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Abstract: This work intends to perform technical and 2E (economic & environmental) analysis for
the proposed hybrid energy generating system for a part load at SRM IST at the Delhi-NCR campus,
India. The investigation has been done for electricity generation and hydrogen production through
renewable energy sources, mainly solar energy. It is in line with the Indian Government’s initiatives.
The proposed hybrid system has to meet the electric load demand of 400 kWh/day with a peak load
of 74.27 kW and hydrogen load demand of 10 kg/day with a peak demand of 1.86 kg/h. The analysis
has been performed for both on-grid and off-grid conditions. As a result, optimum results have
been obtained off-grid condition, with $0.408 per kWh cost of energy, $16.6 per kg cost of hydrogen,
low O&M cost ($21,955 per year), a high renewable fraction (99.8%), and low greenhouse emissions
(247 kg/year). In addition, sensitivity analysis has been performed between—(1) the solar PV array
size & the number of battery strings, with NPC, renewable fraction & CO2 emissions as sensitivity
variables, and (2) reformer capacity & hydrogen tank capacity, with NPC as sensitivity variable.

Keywords: hybrid power plant; cost of energy; net present cost; green hydrogen; reformer; electrolyser

1. Introduction

Most economists and international organizations have realized the importance of
sustainable energy in people’s lives. It may ensure a better quality of life regarding health
and economic independence in various countries. The world’s electricity consumption
is estimated to grow by 2.3% per year from 2015 to 2040 [1]. Worldwide power plants
still use fossil fuels to fulfil about 80% of the electricity demand, threatening the rising
levels of greenhouse gas, carbon dioxide (CO2), levels [2]. The rise in CO2 levels increases
the average temperature globally, adversely affecting the global climate. In December
2015, world leaders decided to put a limit on the increase in global level to 2 ◦C at the
Conference of the Parties, in short, called COP21 [3]. The burning of fossil fuels not only
produces CO2 but also other harmful gases like sulphur dioxide (SO2), nitrogen oxides
(NOx), and particulate matter. To accelerate the shift towards renewable energy sources
(RES) for electricity generation, many countries like Denmark, Sweden, Norway, Italy, New
Zealand, Canada, and Great Britain have started imposing carbon tax [4]. Due to recent
technological advancements and high availability, solar energy is the most promising means
to produce electricity [5]. The countries experiencing high wind speeds also use wind
energy to produce electricity [6]. Another RES is hydro-kinetic energy, which uses speed of
naturally flowing in river streams or man-made waterways to produce electricity [7].
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Different strategies, like using locally available renewable sources for electricity gener-
ation, combined heat & power installations, and designing buildings with energy efficiency,
have been adopted by European Union to reduce greenhouse gas [8]. European Union has
set targets for national emissions in a year, electricity generation using RES and carbon
capture & storage [9]. A Canadian company, Carbon Engineering Ltd., has developed an
air-to-fuel technique to capture CO2 directly from the atmosphere [10]. Electricity gener-
ated from RES has been used to split hydrogen from water. In the next step, hydrogen
reacts with captured CO2 to produce hydrocarbon fuels like diesel, and the entire process
emits very little pollutants into the atmosphere. RES are unpredictable and intermittent.
The availability of RES depends upon the local weather conditions of the selected loca-
tion. Electricity generation from RES can be used in combination with grid supply or
as a stand-alone system. In the case of stand-alone systems, hybrid energy-generating
plants are economically feasible compared to systems using a single energy source [11].
This is because hybrid systems are less costly in electricity production, and the risk of
power shortage is reduced compared to a single energy source. It was forecasted in 2015
by the Fraunhofer Institute for Solar Energy Systems that the capacity of solar PV may
exceed 30TW peak power by 2050 [12]. Wind farms are now connected to the grid, and the
electricity generation from wind turbines is available in the range of megawatts [13].

An important component in hybrid energy plants is the provision for storage of excess
generated electricity. This excess electricity can be stored in the form of— (1) electrochemical
energy (battery bank), (2) chemical energy (hydrogen), and (3) electrical energy (super-
capacitors) [14]. Battery bank maintains power quality and provides short-term energy
storage because of the self-discharge problem [15]. Hydrogen provides long-term storage
(in months & years) for high volumes (in terawatt-hours) [16]. The improvement in
electrolysers & their related components and the decrease in the cost of solar PV & wind
technology are the main factors for motivating the concept of a ‘hydrogen economy’ [17].
As a result, hydrogen technology has been adopted by Japan, South Korea, China, and
Germany [18].

India has taken the initiative of the National Green Hydrogen Mission to become
a major exporter of hydrogen, with an incentive plan of $2.11 billion. This initiative is
Strategic Interventions for Green Hydrogen Transition Programme (SIGHT) [19]. Under
SIGHT, two distinct mechanisms exist: (1) to manufacture electrolysers with a 60 to 100 GW
capacity in India and (2) to produce green hydrogen. The regions capable of producing/
utilizing large-scale hydrogen will be developed as Green Hydrogen Hubs. The SIGHT
program has three phases—(1) to establish policies and guidelines and initiate pilot projects
(2022–2024), (2) to bring down manufacturing costs & promote incentives for large-scale
production, to scale up production of green hydrogen (2025–2026), and (3) to focus on other
distinctive hydrogen applications [19].

Hydrogen energy is the upcoming renewable energy system used in hybrid power
plants to store excess electrical energy from the grid or RES. It has gained popularity
because of the advancement in fuel cell technology [20]. Generally, a hydrogen energy
system consists of three main apparatus for three process steps required for hydrogen
production—(1) an electrolyser is required for producing hydrogen from the excess electric-
ity generated from RES, (2) the hydrogen produced from step 1 is stored in a storage tank,
and (3) the electricity is reproduced from stored hydrogen using a fuel cell [21]. During the
process of production and reproduction of hydrogen, no pollutants are released into the
atmosphere. Furthermore, hydrogen energy systems are efficient as the stored hydrogen
does not degrade with time, and it attracts low maintenance costs for storing hydrogen for
a considerably long time [22].

It is imperative to design the optimum size of the hybrid plant so that system com-
ponents are fully utilized with minimum investment. This mainly depends on—(1) the
availability of RES, (2) load demand, and (3) the weather conditions of the site [23]. To
achieve the optimum system reliability and cost, one or a combination of different sizing
methods like the graphical construction method, iterative method and artificial intelligence
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method can be applied [24]. Some work has been done in many parts of the world to either
reduce the cost of energy or provide electricity to places remotely located from the primary
grid, along with the production of hydrogen [25]. Iran, China, Ecuadorian Amazon, Turkey,
Egypt, UAE, Iraq, Afghanistan, and the USA have been these countries. Table 1 summarizes
a study in these countries for hybrid energy plants prioritizing hydrogen production at
various locations.

Table 1. Summary of different hybrid energy plants prioritizing hydrogen production.

Hybrid Plant Design Study Location On-Grid/
Off-Grid COE ($/kWh) Ref.

PV/HK/FC/Battery/HT/EL Ecuadorian
Amazon Off-grid 0.184 [26]

PV/WT/HK Iran Off-grid 0.1155 [27]

SOFC-WGS-TSA-PEMFC China Off-grid 0.0395 to 0.0405 [28]

PV Turkey Off-grid 0.6124 [29]

PV/WT Egypt Off-grid 0.137 to 0.219 [30]

PV/FC UAE Off-grid 0.145 [31]

PV/FC Iraq Off-grid 0.195 [32]

PV/WT/BGG Iran Off-grid 0.128 to 0.223 [33]

PV/WT/BGG/FC Iran
Off-grid 0.164 to 0.233

[34]
On-grid 0.096 to 0.125

PV/BM China Off-grid 0.6137 [35]

WT Afghanistan Off-grid 0.063 to 0.079 [36]

PV/WT/HK Iran Off-grid 0.1155 [37]

PV Turkey Off-grid 0.6124 [38]

WT Afghanistan Off-grid 0.0529 to 0.1135 [39]

PV/WT/battery/EL USA Off-grid 0.5 [1]
Legends: PV—photovoltaic, HK—hydro kinetic, FC—fuel cell, HT—hydrogen tank, EL—electrolyser, WT—wind
turbine, SOFC—solid oxide fuel cell, WGS—water gas shift reaction, TSA—thermal swing adsorption, PEMFC—proton
exchange membrane fuel cell, BGG—biogas generator, BM—bio mass.

This study has been conducted at SRM IST, Delhi NCR educational campus. A hybrid
energy generating system (HEGS) has been proposed for meeting the load of 15 classrooms
in an academic building. The geographical location of this campus has been marked in
Figure 1 as 28.8377◦ north and 77.5826◦ east [40]. This area experiences approximately
300 solar days. During the winter season, it experiences minimum temperature reaches
around 1 ◦C for 3 to 4 days. The data for average monthly solar radiation (ALLSKY INSOL),
clearness index, diffuse horizontal irradiance (DIFF), direct normal radiance (DNR), average
monthly temperature and average daylight hours for the Delhi-NCR region has been taken
from NASA (National Aeronautics and Space Administration)—PDAV (Power Data Access
Viewer) tool [41]. Figure 2 presents the ALLSKY INSOL & clearness index, and Figure 3
compares the selected region’s ALLSKY INSOL, DIFF & DNR. DIFF is the light scattered
at the earth’s surface due to dust particles and moisture content in the atmosphere [42].
DNR is location specific and measured at the earth’s surface, but it does not include the
scattered radiation due to atmospheric components [43]. The average monthly temperature
and daylight hours for this region are shown in Figure 4. The proposed HEGS has been
analyzed for both on-grid and off-grid operations. Time series analysis and sensitivity
analysis have been performed to validate the energy balance and to understand the impact
of variation in the size of solar PV array, number of battery strings, reformer capacity &
hydrogen tank capacity on NPC, renewable fraction, and CO2 emissions.
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The organization of the paper is as follows: in Section 1, the introduction and previous
related work are discussed; the components of HEGS are discussed in Section 2; the sizing
and economics of HEGS are discussed in Section 3; Section 4 provides the results and
discussions; sensitivity analysis is provided in Section 5, and in Section 6, the conclusion
is drawn.

2. The Hybrid Energy Generating System (HEGS)

A general model of renewable HEGS has been shown in Figure 5. In this model, solar
energy is captured to generate electricity and hydrogen, which can be stored and utilized
to serve the load as the dispatch strategy decides. The electrical energy can be stored
in a battery bank, and hydrogen can be stored in a hydrogen tank. Hydrogen provides
long-term energy storage; it has a high capacity but a low delivery rate. Therefore, to meet
the short-span surges in load demand, it is required to have short-term storage of electricity
as provided by the battery bank. It has a low capacity but a high delivery rate.
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To serve the selected load, the proposed HEGS modelled in HOMER software has been
shown in Figure 6. This HEGS consist of the following components—(1) solar PV array,
(2) diesel generator (DG), (3) battery bank (BT), (4) electrolyser (ETL), (5) reformer (RFM),
(6) hydrogen tank (HT), and (7) Grid. While choosing HEGS components, it is imperative to
understand that oversizing the system will be expensive, while an under-sized system will
fail to meet the load demand. Therefore, the simulation of the HEGS model has been done
in HOMER software to minimize net present cost (NPC) for 24 h uninterrupted supply to
load. The system with minimum NPC will also have a minimum cost of energy (COE). The
constraints considered during the simulation were—(1) the 80% derating factor of the PV
array, (2) the minimum load ratio of DG is 25%, (3) the state of charge (SOC) of the battery
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is from 20% to 100%, (4) annual purchase capacity of the grid is 100 kW, (5) HEGS will not
purchase electricity from grid between 9 AM to 4 PM and (6) HEGS lifetime is 25 years.
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2.1. Energy Generation

The solar energy is captured by a PV array and converted to electrical energy. The size
of the solar PV array is decided by the desired output voltage and current. The generic
plat-plate PV module has been used to model the proposed HEGS. Suppose YPV is solar
array output power from in kW. In that case, fPV is the solar array derating factor in %,
GT is the solar radiation incident on the solar array in kW/m2, GT,STC (1 kW/m2) is the
incident radiation from the sun, αP is the power temperature coefficient in % per ◦C, Tc is
the PV cell temperature in the current time step in ◦C, Tc,STC is PV cell temperature under
standard conditions (25 ◦C), then PV array power output, Poutput, has been calculated using
(1) [44]—the technical details solar PV array has been given in Table A1 in Appendix A.

Poutput= Ypvfpv

(
GT

GT,STC

)[
1 + αp(Tc − Tc,STC)

]
(1)

When the electricity generated from the PV array and the energy stored in the bat-
tery bank cannot meet the load demand, a diesel-based generator operates to fulfil that
deficiency. The fuel consumed by DG depends on the electricity generated. If F0 is the
coefficient of fuel curve intercept in L/h/kW, F1 is the fuel curve slope in L/h/kW, Ygen
is the generator-rated capacity in kW, and Pgen is the generator power output in kW. Fuel
consumed by DG, F, has been calculated using (2) [45].

F = F0Ygen+F1Pgen (2)

HOMER software has plotted the fuel curve for 50 kW DG with a slope of 0.333 L/h/kW
and an intercept coefficient of 2.5 L/h, as shown in Figure 7. To fit the line to the data points,
HOMER uses the linear least-squares method. The fuel consumption during the idle state is
represented by the y-axis intercept, known as no-load fuel consumption. The slope of this
curve is called marginal fuel consumption. If ρDG is the density of the diesel in kg/m3,
HLD is the lower heating response of the diesel in MJ/kg, and then the efficiency has been
calculated using (3) [46]. The efficiency curve has been plotted from zero to rated output,
as shown in Figure 8. The technical details DG has been given in Table A1 in Appendix A.

ηDG =
3.6Pgen

FρDGHLD
(3)
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On connecting to the grid, the reliability of HEGS is enhanced. The electrical energy is
generated mainly from the PV array. The excess energy is utilized in two ways—(1) it is
stored in a battery bank to serve the load with the PV array during peak hours, and (2) to
operate the electrolyser to produce hydrogen. DG is operated if electricity supplied by the
PV array and battery bank is insufficient to serve the load. If the PV array, battery bank,
and DG cannot serve the load, energy is purchased from the grid. The energy purchase
and sell-back prices have been taken as $0.084 per kWh [47]. This price has been taken the
same for all weekdays. Grid pollutant emissions per kWh are estimated to be 632 g of CO2,
2.74 g of SO2 and 1.34 g of NOx.

2.2. Energy Conversion

Hydrogen is produced by water electrolysis using electricity generated from HEGS.
This hydrogen can be stored in a hydrogen tank for supplying to hydrogen load. Electrol-
yser efficiency is the ratio of the energy content (higher heating value) of the hydrogen
produced to the amount of electricity consumed. Simply put, it is the efficiency of elec-
trolysers converting electricity into hydrogen. The electrolyser efficiency ranges from 90%
to 95%, and the hydrogen purity ranges from 99.8% to 99.9998% [48]. If N is the number
of cells in the stack, Vt is the thermo-neutral voltage in V, Pi is the total input power to
the stack in W, and I is the input current through the cell in A, the energy efficiency of the
electrolyser, ηE, cell can be calculated as (4) [49].

ηE =
NVtI

Pi
(4)

A natural gas-based reformer is used to produce hydrogen. Natural gas contains
methane, which produces hydrogen after undergoing thermal processes like a steam-
methane reformation. In steam reforming, high-temperature steam (700–1000 ◦C) reacts
with methane. This reaction produces hydrogen carbon monoxide and a very small amount
of CO2. The steam-methane reaction is shown in (5) [50]. In the final step, known as pressure-
swing adsorption, pure hydrogen is obtained by removing CO2 and other impurities.

CH4+H2O(+heat) → CO + 3H2 (5)
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2.3. Energy Storage

After serving the electrical and hydrogen loads, the excess electricity generated can
be stored in a battery bank. Whenever the PV array, DG or grid cannot meet the load
demand, the electrical energy stored in the battery bank can be utilized to serve the load.
Moreover, it helps to increase the renewable fraction by turning off DG during the daytime
or lowering energy purchases from the grid. As the battery bank ensures an uninterrupted
power supply to load, it becomes imperative to monitor battery SOC. It protects the battery
from overcharging and goes beyond the minimum SOC required, adversely affecting the
life of the battery. If Q(t) is the current capacity and Q(n) is the nominal capacity, then
battery SOC can be calculated as provided in (6) [51].

SOC(t) =
Q(t)
Q(n)

(6)

If no loss of energy is assumed during the charging and discharging of the battery, the
SOC related to the battery current is calculated as provided in (7) [1].

SOC(t)= SOC(0) +
1
C

∫ t

0
I ·
(
VBT, t′

)
·dt′ (7)

C is the capacity of the battery in kWh, I is the battery current in A, and VBT is the battery
voltage in V.

The life of the battery depends upon two independent factors—(1) lifetime productivity
and (2) float life of storage. For example, if suppose NBT is the number of batteries in a
battery bank. In that case, QLP is single battery lifetime productivity in kWh, QSP is annual
storage productivity in kWh/year, and LBT,f is storage float life in years. Then, the life of
the battery bank (LBT) can be calculated using (8) [23]. The technical details battery bank is
given in Table A1 in Appendix A.

LBT =


NBT QLP

QSP
If limited by productivity

LBT, f If limited by lifetime
MIN

(
NBT QLP

QSP
, LBT, f

)
If limited by productivity and lifetime

(8)

The storage of hydrogen can be considered in a similar way to that of a battery.
Depending upon the hydrogen tank capacity, the hydrogen is taken in (“charging phenom-
ena”) and delivered (“discharging phenomena”) to the hydrogen load. As battery SOC has
expressed in (7), the state of hydrogen (SOH) can be expressed as given in (9) [1].

SOH(t)= SOH(0) +
1

CH

∫ t

0

.
Hm
(
PH, t′

)
·d t′ (9)

where CH is the gravimetric capacity of the hydrogen storage tank in kg,
.

Hm is the hydrogen
mass flow rate in kg/h, and PH is the hydrogen pressure.

Battery storage has lower power capital cost and higher round-trip efficiency, whereas
hydrogen storage has lower capital energy cost and longer storage duration.

Comparison of Battery Technologies

A cost comparison of five types of battery technologies has been made in Table 2.
Lead-acid (LA) and lithium-ion (LI) batteries are popularly used in HEGS to store excess
energy produced. Recently, advanced battery technologies like vanadium flow (VF) and
zinc bromide (ZB) flow batteries are replacing LA and LI batteries. This is mainly because
the life of flow batteries is not compromised even if the batteries are not charged for a long
time. Moreover, flow batteries provide higher energy capacity than LA and LI batteries.
Because of its high robustness, long durability and tolerance against high temperatures,
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nickel-iron (NI) is also becoming popular in HEGS for storing energy [52]. The annual SOC
status of different battery technologies has been provided in Figure 9.

Table 2. Financial metrics of different battery technologies.

Battery
Technology

Capital Cost
($ per kWh)

Replacement Cost
($ per kWh)

O&M Cost
($)

Life Span
(Years)

LA battery 135 108 1.33 per year 5
LI battery 500 455 0 10
VF battery 535 465 0 25
ZB battery 800 735 0 25
NI battery 106 98 2.12 25

1 
 

 

Figure 9. Annual mean SOC of different battery technologies.

3. Sizing and Economics of HEGS Components

For the effective function of HEGS, it is important to select the optimal sizing of
the components to serve the energy demand of the selected load. This helps to achieve
minimum COE after simulation. A number of optimal results are obtained after simulation,
and different configurations of HEGS are expected to serve the load under consideration.
The optimal solution is chosen based on optimum COE, NPC, and renewable fraction above
95% in HEGS.

3.1. Electric Load Demand Estimation

An academic building at SRM IST, Delhi-NCR campus, with 15 classrooms, has been
considered a load. The details of the estimated load have been provided in Table 3. The load of
one classroom consists of 6 LED lights, five ceiling fans, two air-conditioners, 1 LCD projector,
1 PA system (including microphone & speaker), one computer system and two plug points.
The average electricity consumption of one classroom is estimated to be 26.58 kWh per day,
and for 15 classrooms, it is approximately 400 kWh per day. The 24-h load profile and the
yearly load profile have been presented in Figure 10a and 10b, respectively.
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Table 3. Load estimation of 15 classrooms at SRM IST Delhi NCR campus.

Sr. No. Load Power (kW) Quantity
(Nos.) Usage (h) Total Load

(kWh/Day)

1 LED light 0.024 6 6 0.864

2 Ceiling fans 0.020 5 6 0.6

3 Air conditioner (1.5 ton) 1.5 2 6 18

4 LCD Projector 0.28 1 6 1.680

5 PA system (microphone
& speakers) 0.8 1 6 4.800

6 Computer system 0.1 1 6 0.6

7 Mobile charging point 0.003 2 6 0.036

The total load for one classroom 26.58

The total load for 15 classrooms
398.7

(~400)
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3.2. HOMER Pro Software

Different software is available for finding the optimal HEGS configuration, like Hy-
brid2, RAPSim, and HYBRIDS. All these software is easy to use to provide long-term
forecasts of HEGS performance. But the mentioned software does not offer economic anal-
yses. On the other hand, hybrid Optimization of Multiple Electric Renewables (HOMER)
software provides technical and economic analyses of HEGS [15].

In this study, the analysis has been done using HOMER software, which is developed
by National Renewable Energy Laboratory, Golden, CO, USA. HOMER uses two optimiza-
tion algorithms—the original grid search algorithm and the HOMER optimizer, to perform
simulations. The optimized solutions are chosen based on the lowest NPC and lowest COE.
Furthermore, the HOMER optimizer takes care of the maximum number of simulations per
optimization, so the optimization process converges after a finite number of simulations.

It can be referred from Figure 11 that the geographical position of the selected location,
weather conditions of the selected site, technical details of the components of the proposed
HEGS and the load profile are the inputs to HOMER. Based on these inputs, the software
performs simulations to obtain the optimal solutions. The outputs obtained from HOMER
are the technical & economic data, number of estimated pollutants and sensitivity analysis,
also known as what-if analysis, to understand the impact of one parameter on the other.
The detailed flow chart of HOMER software has been provided as Figure A1 in Appendix B.
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3.3. Cost Estimation of HEGS

The simulations performed by HOMER software can provide the optimal size of HEGS
components to minimize the probability of loss of electricity supply and also minimize the
NPC & COE. The HOMER performs technical and economic analysis by assuming that
the cost of HEGS components increases at the same rate. The parameters considered to
perform the calculation are annual interest rate, annual inflation rate and project lifetime.
NPC is the summation of initial cost, replacement cost, cost of operation & maintenance
(O&M), and cost of fuel, and from this, salvage value is subtracted. HOMER has used (10)
to calculate NPC [53].

NPC =∑t
N = 1 rd(C ini+Crep+CO&M+Cfuel −Csal) (10)

where, rd (%) is the discount rate, N (years) is the project lifetime, Cini ($) is the initial cost
of the HEGS component, Crep ($) is the replacement cost, CO&M ($) is the operation and
maintenance cost, Cfuel ($) is the fuel cost and Csal ($) is the salvage value. If r is the annual
interest rate, the discount rate can be calculated from (11) [54].

rd =
1

(1 + r)N (11)

If ro is the annual interest rate and f is the annual inflation rate, then the real annual
interest rate, r, can be calculated from (12) [54].

r =
r0 − f
1 + f

(12)

HOMER calculates the annualized cost, Cann, by multiplying NPC with the capital
recovery factor (CRF), as shown in (13) [54].

Cann= CRF(r, N) × NPC (13)

CRF is a ratio used to calculate the present value of annual cash flows. HOMER
calculates CRF as given in (14) [55].

CRF(r, N) =
r(1 + r)N

(1 + r)N−1
(14)

If Eserved is the total electrical load served, HOMER calculates the levelized cost of
energy, as shown in (15) [52].

COE =
Cann

Eserved
(15)
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HOMER uses (16) to calculate the levelized cost of hydrogen (COH) [1].

COH =
Cann+Ve(E P+EG,sales)

MH
(16)

where, Ve is the value of electricity, EP is the primary electrical load, EG,sales is the total
energy sold to the grid, and MH is the total hydrogen production.

4. Results and Discussions

To perform simulation, HOMER takes the technical details of HEGS components, its
initial cost, replacement cost, O&M cost, and lifespan of components as input. To calculate
the economic parameters, discount rate, inflation rate and interest rate are also taken as
input. The financial metrics provided as input to HOMER have been provided in Table 4. A
total of 4607 solutions have been simulated by HOMER, out of which 48 feasible solutions
have been obtained. Based on the selection criteria, four solutions have been selected for
the analysis, which is presented in Section 4.1.

Table 4. Financial metrics of HEGS components.

Components Initial Cost
($)

Replacement
Cost ($)

O&M Cost
($) Life Span

PV $470 per kW $470 per kW $2.66 per year 25 years

DG $665 per kW $535 per kW $0.027 per op. h 15,000 h

Converter $195 per kW $195 per kW $4 per year 15 years

Battery $800 per kWh $735 per kWh $10 per year 30 years

Electrolyser $1500 per kW $1500 per kW $0.05 per year 20 years

Reformer $3500 per kW $3200 per kW $200 per year 25 years

Hydrogen tank $600 per kg $600 per kg $10 per year 25 years

Electricity generation from renewable sources is lowly reliable. This is due to uncer-
tainty in weather conditions. In Figure 5, the renewable source of electricity generation is a
solar PV array. The excess electricity generated from the PV array will charge the battery
bank and be used by the electrolyser to generate hydrogen. In the proposed HEGS, DG
serves as a captive power generation source when the PV array & battery bank cannot
meet the load demand and the grid is under maintenance/repair work. Therefore, the
inclusion of DG increases the reliability of HEGS. The composition of diesel has been 0.4%
sulphur content, 88% carbon content, 43.2 MJ/kg of lower heating value and a density of
820 kg/m3. Estimated emissions per litre of diesel consumption are 16.5 g of CO, 0.72 g of
unburned hydrocarbon, 0.1 g of particulate matter and 15.5 g of NOx.

4.1. Optimization Results and Economic Analysis

The criteria for choosing the optimum solutions have been—(1) continuous supply
of electricity to load, (2) optimum COE & NPC, (3) high value of the renewable fraction,
and (4) low value of pollutant emission. Based on these criteria, four combinations have
been chosen for the proposed HEGS—(1) PV/BT/Grid/ETL/RFM/HT (without DG),
(2) PV/DG/BT/Grid/ETL/RFM/HT, (3) PV/DG/BT/ETL/RFM/HT (without Grid), and
(4) PV/DG/Grid/ETL/RFM/HT (without battery). The simulation results for the proposed
HEGS obtained from HOMER have been presented in Table 5. From a financial metrics
point of view, comparisons have been made for COE ($/kWh), NPC ($), operating cost
($/year), initial cost ($), O&M cost ($/year), fuel cost ($/year). Combination 1 has the
lowest NPC ($1,285,037) & least COE ($0.395 per kWh). The operating cost ($26,475 per year)
is the lowest for combination 2. The lowest O&M cost ($21,955 per year) has been obtained
for combination 3. The fuel cost ($107 per year) is the lowest for combinations 2 and 3.
It can be observed from Table 5 that nominal battery capacity (7000 kWh) is the highest
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in combination 3. This provides more storage of electrical energy compared to other
combinations. The lowest battery storage capacity is found in combination 2 (1000 kWh),
as the grid is connected here to take care of any shortfall while serving the load demand.
The comparison of total system cost for the selected HEGS combinations has been shown
in Figure 12. A comparison of COE and the cost of hydrogen is shown in Figure 13.
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4.2. Technical Analysis

The summary of the technical report is provided in Table 6. From a technical point
of view, combination 1, 3 & 4 follows the cycle charging (CC) dispatch strategy. In CC
strategy, the DG or grid operates at full capacity to serve the load. The excess electricity
produced in this case is utilized to charge the battery bank and serve the electrolyser.
Combination 2 follows the load-following (LF) strategy. In the LF strategy, the DG or
grid operates to generate enough electricity to meet the load demand. The battery bank is
charged when a renewable source like a solar PV array generates electricity. The renewable
fraction is found to be highest for combination 3, which is 99.8% and the lowest can be
observed for combination 4, which is 44.2%. It has been estimated that in combination 4,
energy purchased from the grid has been approximately 20% compared to 1% in the case
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of combinations 1 & 2 and 0% in the case of combination 3. The usage of DG is highest
in the case of combination 4 compared to other combinations. It is also observed that the
percentage of excess electricity generation (17%) is highest in combination four among all
other combinations. This may be due to the absence of a battery bank in combination 4,
and DG is used as a compensator.
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Table 6. Optimization results obtained for proposed HEGS (Part—II).

Architecture

R
en

ew
ab

le
Fr

ac
ti

on
(%

)

Electricity
Generated
(kWh/Year)

Ex
ce

ss
El

ec
tr

ic
it

y
Pr

od
uc

ti
on

(%
)

Ex
ce

ss
El

ec
tr

ic
it

y
Pr

od
uc

ti
on

(k
W

h/
Ye

ar
)

Grid

H
EG

S
C

om
bi

na
ti

on

PV (k
W

)

D
G

(k
W

)

B
at

te
ry

(N
o.

of
St

ri
ng

s)

B
at

te
ry

N
om

in
al

C
ap

ac
it

y
(k

W
h)

G
ri

d
(k

W
)

El
ec

tr
ol

ys
er

(k
W

)

R
ef

or
m

er
(k

W
)

H
yd

ro
ge

n
Ta

nk
(k

g)

C
on

ve
rt

er
(k

W
)

D
is

pa
tc

h
St

ra
te

gy

D
G

PV

En
er

gy
Pu

rc
ha

se
d

(k
W

h)

En
er

gy
So

ld
(k

W
h)

1. 200 3 3000 100 100 100 100 38 CC 97.7 0 296,363 3 9273 3285 0

2. 200 82 1 1000 100 100 100 100 40 LF 97.8 246 296,363 3 9255 2987 0

3. 200 82 7 7000 100 100 100 70 CC 99.8 246 296,363 3 9016 0 0

4. 200 82 100 100 100 100 42 CC 44.2 6533 296,363 17 62,542 74,976 0

The emission of CO2 into the atmosphere is causing a planetary crisis. So, HEGS
combination 3, which has a maximum renewable fraction (99.8%), has been selected as
the optimal solution. This combination 3 provides a stand-alone solution for the proposed
HEGS, which not only reduces the dependency on the grid but has no contribution to-
wards CO2 emissions from the grid. The absence of a grid in this combination has been
compensated by increased battery nominal capacity (7000 kWh) compared to other HEGS
combinations. The SOC of the battery bank is shown in Figure 14, and it is observed
that for most days, SOC lies in the range of 80% to 100%. Therefore, the energy from the
battery bank has mainly been used between the 0 to 11th hour and the 18th to 24th hours.
Figure 15 shows the monthly average of electricity production from solar PV array and
DG and the total electrical load served. The yearly power output from the solar PV array
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and DG is shown in Appendix B in Figures A2 and A3, respectively. The input power
taken by the electrolyser has been shown in Figure A4 in Appendix B. Figure 16 shows the
monthly average of hydrogen production from the electrolyser and the reformer, along
with the total hydrogen load served. The yearly hydrogen output from the reformer is
shown in Figure A5, and the yearly status of the hydrogen tank level is shown in Figure A6
in Appendix B.
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Figure 16. Monthly average hydrogen production by HEGS combination 3.

4.3. Time-Series Analysis

To check the energy balance for 24-h operation of combination 3 HEGS, a time-series
analysis was done on the 2nd day of January. The electricity generators have been solar
PV array & DG, while the battery charges after meeting the load demand and supplies
electricity when needed. The electricity has been consumed by the AC load and the
electrolyser. The contributions of all these mentioned HEGS components have been plotted
in Figure 17. The observations from this plot have been provided in Table 7.
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Table 7. Time series analysis for the 2nd day of January.

Time Duration HEGS Component Contribution

0 to 6th hours
• Solar PV array has been unable to generate electricity without sunlight.
• Energy served in the battery bank served the load.

6th to 17th hours

• Solar PV array generates electricity.
• Battery bank charges till the 13th hour & it did not operate from the 13th to the 16th

hour. It started to serve the load (along with the solar PV array) from the 16th hour.
• The electrolyser consumed electricity from the 11th to 17th hour and AC primary load.

17th to 23rd hours • As load demand reduces, it is met with energy stored in the battery bank

On this date, the DG was not required to be operated. The energy balance calculation,
provided in Table 8, has been done for the 12th hour of the day. This validates that the total
electricity generated equals the total consumed.

Table 8. Energy balance calculation from time series plot at 12th hour.

HEGS Component Power Generated/Consumed

Electricity generated
Solar PV array A = 167 kW

Diesel generator B = 0 kW

Electricity served to load Battery bank C = 119 kW

Electricity consumed Electrolyser D = 21.86 kW

Inverter operation
Input power to the inverter E (=A + B − C − D)

=26.14 kW

Output power to the inverter
(Inverter efficiency = 90%) F = 23.53 kW

Electricity consumed
AC load served G = 23.53 kW

(this value is equal to F)

Total electrical load served (=D + G)
=45.39 kW
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4.4. Pollutant Emissions

It is imperative to consider the pollutant emission before choosing an optimal solution
for the proposed HEGS. The summary of pollutant emissions is provided in Table 9. The
highest CO2 emission has been observed from combination 4 (53,888 kg/year) and the
lowest from combination 3 (247 kg/year). In HEGS combination 4, the energy is generated
through a solar PV array, and if required, DG is operated to meet the load demand. In this
combination, the battery bank is not a part of HEGS, so there is no provision for storing
energy. On referring Table 6, it can be observed that DG has generated 6533 kWh per year
of electricity, which is the highest value among all combinations. This means that DG has
been operated a maximum number of times and consumed fuel worth $2832 annually. So,
concerning emissions from DG, pollutant emission is highest in combination 4. In case of a
shortfall of electricity generation from PV and DG, energy has to be purchased from the
grid to fulfill the load demand. The grid generates electricity using fossil fuels, and hence,
the emission of CO2 is highest among the other HEGS combinations.

Table 9. Summary of pollutant emissions for proposed HEGS.
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3. 200 82 7 7000 100 100 100 70 CC 99.8 247 1.55 0.0678 0.00942 0.468 1.46

4. 200 82 100 100 100 100 42 CC 44.2 53,888 41 1.79 0.248 219 139

The grid is not a part of combination 3, so the emissions from grid operation have been
avoided. It can also be observed from Table 9 that the nominal capacity of the battery bank
(7000 kWh) is the highest among all combinations. So, this combination provides maximum
provision for the storage of excess electricity. The DG has been operated least often, so CO2
emissions are the lowest in this combination. Figure 18 presents the comparison of CO2
emissions & renewable fractions for selected HEGS combinations.
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5. Sensitivity Analysis

A HEGS is a complex connection of different components. The optimum working of
HEGS depends on different variables. Changes in some variables may bring huge changes
in the working of HEGS. So, it is imperative to study the impact of such variables on the
operation of HEGS. This what-if analysis is known as sensitivity analysis. The sensitivity
analysis has been performed for combination 3. This combination has followed the CC
dispatch strategy. The analysis has been performed between—(1) the size of the solar PV
array and the number of battery strings and (2) the reformer and hydrogen tank capacity.
The sensitivity variables are NPC, renewable fraction, and CO2 emissions. The variation in
COE has been marked in each of the analyses for a clear overview.

The optimization plot has been plotted between COE and renewable fraction, con-
sidering 25 years project lifetime. This plot is shown in Figure 19. The encircled points in
the plot are the feasible solutions for that particular sensitivity case. It can be observed
that many points lie in the region of high renewable fraction, which has the cost of energy
between $0.4 to 0.6 per kWh.
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In Figure 20a, the impact of variation in NPC with COE values superimposed has
been shown. The least COE has been obtained as $0.408 per kWh for seven battery strings,
200 kW solar PV array, 82 kW DG, 100 kW ETL, 100 kW RFM, and 100 kg HT with NPC of
$1,327,521. In Figure 20b, the impact of variation in renewable fraction has been analyzed
to understand the percentage of green energy production. It can be observed from this
plot that the point of least COE lies within 90% to 100% of the renewable fraction. The
impact of variation in CO2 emissions has been shown in Figure 20c. It shows CO2 emissions
reductions in areas where the renewable fraction is above 90%. Figure 21 presents the
impact of variation in NPC on the capacity reformer and hydrogen tank capacity.
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6. Conclusions

In this study, the aim has been to compare the proposed HEGS solutions for on-grid
and off-grid operations. The selected optimal solution has been taken as PV (200 kW)/DG
(82 kW)/BT (7000 kWh) for electricity generation along with ETL (100 kW)/RFM (100
kW)/HT (100 kg) for green hydrogen production. The optimal solution has been chosen
based on low O&M cost ($21,955 per year), a high renewable fraction (99.8%), and low CO2
emissions (247 kg/year). The conclusions drawn from this work are mentioned below:

1. The electricity generation has been using 200 kW PV, 82 kW DG, 7000 kWh BT, and a
converter of 70 kW, with a CC dispatch strategy.

2. The initial cost of HEGS has been estimated to be $727,756, and the operating cost is
$26,942 per year.

3. The NPC has been estimated to be $1,327,521; the estimated COE will be $0.408 per
kWh, and the cost of hydrogen will be $16.6 per kg.

4. The CO2 emission will be reduced to 247 kg/year.
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5. Sensitivity analysis has been performed in two parts—(a) the impact of variation in
solar PV array size & number of battery strings has been studied with sensitivity
variables such as NPC, renewable fraction & CO2 emissions, and (b) the impact of
variation in reformer capacity & hydrogen tank capacity, has been studied with NPC
as sensitivity variable.

In future work, the government policies, subsidies provided by the government and
tariffs regulated by the energy sector can be considered to improvise the analysis.
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Appendix A

Table A1. Technical details of solar PV array, DG, and battery.

Description Value

Solar PV array

Type of panel Flat plate
Rated capacity (kWp) 1
Capital cost ($/kW) 470

Replacement cost ($/kW) 470
O&M cost ($/year) 2.66

Lifetime (years) 25
Derating factor (%) 80

Temperature coefficient (per ◦C) −0.5
Nominal operating cell temperature (◦C) 47

Efficiency (%) 0.13

Diesel generator

Fuel Diesel
Capital cost ($/kW) 665

Replacement cost ($/kW) 535
O&M cost ($/h) 0.027
Fuel price ($/L) 1.14
Lifetime (hours) 15,000
CO (g/L/fuel) 16.5

Unburned HC (g/L fuel) 0.72
Particulates (g/L fuel) 0.1
Fuel sulfur to PM (%) 2.2

NOX (g/L fuel) 15.5

Battery

Nominal voltage (V) 600
Nominal capacity (kWh) 1000
Maximum capacity (Ah) 1670
Round-trip efficiency (%) 90

Maximum charge current (A) 1670
Maximum discharge current (A) 5000
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