and
consumer demand driving the electric power supply system
to next stage. These changes require use of renewable
energy to achieve zero emissions. Traditionally electricity
supply systems are built and controlled by government
authorities and operated as centralized supply to maintain
reliable supply and effective cost. The increasing demand of
electricity in all aspect of life has challenged all the power
system policies and creating financial as well as technical
issues.

3.1. Front of Meter system

The alternative that is established is ‘behind the meter’
integrated with PV connection system for householders and
businesses to reduce conventional energy supply cost.
Another popular alternative is use of ‘front of the meter’
connection that shares the locally generated energy to the
grid.

The day by day reduction of feed-in-tariffs the solar based
users are unable to get fair price for homegrown electricity.
The power supply network operators also facing issues of
managing technical impacts of wind and solar PV under the
business model.

Micro grids that are sharing with solar PV and battery
storage producing opportunities to manage the risks in due
to changes in electricity sector. For customers, potential
benefits include access to wholesale pricing and retail

tariffs. The lower costs may also be attained by local control
and load management, if peak demand is reduced. The ‘in
front of the meter’ system requires understanding of the
technology and fundamental principles of demand/supply.
The front-of-meter assumes that battery used to maximize
revenue to power generation . The battery in front-of-meter
is connected either to the AC or DC side of the inverter as
shown in Figure 1.

3.2. SAM system simulation

System Advisor model (SAM) is software used for
development demonstration, research and deployment of
energy supply systems by integrating weather data,
component, and parameters defined under different
organizations (eg. National Renewable Energy Laboratory
(NREL), Sandia Laboratories, University of Wisconsin and
California Energy Commission, U.S. Department of Energy
etc) [29]. The SAM software is developed by NREL that is
consisting of several models to calculate power output under
different technologies of photovoltaic system to find the
financial models in terms of net present value, payback
period etc. Many research contribution study, work and
models using SAM software [30].

The SAM helps solar stakeholders to estimate cost &
performance of PV based model. It covers renewable energy
resources that incorporate modules to estimate performance
Photovoltaic integrated energy systems with specified
design parameters and weather data (eg. irradiance,
temperature, humidity etc) of desired location available at
https://www.nrel.gov. It is incorporating algorithms for
estimation of levelized cost of electricity (LCOE) for
selection of financial assumptions that is including
operational & installation cost. In this paper the analysis
investigates the Mono-Si PV cell technology. Mono-Si PV
technology is deployed widely in commercial plan that
involve large grid PV plant [31], [32].

The simulations in SAM, executed under inputs related to:
(1) hourly weather data records (2) PV modules[33],
inverters[34], array and battery parameter information; (3)
effects of soiling; (4) effects of shading ; and (5) AC/DC
based electrical losses[35].

3.3. Solar and weather data

The weather data downloaded from NREL website for
location specified for Lucknow, India. It requires
information in terms of latitude, longitude and time span.
The dataset include time series value of Direct Normal
Irradiance (DNI), Global Horizontal Irradiance (GHI) and
Diffuse Horizontal Irradiance (DHI). SAM software
calculates DHI using sun position by consideration of site's
latitude and longitude. The Perez model of Diffuse Sky is
used for determining the Plane-of Array (POA) irradiance.
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3.4. System Power Flow

Table 1.System design parameters

(a) Location: Lucknow

Latitude 26.15
Longitude 79.05

(b) Module database

SunPower SPR-X21-335
Pmax 335W
Vmax, Voc 57V, 70V
Imax, Isc 5.8A,6.2A
Rows in array 1

Column in array 10
Material Mono-c-Si
Area 1.631m-2
Number of cells 96

(c) Inverter Database

Solar Edge technologies Ltd SE6000HUS(208V)
Max AC/DC power 5054/5108 W
Nominal AC/DC voltage 208/480V
Max DC current 13A
Number of Inverter 1

DC to AC ratio 0.93

(d) System Design

DC capacity 4.693 KW
AC capacity 5.054 KW
Number of modules 14
Number of strings 2

Total module area 22.834 m2
Module per string in sub array 7

String VOC 475V
String VMP 401V
Maximum DC voltage 480V

(e) Battery Cell & System

Desired Bank power 5KW
Number of cell in series 3

Number of strings in parallel 1

Battery Bank voltage 50.4V
Maximum charge current 98.6 A
DC to DC conversion efficiency | 99%

Table 2. Electricity rates

Period | Tier | Max.Usage (KWh) Buy($/kwh)
1 1 0 to 150 0.067

1 2 150 to 300 0.073

1 3 Above 300 0.08

(a) Power Flow during Discharge from Battery

The battery management system (BMS) works prior to

inverter for efficient control of battery voltage and the
power from PV system as the inverter input that maps the
impedance of system [11-12]. The power discharge as
Battery output is:

POWeTbattery dc = POWETpattery pre bms_dc*T]ams (1)

The battery power and PV system power is added as:
Powerg.= Powerpy dc+ POWErbattery dc(2)

1 = Denote the efficiency. BMS follows following rules:

a) If charge voltage is high the controls applies to lower
down it to match with battery voltage.

b) Protects from deep discharge condition

(c) Balance the discharge rate to constant level in presence
of solar Photovoltaic voltage.

Output power shared by inverter depends on added power
inverter input. Inverter model considers total AC power,
inverter and losses due to AC power capacity limitation and
other losses.The PV output power split into:

i) AC power produced by PV array

Powerp,= Powerpy_dec * Iinverter(3)
ii) The AC power discharged from battery:

Power pattery = POWET battery dc * Tinverter(4)

The model is designed supply PV power to load first and
remaining excess power supplied to grid. Power supplied to
battery if any load is not served.

Prattery_to_load=MiN (Pbattery, Pload-Ppv to_load) (5) Excess
power generated passed to grid as:
Pbattery_to _grid= pbattery' Pbattery_to_load (6)

If load require more power than generated by solar
photovoltaic, then it is taken by grid

Pgrid_to_load= Pload' ppv_to_load' pbatter_ to_load (7)
(b) Power Flow- Battery Charging-
Battery storage charging power is defined as:

Pbattery_dc:Pbattery_pre_bms/ Tsms (8)

Charging stage calculation is complex,PV generated energy
is used for charging and handling load. In the PV connected
DC storage battery system, the battery charging performed
by PV without AC conversion and excess PV passed to
inverter.

vaﬁinverterﬁdc: vaﬁdc' vaﬁtofbattery (9)
When PV power is low it charge the battery and extra power
supplied by grid:

PG rid_to_batte ry_dc=Ab5 ( P battery_d c) -P PV_to_battel ry(l 0)
DC power passing through inverter considers single
waypower flow calculated as:
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Pac= vaﬁinverter' PGriditoibatteryfdc (1 1)

The DC power passed through inverter produces AC power
and calculated as:

va: va_inverter_dc*Ilinverter (12)

AC power components calculated by disintegrating total AC
power as:

Pgrid_to_battery: Pgrid_to_battery_dc/ Hinvener (13)

Further calculations are similar for discharging mode, only
a special case is added for power flow from battery towards
load and from battery to grid are considered to be zero.

4, Results

The PV and BESS based Front of Meter system designed of
SAM software for 5KW load demand. The system
equipment parameters in terms of PV module, inverter,
Battery bank are shown in Table 1. The electricity rates as
the tarrif are taken from the rates declared by Madhyanchal
Vidhyut Nigam Ltd (MVNL) for residential customer and
shown in Table 2.

4.1. Battery Types

A short description of six different battery types is used in
this research analysis are:

(1) LMO/Graphite: Lithium Manganese Oxide (LiMn204,
inexpensive high-voltage cathode material, high power
capabilities, low lifespan.

(2) LFP/Graphite: Lithium Iron Phosphate (LiFePO4), low
voltage cathode material, safety properties, low volumetric
energy.

(3) LCO/Graphite: Lithium Cobalt Oxide (LiCo00O,),
common cathode material, high specific energy, costly and
toxic.

(4) LMO/LTO: Lithium Titanate (LisTisO12), promising
anode material, excellent lifetime, low specific capacity &
high cost.

5)  NMC/Graphite: ~ Nickel =~ Manganese  Cobalt
(LiINiMnCo00,), less expensive cathode material, improved
safety characteristics.

(6) NCA/Graphite: Nickel ~ Cobalt  Aluminum
(LiNiCoAIlO2), similar to NMC as a cathode material, high
specific energy [36].

4.2. Dispatch Modes

In this research work following battery dispatch mode are
analyzed:

(1) Manual Dispatch
(2) Look ahead from charging by system
(3) Look ahead from charging by system and grid

(4) Look Behind from charging by system
(3) Look Behind from charging by system and grid

Table 3a showing result of execution for FOM system with
DC connected design architecture. The performance metrics
are Annual AC energy (Year 1), DC capacity factor in Year
1, Energy yield in Year 1, Battery round-trip efficiency,
Levelized cost of energy (LCOE), Internal Rate of Return
(IRR), Net present value. For each dispatch mode the
performance metric values are given for different types of
batteries. It may be observed that the yellow highlighted
values are best result under each dispatch mode. The annual
AC energy (Year 1), DC capacity factor in Year 1, Energy
yield in Year 1, Battery round-trip efficiency is always
observed to be highest for NCA/GRAPHITE battery type
and the Levelized cost of energy (LCOE), Internal Rate
of Return (IRR), Net present value metrics are observed
highest for LFP/GRAPHITE battery type for charge from
system case and manual dispatch case but for the charge
from system and grid case LMO/LTO are giving best result.
Table 3b showing result of execution for FOM system with
AC connected design architecture. For each dispatch mode
the performance metric values are given for different types
of batteries. The annual AC energy (Year 1), DC capacity
factor in Year 1, Energy yield in Year 1, Battery round-trip
efficiency is always observed to be highest for
NCA/GRAPHITE battery type and the Levelized cost of
energy (LCOE), Internal Rate of Return (IRR), Net present
value metrics are observed highest for LFP/GRAPHITE
battery type for charge from system case and manual
dispatch case but for the charge from system and grid case
LMO/LTO are giving best result. Table 4 summarizes the
results for AC and DC connected to draw conclusion for
overall best system in terms of battery type and dispatch
mode.
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Table 3 a.Analysis of PV resource based DC connected Front-Of-Meter system

Dispatch Battery Type | Annual DC Energy Battery Levelized | Internal Net
Mode: AC capacity | vyieldin round- cost of Rate of | present
energy factor Year 1 trip energy Return value
Automated KWh % | KWHhKW | 9% | Cent/kW % $
Dispatch: b
LMO/GRAPHI | 7593 18.5 1618 96.13 8.5 13.79 5625
Perfect Look e
Ahead LFP/GRAPHIT | 7501 18.5 1618 95.21 8.37 14.17 5755
C
Battery can LCO/GRAPHIT | 7591 185 1617 94.69 8.65 13.36 5465 |
E
charge from LMO/LTO 7590 18.5 1617 94.77 8.51 13.76 5611
system
NMC/GRAPHI | 7591 18.5 1618 94.51 8.64 13.37 5468
TC
NCA/GRAPHIT | 7595 18.5 1618 96.69 8.5 13.8 5627
Automated LMO/GRAPHI | 7514 18.3 1601 94.94 8.06 17.12 6880
Dispatch: LFP/GRAPHIT | 7502 18.2 1599 93.23 7.46 17.48 7635
Perfgte;oo" LCOIGRAPHIT | 7514 183 1601 92.09 9.16 1322 | 5149 |
Battery charge LMO/LTO 7438 18.1 1585 90.85 7.39 17.61 7828
from Grid & | NMC/GRAPHI | [i364 17.9 1569 87.19 7.65 17.14 7437
system NCA/GRAPHIT | 7524 18.3 1603 95.97 8.37 17.01 6495
Automated LMO/GRAPHI | 7592 18.5 1618 96.14 8.5 13.52 5470
Dispatch: LFP/GRAPHIT | 7591 185 1618 95.10 8.37 13.83 5572
One Day Look =/ crapHiT | B0 | B8 | H8l | 9451 865 | 1306 5281 |
Behind
Battery can LMO/LTO 7590 185 1617 94.22 8.51 13.49 5460
charge from | NMC/GRAPHI | 7588 185 1617 92.97 8.64 13.09 5312
system NCA/GRAPHIT | 7593 18.5 1618 96.71 8.5 13.52 5457
Automated LMO/GRAPHI | 7517 18.3 1602 94.99 8.10 16.46 6531
Dispatch: LFP/GRAPHIT | 7504 18.3 1599 93.24 7.47 16.94 7348
O”eBDez?’n'aOOk LCO/GRAPHIT | 7514 183 1601 92.10 9.12 12.97 5054 |
Battery can LMO/LTO 7438 18.1 1585 90.80 7.39 17.12 7538
charge from | NMC/GRAPHI | 364 17.9 1569 87.19 7.64 16.65 7177
Grid & system | NCA/GRAPHIT | 7526 18.3 1604 95.99 8.38 16.36 6196
LMO/GRAPHI | 7581 18.4 1615 95.55 8.51 13.03 5234
LFP/GRAPHIT | 7578 18.4 1615 94.60 8.38 13.46 5375
D'\f':;;; LCO/GRAPHIT | 7573 18.4 1614 93.93 9.17 12.62 4548
LMO/LTO 7571 18.4 1613 93.53 8.53 12.99 5183
NMC/GRAPHI | [i562 18.4 1611 91.20 8.68 1254 5027
NCA/GRAPHIT | 7584 18.4 1616 96.17 8.70 13.05 5039

(*Yellow highlight :Best &_: Worst result)
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Table 3 b. Analysis of PV resource based AC connected Front-Of-Meter system

Dispatch Annual DC Energ | Battery | Levelize | Interna Net
Mode: Battery Type AC capacity | yyield | roundtri | dcostof | | Rate present
ode: energy factor in p energy | of value
kWh % kWh/k % Cent/k Years $
Automated LMO/GRAPHI | 7577 184 | 1615 | 91.26 8.52 13.73 5589
D'E‘(’)":‘)t&ziggd LFP/GRAPHIT | 7577 184 | 1615 | 90.24 8.38 14.10 5718
o LCO/GRAPHIT | B8 184 | 6 | 89.64 867 | 1329 5427 |
attery can -
charge from LMO/LTO 7574 18.4 1614 89.68 8.52 13.69 5575
system NMC/GRAPHI | 7574 18.4 1614 89.51 8.66 13.3 5431
NCA/GRAPHI 7578 18.4 1615 91.93 8.51 13.73 5588
Automated LMO/GRAPHI 7485 18.2 1595 90.46 8.08 17.10 6842
D'Spatﬁhi Eergem LFP/GRAPHIT | 7473 18.2 1592 | 88.61 7.49 17.44 7595
Look Aheal -
LCO/GRAPHIT | 7489 18.2 1596 87.38 9.11 13.43 5195 |
Battery can LMO/LTO | 7400 | 180 | 1577 | 85.99 740 | 1754 | 7787
charge from Grid
& Charge from | NMC/GRAPHI | I8l 17.9 | 1572 | 82.80 7.81 16.72 7249
system NCA/GRAPHI 7499 18.2 1598 91.65 8.37 16.99 6489
LMO/GRAPHI 7583 18.4 1616 91.02 8.51 13.45 5414
Automated —_
Dispatch: One | LFP/GRAPHIT | 7581 184 | 1616 | 89.72 8.38 13.77 5529
Day Look Behind | LCO/GRAPHIT | 7579 18.4 1615 | 88.87 8.66 12.93 5226 |
Battery Charge LMO_/LTO 7580 18.4 1615 88.64 8.52 13.46 5441
from system NMC/GRAPHI | [io#d 18.4 1615 | 87.64 8.66 13.06 5293
NCA/GRAPHI 7584 18.4 1616 91.85 8.51 13.36 5387
Automated LMO/GRAPHI 7485 18.2 1595 90.49 8.13 16.44 6501
Day Look Behind | LCO/GRAPHIT | 7490 18.2 1596 87.38 9.13 12.93 5041 |
LMO/LTO 7401 18.0 1577 85.99 7.40 17.06 7506
Battery charge | NMC/GRAPHI | _[igi8 I8 | i5@ | B280 7.81 16.24 6987
from Grid & NCA/GRAPHI 7499 18.2 1598 91.65 8.41 16.35 6155
LMO/GRAPHI 7550 18.4 1609 91.34 8.54 12.91 5174
Manual Dispatch | LFP/GRAPHIT | 7549 18.4 1609 90.58 8.41 13.35 5320
with TOD LCO/GRAPHIT | 7542 18.3 1607 89.77 02 12.51 4494 |
Multiplier Apply LMO/LTO 7542 18.3 1607 89.52 8.56 12.88 5123
NMC/GRAPHI | 7531 18.3 1605 | 87.49 8.71 12.43 4967
NCA/GRADH| | ag8 184 Q192 274 12 03 4081
(*Yellow highlight :Best result&& : Worst result)
Table 4. Comparison for AC and DC connected FOM system
DC Connected AC connected
Perfect Perfect | One Day | One Day | Manual | Perfect | Perfect One One Manua
Look Look Look Look Dispatc | Look Look Day Day |
Ahead Ahead Behind Behind hwith | Ahead | Ahead | Look Look | Dispat
Battery Battery Battery Battery TOD Batter | Battery | Behind | Behind ch
can can charge charge | Multipli | ycan can Battery | Battery | with
charge charge from from er charge | charge | charge | charge | TOD
from from system Grid & Apply from from | Multip
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system Grid & system from | Grid& | from | Grid & lier
Charge system | Charge | system | system | Apply
from from
system system
Annual 7595 7524 7593 7526 7584 7578 | 7499 7584 | 7499 7522
AC energy | NCA/ NCA/ NCA/ NCA/ NCA/ NCA/ | NCA/ NCA/ | NCA/ | NCA/
(Year 1) | Graphit | Graphite | Graphite | Graphite | Graphit | Graphi | Graphi | Graphi | Graphi | Graphi
e e te te te te te
DC 18.5 18.3 18.5 18.3 18.4 18.4 18.2 18.4 18.2 18.4
capacity NCA/ NCA/ NCA/ NCA/ NCA/ NCA/ | NCA/ | NCA/ | NCA/ | NCA/
factor Graphit | Graphite | Graphite | Graphite | Graphit | Graphi | Graphi | Graphi | Graphi | Graphi
Year 1 e e te te te te te
Energy 1618 1603 1618 1604 1616 1615 1598 1616 1598 1609
yield in NCA/ NCA/ NCA/ NCA/ NCA/ NCA/ | NCA/ | NCA/ | NCA/ | NCA/
Year 1 Graphit | Graphite | Graphite | Graphite | Graphit | Graphi | Graphi | Graphi | Graphi | Graphi
e e te te te te te
Battery 96.69 95.97 96.71 95.99 96.17 9193 | 91.65 | 91.85 | 91.65 | 91.92
roundtrip NCA/ NCA/ NCA/ NCA/ NCA/ NCA/ | NCA/ | NCA/ | NCA/ | NCA/
efficiency | Graphit | Graphite | Graphite | Graphite | Graphit | Graphi | Graphi | Graphi | Graphi | Graphi
e e te te te te te
Levelized 8.37 7.39 8.37 7.39 8.38 8.38 7 40 8.38 2 40 8.41
cost of LFP/ LMO/ LFP/ LMO/ LFP/ LFP/ LMO/ LFP/ LMO/ LFP/
energy Graphit LTO Graphite LTO Graphit | Graphi Graphi Graphi
LTO LTO
LCOE e e te te te
Internal 14.17 17.61 13.83 17.12 13.46 14.10 1754 13.77 17.06 13.35
Rate of LFP/ LMO/ LFP/ LMO/ LFP/ LFP/ LMO/ LFP/ LMO/ LFP/
Return Graphit LTO Graphite LTO Graphit | Graphi LTO Graphi LTO | Graphi
IRR e e te te te
Net 5755 7828 5572 7538 5375 5718 7787 5529 7506 5320
present LFP/ LMO/ LFP/ LMO/ LFP/ LFP/ | LMO/ | LFP/ | LMO/ | LFP/
value Graphit LTO Graphite LTO Graphit | Graphi LTO | Graphi LTO | Graphi
e e te te te
of DC connected system is higher than AC connected
5. Conclusion system.

In this work research analysis on Photo Voltaic system
integrated front of the meter system is simulated on SAM
software for techno economic analysis for DC and AC
connected system. The performance observation follows
for different battery power dispatch mode for different
types of battery. The best value is given by LMO/LTO
battery type for the LCOE, IRR and Net present value
metrics for the DC connected system under Perfect Look
Ahead case when battery can charge from Grid & Charge
from system. This mode is giving highest annual energy
in 12 years for both DC/AC connected front of meter
system. However for the metric in terms of AnnualAC
energy (Year 1), DC capacity factor Year 1, Energy yield
in Year 1, Battery round-trip efficiency the Li ion battery
observed to be NCA/Graphite is best under Perfect Look
Ahead Battery can charge from system. The performance

6. Acknowledgment

The author would like to acknowledge Integral University
for providing acknowledgement no. 1U/R&D/2024-
MCNO0002724.

Reference

[1] IRENA, ‘‘Renewable capacity statistics 2021,”” Int.
Renew. Energy Agency, Abu Dhabi, United Arab
Emirates, Tech. Rep., 2021.

[2] S.P.Burger,J.D. Jenkins, C. Batlle, and I. J. P@rez-
Arriaga,  ‘‘Restructuring  revisited—Part  1:
Competition in electricity distribution systems,’’
Energy J., vol. 40, no. 3, pp. 31-54, Jul. 2019.

[3] F. M. Uriarte, C. Smith, S. Van Broekhoven, and R.
E. Hebner, ‘‘Microgridramp rates and the inertial

International Journal of Intelligent Systems and Applications in Engineering

UISAE, 2024, 12(4), 860-869 | 867



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

stability margin,”” IEEE Trans. Power Syst., vol. 30,
no. 6, pp. 3209-3216, Nov. 2015.

J. Lopez Lorente, X. A. Liu, R. Best, and D. J.
Morrow, ‘‘Energy storage allocation in power
networks—A state-of-the-art review,”” in Proc. 53rd
Int. Universities Power Eng. Conf. (UPEC), Sep.
2018, pp. 1-6.

J. McLaren, N. Laws, K. Anderson, N. DiOrio, and
H. Miller, ‘Solar-plusstorage economics: What
works where, and why?”” Electr. J., vol. 32, no. 1,
pp. 28-46, Jan. 2019.

K. Uddin, R. Gough, J. Radcliffe, J. Marco, and P.
Jennings, ‘‘Technoeconomic analysis of the viability
of residential photovoltaic systems using lithium-ion
batteries for energy storage in the United
Kingdom,”” Appl. Energy, vol. 206, pp. 12-21, Nov.
2017.

J. Koskela, A. Rautiainen, and P. Jérventausta,
““Using electrical energy storage in residential
buildings—Sizing of battery and photovoltaic panels
based on electricity cost optimization,”” Appl.
Energy, vol. 239, pp. 1175-1189, Apr. 2019.

Foles, L. Fialho, and M. Collares-Pereira, ‘‘Techno-
economic evaluation of the Portuguese PV and
energy storage residential applications,”” Sustain.
Energy Technol. Assessments, vol. 39, Jun. 2020,
Art.no. 100686.

R. Boampong and D. P. Brown, ‘‘On the benefits of
behind-the-meter rooftop solar and energy storage:
The importance of retail rate design,”” Energy Econ.,
vol. 86, Feb. 2020, Art. no. 104682.

J. P. Carvallo, N. Zhang, S. P. Murphy, B. D.
Leibowicz, and

P. H. Larsen, ‘‘The economic value of a centralized
approach to distributed resource investment and
operation,”” Appl. Energy, vol. 269, Jul. 2020,Art.
no. 115071.

A. S. Rangel, L. Canha, M. Sperandio, and R.
Severiano, ‘‘Methodologyfor ESS-type selection
and optimal energy management in distribution
system with DG considering reverse flow limitations
and cost penalties,”” IET Gener., Transmiss. Distrib.,
vol. 12, no. 5, pp. 1164-1170, 2018.

Konstantelos and G. Strbac, ‘‘Capacity value of
energy storage in distribution networks,’” J. Energy
Storage, vol. 18, pp. 389-401, Aug. 2018.

F.R.S. Sevilla, D. Parra, N. Wyrsch, M. K. Patel, F.
Kienzle, and P. Korba, ‘“Techno-economic analysis
of battery storage and curtailment in a distribution
grid with high PV penetration,”” J. Energy Storage,

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

vol. 17,pp. 73-83, Jun. 2018.

A. Valencia, R. A. Hincapie, and R. A. Gallego,
“‘Optimal location, selection, and operation of
battery energy storage systems and renewable
distributed generation in medium-low voltage
distribution networks,”’ J. Energy Storage, vol. 34,
no. 102158, pp. 1-16, 2021.

M. Zidar, P. S. Georgilakis, N. D. Hatziargyriou, T.
Capuder, and D. Skrlec, ‘‘Review of energy storage
allocation in  power distribution networks:
Applications, methods and future research,”” IET
Generat., Transmiss. Distrib., vol. 10, no. 3, pp.
645-652, Mar. 2016.

A. Castillo and D. F. Gayme, ‘‘Grid-scale energy
storage applicationsin renewable energy integration:
A survey,”” Energy Convers. Manage., vol. 87, pp.
885-894, Nov. 2014.

P. V. Brogan, R. J. Best, D. J. Morrow, K. McKinley,
and M. L. Kubik, ‘‘Effect of BESS response on
frequency and RoCoF during underfrequency
transients,”” IEEE Trans. Power Syst., vol. 34, no. 1,
pp. 575-583, Jan. 2019.

FLEX Project and Procurement of Flexibility
Services, NIE Networks, London, U.K., 2021.

A. R. Mohamed, D. J. Morrow, R. J. Best, A.
Cupples, 1. Bailie, and]. Pollock, °‘Distributed
battery energy storage systems operation framework
for grid power levelling in the distribution
networks,”” IET Smart Grid, early access, May 2021,
doi: 10.1049/stg2.12040.

Bagchi, R. Best, D. J. Morrow, J. Pollock, 1. Bailie,
and A. Cupples, ‘‘System service provision
capabilities of storage devices connected to a MV
distribution network: A northern Ireland case
study,”” in Proc. IEEE Power Energy Soc. Innov.
Smart Grid Technol. Conf. (ISGT), Feb. 2020, pp. 1
5.

Y. Zhang, Y. Xu, H. Yang, Z. Y. Dong, and R.
Zhang, ‘‘Optimal whole life-cycle planning of
battery energy storage for multi-functional services
in power systems,”” |IEEE Trans. Sustain. Energy,
vol. 11, no. 4, pp. 2077-2086, Oct. 2020.

L. Maeyaert, L. Vandevelde, and T. Doring,
‘‘Battery storage for ancillary services in smart
distribution grids,”” J. Energy Storage, vol. 30, Aug.
2020, Art.no. 101524.

P. V. Brogan, R. Best, J. Morrow, R. Duncan, and
M. Kubik, “‘Stackingbattery energy storage
revenues with enhanced service provision,”” IET
Smart Grid, vol. 3, no. 4, pp. 520-529, Aug. 2020.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(4), 860-869 | 868



[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

N. Singh Rayit, J. I. Chowdhury, and N. Balta-
Ozkan, ‘‘Techno-economic optimisation of battery
storage for grid-level energy services using curtailed
energy from wind,”” J. Energy Storage, vol. 39, no.
102641, pp. 1-14, 2021.

Palmintier, R. J. Broderick, B. Mather, M.
Coddingtom, K. Baker,F. Ding, M. J. Reno, M.
Lave, and A. Bharatkumar, ‘““On the path to
SunShot: Emerging issues and challenges in
integrating solar with the distribution system,’’ Nat.
Renew. Energy Lab., Golden, CO, USA,Tech. Rep.
NREL/TP-5D00-65331, 2016.

R. Seguin, J. Woyak, D. Costyk, J. Hambrick, and B.
Mather, ‘‘Highpenetration PV integration handbook
for distribution engineers,”” Nat. Renew.Energy
Lab., Golden, CO, USA, Tech. Rep. NREL/TP-
5D00- 63114, 2016.

M. Zeraati, M. E. H. Golshan, and J. M. Guerrero,
““Voltage quality improvement in low voltage
distribution  networks using reactive power
capability of single-phase PV inverters,”” IEEE
Trans. Smart Grid, vol. 10, no. 5, pp. 5057-5065,
Sep. 2019.

J. F. B. Sousa, C. L. T. Borges, and J. Mitra, ‘‘PV
hosting capacity of LV distribution networks using
smart inverters and storage systems: A practical
margin,”” IET Renew. Power Gener., vol. 14, no. 8,
pp. 1332-1339, Jun. 2020.

R. Sharma, Anurag, Load Forecasting using ANFIS
A Review. International Journal of Research and
Development in Applied Science and Engineering.
Volume 20; Issue 1; 2020.

http://www.energy- transitioninstitute.com /
Insights/SolarPhotovoltaic.html “Solar PV
FactBook2017, A.T. Kearney Energy Transition
Institute”

Anurag, R. Sharma. Modern Trends on Image
Segmentation for Data Analysis- A Review",
International Journal of Research and Development
in Applied Science and Engineering, Volume 20,
Issue 1, 2020.

F. A. Khan, S. H. Saeed, M. Asim, S. Rahman, and
P. R. Sarkar, ““Cost optimization by adding SPV
plant at load end in a grid connected system,”’ In
2018 International Conference on Computational
and Characterization Techniques in Engineering &
Sciences (CCTES) (pp. 65-70). IEEE, September,
2018.

T. A. Chandel, M. Y. Yasin, M. A Mallick, ‘‘Impact
of Parasitic Resistance on Modelling and
Performance of Solar Photovoltaic Module” 2023

[35]

[36]

[37]

International conference on Device Intelligence,
Computing and Communication Technologies,
(DICCT) 2023

H.lgbal , M. Ibrahim , M. Tayyab , A. Sarwar ,M.
Tarig, M. Sarfraz, <“A Dual Source 13 Level

Inverter with ReducedComponent Count for
Renewable Energy Applications,”
Renewable Energy FocusDecember 2023

https://doi.org/10.1016/j.ref.2023.100505

M. A.Husain,S. B.Pingale, A. B. Khan, A. F.
Minai, Y. Pandey, R. S. Dwivedi, ‘‘Performance
analysis of the global maximum power point
tracking based on spider monkey optimization for
PV system,”” N Received 28 March 2023, Revised 4
September 2023, Accepted 12 September 2023,
Available online 13 October 2023, Version of
Record 20 October 2023,
https://doi.org/10.1016/j.ref.2023.100503

K. H. Aftab, M, Y. Yaseen, M. Asim, “Technical
and Economic assessment of PV resource based DC
and AC connected behind the meter system for
residential load,” International Journal of Intelligent
Systems and Applications in Engineering (IJISAE)
ISSN:2147-6799,2024,12(16S),509-519. Impact
Factor 8.993 updated 2024.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(4), 860869 | 869


https://www.sciencedirect.com/science/journal/17550084
https://doi.org/10.1016/j.ref.2023.100505
https://doi.org/10.1016/j.ref.2023.100503

