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Abstract

Photovoltaic-based integrated energy systems act as a possible modern
technological solution for clean and affordable green hydrogen production.
However, research attempts are required from the scientific community
to develop power management, control, optimization algorithms, and new
techniques for these integrated energy systems effective and economical
operation. The integrated energy system considered in this work consists of
a solar photovoltaic, battery, grid and proton exchange membrane (PEM)
electrolyzer. PEM electrolyzer with a power rating of 100 kW is mod-
elled as a controlled current sink to interfere with the DC bus directly.
This work proposes a power management and control algorithm for the
photovoltaic-based integrated energy system considering different parameters
like availability of solar photovoltaic power, DC link voltage, battery state of
charge (SOC), tariff and availability of grid power. Effective power-sharing
among the different power sources increases system reliability and stability.
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Optimization is performed for optimal sizing and costing to achieve econom-
ical operation such that these photovoltaic-based integrated energy systems
become affordable and are encouraged for wide use. The photovoltaic system
operates at the maximum power point through a neural network-based control
strategy; in addition to this, stacking in neural network topologies is also
discussed for improving system accuracy in tracking the reference voltage
for MPPT operation. The DC link voltage is controlled by interfacing the
battery with the DC link via a bidirectional buck-boost power converter. The
contribution of the work is to highlight the role of renewable energy sources
for continuous green hydrogen production. Green hydrogen will be a critical
driving force for the future transportation system, fuel cell-based power
generation, and industries utilizing hydrogen in direct or indirect forms-that
will help transition towards a carbon-free society. Optimization and time-
domain simulation results indicated the economic and technical feasibility of
the proposed photovoltaic-based integrated energy system for green hydrogen
production with the best optimal configuration producing hydrogen at the cost
of $ 4.806/kg and total net present cost of $749904.

Keywords: Solar photovoltaic, battery, electrolyzer, grid, DC-DC converter,
optimization, power management and control.

1 Introduction

In the present context, all the nations are framing their power and energy
policies keeping in view the environmental challenges associated with fossil
fuel-based power generation. It is clear that fossil fuel-based power gen-
eration produces a lot of emissions, the focus shifts towards renewable
energy-based power and gas generation. The challenge remains how to
achieve a smooth, reliable and affordable transition towards renewable power
generation and hydrogen production in the presence of newly emerging
energy sources, storage devices, and loads [1, 2].

Presently renewable energy based-power is being generated through
microgrids (micropower systems). A microgrid consists of different power
sources, energy storage devices, and different types of loads [3]. Based on
the nature of the power generated by the power sources and the type of load,
microgrids are broadly classified as AC, DC and AC-DC microgrids [4].
DC microgrids have advantages like high efficiency and reduced conver-
sion stages than their AC counterparts. In addition to these advantages, DC
power sources can feed power directly to new DC loads like electric vehicle
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loads and electrolyzers. There are many renewable energy sources like solar
power, wind power, fuel cell power etc.; among them, solar photovoltaic
and wind are considered non-dispatchable power sources, and a fuel cell
is a dispatchable power source [5]. In order to overcome the intermittency
of non-dispatchable power sources, they are integrated with dispatchable
power sources like fuel cells. Fuel cell finds their application in renewable
microgrids and electric vehicles, electric trains, electric aeroplanes, etc., but
hydrogen is vital for its operation. Not only for the applications mentioned,
but hydrogen finds its use in industries also. Hence, there is a need to research
and develop new ways of green hydrogen production.

There are many ways to generate hydrogen, as could be found in the
literature. However, depending on the method of hydrogen generation, it is
classified as a green, blue or brown fuel. Hydrogen is considered as a green
fuel only when it is generated by PEM electrolyzer through some green
energy power source [6,7]. It is put in the blue or brown category if generated
by the reformers, where the source of heat and power is some fossil fuel.
In [8], an electrical equivalent circuit was modelled and developed for the
proton exchange membrane (PEM) electrolyzer and discussed the relation-
ship between the hydrogen production rate and the input power and current.
In [9], a 20 MW hydrogen production plant was installed in Canada; apart
from this location currently, across the world, pilot testing is carried out for
the large scale water electrolysis ranging from 10–100 MW hydrogen plants.
At present, hydrogen infrastructure development has focused on locations
where the grid has significant renewable energy penetration. Hence, provide
support for grid stability and also leads to maximum utilization of renewable
power [10]. As per the present statistical information about hydrogen pro-
duction, only 5% of total hydrogen is produced through water electrolysis
at the cost of 3–10 $/kg. The other key indicators like efficiency, cost, power
consumption, lifetime etc. regarding green hydrogen production can be found
in [11]. Based on the current literature, it has been established that the
attention is towards the large scale hydrogen production at the grid level.
However, the need of the hour is to investigate the hydrogen production at a
smaller scale so that the small scale consumers can participate in hydrogen
production apart from power production at the distribution level. Hydrogen-
based applications in power, transportation, health, and industrial sectors
will be encouraged and widely used, therefore, leading a smooth transition
towards a sustainable and green world.

Renewable energy-based microgrids for hydrogen production are asso-
ciated with a lot of challenges. Some of the difficulties related to these
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micropower systems are; to overcome the system uncertainty related to solar
photovoltaic and wind power and to find the optimal size and cost of the
system components. Many optimization models have been used for optimal
sizing and costing of PV-based hybrid systems in the previous literature.
In [12], implemented a mixed-integer linear programming optimization tech-
nique modelled in python for the optimization of the energy and power
system. Authors in [13] used HOMER for the optimal design and analysis of
charging station consisting of PV-wind-diesel generator, the charging station
is analysed for both stand-alone mode of operation and grid-connected mode.
Researchers in [14] performed the optimization of a grid-connected hybrid
energy system for a residential house in Iran using HOMER considering both
thermal and electric load growth rates. In yet another study [15] HOMER was
used for the optimal design of PV-based system considering load growth and
PV depreciation rates. A proper comparison was made to compare emission
levels for stand-alone and grid connected energy systems. In [16], HOMER-
based optimization was used for optimal sizing and costing for PV/Wind
hybrid system. Authors in [17], studied the different climatic regions of
Iran and carried out the feasibility analysis of PV/Wind/battery/grid-based
different system configurations employing HOMER, so that utilisation of
renewable energy resources is increased. The uncertainty associated with
the solar photovoltaic system is overcome by integrating battery energy
storage systems and developing different system architectures incorporating
more than one power and energy storage device. Renewable energy-based
microgrids are integrated with the power networks to increase the system
reliability and the profit. Depending upon the scale of power production
of microgrids, they are integrated with the grid at transmission or at the
distribution level. However, integrating microgrids with the grid complicates
the system control and operation. Power management and control algorithms
are required to control these integrated complex systems. In [18], explained
wind and the solar-based standalone hybrid system with different power
management topologies; the extra power after serving the local load demand
was utilized for hydrogen generation employing water electrolysis. In [19],
developed energy management and control strategy for a hybrid system
consisting of PV, wind and battery with battery state of charge as the primary
control parameter. In [20], a power management strategy was developed for a
hybrid system consisting of PV, wind, fuel cell and battery for electrification
of remote loads. The main parameter for power management was battery
SOC, and fuzzy logic-based control was used for extracting maximum power
from wind turbines. For newly emerging power systems consisting of PV,
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wind, fuel cell and energy storage devices, different power management and
control strategies are designed; the details can be found in [21–26]. From
the literature, the takeaway is that most papers have discussed and modelled
electrolyzers in the power and control strategies as dump loads. However,
modern time demands to model the electrolyzer as a critical load to maintain
the continuous supply chain of hydrogen. Modelling the hydrogen production
plants as critical loads need modification in power and control strategies for
renewable energy-based microgrids.

In this work, the focus is to develop a small scale 100 kW water
electrolysis-based hydrogen plant. This plant gets its power from the solar
photovoltaic system during the daytime and from the local distribution net-
work during night hours. Operating the hydrogen production plants during
the night hours on-grid power reduces the cost of hydrogen production. In
addition to cost reduction, it also provides ancillary services to the power
networks with renewable energy power penetration. Optimization helps to
find the optimal size and cost of the system components of the proposed
integrated energy system. The proposed power management and control
algorithm balance the system so that uninterrupted and economical hydrogen
is produced, enhancing consumer participation in power and gas generation.
The overall contribution of the paper is summarised as:

• Integrated energy system consisting of Solar PV, battery, grid and
electrolyzer is proposed for distributed green hydrogen production.

• Technical and economic analysis is performed for the proposed system
configuration to evaluate system feasibility, optimal sizing and costing.

• Power management algorithm is proposed for power balance and max-
imum utilisation of renewable power sources. It helps to overcome
uncertainty associated with solar PV power and supply uninterrupted
and stable rated power to PEM electrolyzer.

• To check the effectiveness of the proposed power management algo-
rithm time-domain simulations are performed in MATLAB/Simscape
environment.

• Optimization and time-domain simulations results indicate economic
and technical feasibility of distributed green hydrogen production.

The rest of the paper is structured as follows. Section 2 defines the system
configuration with a description of each system component, and Section 3
explains the optimization process for obtaining the best system configura-
tions. Section 4 illustrates the power management and control algorithm
for economic hydrogen production. The power electronic interface for each
power source and energy storage is explained in Section 5. Time-domain
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Figure 1 Proposed system configuration for hydrogen production.

simulation results are presented in Section 6, followed by a conclusion in
Section 7. Section 8 gives the future research direction.

2 System Configuration and Description for Integrated
Energy System

To enhance the consumer participation in distributed generation-based com-
bined power and gas production, system configuration as shown in Figure 1 is
proposed. The system configuration consists of a solar photovoltaic system,
battery energy storage, PEM electrolyzer, distribution feeder and associated
power converters. PEM electrolyzer is designed and modelled as a non-linear
DC-load. The proposed system configuration is carbon and sound free, mak-
ing these systems suitable for installation in any residential or commercial
area.

For the effective and successful working of the proposed system config-
uration: optimization, power management, and system control is vital. Opti-
mization finds the optimal size and cost of the hybrid system configuration.
Power management and control algorithms help control the power flow in
the system and perform correct switching actions based on the knowledge of
different control and decision variables. The optimal sizing and costing calcu-
lations are calculated using Benchmark software HOMER (Hybrid Optimiza-
tion of Multiple Energy Resources) developed by the National Renewable
Energy Laboratory (NREL) US. Apart from optimization, HOMER performs
hourly time series simulations and sensitivity analysis of the micropower
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system based on economic and technical grounds. Although HOMER has
many advantages, its limitation is that it cannot perform the transient analysis.
Therefore, events like switching of power sources and loads can not be
performed in HOMER but through time-domain simulations performed in
MATLAB/Simulink. The proposed custom-based power management and
control algorithm implemented in the MATLAB/Simulink platform led to
economic operation and increased system reliability & stability.

2.1 Solar Photovoltaic

Solar photovoltaic is one of the modern technologies that convert solar energy
into electric energy. This energy conversion is an environmentally friendly
process, where solar energy is converted to electric energy by solar panels
made of crystalline silicon. An appropriate series-parallel combination of
solar modules is needed to develop solar arrays of proper voltage and power
rating. Different diode models model solar cells, but in this work, a solar cell
is modelled by a single diode model whose output current equations is given
Equation (1), where Ipv is output current, Ip is light generated current and
Id is diode current. Light generated current is a function of solar irradiance
(G) and temperature (T), while diode current is a function of temperature and
diode voltage (Vd). The parameters of the solar PV array and its associated
DC-DC converter for time-domain simulations are given in Table 1.

Ipv = Ip(G,T )− Id(T, Vd,) (1)

Table 1 Time-domain simulation parameters
PV Array Parameter details

Diode Ideality Factor 0.98
Voltage Temperature Coefficient −0.36
Current Temperature Coefficient 0.10
Open Circuit Voltage 508.2
Short Circuit Current 666.4
Voltage at MPP 406
Current at MPP 624.75
Series connected modules per string 14
Parallel strings 85
Maximum Power (W)/module 213.15

PV DC-DC Converter
Input Capacitor 50000 µF
Output Capacitor 10 F
Inductor 25 mH
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2.1.1 Neural network-based intelligent maximum power point
tracking

In order to operate the solar photovoltaic system in the MPPT mode of
operation, maximum power point algorithms are used [27]. Authors in [28]
discussed partial shading effect on PV and used particle swarm optimization
technique for maximum power point tracking. Algorithms like perturb and
observe, incremental conductance method are mainly used for MPPT oper-
ation due to the ease of use. However, these algorithms are having an issue
in that they generate oscillations around the maximum power point. These
disadvantages are overcome by using artificial intelligence techniques like
neural network-based maximum power point tracking. Neural networks have
the capability of learning, due to which they have good tracking properties.
Apart from tracking they are used for multiple applications like forecasting
etc [29, 30]. The DC-DC converter interfacing PV array with the DC bus
as shown in Figure 2 is provided controlled gate pulses via PWM control
strategy that operated the PV at its maximum power point.

As shown in Figure 3, the feed-forward neural network is employed to
operate the PV at its maximum power point with temperature and solar
irradiance as its input parameters and the voltage corresponding to maxi-
mum power point as its output. Equations that are modelled numerically,
experimentally and by some mathematical relations of PV modelling are
used to generate the random data for neural network training. Different PV
arrays have different characteristics, and it has been proved experimentally
that the open-circuit voltage and short circuit current of PV array are related
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Converter

Artificial 
Neural 

Network 

G

T
DC-Link
Capacitor

+

_

PWM PI
V_ref

V_pv

Figure 2 Neural Network-Based MPPT Tracking control.
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Figure 3 Topology of feed forward neural network.

to MPP voltage and current by linear relations as given in Equation (2)
and Equation (3), where C1 and C2 are voltage and current factors. These
values depend on the characteristics of PV array; however, typical values for
C1 are in the range of 0.71-0.78 and that of C2 are in the range of 0.78-
0.92 [31]. Short circuit current and open-circuit voltage are related to the solar
irradiance and temperature through the Equation (4) and Equation (5) respec-
tively, where Gs, Isc,S , Voc,S , Ts are solar irradiance, short circuit current,
open-circuit voltage and temperature at standard conditions. k,Ns, n, q, α
are Boltzmann’s constant, number of solar cells in series in a module, diode
ideality factor and charge of the electron and thermal voltage coefficient
respectively [32]. The majority of the parameter details are provided in the
data sheets of a particular manufacturer. The minimum temperature was
considered to be at 1◦C and maximum at 40◦C, minimum and maximum
irradiance was taken as 50W/m2 and 1000W/m2 respectively. These mod-
elling equations are used to create the random data sets (1000 input/output
data pairs) for the training of neural networks. The surface plot of the training
input and target data is given in Figure 4. The output of a neural network is
Vref i.e. the voltage corresponding to the MPP.

Vmp = Vref = C1Voc (2)

Imp = C2Isc (3)

Isc =
G

Gs
[Isc,S + α(T − Ts)] (4)

Voc = Voc,S +
NskTn

q
ln(G) + α(T − Ts) (5)
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Figure 4 Surface plot of Input and Output target data.

Table 2 Effect of training algorithms and stacking in neural networks
Neural Network Topology Training Algorithm Data Samples MSE R

3-Neurons in Hidden Layer Levenberg-Marquardt
Training 700 1.3817e-3 9.9998e-1
Validation 150 1.0577e-3 9.9998e-1
Testing 150 8.6404e-4 9.9999e-1

3-Neurons in Hidden Layer Scaled Conjugate Gradient
Training 700 1.4735e-2 9.9984e-1
Validation 150 1.7901e-2 9.9982e-1
Testing 150 1.5737e-2 9.9985e-1

5-Neurons in Hidden Layer
(Stacked Neural Network)

Levenberg-Marquardt
Training 700 5.6266e-5 9.9999e-1
Validation 150 5.8272e-5 9.9999e-1
Testing 150 5.3177e-5 9.9999e-1

In [33], it was found that conventional perturb and observe MPPT tech-
nique is less accurate than neural network-based MPPT method. In neural
network based MPPT tracking the mean square error in estimating maximum
power point is reduced by 74.3% compared to conventional technique like
perturn and observe. Extending the work to validate the effect of stacking and
training algorithms on the accuracy of neural networks, a comparative study
was made as given in Table 2. It was concluded that using the Levenberg-
Marquardt training algorithm for 1-5-1 topology resulted in the least mean
square error and high regressor value. For a given solar irradiance profile, as
shown in Figure 13, the output Vref is compared between 1-3-1 topology and
1-5-1 topology, and it is very clear from Figure 5. that 1-5-1 is tracking the
MPPT voltage more accurately. Extended illustrative discussion on the use
of conventional MPPT and neural network-based MPPT methods is essential
for economic analysis. Although deep neural networks with more neurons
in hidden layers or sometimes even more layers are more accurate, their
hardware implementation is costly and complex. Therefore, it is essential to
trade-off between the benefits of neural networks and conventional MPPT
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methods. More work can be focused on this area in future. However, for the
time being, based on the preliminary examination, it is recommended to use
conventional perturb and observe method for integrated energy systems of
smaller power rating. For PV-based integrated energy systems of large power
rating, neural network-based MPPT techniques will be more advantageous.

2.2 Energy Storage

Energy storage is critical for non-dispatchable power sources like wind and
solar, as it helps overcome the intermittency associated with renewable power
sources. There are many energy storage technologies available like pumped
hydropower, flywheels, compressed air, stored hydrogen, super-capacitors,
superconducting magnetic energy storage (SMES), batteries etc. Among the
available energy storage technologies, batteries are the most preferred for
renewable-based microgrids. The Lithium-Ion battery has many advantages
like high energy density, low self-discharge, fast response time (milliseconds)
and lightweight, making it a natural choice for micro power systems.

Series parallel combination of the batteries helps in choosing the appro-
priate voltage, current and battery capacity levels. The Lithium-Ion battery is
modelled as a current-controlled voltage source in series with internal resis-
tance for time-domain simulations. Battery SOC is an important parameter
that can not be measured directly; hence needs some estimation techniques
like Kalman filtering, coulomb counting etc. Battery SOC estimation by
coulomb counting is given by Equation (6). Time-domain simulation param-
eters of battery and associated bidirectional power converter is given in
Table 3.

SOC = SOCini +
1

Cnom

∫
ibdt (6)
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Table 3 Time-domain simulation parameters
Lithium-Ion Battery Parameters

Nominal Voltage (V) 120
Rated Capacity (Ah) 420
Initial state-of-charge (%) 70
Battery Response Time (s) 0.009

Battery DC-DC Converter
Inductor 25 mH

Table 4 Grid converter parameters
Filter Capacitor 10 F
DC-DC Converter Output Capacitor 10 F
DC-DC Converter Inductor 25 mH

2.3 Distribution Network (Feeder line)

The output of the distribution transformer is usually a three-phase four-wire
system, with each phase operating at a voltage of 220 V and 50 Hz frequency.
Distribution network feeder line is available and is connected to DC bus via
diode bridge rectifier and DC-DC buck converter for the proposed integrated
energy system. The DC-DC buck converter supplies the power from the grid
to the DC bus at a constant voltage level. Time-domain simulation parameters
of converters are given in Table 4. The power is imported from the distribution
network only during the night hours when the demand for the power is
low. This imported power is utilised for hydrogen generation and provides
ancillary services. An important assumption is made that the power flow in
the distribution networks comes from some renewable power source like the
wind.

2.4 PEM Electrolyzer and its Modelling

An electrolyser is a device that produces hydrogen from water through
an electro-chemical process. High current density, low maintenance, noise-
less operation, and compact size over alkaline electrolysers makes Proton
exchange membrane (PEM) electrolysers a better choice. PEM electrolyser
operates from DC power supply. However, to generate the hydrogen from
the renewable energy-based hybrid system, the PEM electrolyser needs to
be modelled to be connected with the DC bus. The equations that are used
to model and develop the electrical equivalent circuit given in Figure 6
for PEM electrolyser are given below where Ri0, T0, p0, e

rev0 represent
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Figure 6 Electrical equivalent circuit for PEM electrolyzer.

the reference resistance, reference temperature (20◦C), reference pressure
(1 atm) and reference reverse voltage respectively. Both non-linear resistance
and reversible DC voltage are functions of temperature and pressure as given
by equations Equation (7) and Equation (8), respectively [8]. Equation (9, 10)
represents the linear relation for the current. PEM electrolyser is modelled as
a controlled current sink through non-linear Equation (11). In Equation (7),
the non-linear term represents the activation region, and it vanishes as the
current builds up and the electrolyser starts to operate in the ohmic region
(Linear region). Hydrogen production rate is generally a function of input
current given by Equation (12). The voltage and current rating for a single
PEM cell is 2 V and 1 A. The operating temperature and pressure for the
electrolyser are considered to be 25◦C and 1 atm, respectively. For time-
domain simulations the parameters of the electrolyser are given in Table 5.

R(T, p) = Ri0 + kln(
p

p0
) + dRt(T − T0) (7)

Erev(T, p) = erev0 +R(273 + T )(
1

2F
)ln(

p

p0
) (8)

I(T, p) = 0 if VDC ≤ Erev(T, p) (9)

I(T, p) = [VDC − Erev(T, p)](
1

R(T, p)
) if VDC ≥ erev(T, p)

(10)

I(T, p) =
[VDC − Erev(T, p)(1− e

−5I

0.02 )]

R(T, p)
if VDC ≥ erev(T, p)

(11)

PH2 = IVDC (12)
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Table 5 PEM electrolyzer configuration details

Power Rating 100 kW

Input Voltage 240 V

Input Current 416.666 A

No. of PEM Electrolyzer cells in series 140

No. of PEM Electrolyzer cells in parallel 570

Operating Pressure 1 atm

Operating Temperature 20◦C

2.5 Hydrogen Storage

Generally, hydrogen is stored in two ways: either in gaseous form or in liquid
form. A cryogenic system is needed when stored in liquid form and hence
makes storage costly. High or medium pressure tanks store gaseous hydrogen
under normal operating temperatures. New alternatives are emerging in the
form of metal hydrides, underground hydrogen storage, etc., for bulk storage
of hydrogen [18, 34].

3 Optimization for Integrated Energy Systems

In comparison to fossil fuel-based micro powers systems, renewable energy-
based micro power systems are costlier. However, to encourage and scale
up the use of renewable energy for green hydrogen generation, the cost of
hydrogen generation needs to be reduced. This objective can be achieved
by using the proper optimization method. As discussed earlier, the tool
used to perform the optimization process for the proposed hybrid topology
for green hydrogen generation is HOMER. In HOMER, the optimization
algorithm used is “Grid search”, which helps in calculating the optimal sizing
of the system components based on the user-defined control dispatch strategy.
The dispatch strategy chosen for the current work is load-following. The
optimization function in this work is to calculate Net Present Cost (NPC) and
Cost of Hydrogen (COH) subject to system input parameters and select the
best optimal system configuration based on least values of NPC and COH.
Equation (13) and Equation (14) are used for calculating NPC and COH
respectively [4, 35–37]. The net NPC of a particular system configuration
is the sum of individual NPC of each system component. The NPC of each
system component is defined as the sum of initial capital cost, replacement
cost, operation and maintenance cost minus the salvage and revenues that it
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earns over the lifetime of a project.

NPC =
Cannual

CRFi,Rp

(13)

COH =
NPC

Ht
(14)

where Cannual is the annual total cost i.e annualised value of net NPC
considering capital recovery factor, CRF is the capital recovery factor which
is a function of i and Rp; i is the annual interest rate set as 6% and Rp is the
project lifetime which is set as 20 years in this work, andHt is total hydrogen
produced over lifetime.

3.1 Input Data for Optimization

The feasibility of PV-based microgrid for various applications depends on
many factors like geographical location, sunshine hours, solar irradiance, load
deviation etc. But these factors are stochastic and are not in the control of the
system operator or designer. Those parameters on which the designer has
control are known as decision variables. The decision variables in microgrids
are generally system component sizes, quantities, and cost. A real case study
was performed for the location with longitude and latitude as 74.75◦E,
34.05◦N (Srinagar, J&K, India), respectively, to check the technical and
economic feasibility of the proposed system configuration for hydrogen
generation. Figure 7 shows the monthly average solar irradiance for the
location considered [38]. Table 6 shows the input data for the optimization
process. The different system component sizes, quantities, cost and dispatch
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Table 6 System input data for optimization
Solar Photovoltaic

Cost/kW
Capital ($) Replacement ($) O&M ($)

850 850 9
Sizes to consider 250 kW, 300kW, 400kW, 500 kW, 600 kW
Lifetime 20 years
Derating factor 85%
Tracking system Horizontal Axis, daily adjustment

Battery

Cost/battery
Capital ($) Replacement ($) O &M ($/yr)

150 150 5
Number of batteries to consider 20, 40
Number of batteries per string 20
Voltage rating/battery 12 V
Nominal capacity 200 Ah
Battery Type Vision 6FM200D

Grid

Rate
Power Price
($/kWh)

Sellback Rate
($/kWh)

Demand Rate
$/kW/mo.

Peak-Hours 0.0504 0 0.694
Off-peakhours 0.0412 0 0.694
All (CO2, CO, SO2, NOx, particulate matter (PM) emission factor 0 g/kWh
Purchase Capacity 100 kW
Sale Capacity 0 kW

Power Converter (Rectifier)

Cost/kW
Capital ($) Replacement ($) O & M($)

350 350 0
Size 120 kW
Efficiency 95%

DC Electrolyzer

Cost/kW
Capital ($) Replacement ($) O&M ($/yr)

560 500 12
Sizes to consider 100 kW
Lifetime 10 yr
Efficiency 65%

Hydrogen Tank

Cost/kg
Capital ($) Replacement ($) O&M ($)

83 70 2
Sizes to consider (kg) 500, 1000, 5000, 10000, 20000

strategy, acts as a search space for the grid search algorithm. Solar irradiance
profile and load data act as the system inputs for the optimisation process.
An annual interest rate of 6% is considered from the economic point of
view. There is no sell back power to the grid from a control point of view.
The battery storage acts as a balance of the system that makes sure that the
electrolyser is operated at its rated capacity of 100 kW. It generates 1.65 kg
of hydrogen. HOMER performs the system optimisation, system simulation,
and sensitivity analysis of the system. Simulations of the proposed integrated
energy system are performed yearly, with a time step of one hour. Sensitivity
analysis is performed to do the optimisation multiple times so that the impact
of the parameter changes like grid energy cost, fuel cost etc., that are dynamic
in nature can be considered [39].
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Table 7 Optimal design configurations

Optimal
Designs

PV
(kW)

Battery
Vision 6FM55D

Quantity
Grid
(kW)

Electrolyzer
(kW)

Hydrogen Tank
(kg)

Total
NPC
($)

COH
($/kg)

OD1 250 20 100 100 500 749904 4.806
OD2 250 40 100 100 500 757362 4.853
OD3 300 20 100 100 500 787814 5.048
OD4 300 40 100 100 500 795243 5.092
OD5 250 20 100 100 1000 800691 5.132
OD6 250 40 100 100 1000 808149 5.178
OD7 300 20 100 100 1000 838601 5.373
OD8 300 40 100 100 1000 846030 5.417
OD9 400 20 100 100 500 869878 5.569

OD10 400 40 100 100 500 877303 5.610
OD11 400 20 100 100 1000 920665 5.894
OD12 400 40 100 100 1000 928090 5.935
OD13 500 20 100 100 500 956917 6.122
OD14 500 40 100 100 500 964301 6.159
OD15 500 20 100 100 1000 1007704 6.447
OD16 500 40 100 100 1000 1015089 6.483
OD17 600 20 100 100 1000 1097292 7.017
OD18 600 40 100 100 1000 1104680 7.049
OD19 250 20 100 100 5000 1206989 7.736
OD20 250 40 100 100 5000 1214447 7.781
OD21 250 20 100 100 10000 1714862 10.9
OD22 259 40 100 100 10000 1722320 11.0

3.2 Optimization Results and Discussion

Based on the input data, the grid search algorithm was able to search through
many candidates and find the optimal design configurations. Table 7 shows
some of the essential optimal design configurations with the best optimal
configuration at the top with special features of having the lowest net present
cost and cost of hydrogen. Here in the proposed structure, it was assumed that
there is a maximum hydrogen load demand of 1.65 kg per hour with random
variation of ± 10%. Since hydrogen loads are future loads, it is challenging
to predict the hydrogen load demand. However, hydrogen loads like fuel cell-
based electric vehicles, fuel cell-based backup power systems, and hydrogen
usage in chemical and other industries can be considered the current hydrogen
loads existing in the present smart world. Based on the optimization results
obtained, a conclusion can be drawn that the cost of hydrogen not only
depends on the system component sizes and quantities but has some other
factors like power management and control strategy. Developing intelligent
power management and control algorithms can reduce the cost of hydrogen
and decrease component size. For future research work, intelligence can be
added to optimization algorithms for effective and precise optimal designs.
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Figure 9 Power flow and hydrogen generation waveforms.

3.2.1 Simulation and Sensitivity Analysis
Apart from performing the optimisation, HOMER also performs the sim-
ulation and sensitivity analysis of the hybrid energy systems. The system
simulation provides information about the cost, sizing and average power
flow of each system component. Figure 8, shows the cash flow summary
of the most optimal design configuration (OD1). The cash flow summary is
the plot between the system components and NPC. From an electrical point
of view, about 46% of electricity comes from solar PV, and the rest 54%
comes from the local distribution grid as can be depicted from Figure 9.
Battery plays an essential role in the overall balance of the system. The
monthly average daily state of charge profile of the battery is shown in
Figure 10. The minimum allowed charge level of the battery is 40%, and the
maximum is 100%. The hydrogen load demand for the simulation purpose
was 1.65kg/hr with random variability of ±10%. As per the simulation
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Figure 10 Battery state of charge daily profile.
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results, hydrogen load demand was met with a shortage of 779 kg/yr (5.41%),
with total hydrogen generation from a 100 kW electrolyser at13, 603kg/yr.
The unmet hydrogen is not because of power shortage but because of the
limited capacity of the electrolyser. There is an excess of 14% electricity
from the most optimal configuration. For future research and design purposes,
it is recommended that the compressor utilise the extra power to store more
hydrogen if the plant is scaled up. Sensitivity analysis is performed to check
the effect of non-decision variables like load demand, solar irradiance, fuel
price etc., that are not in the control of the designer. In this simulation, un-
met hydrogen load with values of (30%, 40%, 60%, 80%) was considered the
sensitivity variable; it was found that un-met load demand does not affect the
cost of hydrogen. It can affect it only if the penalty factor is considered for
the un-met load demand in the design process.

4 Customized Power Management & Control Algorithm for
Economical and Continuous Hydrogen Production

The primary role of the power management and control algorithm is to gen-
erate reference power commands for the various power sources in integrated
energy systems so that continuous power is supplied to the electrolyser for
hydrogen production. Solar irradiance, wind speed, load changes, power
prices fluctuations are some of the parameters that make renewable energy
systems uncertain. Any change in these parameters leads to the power imbal-
ance in the system that demands the design of efficient and effective power
management and control algorithms. These algorithms control the system and
help in switching on and off different power sources as per the generated
reference power commands. Algorithm 1 represents the Customized Power
Management and Control algorithm for economic and continuous hydrogen
production.

5 Power Converters and Their Interfacing

5.1 AC-DC Rectifiers and DC-DC Converter

Diode bridge rectifiers find applications in the design of power supplies,
motor drives etc., as they have low cost compared to controlled rectifiers.
In diode bridge rectifiers, the power flow is uni-directional, i.e. from the AC
source to the DC side. A large capacitor is assumed to be on the DC side to
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Algorithm 1 Power Management and Control Algorithm for economic and continuos hydro-
gen production.
1: Power-balance equation for the proposed system configuration is given

PPV ± PB + PG = PEL (15)

2: If PPV = 0, there are two alternatives to meet electrolyser power demand.
A1: Battery is initially assumed to be fully charged at 90% SOC. Let the battery supply
power to electrolyser.

PB = PEL (16)

A2:If PPV = 0 and battery has reached to its minimum allowed SOC level, import the
power from the local distribution grid feeder.
Technical note: Battery bank should be sized in such a way that it has a back up of 4-5
hours, so that power can be imported from the distribution feeder network during off peak
hours, it leads to economical operation and supports grid stability.

PG = PEL (17)

3: If PPV < PEL, there are two alternatives to meet the electrolyser power demand.
A1: Let the electrolyser load demand be shared between solar photovoltaic power and
battery power. This alternative is an option subject to battery SOC level.

If BSOC ≥ BSOCmin

PPV + PB = PEL (18)

A2: If battery SOC has reached to its lower end and PV power is very small, let the
electrolyser power be shared between solar photovoltaic and grid power.

If BSOC ≤ BSOCmin ,

PPV + PG = PEL (19)

PG,ref = PEL − PPV (20)

IG,ref =
PG,ref

VDClink
(21)

Technical Note: For time domain simulations BSOCmin is considered to be at 65%. For
practical integrated energy systems it is recommended to keep it at 20%.

4: If PPV > PEL. This is possible only when there is high solar irradiance or electrolyser is
shut down for general maintenance. In this case, let the power imported from grid be zero
and battery operate in charging mode.

PG = 0 (22)

PPV − PEL = PB (23)

5: If, PPV > PEL and BatSOC >= SOCmax . Then in order to protect battery against
over charging, it is better first to switch solar PV to off-MPPT mode, if still extra power
exists dump load (Compressors for hydrogen production) should be activated.

V ref =
PEL

IPV
(24)
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obtain the ripple-free DC output. Source inductance is used to avoid the dis-
tortion in the source current as diode bridge rectifiers draw distorted current
from the utility side. Source inductance improves the power quality; however,
it develops a commutation interval that reduces the average output voltage.
As shown in Figure 11, in order to control the DC power of rectifiers, they
are connected in series with DC-DC converters that are controlled through
the closed-loop feedback control systems to get desired voltage and current
levels so that power flow is controlled. To operate the DC-DC buck converter
in a continuous conduction mode the values of L and C are designed by the
Equations (25) and (27) respectively [40, 41] where, Rl is load resistance, d
is duty ratio, Fs is switching frequency, δ I and δ Vo are ripple current and
ripple voltage. δ I is generally chosen between 10–20% of output current and
δVo as 5% of output voltage.

L = 10Lc (25)

Lc =
(1− d)Rl

2Fs
(26)

C =
δI

8FsδVo
(27)

5.2 Bidirectional Buck-Boost DC-DC Converter

The Lithium-Ion battery is connected to the DC link via a bidirectional
buck-boost converter as shown in Figure 12, so that there is power flow in
both directions. Bidirectional buck-boost employs IGBT power electronic
switches. The converter is controlled in such a way that constant DC link
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voltage is maintained across the DC bus. Two switches of the converter are
switched in such a way that if one is on with duty ratio D, another switch at
the same time would be off with duty ratio as 1-D. If Vs is greater than the
battery terminal voltage, power flow will be from the DC link to the battery,
and the bidirectional converter will operate in buck mode. Otherwise, if less,
it will work in the boost mode. The size of the battery plays a vital role in
the balance of the system as it helps in overcoming the intermittent nature
of variable output power of renewable power sources and decides the system
reliability.

6 Time-Domain Simulation Results and Discussions

In order to validate the effectiveness of the proposed power management and
control algorithm for the proposed integrated energy system, time-domain
simulations are carried out in MATLAB/Simulink environment. The time-
domain simulations are run for a time period of 500s, considering different
operating scenarios like availability of PV power, grid power and role of
battery power in balancing the uncertainty associated with PV power. The
component sizes and battery SOC band between minimum and maximum
allowed SOC are scaled down for the time domain simulations so that
simulations can be performed quickly to evaluate the response of power
management algorithm. However for the practical cases the lower end of the
battery SOC can be fixed around 10–20% and upper limit around 90%. The
lower and upper limit of the battery SOC is subjected to battery management
system that takes care of the battery state of health during the operation. The



888 S. S. Mohammad and S. J. Iqbal

Figure 13 Solar irradiance profile.

battery management system makes sure that battery deep discharging and
battery overcharging are avoided to improve the battery lifetime. Random
solar irradiance profile, as shown in Figure 13 is used for time-domain simu-
lations so that the proposed system configuration can be deployed in any part
of the world for developing distributed hydrogen production infrastructure.
The solar irradiance profile considered for the time-domain simulations is
hypothetical one used to check the effectiveness of power management and
control algorithm for various modes of operation. In practical situation solar
irradiance profile varies gradually. The power sources and storage devices
are interfaced to DC link and electrolyser load via dc-dc converters. These
DC-DC converters are modelled as switchings circuits for time-domain sim-
ulations purpose so that the control action and consensus-based decision
making can be verified.

For the simulation purpose, PEM electrolyser is modelled as a controlled
current sink through equations as mentioned in Section 2.4, across which a
voltage level of 240 ± 10% V given by Figure 14(a) is maintained during
different operating scenarios and events. The local distribution grid is oper-
ated at a line voltage of 415 V and a frequency of 50 Hz. It is being assumed
that the power in the local distribution grids is wind power as the future power
networks will have more and more renewable power penetration only. Battery
state of charge (SOC) waveform are represented by Figure 14(b). Figure 15(a)
represents the electrolyser load demand. The PEM electrolyser is supplied
power via three different power sources, viz solar PV, battery and grid power,
depending on the operating condition, availability of power and the benefits
associated with individual power sources. During initial conditions, it is being
assumed that solar PV and grid power are zero and electrolyser is being
supplied through the battery that has an initial state of charge level of 70%. As
the battery continues to supply power to the electrolyser, it gets discharged;



Optimization and Power Management of SPV-based IES 889

Figure 14 (a) DC link voltage profile (b) battery state-of-charge waveform.

when it reaches the minimum allowed SOCmin (t = 95.2 s), the grid power
is turned on as shown in Figure 15(d). The local distribution grid continues to
supply power of 100 kW to electrolyser till solar PV power ramps up. Here,
the grid only supplies rated power to the electrolyser without feeding extra
power to charge the battery that has reached its minimum allowed SOC limit.
This SOCmin criterion is used to control the grid power. At time (t = 120 s),
solar irradiance increases to 100W/m2 which increases solar power to 20
kW as given in Fig15 (b) thereby reducing grid power to 80 kW. At the time
(t=140 s), solar irradiance increases to 300W/m2 which further increases the
solar power to 64.7 kW and reduces grid power to a value of 35.3 kW; the
battery power in this time interval is equal to 0. At the time (t = 180 s),
solar irradiance increases to 500 W/m2 which increases the solar power to
108.3 kW and reduces grid power to zero. As now the solar power is slightly
more than the rated power demand of electrolyser, the extra power is being
diverted for battery charging. The grid continues to be in off mode, and at
the time (t = 200 s), solar irradiance increases to 800W/m2 which increases
solar PV power to a value of 172 kW. Since PV power is more, the battery
continues to operate in charging mode of operation with battery charging
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Figure 15 (a) electrolyzer load demand (b) solar PV power (c) battery power (d) rectified
grid power.



Optimization and Power Management of SPV-based IES 891

400 450 500 550 600
Input Current (A)

3000

3500

4000

4500
H

yd
ro

ge
n 

Pr
od

uc
tio

n 
R

at
e 

(m
l/m

in
)

2 4 6 8 10 12 14
Input Power (kW) 104

3000

3500

4000

4500

H
yd

ro
ge

n 
Pr

od
uc

tio
n 

R
at

e 
(m

l/m
in

)
Figure 16 (a) Input current vs hydrogen production rate (b) input power vs hydrogen
production rate.

power equal to 72 kW. At the time (t = 240 s), solar irradiance increases to the
standard value of 1000w/m2, which increases solar PV power to a value of
214.5 kW. The battery charging power increases to a new value of 114.5 kW
as shown in Figure 14(c). At the time (t = 300 s), solar irradiance continues
to decrease till t = 340 s. In this time interval, Only solar PV continues to
supply the electrolyser with the grid in off mode and battery in charging
mode of operation. At the time (t = 340 s), solar irradiance decreases to a
new value of 300W/m2, which decrease the solar power to a value of 64.7
kW. Now the solar power is less than the load demand, and battery SOC is
above the minimum allowed limits; now, the load power demand is shared
between the battery and solar PV. At the time (t = 360 s), solar PV power
reduces to zero, and now the load power demand is supplied by the battery
only as shown in Figure 15 (c). With solar PV power being zero and battery
SOC reaching its lower allowed limit, at the time (t = 460 s), the grid is
turned on, and rated load power is imported from the grid. This cycle of
turning on and off different power sources as per the power management
algorithm commands continues to supply rated power to electrolysers and
operates them round the clock for continued distributed green hydrogen
production. This maintains the supply chain of green hydrogen and provides
ancillary support to local distribution power networks that have renewable
power penetration, especially during night hours when the power demand is
less. Apart from ancillary services, it will help prevent negative power pricing
where consumers are benefited from consuming power during excess power
time zones. Corresponding to rated power of 100 kW the selected electrolyser
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stack configuration produces hydrogen at a rate of 3156 ml/min. From the
Figures 16(a) and 16(b) , it is clear that the relation between input current
and hydrogen production rate is linear and relation between input power and
hydrogen production rate is non-linear in nature for a particular electrolyser
stack configuration.

7 Conclusion

The main intention behind this work was to study and analyse the renew-
able energy-based integrated energy systems for hydrogen production. Since
uncertainty is associated with respective renewable power sources, link wind
and solar PV. Developing an integrated energy system where individual
power sources and energy storage devices work in coordination to overcome
the stochastic nature becomes necessary. Power electronic circuitry was used
to interface power and storage devices with the DC bus with the main aim
of energy conversion and control. Developing distributed green hydrogen
production infrastructure is a critical element for the transition towards a
carbon-free society. In this paper, a new topology for an integrated energy
system is proposed. The optimal sizing and costing of system components
were performed to get the most optimal system configuration. Based on the
optimisation results, it was concluded that the most optimal system configura-
tion produced hydrogen at a rate of $4.806/kg with a total NPC of $ 749904.
Apart from the optimisation, custom-based power management and control
algorithm is proposed. Based on the proposed power management and control
algorithm, time-domain simulations were carried out for a period of 500 s.
The various parameters for decision making were battery SOC, availability
of solar PV power, the tariff of grid power etc. The time-domain simulations
confirmed the control and consensus-based decision making for operating the
integrating energy system and providing stable and smooth power to the PEM
electrolyser.

8 Future Work

• Deployment of electrolyzers across a distribution network and check
its impact on the voltage and frequency during the high penetration of
renewable power into distribution networks.

• Develop new optimization algorithms and compare results with the
HOMER based optimizer.
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• Perform dynamic modelling of PEM electrolyzers.
• Develop non-linear closed-loop control techniques for Converters.
• Perform experimental validation for the proposed microgrid configura-

tion for green hydrogen production and develop research labs.
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