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Abstract — The global increase in energy consumption is forcing the energy sector to evaluate
the energy transition from fossil-based systems to renewable energy sources. Unfortunately,
the impact of non-dispatchable generation affects grid stability and the ability to meet
nighttime loads. In addition, a shift from summer to winter is required to increase the
penetration of renewables. The introduction of storage technologies and the energy mix could
overcome some of the problems associated with the green revolution. The aim of the work is
to assess the best combination of generation systems and storage to meet the electricity needs
of a 100 MW peak load city in the Latvian region with an annual energy load of 700 GWh.
The energy hub considered represents a valuable evolution of a traditional gas-fired power
plant coupled with the most cost-effective renewable resource generators: photovoltaic and
wind turbines. To exploit the renewable surplus, part of the electricity is converted into
hydrogen, which drives a fuel cell and a methanation system linked to the gas turbine. The
method used is Trnsys-based numerical modelling coupled with multivariable particle swarm
optimization to minimize the levelized cost of electricity under different renewable
penetration scenarios. The LCOE is 0.099 EUR/kWh for an 80 % RES production and rises
to 0.265 EUR/kWh for a fully renewable system.

Keywords — Energy hub; optimization; renewable energy.

1. INTRODUCTION

The increasing urgency to tackle environmental challenges associated with global warming
is reshaping power generation systems by integrating higher shares of renewable energy. This
shift is further driven by the decreasing levelized cost of electricity (LCOE), motivating
governments to adopt energy mixes that emphasize renewables [1] especially for countries
with a special focus on the energy transition [2].

The exploration of hybrid solutions, such as the integration of concentrated solar power and
photovoltaic (PV) plants, has been undertaken to enhance cost-effectiveness and
performance. Zurita et al. [3] have conducted a comprehensive analysis of such hybrid
systems, evaluating future cost-reduction scenarios to improve renewable integration. Despite
the considerable potential of solar technologies, the lower availability of solar radiation in
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Europe could be offset by a significant wind energy potential. Researchers, including Frank
et al. [4] have underscored the significance of an optimal blend of wind and solar energy to
ensure grid stability. However, as the penetration of renewable energy sources increases (Cole
and Frazier [5]), challenges such as variability and the intermittent nature of renewable energy
production can disrupt load balancing and grid stability. Addressing these issues requires
enhanced grid flexibility and improved power generation modulation capacities. Several
studies [6], [7] have highlighted the critical role of energy storage in the integration of
renewable energy into the electricity system and the associated economic impacts. The
present limitations of PV and wind energy are attributable to electrochemical storage,
predominantly through lithium-ion batteries. However, significant advancements in battery
production and economies of scale have led to a substantial reduction in costs, as highlighted
by Verbruggen [8] and the International Renewable Energy Agency (IRENA) [9].

Hydrogen has gained recognition as a pivotal player in the global effort to decarbonize
energy systems [10]. Its versatility allows it to play a significant role across various sectors,
including mobility, heating, power generation, and hard-to-abate sectors like heavy industry
and long-haul transport. Additionally, there has been recent interest in exploring the potential
of hydrogen as a means for seasonal energy storage. Green hydrogen, which is produced via
water electrolysis powered by renewable energy sources such as wind and solar, holds
particular promise for advancing the energy transition [11]. For instance, green hydrogen
produced through alkaline water electrolysis has been proposed for large-scale applications
in American regions [12], and the optimization of production with wind and solar has been
assessed by Hassan et al. [13]. Nevertheless, the expansion of hydrogen production and
infrastructure remains a pressing challenge. Currently, the green hydrogen sector is in its
early stages of development, with limited case studies and demonstration projects addressing
practical issues such as component sizing, regulatory frameworks, and grid integration.
Despite the pledges of substantial investments in large-scale projects and the promise of
increased electrolyzer manufacturing capacity by 2035, significant barriers persist [14]. These
include high production costs and the need for substantial investments in infrastructure to
ensure reliable energy supply at competitive prices [15].

Achieving high penetration of renewable energy sources requires the integration of multiple
generators and energy storage systems [16]. In recent years, optimization of the energy mix
has become a critical issue for optimal system sizing and a balanced techno-economic
approach [17]. Accurate and well-detailed models are crucial, since several components
interact with each other, and a large number of dynamic outputs must be predicted [18]; for
this reason, codes, such as Homer or Trnsys, characterized by high flexibility in dynamic
simulations, are required [19]. Seck et al. [20] analyse the French power mix using advanced
grid simulations, highlighting the importance of grid balancing and interconnections for
efficient renewable integration. Similarly, Balaji and Gurgenci [21] evaluate the optimal
power mix for an isolated Australian community with industrial and residential load profiles,
considering both electricity costs and environmental impacts. Ishraque et al. [22] conducted
a comparative analysis of different dispatch strategies for renewable energy systems in
various locations across northern Bangladesh. Their findings indicate that the load-following
strategy [23] offers the lowest levelized cost of electricity (LCOE) and emissions while
maintaining a stable system response. This strategy effectively balances energy supply and
demand, making it a viable option for optimizing renewable energy integration in the region.
Ramesh and Saini [24] highlight the critical role of storage in grid management, emphasizing
that battery operational constraints must be integrated into load-following strategies to extend
battery lifespan and reduce operating costs. More recent research by Vaziri Rad et al. [25]
underscores the value of demand-side management techniques, such as load shifting and
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deferrable loads, in enhancing system performance compared to traditional dispatching
methods.

Building on earlier studies of load-following strategies [26], [27] and adhering to the
recommendations outlined by Agajie ef al. [28], this paper introduces an optimization
procedure designed to achieve the lowest Levelized Cost of Energy (LCOE) for a specified
renewable energy fraction. The approach identifies the optimal generation mix, including Gas
Turbine (GT), Photovoltaic (PV) systems, Wind Turbines (WT), Electrolyzer (EL), Fuel Cells
(FC) and a methanation system coupled with hydrogen and methane storages. Using the
methodology from [29], it determines the energy contribution from each generation source
and the appropriate size of thermal and/or electrochemical storage systems through a
comprehensive techno-economic analysis.

The main objective of this research can be summarized as follows:

— The optimization procedure in this study is based on a numerical algorithm that
interacts with an accurate model of the complete electrical system, unlike models that
deal with component details or management logic;

— A comparison of different renewable energy grids under a load-following strategy is
conducted to provide insight into the most effective technologies for increasing the
renewable energy penetration in the stand-alone grid;

— An evaluation of the synergy of two storage technologies, namely methane and
hydrogen, has been provided to ensure the balance of the power grid.

2. METHODS AND MODEL

The paper proposes the design and optimization of a revamped energy hub in Riga (Latvia).
The modelling has been assessed with the software Trnsys. Trnsys simulation represents one
of the best ways of modelling transient energy systems due to its flexibility. Nevertheless,
Trnsys simulates a user-defined system where the design is limited to the user experience. In
order to solve this issue, Genopt software has been introduced in the procedure. Genopt,
starting from the Trnsys model, optimizes selected variables in the aim of optimizing a
specific parameter (i.e., LCOE). The optimized variables obtained from Genopt are then
included in the Trnsys model and proposed in the result discussion chapter. This work is based
on a versatile power hub model, developed in the Trnsys environment with a time step
resolution equal to 7.5 minutes, with generation units, energy storages and a control system,
based on a load-following strategy, able to manage a large integration of renewable sources.
The layout of the energy hub is depicted in Fig. 1. The proposed hybrid generation
infrastructure includes solar PV, wind turbines and methane-fuelled gas turbines. The energy
reservoirs include hydrogen systems and synthetic methane production. The electrical actors
in the network are interconnected via an AC bus; DC/AC and AC/DC conversion components
are also considered where necessary. The primary energy is provided by renewables that drive
directly the electric load and the electrolyzer. The hydrogen stream is stored and diverted
(according to the tanks levels and electricity demand) to a fuel-cells or to a methanation plant.
The methane produced is used to drive a gas turbine (existing power plant in Riga) coupled
with a carbon capture process in the flue gas stream to provide CO: for the methanation
process.

Detailed annual simulations have been performed in accordance with realistic ambient
conditions, considering seasonal variability and periods of low source availability;
furthermore, the LCOE of the system is evaluated for different targets of renewable energy
fraction (RF). In the following sections, the models of each technology are reported: main
assumptions, technical data, performance outputs under design and off-design operation are
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presented for power generation units and for storage systems. Subsequently, site
meteorological data and the hourly power demand profile are illustrated.
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Fig. 1. Energy hub layout.
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2.1. Component Performance

The performance of each component has been evaluated under design and off-design
operation, further details on the modelling approach have been provided in a previous
work [29]. The photovoltaic field emulates the operation of a commercial PV module [30]
with an efficiency of 18.3 % and considers the efficiency derating due to panel temperature
increase. It is assumed that the wind farm will be composed of 2 MW horizontal axis turbines
with a power curve as shown in Fig. 2(a) [31]. Fig. 2(b) proposes the operating map of
47.7 MW gas turbine generator which considers the capacity reduction due to ambient
temperature and off-design load performance, based on performance declared by the
manufacturer [32].
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Fig. 2. Off-design performance for wind turbine (a), gas turbine (b) and electrolyzer (c).

Energy excess from the renewable generators may be used to produce hydrogen through a
PEM electrolyzer with a nominal conversion efficiency of 4.3 kWh/Nm? and an off-design
correction factor presented in [33]. The hydrogen, stored in tanks with a maximum pressure
of 350 bar, can be used directly in a PEM fuel cell to supply electricity to the grid with a
nominal efficiency of 0.6, or converted to synthetic methane to feed the gas turbine. The
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methanation process involves combining H» and CO; in the presence of a nickel catalyst, to
produce synthetic methane (CH4) and water (H,O) in the Sabatier reaction with the total
efficiency of 85 % [34]. The reaction occurs at an elevated temperature of 400 °C and
pressures close to 3 MPa. The synthetic methane was stored as a compressed gas a pressure
up to 200 bar according to standard application [35].

2.2. Energy Hub Management

The load-following control strategy is adopted; generation priority is always given to the
gas turbine which has a minimum partial load of 50 %. The GT is always on. If the methane
storage is not sufficient to guarantee the fuel to the turbine, it must be purchased from the
market. The production of the PV and wind turbines is used to meet the demand coupled with
the turbine power output, otherwise the excess power is used to produce hydrogen according
to the electrolyzer power limit and the state of charge of the hydrogen tank. Depending on
the level of methane storage, hydrogen should be converted to methane or used to generate
electricity in the fuel cell in case of a power deficit. Sizing components will be assessed under
the optimization process.

2.3. Case Study

The following case study is presented to demonstrate the capability of the procedure and
evaluate the best improvement of the actual Riga power plant. The hybrid renewable grid is
assumed to be located in Riga, Latvia, due to the presence of adequate resource availability
and a strong commitment to green energy initiatives. The meteorological data are based on
the Meteonorm database, and the main characteristics of solar and wind availability are
reported in Table 1. The electric load is derived from [36], with a maximum power
requirement of 100MW and a total annual demand of 699.7 GWh.

TABLE 1. AMBIENT PARAMETERS

Riga, Latvia
DNI 1087 kWh/m?y
GHI 664 kWh/m?y

Wind speed > 3 m/s 3758 hly

2.4. Economic Evaluation

The objective of the present study is to determine the optimal configuration of generation
and storage components to achieve an even higher renewable penetration. The levelized cost
of energy (LCOE) is utilized as a comparison term between different configurations and is
evaluated for each technology based on the forecast of energy produced and investment and
maintenance costs. The economic parameters per unit capacity (kW, m?® or kg) for each
technology have been listed in Table 2, including also the plant lifespan. Where not specified,
economic data are from SAM software [37]. SAM software is not adopted as a simulation
tool but as a source of economic data. The costs proposed are divided into installation costs
and running costs. Running costs include fixed O&M that refers to fixed costs related to the
components capacity and variable O&M that refers to costs due to real component operation.
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TABLE 2. VALUES USED IN THE SPACE DEVELOPMENT SUB-MODEL FOR BASE SCENARIO

Installation cost Ref fji;le)(/ik(\:VM, zasg?l?\l:’l? M, Lifespan  Ref
Photovoltaic USD/kW 793 38] 9 20%
Wind farm uUSD /kW 1000 44 25
Gas Turbine USD/kW 1380 [39] 0.009 25 [40]
Electrolyzer USD/kW 1500 2 %ly 0.02 10*
Compressor USD/kW 1000 [41], 1 %ly 25 [43]
Hydrogen tank ~ USD/m’ 30000  [42] 1 %y 25
Fuel Cell USD/kW 2000 2 %ly 0.02 10*
Methanation USD/m? 375 [44] 1 %ly 50
Methane tank USD/m? 20 [45] 1 %ly 100

* Inverter cost is considered twice in CapEx evaluation. The replacement costs of the electrolyzer and the fuel cell
are 40 % and 21 % of the installation cost, respectively.

The LCOE calculation for each technology is calculated using Eq. (1), the canonical LCOE
formula that includes the installation cost multiplied by the capital recovery factor (Cplantpv
-CRFpy) to evaluate the installation cost on an annual basis and added to the O&M; the
photovoltaic (PV) plant serves as a representative example. The capital recovery factor, as outlined
in Eq. (2), is derived under the assumption of an interest rate of 4 %, in accordance with the
designated technology lifespan, as detailed in Table 2 and represents the amount of installation
cost that refers to a single year of operation under the predicted lifespan. The LCOE of the
comprehensive hybrid grid (Eq. (3)) is determined as the average of the LCOE for each
technology, with the weighting based on the annual energy production (Yproan), according to the
procedure proposed in [46] and includes the import and export of electric energy and the purchase
of CHy and CO; from the market.

CRE,Cppy +OM,
LCOE,, (USD/kWh, )= ——T"—ptr¥ Y+ OM,,, M
Yprod ’
PV
. ANy
CRF _M 2)

i) -1

"LCOE, -Yprod, &
2 P S LCOE, - Yprod®%, 3
zlYprodn 1

LCOE =

2.5. Optimization Procedure

The optimization of the energy hub was carried out by the software GenOpt [47], which
executes multiple annual Trnsys simulations to select the best configuration that minimizes
the objective function on an annual basis (Eq. (4)). Starting from 100 seeds and 100
generations, the optimization compares the annual LCE results to select the best component
sizing combination. The selected combination of particle swarm and the Hooke and Jeeves
algorithms has been demonstrated to improve the global optimum identification. The search
space is reported in Table 3 in the form of minimum value, maximum value and grid spacing.
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TABLE 3. OPTIMIZATION ALGORITHM SEARCH SPACE

Components Unit Min Max Step

Electrolyzer capacity MW 20 600 2

FuelCell capacity MW 4 50 1
H, storage capacity t 200 40000 50
Methane tank capacity — t 1 20 0.5
PV capacity MW 100 800 5
WT capacity MW 20 2000 2

The optimization procedure was based on the global LCOE (Eq. (3)) minimization. The
problem was modified by adding constraints as penalty terms in the objective function
(Eq. (5)), forcing the software to reject undesired solutions. First, a minimum renewable
penetration (RF) ranging from 50 % to 100 % was imposed (p = min(RF)). Furthermore, the
grid balance was managed with the parameter 6, which restricted any excess or deficit to less
than 1 %.

foiy =LCOE + Penalty 4)

Penalty=Pen (RF < p) + Pen (excess prod > 6) + Pen(defict > 0) (3)

During the optimization process, a total of more than 10° combinations were evaluated. Due
to the substantial nonlinearity of the optimization function, the impact of each variable on the
final electricity cost is challenging to predict with precision. The comprehensive optimal
results are outlined in Table 4.

TABLE 4. OPTIMIZATION RESULTS

Renewable fraction

Components Unit 0.50 0.60 0.70 0.80 0.90 0.975
Electrolyzer capacity MW 68 84.8 106.6 1342 175.4 368
GT capacity MW 47.7

FuelCell capacity MW 8.7 10 11.5 12.8 14.5 25

H, storage capacity t 1100 2200 4400 8000 14 000 24 000
Methane tank capacity t 8.2 83 8.5 9.2 10 12

PV capacity MW 216 234 243 261 297 540
WT capacity MW 124 190 290 410 580 1300
PV+WT capacity MW 340 424 533 671 877 1840
LCOE USD/kWh  0.0758 0.0775 0.0842 0.0991 0.1503 0.2651
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3. RESULTS AND DISCUSSION

The main goal of the work was to determine the best configuration, for a selected location,
able to achieve a determined renewable fraction. Fig. 3 shows the renewable energy sources
capacity adopted in the system with respect to the renewable fraction achieved. As reported
the photovoltaic system shows a quite constant trend (except for the 100 % RF) while the
wind farm capacity exhibits a trend proportional to the RF up to 85 % when the capacity
increases drastically. The trend highlights the importance of selecting the most profitable
renewable fraction to achieve with the current market-available technologies. Achieving a
high-level renewable fraction forces the optimization tool to oversize the components.

2000
——RES capacity —— PV capacity Wind capacity

B 1500
=
=

'g 1000
g
[72]
m

500

0

0.5 0.6 0.7 0.8 0.9 1

Renewables fraction, %/100

Fig. 3. Optimized renewable energy system capacity.

A completely different behaviour is exhibited by the storage systems as reported in Fig. 4(a)
and Fig. 4(b): the methane storage capacity is an order of magnitude lower with respect to the
hydrogen one and the trend is quite constant. The hydrogen tank capacity rises more than
proportionally with respect to the renewable fraction achieved. The capacity of the methane
storage is due to the requirements of the gas turbine and a base capacity is requested also for
a low renewable fraction while the capacity of the hydrogen one is affected by the
requirements from the gas turbine and fuel cells. Considering the results from the
optimization, the fuel cell solution represents the best solution with respect to the methanation
chain due to the additional costs of the system. Consequently, the capacity of the electrolyzer
(Fig. 5) is directly correlated to the capacity of the renewable’s installation and the capacity
of the storages. As reported for the renewable capacity, an optimum level of renewable
fraction could be selected to avoid large capacity components without a real improvement in
the operation.
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Fig. 4. Optimized storages capacity.
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Fig. 5. Optimized renewable energy system capacity.
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Moving to the energy balances, reported in Table 5, some considerations require a detailed
discussion. The amounts of electricity import and export are proposed in Fig. 6(a) and
Fig. 6(b), the annual import is proportionally correlated to the annual load and the renewable
fraction achieved while the export is affected by the renewable generators installed. The
oversizing of generators, required to achieve a high renewable fraction, is highlighted by the
export amount at 100 % of RF that is double the annual electric load.
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Fig. 6. Optimized renewable energy system capacity.

The most important parameter to evaluate the feasibility of the 100 % renewables solution
is the economic Levelized Cost of Electricity, reported in Fig. 7. The chart shows the
capability, starting from a traditional generation park, to achieve a high RF (up to 80 %)
without an excessive cost burden. Only in the case of fully renewable generation, which,
however, continues to use a GT gas-fired with synthetic methane, does the cost increase
exponentially. Considering the amount of energy import for a 50 % renewable fraction and a
high amount of export for a high level renewable fraction the LCOE variation due to import
and export could be relevant. The proposed study considers the market prices in the year
2023. By this way, a parametric analysis of energy market price (electricity and methane) will
affect the LCOE evaluation yielding a different optimized solution for low renewable
fraction. Furthermore, for a high renewable fraction, as proposed by the authors in [48], the
energy hub components are forced to fulfil the renewable fraction despite the cost.
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TABLE 5. ENERGY BALANCE IN OPTIMIZED CONFIGURATION
Renewable fraction
Energy Unit  0.50 0.60 0.70 0.80 0.90 0.975
Electricity production
(GT+Renc+FC) GWh  792.8 931.5 1123.1 1346.6 1666.0 3237.6
ElectFromRene (PV+ Wind)  GWh  403.2 548.3 743.0 968.1 1287.0 2865.1
ElectFromGT GWh  341.1 331.6 3245 3194 314.8 295.8
ToLoadFromRene GWh 2573 288.8 312.7 328.6 343.7 415.2
ReneSurplus (Product-Eload)) GWh 1459 259.5 430.4 639.6 9433 2449.9
ElecLoad GWh  699.6 699.6 699.6 699.6 699.6 699.6
FCprod GWh 48.6 51.6 55.6 59.1 64.1 76.6
ToElectrolyzer GWh 743 116.2 162.8 208.7 261.6 462.4
ExportFromRene GWh 943 172.8 302.2 467.9 720.2 2024.9
ExportFromGT GWh 19.7 243 28.5 32.1 37.0 63.9
Export GWh 1140 197.1 330.7 500.0 757.1 2088.8
Import GWh 95.1 81.4 70.0 61.8 52.4 13.3
0.3
0.25
=
=~ 0.2
a
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L
25}
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4. CONCLUSIONS
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Fig. 7. Optimized renewable energy system capacity.

The paper proposes a techno-economic optimization for designing a renewable energy hub
by minimizing the LCOE starting from a traditional power generation plant; the optimization
method selects the best combination of power generation mix and storages to satisfy the
energy demand at all times with different renewable fraction levels. The main results are

summarized as follows:

— High renewable penetration is compatible with the electricity market price. The

optimization shows a trend between 0.075 USD/kWh and 0.265 USD/kWh.

— The optimized configuration shows that up to an RF of 80 %, the LCOE rise is limited

to 0.10 USD.
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— For a completely renewable system (100 % RF), the LCOE increases to
0.265 USD/kWh due to the system oversizing and the large amount of energy that must
be exported to the national grid.

— A RF 80 % appears to be the most convenient renewable penetration for the case study.

Nevertheless, considering the results as a privileged starting point for new analyses, some
aspects require better investigation. In particular, the model could be adapted to evaluate
different economic scenarios considering consistent energy market fluctuations and
dependency on the renewable penetration. Furthermore, the model is still open to accepting
new layout solutions such as power-to-X and X-to-energy with the aim of improving
flexibility and reducing the LCOE for high renewable fraction scenarios.

REFERENCES

[1] Said Z., Alshehhi A. A., Mehmood A. Predictions of UAE’s renewable energy mix in 2030. Renewable Energy
2018:118:779-89. https://doi.org/10.1016/j.renene.2017.11.075

[2] Suharevska K., Blumberga D. Progress in Renewable Energy Technologies: Innovation Potential in Latvia.
Environmental and Climate Technologies 2019:23(2):47-63. https://doi.org/10.2478/rtuect-2019-0054

[3] Zurita A., Mata-Torres C., Valenzuela C., Felbol C., Cardemil J. M., Guzman A. M., Escobar R. A. Techno-economic
evaluation of a hybrid CSP + PV plant integrated with thermal energy storage and a large-scale battery energy storage
system for base generation. Solar Energy 2018:173:1262—1277. https://doi.org/10.1016/j.solener.2018.08.061

[4] Frank C., Fiedler S., Crewell S. Balancing potential of natural variability and extremes in photovoltaic and wind
energy production for European countries. Renewable Energy 2021:163:674—684.
https://doi.org/10.1016/j.renene.2020.07.103

[5] Cole W., Frazier A. W. Impacts of increasing penetration of renewable energy on the operation of the power sector.
The Electricity Journal 2018:31(10):24-31. https://doi.org/10.1016/j.t¢j.2018.11.009

[6] Sisternes F. J., Jenkins J. D., Botterud A. The value of energy storage in decarbonizing the electricity sector. Applied
Energy 2016:175:368-379. https://doi.org/10.1016/j.apenergy.2016.05.014

[71 Leonard M. D., Michaelides E. E., Michaelides D. N. Energy storage needs for the substitution of fossil fuel power
plants with renewables. Renewable Energy 2020:145:951-962. https://doi.org/10.1016/j.renene.2019.06.066

[8] Verbruggen S. Energy storage picks up pace as costs fall [Online]. [Accessed 18.09.2024]. Available:
https://www.windpowermonthly.com/article/1523664/energy-storage-picks-pace-costs-
fall?utm_source=website&utm_medium=social

[9] IRENA. Electricity storage and renewables: Costs and markets to 2030. 2017.

[10] Treimane A., Blumberga D. Potential of Wind-Hydrogen (Power-to-X) Energy Systems in Latvia. Environmental
and Climate Technologies 2025:29(1):272-284. https://doi.org/10.2478/rtuect-2025-0019

[11] Zghaibeh M., Ben Belgacem 1., Barhoumi E. M., Baloch M. H., Chauhdary S. T., Kumar L., Arici M. Optimization
of green hydrogen production in hydroelectric-photovoltaic grid connected power station. International Journal of
Hydrogen Energy 2023:52(A):440-453. https://doi.org/10.1016/j.ijhydene.2023.06.020

[12] Bower G., Jones W., O’Rear E. G., Larsen J. Clean Hydrogen: A Versatile Tool for Decarbonization.

[13] Hassan Q., Sameen A. Z., Salman H. M., Jaszczur M. Large-scale green hydrogen production via alkaline water
electrolysis using solar and wind energy. International Journal of Hydrogen Energy 2023:48(88):34299-34315.
https://doi.org/10.1016/j.ijhydene.2023.05.126

[14] IRENA REALI Green hydrogen supply: A guide to policy making. 2021.

[15] DNV. Hydrogen as an energy carrier. 2018.

[16] Lauka D., Vicmane L. K., Bohvalovs G., Dzenajavic¢iené E. F., Vitolin§ V., Rosa M., Cenian A., Blumberga D.
Modeling Energy Transition in Baltic Municipalities. Environmental and Climate Technologies 2025:29(1):641-657.
https://doi.org/10.2478/rtuect-2025-0044

[17] Polikarpova 1., Lauka D., Blumberga D., Vigants E. Multi-Criteria Analysis to Select Renewable Energy Solution
for District Heating System. Environmental and Climate Technologies 2019:23(3):101-109.
https://doi.org/10.2478/rtuect-2019-0082

[18] Jung J., Villaran M. Optimal planning and design of hybrid renewable energy systems for microgrids. Renewable
and Sustainable Energy Reviews 2017:75:180-191. https://doi.org/10.1016/j.rser.2016.10.061

[19] Vera Y. E. G., Dufo-Lopez R., Bernal-Agustin J. L. Energy management in microgrids with renewable energy
sources: A literature review. Applied Sciences 2019:9(18):3854. https://doi.org/10.3390/app9183854

[20] Seck G. S., Krakowski V., Assoumou E., Maizi N., Mazauric V. Embedding power system’s reliability within a long-
term Energy System Optimization Model: Linking high renewable energy integration and future grid stability for
France by 2050. Applied Energy 2020:257:114037. https://doi.org/10.1016/j.apenergy.2019.114037

1016



Environmental and Climate Technologies

2025 /29

[21] Balaji V., Gurgenci H. Search for optimum renewable mix for Australian off-grid power generation. Energy
2019:175:1234-1245. https://doi.org/10.1016/j.energy.2019.03.089

[22] Fatin Ishraque Md., Shezan Sk. A., Ali M. M., Rashid M. M. Optimization of load dispatch strategies for an islanded
microgrid connected with renewable energy sources. Applied Energy 2021:292:116879.
https://doi.org/10.1016/j.apenergy.2021.116879

[23] Dwijendra N. K. A., Candra O., Mubarak I. A., Braiber H. T., Ali M. H., Muda L., Sivaraman R., Iswanto A. H.
Optimal Energy-Saving in Smart Energy Hub Considering Demand Management. Environmental and Climate
Technologies 2022:26(1):1244-1256. https://doi.org/10.2478/rtuect-2022-0094

[24] Ramesh M., Saini R. P. Dispatch strategies based performance analysis of a hybrid renewable energy system for a
remote rural area in India. Journal of Cleaner Production 2020:259:120697.
https://doi.org/10.1016/j.jclepro.2020.120697

[25] Vaziri Rad M. A., Kasaeian A., mahian O. Evaluation of stand-alone hybrid renewable energy system with excess
electricity minimizer predictive dispatch strategy. Energy Conversion and Management 2024:299:117898.
https://doi.org/10.1016/j.enconman.2023.117898

[26] Brumana G., Franchini G., Ghirardi E. Investigation of the Load-Following Capability of CSP Plants. Energy
Procedia 2018:148:615-622. https://doi.org/10.1016/j.egypro.2018.08.149

[27] Ghirardi E., Brumana G., Franchini G., Perdichizzi A. The optimal share of PV and CSP for highly renewable power
systems in the GCC region. Renewable Energy 2021:179:1990-2003. https://doi.org/10.1016/j.renene.2021.08.005

[28] Agajie T. F., Ali A., Fopah-Lele A., Amoussou 1., Khan B., Velasco C. L. R., Tanyi E. A Comprehensive Review on
Techno-Economic Analysis and Optimal Sizing of Hybrid Renewable Energy Sources with Energy Storage Systems.
Energies 2023:16(2):642. https://doi.org/10.3390/en16020642

[29] Ghirardi E., Brumana G., Franchini G., Aristolao N., Vedovati G. The role of hydrogen storage and electric vehicles
in grid-isolated hybrid energy system with high penetration of renewable. Energy Conversion and Management
2024:302:118154. https://doi.org/10.1016/j.enconman.2024.118154

[30] Waris. WRS ST72F 300 — 350 W. n.d.

[31] Vestas. Are you looking for the maximum return on your investment in wind energy? 2017. [Online]. [Accessed
14.03.2025]. Auvailable: https:/pdf.archiexpo.com/viewerCatalog/vestas/2mw-platform-brochure/88087-432346-
_2.html#open

[32] Soares C. Microturbines: Applications for Distributed Energy Systems. Butterworth-Heinemann, 2007. Ebook.

[33] Mancera J. J. C., Manzano F. S., Andujar J. M., Vivas F. J., Calderén A. J. An optimized balance of plant for a
medium-size PEM electrolyzer. Design, control and physical implementation. Electronics 2020:9(5):871.
https://doi.org/10.3390/electronics9050871

[34] Molecules, mass, and finding the right energy balance: A deeper look into the methanation process. 2024. [Online].
[Accessed 14.03.2025]. Available: https://tes-h2.com/blog/molecules-mass-and-finding-the-right-energy-balance-a-
deeper-look-into-the-methanation-process

[35] Natural Gas Fuel Basics. [Online]. [Accessed 14.03.2025]. https://afdc.energy.gov/fuels/natural-gas-basics

[36] Brumana G., Franchini G., Ghirardi E. Investigation of the Load-Following Capability of CSP Plants. Energy
Procedia 2018:148:615-622. https://doi.org/10.1016/j.egypro.2018.08.149

[37] Turchi C. S., Boyd M., Kesseli D., Kurup P., Mehos M., Neises T., Sharan P., Wagner M., Wendelin T. CSP Systems
Analysis — Final Project Report. National Renewable Energy Laboratory 2019. https://doi.org/10.2172/1513197

[38] IRENA. Innovation landscape for a renewable-powered future: Solutions to integrate variable renewables. 2019.
[Online]. [Accessed 14.03.2025]. https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2019/Feb/IRENA_Innovation_Landscape 2019 report.pdf

[39] Pauschert D. Study of Equipment Prices in the Power Sector. 2009. https://doi.org/10.1596/17531

[40] Lesme C., José A., Robert B., Alvaro R., José C., Jests V. Industrial Energetic Districts: Impact Analysis on the
Global Energy Efficiency and Business Competitiveness. E3S Web of Conferences 2018:64:08007.
https://doi.org/10.1051/e3sconf/20186408007

[41] Marchenko O. V., Solomin S. V. The future energy: Hydrogen versus electricity. International Journal of Hydrogen
Energy 2015:40(10):3801-3805. https://doi.org/10.1016/j.ijhydene.2015.01.132

[42] Zhang Y., Campana P. E., Lundblad A., Yan J. Comparative study of hydrogen storage and battery storage in grid
connected photovoltaic system: Storage sizing and rule-based operation. Applied Energy 2017:201:397-411.
https://doi.org/10.1016/j.apenergy.2017.03.123

[43] Crespi E., Colbertaldo P., Guandalini G., Campanari S. Design of hybrid power-to-power systems for continuous
clean PV-based energy supply. International Journal of Hydrogen Energy 2021:46(26):13691-13708.
https://doi.org/10.1016/j.ijhydene.2020.09.152

[44] Baier J., Schneider G., Heel A. A Cost Estimation for CO, Reduction and Reuse by Methanation from Cement
Industry Sources in Switzerland. Frontiers in Energy Research 2018:6:5. https://doi.org/10.3389/fenrg.2018.00005

[45] Gorre J., Ortloff F., Van Leeuwen C. Production costs for synthetic methane in 2030 and 2050 of an optimized Power-
to-Gas plant with intermediate hydrogen storage. Applied Energy 2019:253:113594.
https://doi.org/10.1016/j.apenergy.2019.113594

1017



Environmental and Climate Technologies

2025 /29

[46] Brumana G., Franchini G., Ghirardi E., Perdichizzi A. Techno-economic optimization of hybrid power generation
systems: A renewables community case study. Energy 2022:246:123427.
https://doi.org/10.1016/j.energy.2022.123427

[47] Wetter M., Wright J. Comparison of a Generalized Pattern Search and a Genetic Algorithm Optimization Method.
IBPSA.2003:1401-1408.

[48] Brumana G., Ghirardi E., Franchini G. Comparison of Different Power Generation Mixes for High Penetration of
Renewables. Sustainability 2024:16(19):8435. https://doi.org/10.3390/sul 6198435

[49] Brumana G., Ghirardi E., Franchini G., Ravellli S. Renewable-Based Energy Mix Optimization for Weak
Interconnected Communities. Environment and Renewable Energy 2024:9:65-74. https://doi.org/10.1007/978-981-
97-0056-1 6

1018



	1. Introduction
	2. Methods and Model
	3. Results and Discussion
	4. Conclusions
	References

