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Abstract

Energy storage system (ESS) plays a critical role in maintaining the reliability
of microgrids. ESS selection for microgrids depends on energy density,
specific power, specific energy, and economics. This paper analyses the
economic benefits of various combinations of short-, medium-, and long-term
ESS, i.e., multi-energy storage systems (MESS) in a microgrid. The eco-
nomic feasibility of the system is analyzed using Homer software. The net
present cost (NPC), the Levelized cost of energy (LCOE), and pollutant gas
emission are chosen as parameters for analyzing the economic feasibility of
the microgrids. The results show that amongst all the scenarios, the system
with Hydrogen Storage System (HSS) with Proton exchange membrane fuel
cell (PEMFC) and electrolyzer is the most feasible solution with the lowest
LCOE and pollutant emission.
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1 Introduction

Energy storage systems (ESS) have become an integral component of renew-
able energy systems (RESs) [1, 2]. They offer several advantages [3] and help
mitigate the RES intermittency and improve their reliability [3, 4]. To aid
this, power management systems monitor the load-generation balance, route
excess RES power, and support the load in case of insufficient RES-generated
power [5]. ESSs are classified based on their types and use. The different
types of ESSs are mechanical, electrical, electrochemical, thermal, thermo-
chemical, and chemical ESSs [6]. Depending on the use, they are classified
as short-term, mid-term, and long-term ESS [3]. The short-term ESS supplies
energy for a few seconds to a few minutes, like flywheel (FW) and superca-
pacitors (SC). Mid-term ESS, such as batteries and hydrogen storage systems
(HSS), can supply energy for many hours to several days. Like pumped
hydro (PH) power plants, long-term ESS takes weeks to months to supply
energy [6]. For ESSs, specific power and specific energy are the two vital
metrics. Figure 1 depicts the specific power and specific energy for various
ESS [7].

Refs. [8—12] explores short-term ESS applications in the microgrid, like
energy management and control strategies [13]. Refs. [14, 15] discusses the
use of mid-term ESS such as lead-acid (LA) batteries, Lithium-ion (Li-ion)
batteries, flow batteries, and HSS. The application of a long-term ESS
pumped-hydro (PH) station is described in [16]. These references examine
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the technical benefits of deploying ESS in the microgrid. A few Refs. [17, 18]
discuss the economic benefits of ESS using the net present cost (NPC)
and Levelized cost of energy (LCOE) as critical parameters. The economic
analysis of using a single ESS in microgrids is available in recent works of
literature [19, 20]. However, the analysis for multiple-energy storage systems
(MESS) is still unexplored.

This paper analyses the (i) economic feasibility of employing MESS and
(i1) performance and technological advantage of MESS in the microgrid.
The analysis is essential to find out the cost-effective combination of ESSs.
The investigation is carried out using the HOMER software with the location
at longitude and latitude (25°26.1'N, 81°50.8’E) in Allahabad, Uttar Pradesh,
India is taken from the Homer database [21]. The economic analysis seeks to
identify the ESS combination with the lowest LCOE and pollutant emission
over the short-term, mid-term, and long-term. Figure 2 shows the three
scenarios that are further segmented into cases. The same solar photovoltaic
(PV) and load profiles are applied in each scenario. The energy density, power
density, and response time of the ESS are used to analyze the performance and
technological benefits. Figure 3 depicts the various ESSs employed in this
work. In each example, a combination of two ESSs is employed. The results
show that the MESS offers better performance than the ESSs. Also, the
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Figure 3 Various ESS technologies used in this work [3].

combination of HSS, PEMFC, electrolyzer, and PH offers the most feasible
solution owing to the lowest LCOE and minimum value of emissions. Finally,
a sensitivity analysis is performed to observe the impact of change in the SoC
limit on the LCOE.

The rest of the paper is organized as Section 2 discusses the system
architecture and the mathematical models. Problem formulation is presented
in Sections 3, and results are discussed in Section 4. Finally, conclusions are
drawn in Section 5.

2 System Description
2.1 System Architecture

The system is a hybrid power system (HPS) with solar-PV, diesel generator
(DG), ESS, and AC loads, as shown in Figure 4. The DG is an additional
energy source, which is connected to the AC bus, along with AC loads.
The ESS and solar PV are connected to the DC bus. The AC and DC buses
are connected through a power electronic converter specifically, a dc-dc
unidirectional converter, a dc-dc bi-directional converter, and an inverter to
interconnect the DC-AC system. The ESSs are a combination of different
ESSs, termed MESS. They are varied as short-term, mid-term, and long-
term combinations of ESS, as shown in Figure 3 for the economic analysis.
The modeling of these components is discussed in the next section. Table 1
shows the ratings of the components used.

2.2 Mathematical Model

This section describes the mathematical model of the components, as
depicted in Figure 5.
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Figure 4 The structure of the HPS.

Table 1 Ratings of the components used in the HPS
Component Solar PV DG LA Battery FwW HSS PEMFC PH
Rating 2000 kW 1500 kW  4000kWh  1500kW 2000L 2000 kW 2000 kW

2.2.1 Solar-PV modeling

The simplified model (1) is used to extract power from solar PV, illustrating
the output characteristics of the solar PV panel as irradiance and temperature
change. The output power of a solar PV system can be expressed as [21],

G(t)

%(@(T(t) —Tsrc)) (D

va <t> = DpvPPV,mted

2.2.2 PEMFC modeling
The power output from the PEMFC (PFC) is given as [21],

Pro(t) = Pin(t)nrc 2

2.2.3 Energy storage system (ESS)
This paper employs various ESS combinations to determine the optimal
ESS-RES combination for lowering the LCOE and NPC. ESS components
include an LA battery, FW, HSS, and PH.

2.2.3.1 Battery and FW
The ESS’s energy generation is significantly dependent on the State of Charge
(SoC). The energy produced by the ESS is denoted by [21],

EESS(t) = EESS(t - 1) + Esurplus (t) X Mee X Nch (3)

The constraint limiting the charging and discharging of the ESS can be

expressed as,
SoC min < SoC(t) < SoCmax %)
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The minimum value of SoC is obtained in terms of the depth of discharge
(DOD) as:
SOCmin =1- DOD (5)

2.2.3.2 PH station
The PH station stores energy as potential energy; the energy stored in a PH
station can be expressed as,

E =9.81p,V,.hn (6)

2.2.3.3 Electrolyzer and hydrogen tank
The electrolyzer chamber electrolyzes water using solar PV electricity. As
a result, (7) gives the power transmitted from the electrolyzer for hydrogen
production [21].

Pee = Pren X Nele (7)

The energy output of the hydrogen storage tank is denoted as [21],

EHSS(t) = EHS,S’(t — 1) + [Pele(t) — (Ppc(t)/ns)] x At (8)

2.2.4 Load modeling

For the present study, the load profile of an educational institute located in
Allahabad, Uttar Pradesh, India, with location coordinates as longitude and
latitude (25°26.1’N, 81°50.8'E), as shown in Figure 5. Figure 6 depicts the
monthly average load profile and its variance using box plots. Since the site
is an educational institution, the peak time is 10:00 AM to 5:00 PM. The bold
line shows the average power, which remains nearly constant in the middle
months and decreases towards the end of the year, the lowest being in July.

d Awg

= Jul
Duration {1 Year)—»

Figure 5 Yearly load profile.
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Figure 6 Monthly average load profile (hourly) with box plots.

Based on the peak and average loads of 1317.9 kW and 619.75 kW, the total
energy demand is estimated to be 18874 kWh/day. The load factor is 0.47.

2.2.5 Power electronics converter

A bidirectional DC-DC converter provides power flow between the DC and
the AC bus. The converter rating is determined by the maximum power rating
of the ESS. The converter’s primary role is to maintain the load-generation
balance with the assistance of an energy management system.

3 Problem Formulation

The economic analysis of the proposed HPS is conducted using Homer
pro software [21]. For the economic analysis, NPC and LCOE have been
considered. These factors determine the most cost-effective solution. NPC
represents the present value of the installation and system operation costs
over its lifespan. It is determined as per the total annualized cost ($/year) and
capital recovery factor (CRF) [22]. LCOE is the system’s ’average cost per
kWh’ of useful electricity produced. The optimization problem is formulated
to reduce the cost and carbon emission of the HPS.

3.1 Objective function

The minimization of NPC and emission are the objective function of this
work. The NPC of the HPS can be given as [21]:

Cat

NPC = GRF

(©))
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The CRF and C,; be expressed as,

i(1 + i)Noroi

CRF = T+ —1 (10)
Cat = &a,c + &a,06M + &R (1)
The different cost components in (12) can are given as
§a,c =&c X CRF (12)
a,0&M = o&eM X togM (13)

{a,R - fR X FR X SFF(iaNcom) -85 x SFF(incom) (14)

The factor Fg in (15) accounts for the difference between the component
and the project lifetime.

CRF (i, Nproj)

————=2 Npywi >0
Fr={ CRF(i,Ng) pros (15)
0; Nproj =0
The Ng can be expressed as [21]:
_ Nproj
Nr = Neom X INT | —/—— (16)
Ncom

Where INT stands for the integer value.
The salvage value of the component can be expressed as:

Nrem
= 17
S =¢&r X N (7)
Nrem = {Neom — (Nproj - NR) (18)

The Sy in (14) to calculate the future value of the annual cash flow as:

Ser = ¢ : (19)

1+4)N -1
For calculating the economic viability of the system, the LCOE is

calculated as follows
Cat

Ead

)

LCOE =

(20)
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Thus, the objective function for minimization of NPC and emission ¢ can
be given as:

F = Min(Ca) 1)
Y = Min(vYco, +co + Yune + Ypm + VYso, + ¥no,) (22)

3.2 Constraints

The objective function is optimized considering the constraints listed below.

3.2.1 Power reliability constraint
The annual unmet load (L ypnmet ), a ratio of total capacity shortage (L snortage)
to the F,, d is considered as the power reliability constraint, given as

L
Lynmet = s;}ort;ge (23)
a,

3.2.2 ESS constraints
The ESS constraints is the maximum (Egss, maez) and minimum (Egss min)
capacity limit of the ESS, given as,

EEssmin < Egss(t) < Egss max (24)
EEss maz» and Eggs min are a function of the battery SoC:

NEssVEssBan

EESS,maX = W X 50C max (25)
NgssVessB
Bpssmin = —o00 " % 50Cuin (26)

3.2.3 Upper and lower bounds
It consists of the maximum, and minimum number of solar PV and the
PEMFC expressed as,

0 < Npy < Npp© (27)
0 < Npc < Npé&* (28)

The components and costs used in the simulation are tabulated in Tables 1
and 2.
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Table 2 Cost of the components used for simulation [21]

Capital Cost  Replacement Cost  Maintenance Cost

Cost (USD) (Per kW) (Per kW) (Per Hour)
Solar PV 1800 1800 10
Diesel generator (DG) 1521 1521 0.5
LA battery 260 260 10
FwW 2400 2400 7
HSS 1400 1400 20
PEMFC 1500 1500 5
Electrolyzer 1500 1500 5

PH station 2638 2638 16
Power electronics converters 400 400 20

The steps involved in the entire process are

Step 1: Calculate the load demand and available generation.

Step 2: Calculate the load-generation mismatch.

Step 3: Feed the load with Solar PV.

Step 4: If there are any unmet loads, feed the load with available ESS. The
ESS with high energy density is given a priority over other ESSs.

Step 5: If ESSs are not available, then feed the load with DG.

Step 6: If there is any excess power, store the power to available ESS
(Priority for high energy density ESS).

Step 7: Check whether the load-generation balance is satisfied or not; if yes,
stop the simulation; else, go to step-2.

4 Results and Discussion

This paper uses the Homer to simulate the system shown in Figure 5 using
equipment with ratings shown in Table 1. The analysis considers three
different scenarios, each with different combinations of ESS, namely,

1. Scenario-1: short-term & mid-term ESS combinations.
2. Scenario-2: short-term & long-term ESS combinations.
3. Scenario-3: mid-term & long-term ESS combinations.

The different ESS combinations with RES and DG under each scenario
are presented in Figure 2. The most cost-effective combination is chosen
as the best solution for microgrid applications. The solar irradiance data
for location is taken from the Homer database [21]. Figures 7(a) and 7(b)
show the location’s daily and monthly solar irradiance. The annual average
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Figure 7 Solar irradiation data of the location (a) Monthly and (b) Monthly average.

solar irradiation is 4.93 kW/m?. The simulation is conducted using Homer
MATLAB® Link-based dispatch strategy.

4.1 Scenario-1

In this scenario, short-term ESS, FW is combined with mid-term ESSs, LA
battery, and HSS. Based on these combinations, four cases are considered as,

(a) Case-1: Solar PV-DG-LA Battery-FW HPS.
(b) Case-2: Solar PV-DG-HSS-PEMFC-FW HPS.
(c) Case-3: Solar PV-DG-LA Battery HPS.

(d) Case-4: Solar PV-DG-FW HPS.

(e) Case-5: Solar PV-DG-HSS-PEMFC HPS.
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Figure 8 Power generation and consumption curve for Scenario-1, Case-1.

(a) Case-1: Solar PV-DG- LA Battery-FW HPS: In this case, solar PV is
the primary source, with DG serving as a backup. Solar PV takes precedence
over DG to feed the load. In case solar PV is unavailable, DG and ESS feed to
load. The LA battery and the FW constitute the MESS. The power generated
by each source, ESS, and power consumed by the load for a 48-hour duration
is shown in Figure 8. It shows that when solar PV is available, it feeds the
load. The DG also supports the load as a backup source. The LA battery
stores the excess power generated by the solar PV for later uses. If the LA
battery cannot charge, even if solar PV power is in excess, it is stored in the
FW due to SoC constraints. The LA battery and FW support the load when
solar PV is unavailable. In case the LA battery is prioritized over FW due to
its less (ogm- Figure A-1 of the Appendix shows a similar variation for the
whole year.

(b) Case-2: Solar PV-DG-HSS-PEMFC-FW HPS: The system is identical to
that in Case-1, except the LA battery is replaced with another mid-term ESS,
HSS with PEMFC. Figure 9 shows the plots for power generation during
48-hours. Here, the excess solar PV power feeds the electrolyzer cell to
produce hydrogen stored in the hydrogen tanks, used by the PEMFC when
load demands exceed the power generation. Once the hydrogen tank is full,
then FW stores the excess power. Similarly, the excess load is met by the
HSS first, then with FW during discharge. Figure A-2 of the Appendix shows
a similar variation for the whole year.

(c) Case-3: Solar PV-DG-LA HPS: This case analyses the superiority of
MESS over a single ESS. Here, the LA battery serves as the ESS, and the
solar PV and DG are the primary sources. The solar PV and DG capacity
are the same as Case-1 and Case-2. Figure 10 depicts the power generation
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Figure 10 Power generation and consumption curve for Scenario-1, Case-3.

and consumption curve for over 48 hours. The use of MESS aids in energy
wastage reduction while serving the load. Therefore, an extra DG is installed
to support the load, increasing system cost and carbon emission. Figure A-3
of the Appendix shows a similar variation for the whole year.

(d) Case-4: Solar PV-DG-FW HPS: In this case, the LA battery of Case-3
is replaced with the short-term ESS, FW. The results are similar to those in
Case-3. An extra DG is used to support the load. There are excess energy
and unmet loads, as shown in Figure 11. Figure A-4 of the Appendix shows
a similar variation for the whole year.

(e) Case-5: Solar PV-DG-HSS-PEMFC HPS: This case also considers a
single ESS, HSS with PEMFC and electrolyzer. Here the excess solar PV
power is wasted, as shown in Figure 12. The PEMFC and the DG support the
load. An extra DG is not used since the PEMFC is unable to handle the extra
loads. Figure A-5 of the Appendix shows a similar variation for the whole
year.
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Figure 12 Power generation and consumption curve for Scenario-1, Case-5.

Table 3 NPC and LCOE analysis of Scenario-1
Cases Net Present Cost (NPC) US $  Cost of Energy (LCOE) US $/kWh

Case-1 31760570 0.4525838
Case-2 17741730 0.25279

Case-3 33802600 0.481631
Case-4 36586900 0.521303
Case-5 21210070 0.302208

The NPC and LCOE for all five cases are tabulated in Table 3. It shows
that Case-1 and Case-2 have the lowest NPC and LCOE. In Case-5, LCOE is
less than in Case-3 and Case-4 due to the absence of extra DG. The LCOE of
Case-5 is less than Case-1 due to the lack of FW and LA batteries. Though
the LCOE of Case-5 is low, the case is infeasible as the load demand is not
met due to the absence of MESS. Thus, Case-2 is the feasible solution with
the lowest LCOE and zero energy wastage.

The pollutants, namely carbon dioxide, carbon monoxide, unburned
hydrocarbons, particulate matter, Sulphur dioxide, and nitrogen oxide emitted
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in each case, are shown in Figure 13. It indicates that Case-2 has relatively
fewer pollutant emissions than other cases of Scenario-1.

4.2 Scenario-2

In this scenario, the FW and PH are employed as short-term and long-term
ESS for the analysis. Depending on the combination, this scenario is analyzed
in two cases as follows;

(a) Case-1: Solar PV-DG-FW-PH HPS.
(b) Case-2: Solar PV-DG-PH HPS.

(a) Case-1: Solar PV-DG-FW-PH HPS: In this case, solar PV is the primary
energy source, and DG is the backup source. The combination of FW and
PH forms the MESS. The power generation and consumption curve for the
48-hour duration is shown in Figure 14. The PH is prioritized over FW to
support the load when the solar PV power is insufficient to meet the load.
The excess solar PV power feeds the PH station until the capacity is reached;
then, the FW is considered for storage. The FW discharges if the PH has
insufficient capacity to meet the load during discharge. Figure A-6 of the
Appendix shows a similar variation for the whole year.

(b) Case-2: Solar PV-DG- PH HPS: This case analyses the impact of using a
single PH station as ESS. The PH feeds the load, while solar PV power is in
deficit. An extra DG is used as a backup. The excess solar PV power charges
the PH ESS. The power generation and consumption curve for 48-hours are
shown in Figure 15. It shows that the surplus solar PV power generated is
wasted after the total capacity of the PH station is utilized. Since FW is
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Figure 15 The power generation and consumption curve for Scenario-2, Case-2.

Table 4 NPC and LCOE analysis of Scenario-2
Cases Net Present Cost NPC) US $  Cost of Energy (LCOE) US $/kWh
Case-1 27386460 0.390212
Case-2 30950190 0.440989

analyzed in Scenario-1, Case-4, it is omitted in this scenario. Figure A-7 of
the Appendix shows a similar variation for the whole year.

Table 4 tabulates the NPC and LCOE for the two cases. It shows that the
LCOE of Case-1 is lower than Case-1. The pollutant emission is illustrated
in Figure 16. Since the emissions are less in Case-1 than in Case-2, Case-1 is
a feasible solution.

4.3 Scenario-3

This scenario considers the mid-term and long-term combinations of ESS to
form the MESS. The LA battery and HSS with PEMFC and electrolyzer are
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Figure 17 The power generation and consumption curve for Scenario-3, Case-1.

considered the mid-term ESS, and the PH station is considered a long-term
ESS. The various cases below are analyzed in this scenario.

(a) Case-1: Solar PV-DG- LA Battery-PH HPS.
(b) Case-2: Solar PV-DG- HSS-PEMFC-PH HPS.

(a) Case-1: Solar PV-DG- LA Battery-PH HPS: In this case, the HPS consists
of solar PV as the primary energy source, and DG serves as a backup. The LA
battery and PH station are the ESS. The power generation and consumption
curve for a 48-hour duration is shown in Figure 17. The PH station is given
priority to support the load in the solar PV power deficit. The excess solar
PV first charges the PH station, and then the LA battery is charged. During
discharge, the PH station is also given priority over the LA battery. Figure A-8
of the Appendix shows a similar variation for the whole year.
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Figure 18 The power generation and consumption curve for Scenario-3, Case-2.

Table S NPC and LCOE analysis of Scenario-3

Cases Net Present Cost (NPC) US $  Cost of Energy (LCOE) US $/kWh
Case-1 27386460 0.390212
Case-2 18203260 0.259366
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Figure 19 Pollutant emission in different cases of Scenario-3.

(b) Case-2: Solar PV-DG- HSS-PEMFC-PH HPS: The system is similar to
Case-1 while replacing the LA battery with HSS-PEMFC and electrolyzer as
ESS. The power generation and consumption curve for a 48-hours duration
is shown in Figure 18. Here also, the PH station has prioritized charging
and discharging over HSS-PEMFC. The excess solar PV power is diverted
to the electrolyzer chamber after fully charging the PH station. Since the
PEMEFC supports the load as a backup source, the DG utilization is reduced.
Figure A-9 of the Appendix shows a similar variation for the whole year.

For the scenario, the NPC and LCOE are tabulated in Table 5. Here, the
emission is

LCOE of Case-2 is less than that of Case-1. The pollutant gas
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Figure 20 Variation of LCOE with minimum SoC limit.

plotted in Figure 19. The pollution is also less in Case-2. So, in this scenario,
Case-2 is the feasible solution.

Summarily, three different scenarios are presented based on power gener-
ation of various sources, ESS charging and discharging curves, and pollutant
emission. In Scenario-1, Case-2 is the feasible solution with the lowest LCOE
and pollutant emission. For Scenario-2, Case-1 MES is the feasible solution.
But in comparison to Scenario-1, this case is not feasible due to higher
emission and LCOE. Amongst all the scenarios, Scenario-3, Case-2, i.e., the
system with HSS with PEMFC and electrolyzer, is the most feasible solution
with the lowest LCOE and pollutant emission.

4.4 Sensitivity Analysis

The sensitivity analysis is conducted to analyze the impact of the ESS SoC
limit on the LCOE of the HPS. Case-1 from Scenario-1 is chosen here for the
sensitivity analysis. The minimum SoC limit of the ESS is varied and plotted
against the LCOE, as shown in Figure 20. It depicts that as the minimum SoC
level decreases, the LCOE increases, which means that the lesser the DOD
lesser is LCOE. Apart from the battery SoC limit, the interest rate and diesel
price also affect the LCOE of the HPS.

5 Conclusion

Using the NPC and LCOE parameters, this paper examines the advan-
tages of the MESS system over a single ESS. The analysis demonstrates
that the MESS contributes to enhance the single ESS. It also aids in the
reduction of pollutant emissions and energy waste by providing options for
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electricity storage. The economics and temporal response features of ESS
are additionally influenced by the subcategories of short-term, mid-term,
and long-term ESS. The system with HSS, PEMFC, electrolyzer, and PH,
Case-2 of Scenario-3, has the lowest LCOE and pollutant emission. This is
owing to the system’s lower average cost/kW. It can also be attributed to the
ESS’s comparable ratings in this scenario. Finally, a sensitivity analysis was
conducted to investigate the impact of a change in the SoC limit on the LCOE.
It observed that as the minimum SoC limit decreases, so does the LCOE.
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Figure A-8 Power generation-consumption curve for Scenario-2, Case-1.
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