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Abstract

The increase in power generation facilities from nonprogrammable renewable sources is
posing several challenges for the management of electrical systems, due to phenomena
such as congestion and reverse power flows. In mitigating these phenomena, Power-to-Gas
plants can make an important contribution. In this paper, a linear optimisation study is
presented for the sizing of a Power-to-Hydrogen plant consisting of a PEM electrolyser, a
hydrogen storage system composed of multiple compressed hydrogen tanks, and a fuel
cell for the eventual reconversion of hydrogen to electricity. The plant was sized with the
objective of minimising reverse power flows in a medium-voltage distribution network
characterised by a high presence of photovoltaic systems, considering economic aspects
such as investment costs and the revenue obtainable from the sale of hydrogen and excess
energy generated by the photovoltaic systems. The study also assessed the impact that
the electrolysis plant has on the power grid in terms of power losses. The results obtained
showed that by installing a 737 kW electrolyser, the annual reverse power flows are reduced
by 81.61%, while also reducing losses in the transformer and feeders supplying the ring
network in question by 17.32% and 29.25%, respectively, on the day with the highest reverse
power flows.

Keywords: power systems; energy transition; hydrogen; reverse power flows; energy storage

1. Introduction
Since the industrial revolution, there has been a continuous increase in greenhouse

gas emissions that have led to a rise in the global average temperature, with increasingly
dramatic consequences for the environment. Much of the emissions are associated with
energy production. Detailed in Figure 1 is the trend in global carbon dioxide emissions
related to fuel use between 1990 and 2022 according to IEA data [1]: after a slight decline
in 2009, due to the economic crisis, and a more pronounced decline in 2020 due to the
pandemic, emissions have returned to growth, reaching nearly 35,000 megatons in 2022.
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Figure 1. Global greenhouse gas emissions from fuel combustion [1].

For this reason, international strategies that aim to combat climate change through
decarbonization processes have been defined over the years. The European Union, in
particular, in accordance with the Paris Agreement, is committed, through its Green Deal
initiatives, to cutting greenhouse gas emissions by at least 55% below pre-industrial lev-
els by 2030 and achieving the goal of climate neutrality, or zero net carbon emissions,
by 2050 [2].

In order to achieve the set goals, more and more is being invested in the construction
of new renewable energy generation facilities. As reported in [3], 2024 was the year of
the largest increase in global renewable energy capacity to date, with the addition of
585 GW of renewables, expanding the renewable energy stock by 15.1%. The fastest growth
was seen in solar and wind power plants: solar power accounted for more than 75% of
renewable additions, with a record 452 GW added during the year, while wind power
contributed 113 GW. These renewable sources, however, are highly random, which poses
major challenges for the optimal management of the energy obtained from them. Indeed,
it often happens that energy is produced at instants when users do not need it or simply
cannot be fed into the grid due to local congestion problems, resulting in the need to resort
to curtailment. In addition, the presence of distributed generation from non-programmable
sources can result in the reversal of power flows in grid branches, affecting the sensitivity
and selectivity of protections [4], as well as the voltage, transmission and distribution
losses, and temperature of transformers. In mitigating these phenomena, Power-to-Gas
technologies can help [5], complementing the classical battery storage technologies typically
employed. Among the various Power-to-Gas technologies available, the focus in recent
years has particularly been on Power-to-Hydrogen plants, mainly because of the many
uses of hydrogen, which, in addition to being an excellent fuel, can also be used as a raw
material for various production processes (in refining, glass production, ceramics, steel
and more).

In the recent study reported in [6], the authors proposed and analysed possible dis-
tributed generation systems for power supply on the island of Rum, an island in Scotland
not connected to the national grid that currently has a power supply system consisting
of two hydroelectric generators, a backup diesel generator, and a battery storage system
with an integrated inverter. The authors proposed several cases, including one in which
a hydrogen production and storage subsystem flanks the classic battery storage system,
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and another case in which a hydrogen system replaces the batteries entirely, in both cases
providing for the installation of wind and photovoltaic renewable sources to replace the
current diesel generator, thus reducing the environmental impact.

The hydrogen storage considered consists of a PEM electrolyser, a compressed hy-
drogen tank, and a diesel generator converted to hydrogen. The electrolyser was chosen
such that the maximum excess production for each scenario is converted to hydrogen.
An economic analysis was conducted for each case considered, considering the capital
expenditures (CAPEX), expected operating and maintenance costs (OPEX) and replace-
ment costs associated with the various system components, based on their typical life cycle,
considering a 20-year time window. For each case, the total life cycle cost (TLCC) and the
levelized cost of energy (LCOE) were calculated.

The results obtained by the authors showed that the proposed hydrogen system can
represent a sustainable solution even from an economic point of view, despite the current
high investment expenses, leading to a completely renewable energy mix to meet the
electricity demand of the considered island, with a lower LCOE than that of the current
energy system. In addition, the TLCC of the case where the hydrogen storage system
entirely replaces battery storage was found to be 13% lower than that of the case where
both forms of storage are present, as the battery system incurs higher operating expenses
due to its replacement, which must occur every 10 years. From this, the authors concluded
that hydrogen generation and storage can be an economical means of stand-alone clean
energy storage for island power systems.

The presence of power-to-hydrogen plants, however, can also be very useful for grid-
connected systems. This is the case of the Terni medium-voltage distribution grid. A
case study was conducted in [7], where the authors proposed the installation of hydrogen
systems consisting of fuel cells, electrolysers and compressed hydrogen storage. The
aim was to enhance the energy performance of the distribution grid and facilitate the
integration of distributed generation. Through an optimisation algorithm, the optimal size
and placement of such systems were identified, achieving a high rate of self-consumed
excess renewable energy of 38.7% and a decrease in reverse energy flows of 14.8%. The
sizing problem was solved through an optimisation procedure based on the micro genetic
algorithm, which is adequate for solving problems with complex and nonlinear data,
setting as the goal the identification of the minimum sizes of the fuel cell, electrolyser
and hydrogen storage system such that a specific Key Performance Indicator value can be
achieved. The problem of location, on the other hand, has been solved by means of Key
Selection Indicators, which are indicators related to the efficient operation of hydrogen
systems that enable the selection of the most suitable energy districts to host them.

In [8], the authors showed the impact that a Power-to-Gas plant can have on two elec-
trical systems, one rural and one semi-urban, for different penetration rates of renewable
sources. The plant considered consists of an alkaline electrolyser, a tank and a methanation
unit to which hydrogen can be sent for the production of synthetic natural gas. To deter-
mine the network node where the plant should be installed and the size of the plant, the
authors applied the Simulated Annealing method, considering the minimisation of reverse
power flows, overvoltages and overcurrents as objective functions. The results achieved are
significant, with a reduction in reverse power flows in the range of 78–100%, depending on
the network topology and penetration of renewable sources, alleviating or eliminating over-
current and/or overvoltage problems. However, the study did not consider the investment
costs during the plant design phase, nor other local uses of hydrogen besides methanation.

In a case study reported in [9], instead, reverse power flows generated by a grid-
connected photovoltaic system were fully converted to hydrogen to power a fleet of fuel
cell vehicles, leading, however, to the hydrogen produced having a higher storage size than



Energies 2025, 18, 3931 4 of 20

the sizes obtained in cases where the electrolyser operates more continuously due to other
electricity supplies.

Sizing power-to-hydrogen plants to maximise the energy yield from renewable sources,
as proposed in [6,9], could therefore be uneconomical. For this reason, it would be better to
use optimisation studies, as performed in [7,10]. In the latter paper, in particular, a linear
mathematical model of an energy hub was employed, which allows great flexibility in mod-
elling with a low computational time. The model was developed in the MATLAB R2023b
environment to determine the optimal size of the components of two storage systems,
one hydrogen and one battery, such as to minimise the curtailment of renewable energy,
which is necessary in some cases to avoid the emergence of congestion in the transmission
grid. In addition, the sizes of the two systems were optimised in order to find the most
economical solution.

The adoption of energy systems of this type, based on the energy hub concept, is
widespread in the literature because they allow for a number of advantages: first, the relia-
bility of the energy supply can be increased because it is no longer completely dependent
on a single grid; second, such a system allows, through linear equations, the optimisation
of the supply itself according to certain criteria such as, for example, the cost, emissions
and availability of the various carriers; and, finally, it allows, as in this case, to facilitate
the integration of non-programmable renewable energy sources due to the presence of
conversion and storage elements [11–13].

In the study presented in this paper, the same mathematical model proposed in [10] has
been adopted, incorporating aspects such as the operational flexibility of the electrolysers
and the possibility of selling the hydrogen produced. Specifically, the network under study
is a medium-voltage industrial distribution network located in Malta that is subjected to
reverse power flows deriving from the photovoltaic plants connected to it. To minimise
the reverse energy flow, the installation of a Power-to-Hydrogen plant consisting of a
PEM electrolyser, a gaseous hydrogen storage system and a fuel cell has been considered.
Compared to studies found in the literature, this article proposes a sizing algorithm for the
Power-to-Hydrogen system that not only minimises reverse power flows but also limits
investment costs, while considering the revenues obtained from the sale of the hydrogen
produced and the excess energy generated by photovoltaic systems. The study presented
in this article also evaluates the benefits to the grid in terms of losses and voltage profiles,
through load flow calculations performed using time series of real load and generation
data from existing photovoltaic plants connected to the grid and the load profile of the
Power-to-Hydrogen plant obtained from the optimisation algorithm. Below, in Section 2,
the methodology and data used are presented in detail, both for the optimisation study
and for the impact assessment on the grid; Section 3 presents the results obtained; finally,
Section 4 discusses the results and conclusions.

2. Materials and Methods
2.1. Power-to-Hydrogen Plant Sizing

As anticipated in the introduction, the power distribution network considered in this
study is a medium-voltage industrial distribution network located on the island of Malta.
Specifically, it is a ring network, characterised by a nominal voltage of 11 kV, to which
two photovoltaic plants of 1 MWp each are currently connected. However, to account for
planned expansions, a total PV capacity of 4 MWp was considered in this study. For this
scenario, by using load and power generation data from the existing PV plants collected
every thirty minutes via smart metres connected to the grid for the period October 2023 to
October 2024, the annual net load diagram shown in Figure 2 was developed. In detail, the
energy consumption data were downloaded from the electricity billing meter provided by
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E-distribuzione (Rome, Italy), while for the production data of the photovoltaic systems,
generated by Sungrow SG110CX model PV inverters, the iSolarCloud platform, provided
by Sungrow itself (Hefei, China), was used.

Figure 2. Net load diagram of the case study.

As can be observed from Figure 2, there are several times of the year in which the net
load demand takes on negative values, since PV production exceeds local demand, giving
rise to reverse power flows. An installation of a Power-to-Hydrogen system (P2H system)
consisting of an electrolyser, a compressed hydrogen storage system and a fuel cell for
the eventual conversion of hydrogen to electricity was considered to minimise reverse
power flow. The presence of the fuel cell would allow the plant to operate in a similar
way to a battery storage system, which has already been evaluated for the Maltese grid in
previous studies [14].

To determine the optimal size of the plant components, we used the energy hub model
shown in Figure 3 and reported in [15], with a different model of hydrogen gas storage.
The difference in this work is the fact that modular hydrogen storage with tanks of 5 kg is
considered to make the gas commercialization more suitable for the context of the island of
Malta. Indeed, the island has an economy based mainly on the tertiary sector; there are
no large industries or refineries where hydrogen can be used, so there will be no need for
mass hydrogen storage and sale, to be transported by tanker trucks. Instead, the potential
future uses of hydrogen in Malta are in the residential and transportation sectors, for which
smaller tanks are more appropriate.

The power-flow-balancing equation for the energy hub adopted in this study is
as follows:

Ein(t)− ERPF(t) + EPV(t) + E f c(t) = Edem(t) + Eel(t) (1)

where

• Ein(t) is electricity drawn from the grid;
• ERPF(t) is the energy associated with reverse power flows;
• EPV(t) is the total electricity produced by photovoltaic systems;
• E f c(t) is the electricity obtained from the fuel cell;
• Edem(t) is the electricity demand of users;
• Eel(t) is the electricity that feeds the electrolyser;
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Figure 3. Energy hub model used to represent and appropriately size the P2H system.

The difference between demand and PV energy production is the net load demand,
which is the known term of the equation.

For hydrogen, the following balancing equation can be written:

H2 out(t) = H2 f c(t) + H2 sold(t) (2)

in which

• H2 out(t) is the flow of hydrogen out of the storage system;
• H2 f c(t) is the flow of hydrogen sent to the fuel cell to be converted back into electricity;
• H2 sold(t) is the flow of hydrogen that is sold.

For each component of the energy hub there are, in addition, equality and inequality
constraints to describe their behaviour as given below.

2.1.1. Electrolyzer

The electrolysis technology chosen for the case study is Proton Exchange Membrane (PEM)
technology. This type of electrolyser, while costing more for the same efficiency (50–68%)
than alkaline electrolysers, has the advantage of a wider operating spectrum. While the
lower operating limit for alkaline electrolysers is, in fact, equal to 20% of their rated capacity,
PEM technology can go as low as 5%; furthermore, a PEM electrolyser can operate beyond its
rated capacity (up to 130% [16]), which is not possible for alkaline electrolysers [17].

These characteristics, together with slightly higher ramp rates than alkaline technology [17],
make PEM electrolysers particularly suitable for coupling with intermittent power sources such
as renewable ones. In this regard, PEM technology has been shown to be able to withstand even
extreme ramp events by being able to respond to a power change of +80% and −100% within
1 s [18], so transients can be neglected. This aspect fits well with the type of mathematical model
used in this study for the optimal sizing of the P2H system, which is based on the concept of
energy hub. In fact, for solving energy hub optimisation problems, the simplifying assumption
of considering the system to be in a steady state, which is reached after all transients have died
out, is commonly assumed [11].

Furthermore, although the efficiency of an electrolyser is not entirely constant, espe-
cially in the long term due to degradation phenomena, in this study it is assumed to be
constant. This simplification, inherent in the concept of an energy hub, is already well
established in the literature and allows the mathematical model to remain linear [11,19].
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The equality and inequality constraints that describe the electrical behaviour of the
electrolyser are as follows:

H2 el(t) = Eel (t)· kele eh2 (3)

Eel (t) ≤ 1.3·Sel ·0.5 (4)

where

• H2 el(t) is the flow of hydrogen produced by the electrolyser [kg];
• kele eh2 is the conversion efficiency of the electrolysis process [kg/kWh];
• Sel is the size of the electrolyser to be determined [kW].

The operating limit of the electrolyser was obtained in Equation (4) by multiplying the
size by 1.3, as it can operate up to 130% of its capacity, and by 0.5 to change the data from
kW to kWh because the load data provided were logged every half hour.

2.1.2. Hydrogen Storage System

The storage system considered consists of several tanks with a capacity of 5 kg of
hydrogen each. For such a system, we have the following constraints:

SOCH2SS(t + 1) = SOCH2SS(t)·(1 − H2 loss) + H2 el(t + 1)·kch −
H2 out(t + 1)

kdisch
(5)

SOCH2SS(1) = SOCH2SS(T) (6)

H2 el (t) ≤ δch(t)·Qch (7)

H2 out(t) ≤ δdisch(t)·Qdisch (8)

δch(t) + δdisch(t) ≤ 1 (9)

SOCH2SS(t) ≤ nH2SS·5 kg (10)

H2 el(t) ≤ nH2SS·5 kg (11)

H2 out(t) ≤ nH2SS·5 kg (12)

where

• SOCH2SS(t) is the state of charge of the storage system [kg];
• δch(t) is a variable that takes unit value when the storage system is charging, 0 when

it is not charging;
• δdisch(t) is a variable that takes unit value when the storage system is discharging,

0 when it is not discharging;
• Qch and Qdisch are finite upper limits to the hydrogen entering and leaving the tanks;
• nH2SS is the number of 5 kg tanks that make up the storage system.

2.1.3. Fuel Cell

The constraints describing the operation of the fuel cell are as follows:

E f c(t) = H2 f c (t)· k f c h2e (13)

E f c(t) ≤ S f c ·0.5 (14)

where

• k f c h2e is the conversion efficiency [kWh/kg];
• S f c is the size of the fuel cell [kW].
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Similar to the electrolyser, to obtain the upper limit of the electrical energy produced
by the fuel cell, the size, expressed in kW, was multiplied by 0.5.

2.1.4. Objective Functions

The optimisation problem was solved first based on a single objective function, which
is the minimization of inverse power flows (Equation (15)).

min

[
T

∑
t=1

ERPF(t)

]
(15)

Subsequently, a multi-objective optimisation calculation was performed, considering
economic aspects such as the investment costs for the P2H system and the revenue obtain-
able from the sale of hydrogen and excess energy produced by the photovoltaic plants.
Costs were determined through the following equation:

T
∑

t=1
[Ein(t)·CE − H2 sold(t)·RevH2 − ERPF(t)·RevE]

+CCAPEX el ·Sel + CCAPEX H2SS·nH2SS·5 + CCAPEX f c·S f c

(16)

where

• T is the end of the period considered (October 2023–October 2024);
• CE is the cost of electricity [EUR/kWh];
• RevH2 is selling price of hydrogen produced [EUR/kg];
• RevE is selling price of excess energy produced by PV plants;
• CCAPEX el is the electrolyser purchase cost [EUR/kW];
• CCAPEX H2SS is the hydrogen storage system purchase cost [EUR/kg];
• CCAPEX f c is the fuel cell purchase cost [EUR/kW];

For the multi-objective optimisation, the scalarization technique, already used in simi-
lar studies [19], was adopted, which consists of transforming a multi-objective optimisation
problem into a single-objective optimisation problem by normalising the objective functions
and minimising their weighted sum.

To reach a technical-economic compromise, equal weight (50%) was assigned to both
functions. As for the normalisation factors, however, these were chosen equal to 106 for
the function that minimises costs and 105 for the function that minimises reverse power
flows; these values are equal to the order of magnitude of costs, in euros, and the order of
magnitude of energy, in kWh, associated with annual reverse power flows, respectively.

All equations and inequalities describing the operation of the various components
of the energy hub and the energy and mass flows, as well as the objective functions, are
linear. This ensures the uniqueness of the optimal solutions found [19], while reducing
computational complexity [10], unlike nonlinear models. Furthermore, given the presence
of integer variables, such as the binary variables necessary to represent the actual operation
of the compressed hydrogen storage system and synthesis variables such as the number of
hydrogen tanks and the sizes of the electrolyser and fuel cell, the model adopted is of the
MILP (Mixed Integer Linear Programming) type.

The equality and inequality constraints of the model just described were implemented
in matrix form in a MATLAB code: [

Aeq
]
·[x] =

[
beq

]
(17)

[A]·[x] ≤ [b] (18)

where
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•
[
Aeq

]
is the matrix that contains the coefficients of the equations;

• [x] is the vector that contains the unknowns of the problem;
•

[
beq

]
is the vector that contains the known terms of the equations;

• [A] is the matrix that contains the coefficients of the inequality constraints;
• [b] is the vector that contains the known terms of the inequality constraints;

The problem variables, contained in the vector [x] that is obtained as the output of the
optimisation code, are given below:

[x] =

[
Ein(t), ERPF(t), Eel(t), SOCH2SS(t), H2 out(t), H2 f c(t), H2 sold(t),

δch(t), δdisch(t), Sel , nH2SS, S f c

]
(19)

In the MATLAB code, two vectors containing the lower and upper limits for the
different variables of the problem were defined; the lower limits were set to 0 and the
upper limits to infinity, with the exception of the variables δch and δdisch, for which the
upper limit is unitary. Furthermore, because the purpose of the P2H system in this case
is only to reduce reverse power flows, without taking additional electricity from the grid
for hydrogen production, the energy currently needed to meet end-user demand Ein 0

was set as the upper limit to the input electricity Ein. The ‘intlinprog’ function available
in MATLAB was used to solve the optimisation problem, as it is compatible with MILP
mathematical models such as the one adopted in this study.

Below, in Table 1, are the values of all the coefficients seen so far in the equations and
inequalities employed in the optimisation code.

Table 1. Coefficient values.

Coefficient Value

kele eh2 0.016 [kg/kWh] [10]
H2 loss 0.02 [10]

kch 1 [10]
kdisch 1 [10]
Qch 104

Qdisch 104

k f c h2e 12.23 [kWh/kg] [10]
CE 0.12 EUR/kWh [20]

RevH2 7.95 EUR/kg *
RevE 0.10 EUR/kWh

CCAPEX el 1800 EUR/kW [21]
CCAPEX H2SS 546.25 EUR/kg [22]

CCAPEX f c 1532.44 EUR /kW [19]
* The selling price of hydrogen assumed in this study was calculated as the average cost of green hydrogen
produced from solar photovoltaics in 2023 reported in [23], converted into euros.

2.2. Impact on the Grid

To determine the impact that the previously sized P2H system has on the power grid
under study, the grid model, shown in Figure 4, was implemented in NEPLAN 360 software.
The ring distribution network at a voltage of 11 kV is connected to the 33 kV main grid via
a transformer of 5 MVA (TR 1), the parameters of which are given in Table 2.
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Figure 4. Grid model implemented in NEPLAN.

Table 2. TR 1 transformer parameters.

Parameter Meaning Value

Un1 Nominal voltage of the primary winding node 33 kV
Un2 Nominal voltage of the secondary winding node 11 kV
Sr Rated power 5 MVA

Ukr(1)% Rated positive sequence short-circuit voltage 7%
URr(1)% Rated positive sequence copper losses of winding 1 and 2 in % with respect to Sr 1.5%

X/R Ratio between reactance and resistance 4.56
Uset Target set voltage 97%
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Table 2. Cont.

Parameter Meaning Value

VG Vector group Dyn1
I0% Open circuit current 0.48%
Pfe Iron core losses 5.4 kW

The ring network is connected to the transformer by two parallel cables. Each ca-
ble consists of the junction of two cables of different types, the data of which are given
in Table 3.

Table 3. Data of the ring network supply cables.

Type Length Resistance Reactance Capacitance Maximum Rated Current

240Cu PILC 680 m 0.0921 Ω/km 0.0784 Ω/km 0.9005 µF/km 435 A
240Cu XLPE single cores 22 m 0.0754 Ω/km 0.1099 Ω/km 0.455 µF/km 520 A

The cables that make up the ring are characterised by a resistance of 0.168 Ω/km, a
reactance of 0.0809 Ω/km, a capacitance of 0.8004 µF/km, and a maximum rated current of
300 A. Table 4 shows the lengths of the various sections.

Table 4. Length of the ring cables.

Line Length

SS1-Node 3 375 m
SS1–SS2 50 m

SS2-Node 3 230 m
SS3-Node 3 215 m
SS4-Node 3 40 m

Each substation has a transformer whose characteristics are shown in Table 5.

Table 5. Parameters of the transformers present in SS1, SS2, SS3 and SS4.

Parameter Meaning Value

Un1 Nominal voltage of the primary winding node 11 kV
Un2 Nominal voltage of the secondary winding node 0.4 kV
Sr Rated power 1.6 MVA

Ukr(1)% Rated positive sequence short-circuit voltage 6%
URr(1)% Rated positive sequence copper losses of winding 1 and 2 in % with respect to Sr 1.6%

X/R Ratio between reactance and resistance 3.61
Uset Target set voltage 97%
VG Vector group Dyn11
I0% Open circuit current 0.5%
Pfe Iron core losses 2.2 kW

PV systems are connected to substation transformers through three parallel cables, the
characteristics of which are shown below, in Table 6.

Table 6. Parameters of cables connecting PV systems to transformers.

Length Cable Cross-Section Resistance Reactance Maximum Rated Current No of Parallel Cables

50 m 300 sqmm 0.175 Ω/km 0.125 Ω/km 600 A 3

Finally, the loads powered by the four substations are connected to them via
50-metre-long line cables, whose parameters are the same as those of the cables connecting
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the photovoltaic systems to the substations, except for the number of cables in parallel,
which are shown in Table 7.

Table 7. Number of parallel cables supplying the loads output from the four substations.

Cable No of Parallel Cables

SS1-Load 1 3
SS2-Load 2 3
SS3-Load 3 8
SS4-Load 4 6

Photovoltaic systems were implemented in NEPLAN as AC disperse generators, fixing
the value of active power produced. They were assumed as PQ elements, as in the case
of loads. The 33 kV external grid, on the other hand, was assumed as the SL node (slack
node), i.e., as a reference node.

Load flow calculations were performed using the Load Flow Time Simulation module,
which uses measured time series of load and generation profiles [24]. The load and gener-
ation profiles of the photovoltaic systems imported into the software are those obtained
from data measured by the smart metres connected to them, while the load profile of the
P2H system is that obtained by the optimisation algorithm.

3. Results
3.1. Optimisation Algorithm Results
3.1.1. Single Objective Optimisation

The results obtained in terms of component size, in the case of the single-objective
optimisation that minimises reverse power flows, are shown in Table 8, in which the CAPEX
associated with the various plant components are also reported.

Table 8. Optimal component sizes and related costs in the case of single-objective optimisation.

Component Size CAPEX

Electrolyser 1803 kW EUR 3,245,400.00
Hydrogen storage system 195 kg (5 kg × 39 tanks) EUR 106,518.75

Fuel cell 757 kW EUR 1,160,057.08

Total investment EUR 4,511,975.83

The obtained solution allows reverse power flows to be cancelled out, converting them
into 5389.14 kg of hydrogen, of which 83.47% is sold, while 16.53% is fed back to network
through the fuel cell.

The investment cost is very high, amounting to more than EUR 4.5 million. The break-
down of investment costs for the components, in percentage terms, is shown in Figure 5.

As can be seen, the largest investment is required for the electrolyser, followed by the
fuel cell, which accounts for more than a quarter of the investment.

However, the simulation results show that the fuel cell provides a total of 9.49 MWh
over the entire period considered, covering only 0.04% of the user’s energy needs. Therefore,
its installation does not seem to be very convenient, both from an economic and technical
point of view.
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Figure 5. Percentage allocation of CAPEX for the case of single-objective optimisation.

3.1.2. Multi Objective Optimisation

The obtained solution, in terms of component sizes and related CAPEX for the multi-
objective optimisation case, is shown in Table 9.

Table 9. Optimal component sizes and related costs in the case of multi-objective optimisation.

Component Size CAPEX

Electrolyser 737 kW EUR 1,326,600.00
Hydrogen storage system 105 kg (5 kg × 21 tanks) EUR 57,356.25

Fuel cell - -

Total investment EUR 1,383,956.25

The solution found in this case makes it possible to reduce reverse energy flows
by 81.61%, from the current estimated 336.82 MWh to 61.94 MWh, while at the same time
producing 4398 kg of green hydrogen in the year considered. Electricity taken from the
grid, on the other hand, remains unchanged, since the optimal techno-economic trade-off
solution does not include the installation of a fuel cell to cover part of the demand. The
investment, in this case, amounts to EUR 1.38 million, which is almost entirely attributed
to the electrolyser, as shown in Figure 6.

 

Figure 6. Percentage allocation of CAPEX for the case of multi-objective optimisation.
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Figures 7 and 8 show the state of charge of hydrogen storage and the flows of hydrogen
into and out of the storage for the entire year under consideration, respectively. A detailed
plot of this data for two typical days is shown in Figure 9.

Figure 7. State of charge of the hydrogen storage system over time.

Figure 8. Hydrogen flows in input and output of the storage system over time.

As can be seen from Figure 9, hydrogen is produced and stored during the day, when
the reverse power flows occur, and then sold at the end of the day. It can be used in
combination with methane in the island’s power plant turbines, reducing dependence
on imported natural gas, or in the transport sector, with a view to a future hydrogen-
powered mobility scenario. If the fuel produced exceeds local demand, it could potentially
be exported to Sicily, using the hydrogen-ready natural gas pipeline that the Maltese
government plans to build between Malta and Gela [25].
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Figure 9. Hydrogen inflows and outflows and state of charge of the storage system over the course of
two typical days.

Finally, Figure 10 compares the full-year reverse power flows in the scenario without
the P2H system and in the optimised scenario with the P2H system. The same comparison
for two typical days is shown in detail in Figure 11.

Figure 10. Reverse power flows in the initial scenario without P2H system, in blue, and in the case
with optimised P2H system, in red.

It can be observed that the P2H system manages to half the reverse power peaks in
both days.
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Figure 11. Reverse power flows in the initial scenario (in blue) and the optimised scenario (in red) on
two typical days.

3.2. Impact on the Grid Results

The plant sized through the multi-objective optimisation was used to assess the impact
it has on the network. Load flow calculations were performed for the day when the
maximum reverse power flows were observed.

The energy losses in the system without the P2H system during the day amount to
1.24 MWh. In the scenario where the P2H system is present, however, the losses amount to
1.18 MWh, i.e., 4.66% less.

The portion of the network that is affected by the presence of the electrolyser is
between Node 1 and Node 3, where excess power flows would be completely reversed in
the absence of the electrolyser. Figures 12 and 13 below show the active power losses in the
two feeders that supply the ring network, located between Node 2 and Node 3, and the
active power losses in the upstream transformer, which connects the 11 kV network to the
external 33 kV network.

 

Figure 12. Power losses in the ring network power supplies in the initial scenario (in blue) and in the
optimised scenario with P2H system (in orange) during the critical day considered.
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Figure 13. Power losses in the 33 kV/11 kV transformer supplying the ring network in the initial
scenario (in blue) and in the optimised scenario with P2H system (in orange) during the critical
day considered.

The presence of the P2H system allows, on the day considered, a reduction in energy
losses in the ring network feeders of 29.25% and in the upstream transformer of 17.32%,
thanks to the lower amount of reverse power flows passing through them.

In terms of the voltage profiles in nodes 2 and 3, the improvements are those shown in
Figures 14 and 15, respectively.

 

Figure 14. Voltage profile in Node 2 in the initial scenario (in blue) and in the optimised scenario
with P2H system (in orange) during the critical day considered.

Although excess production by photovoltaic systems does not cause an excessive
increase in voltage at the nodes compared to the nominal value of 11 kV, the installation
of the Power-to-Hydrogen system still allows for a reduction in voltage peaks throughout
the day.
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Figure 15. Voltage profile in Node 3 in the initial scenario (in blue) and in the optimised scenario
with P2H system (in orange) during the critical day considered.

4. Discussion of Results and Conclusions
The increase in the installation of electricity generation plants using non-programmable

renewable sources is causing a significant challenge for the proper management of net-
works, including reverse power flows, which can lead to voltage increases, transformer
overheating, and malfunctions in line protection systems. This study shares the findings
from a case study conducted on a 11 kV medium-voltage industrial grid in Malta, which
will be subject to the expansion of the photovoltaic plants currently installed. After eval-
uating the reverse power flows that will occur because of these expansions, this study
proposes an optimal sizing method for a Power-to-Hydrogen plant that will exploit the
excess energy produced by photovoltaic plants to produce green hydrogen, while also
providing support to the grid.

The plant was initially sized by solving a single-objective optimisation problem, which
aims to minimise reverse power flows. This solution allows the excess energy to be
totally converted into hydrogen, but involves excessive expenditure, especially for the
installation of the fuel cell, which will only provide 0.04% of the energy required on site by
users. Its integration is therefore not very convenient, both from a technical and economic
point of view. The Power-to-Hydrogen system was therefore redesigned using a multi-
objective optimisation code, with the aim of finding a technical–economic compromise.
Both optimisation problems were solved in MATLAB.

The optimal solution consists of installing a 737 kW electrolysis system and a
105 kg hydrogen storage system, without any fuel cells. The hydrogen produced, amount-
ing to over 4 tons per year, is then sold in its entirety, while reverse power flows are reduced
by 81.61% compared to the scenario without an electrolysis plant. The percentage reduction
in annual reverse power flows achieved is within the range of 78–100% found in similar
case studies in the literature. Additional benefits to the electrical grid resulting from the
installation of the plant were evaluated using NEPLAN software, which performed load
flow calculations. The results obtained showed that the presence of the electrolysis plant
reduces energy losses in the feeders supplying the 11 kV industrial grid by over 29% and
losses in the upstream transformer by over 17% during the day when reverse power flow
values are at their highest.

This study has thus provided an alternative to traditional battery storage systems,
which have already been evaluated in previous studies, offering a twofold benefit: support-
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ing the electricity grid and producing a fuel with zero environmental impact that can be
used in various sectors, thereby increasing the energy independence of the island of Malta.
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