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Abstract: A promising energy carrier and storage solution for integrating renewable energies into
the power grid currently being investigated is hydrogen produced via electrolysis. It already serves
various purposes, but it might also enable the development of hydrogen-based electricity storage
systems made up of electrolyzers, hydrogen storage systems, and generators (fuel cells or engines).
The adoption of hydrogen-based technologies is strictly linked to the electrification of end uses and
to multicarrier energy grids. This study introduces a generic method to integrate and optimize the
sizing and operation phases of hydrogen-based power systems using an energy hub optimization
model, which can manage and coordinate multiple energy carriers and equipment. Furthermore,
the uncertainty related to renewables and final demands was carefully assessed. A case study on an
urban microgrid with high hydrogen demand for mobility demonstrates the method’s applicability,
showing how the multi-objective optimization of hydrogen-based power systems can reduce total
costs, primary energy demand, and carbon equivalent emissions for both power grids and mobility
down to -145%. Furthermore, the adoption of the uncertainty assessment can give additional
benefits, allowing a downsizing of the equipment.

Keywords: energy hub; green hydrogen; microgrid; optimization; renewables

1. Introduction
1.1. Motivation

Hydrogen has been gaining attention in recent years all over the world as a versatile
energy vector due to its potential to store and transport energy efficiently. Although
hydrogen is not freely available in nature, it can be produced from diverse primary energy
sources such as fossil fuels and biomass or secondary energy sources such as renewable
electricity from hydroelectric, wind, and solar power. In detail, steam reforming is
massively used to obtain hydrogen from fossil fuels, mostly methane; biomasses can be
exploited using gasification or pyrolysis processes, while renewable electricity can be
employed to feed water electrolyzers. According to IEA, although total global production
was 94 Mt of hydrogen in 2021, low-emission hydrogen accounts for less than 1 Mt (0.7%),
mainly from fossil fuels with carbon capture, utilization, and storage. The share of
hydrogen produced from electricity via water electrolysis was only 0.037% (35 kt) in 2021,
with an increase of almost 20% with respect to the previous year [1].

If obtained from renewable electricity and used in fuel cells with oxygen or in internal
combustion engines, hydrogen is considered an energy carrier with zero carbon
emissions; however, there are several factors influencing the life-cycle carbon footprint of
hydrogen, such as the resources used, the production methods applied, the carbon
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emissions used to extract it, and the transport method to the final user [2,3]. According to
a widely used classification, although it is not uniquely accepted, hydrogen is assigned a
color scale according to its production method. Among the most common colors, “gray
hydrogen” is generated from fossil fuels through steam methane reforming, “blue
hydrogen” is also produced through steam reforming using fossil fuels and then by
capture, utilization, and storage of the associated CO2 emissions, and “green hydrogen”
is produced from renewable sources through the water electrolysis [4]. This classification
is referenced in the subsequent sections of the present study.

A study published in mid-2021 stated that blue hydrogen might cause a reduction in
life-cycle carbon emissions with respect to gray hydrogen between 5% (worst case) and
36% (best case), depending on the time horizon and on the methane leakage rate [5].
Another study in 2021 focused on the life-cycle assessment of the greenhouse gas
emissions related to green hydrogen produced using an alkaline electrolyzer and
electricity from PV. The outcome was that, accounting for many different energy, political,
and economic factors, the life-cycle emissions associated with green hydrogen production
could be up to 93% lower than the emissions associated with gray hydrogen in the best-
case scenario, while they could be only 14% lower in the worst-case scenario [6].

Hydrogen can feed a broad range of end-use conversion processes in industry, even
hard-to-abate processes such as refineries and steel production, mobility, energy, and
building sectors. One of the most significant current uses is in fuel cells, where hydrogen
is converted directly to electricity with minimal environmental impact, producing only
water vapor as a byproduct. This makes it a promising alternative to traditional fossil fuels
in applications such as transports, where hydrogen-powered vehicles are becoming
prevalent. Nevertheless, since hydrogen oxidation produces zero carbon emissions, green
hydrogen will be a competitive substitute of fossil fuels for transportation as well as a
crucial energy vector for energy system decarbonization. Furthermore, hydrogen from
electrolysis can be also combined with carbon dioxide to produce the so-called e-fuels,
namely synthetic fuels produced from green hydrogen, further helping in the transition
to a carbon-neutral society.

Another prominent use of hydrogen gaining more and more interest is for electrical
energy storage, allowing for a better integration of intermittent renewable energy sources
(RES) like solar and wind and a higher flexibility of the energy system. In detail, a major
drawback of RES is that, due to local favorable conditions for producibility, they are
typically concentrated in areas that may be far from demand sites. Intermittency of RES is
another drawback since it forces grid operators to acquire capacity reserve to balance the
demand and production. Since there is a lack of reliable and economically viable storage
systems with the unique exception of pumped hydro power stations, fossil fuel-based
power stations are typically used to fill the gap when RES production is low and demand
is high, while on the other hand, renewable energy is typically lost when demand is lower
than production, applying the so-called power curtailment [7]. By storing excess energy
produced during peak generation times, hydrogen can be later converted back into
electricity to meet the demand when renewables are not producing enough. These
drawbacks of RES make hydrogen an attractive option as a versatile energy vector mainly
for storage and for transportation. The massive adoption of the hydrogen technology
would also reduce capital investment costs that are currently still high. Moreover, average
conversion efficiencies are still low, both in turning electricity into hydrogen (50-70%) and
vice versa (60%) [1]. Nevertheless, one of the key drawbacks to be faced in the integration
of hydrogen in the power systems is the leakage in the storage systems. Since the
hydrogen molecule is the smallest and lightest one, the pressurized tanks face significant
leakage rates, which are difficult to predict and might range between 0.2% and 20% in
liquid storage systems [8]. This is still an open issue, and several technologies are being
studied, such as liquid hydrogen storage or geological storage, although no data on
leakage rates are available.
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On a system scale, regions with favorable producibility from RES might produce low-
cost hydrogen to be transported using the existing natural gas pipelines to demand centers
as is or blended with natural gas. With specific reference to the current European roadmap
for Climate Neutrality by 2050 [9], regions with high availability of solar and wind
energies and good pipeline distribution like Italy in the southern region and the
Netherlands and Denmark in the northern region might become green hydrogen hubs for
the whole continent. The Italian Transmission System Operator (TSO) of the natural gas
network SNAM published a research study on green hydrogen production in 2019 that
emphasized the significance of the nation’s green hydrogen production. The study
specifically examined a potential application in Sicily because of the island’s favorable
solar and wind availability, its connections with North Africa, and the presence of
refineries as hydrogen-demanding industries. In the study, hydrogen was proposed for
uses spread from fuel for trains to home heating as a blend with natural gas in pipelines
[10]. A recent paper further stressed this result, comparing several scenarios and proving
that, with the current economic conditions, the production of green hydrogen in Sicily is
already economically profitable [11].

As reported in a more recent study by SNAM and Terna, the Italian electricity TSO,
the FF55 scenario (which aims to reduce EU emissions by at least 55% by 2030) predicts
that almost 102 GW of installed solar and wind plants will be needed by 2030, with an
increase of as much as +70 GW compared to the 32 GW installed in 2019. Given this high
penetration of renewable energy sources, the hydrogen production through electrolyzers
represents a further opportunity to value overgeneration to produce green hydrogen to
be used in other sectors. Out of the 5 GW electrolyzers installations planned in Italy, 1.5
GW will be built between the north and central north, while the remaining 3.5 GW are
expected to be located between the south, central south, and the islands [12].

What is described above is rapidly becoming reality. European Union launched the
REPowerEU Action Plan in 2022 with the target, among others, of scaling up the
development of hydrogen infrastructures and the production of 10 Mt of green hydrogen
inside Europe and the import of 10 Mt of green hydrogen from outside Europe by 2030
[13]. In the USA, the company Green Hydrogen International unveiled plans to create
Hydrogen City in Texas, a plant that will use 60 GW of electricity from solar and wind
RES to produce over 3 billion kilograms of hydrogen per year. The plant will exploit two
salt caverns as hydrogen storage systems and is set to start operation in 2026 [14].

1.2. Literature Review

The scenario described so far strongly suggests that hydrogen can be favorably
integrated into the energy sector with a multi-carrier approach concerning electricity,
heating, transport, and industrial uses. This approach might support the integration of
this new vector since it is well known that multi-carrier energy systems are conceived to
improve energy efficiency and reduce costs [15]. Nevertheless, most of the current
research has focused on the exploitation of non-programmable RES to generate hydrogen,
known as power-to-hydrogen technology.

In the past, various management and interconnection strategies between the
electricity grid and the natural gas grid [16-18] have been studied for the same purpose;
more recently, attention is focusing on the use of green hydrogen.

In [19], a wind-hydrogen-based system was described and analyzed. The system
consists of a direct-drive wind turbine, four converters, an alkaline electrolyzer, and a
PEMFC; the simulation model of the system was implemented in MATLAB/Simulink
software and employed to test the feasibility of the wind-hydrogen coupling system
aimed at improving the consumption of wind-generated power and low-voltage ride-
through capability. The results demonstrated that the proposed system could efficiently
solve the problem of wind power curtailment, withdrawing the excess power and
supplementing the power balance when the wind turbine output is insufficient.
Furthermore, if a short-circuit fault happens on the grid, a hydrogen-based energy storage
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system might avoid the occurrence of over-voltage and over-current, keeping the unit
connected to the grid with continuous operation.

In [7], the authors developed an optimization model to reduce the curtailment from
wind energy in HV power systems due to grid stability issues. Excess renewable energy is
converted into hydrogen, stored in a tank, and then converted in electricity to be injected
into the grid when renewable production is low. Results showed that wind energy curtail-
ment might be easily reduced by about 35%, equivalent to about 55 MWh in a single day.

The study conducted in [20] provides a techno-economic analysis and a method for
sizing and scheduling the equipment making up a hybrid energy system composed by
offshore wind power with a power-to-hydrogen facility, considering the supply of hydro-
gen to different end-users. In particular, the test system was studied in a Belgian port. The
increasing offshore wind installations in the North Sea and the huge number of industrial
sites operating in the region make this case study very interesting. The goal of the study
was to evaluate the convenience of investing in a hydrogen-based systems to increase the
utilization of power from wind farms and avoid curtailment. Under the assumptions
adopted in this study, the inclusion of a fuel cell generating electricity from the stored
hydrogen was found to be less profitable than direct hydrogen sales.

Hydrogen refueling stations with on-site hydrogen production via electric power
drawn from the grid can also provide balancing services. As reported in [21], the fast re-
sponse capability of electrolyzers could allow to use the station demand as a flexible elec-
trical load, storing the hydrogen to be used when needed. The cited paper used a sensi-
tivity factor method for the management of active networks to illustrate the profitability
of turning hydrogen refueling stations in flexible loads, showing that the proposed control
strategy allows avoiding up to 9.5 times more curtailment than in the case of a passive
control strategy for wind farms. With this technique, the station’s net cost related to elec-
tricity consumption might be reduced by 7.5% by exploiting the excess electricity that
would unlike be curtailed.

In [22], instead, it was shown that hydrogen storage power plants can provide an instan-
taneous reserve for primary and secondary regulation ancillary services to overcome the dis-
turbance of frequency, while in [23], a wind power plant model coordinated with a hydrogen
storage system was studied using a real-time pricing-based demand response strategy.

In [24], an energy hub model was applied to study the possible interactions between
the power system and the hydrogen production system in steady-state conditions. The
mathematical model developed in this paper includes the power grid, renewable (PV and
wind) generation, hydrogen network, and hydrogen storage system and considers the
power losses; the power flow of this comprehensive energy network was evaluated using
Gauss—Seidel and Newton-Raphson methods.

In [25], the combined problem of optimal siting and sizing of hydrogen refueling sta-
tions was discussed. The study considered distributed hydrogen production and aimed
to reduce costs for regional consumers by optimizing the hydrogen supply chain from
production to final consumption.

In [26], an optimal method for sizing a green hydrogen plant for a steel industry was
described using a linear energy hub model. The results showed that the rated size required
to completely cover the factory requirement would be huge, and space constraints would
make it hard to realize. Nevertheless, the investment would be highly profitable from an
economic point of view.

Regarding the inclusion of hydrogen in multi-carrier energy systems, only the fol-
lowing studies were found in literature.

In [27], an energy hub consisting of a hybrid energy storage plant based on a fuel cell,
wind energy, photovoltaic energy, and a particular unit of fuel cells was studied. Scenar-
ios with elastic demand and capacity reserves that participate in energy markets as a sin-
gle entity were considered for the optimization of the operation of the energy hub. The
study also modeled the uncertainty of load demand, wind turbine speed, and photovol-
taic irradiance using the Monte-Carlo method.
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In [28], instead, the stochastic method based on the conditional value at risk (CVaR)
was adopted to study the uncertainty associated with the production of wind energy in a
multi-vector energy system where hydrogen plays a significant role in reducing the oper-
ating costs of the energy system and in increasing the penetration of wind energy.

In [29], an optimal management strategy was studied for an energy hub where there
are both a natural gas network used to power a cogenerator and a furnace and a hydrogen
network to which an electrolyzer and a fuel cell are connected. The hub also has a wind
turbine, a hydrogen storage system, and a thermal demand response system. The purpose
of the study was to minimize management costs and emissions.

Even in [30], an energy hub model in which hydrogen is used as an energy vector to
facilitate the integration of different RES was proposed: In the discussed energy hub, there
are wind, photovoltaic, and concentrated solar plants. To maximize the operating profits
of the multi-energy system, an optimization problem was formulated using the matrix
matching methodology; the CPLEX software tool (v22.1.1) was used to obtain the optimal
solution in the dispatching period. The simulation results demonstrated that with the pro-
posed model, a higher penetration of renewable energy and higher profits are achieved as
compared to the traditional operating mode without hydrogen.

In [31], an algorithm was proposed for the daily programming of energy resources
with recourse to uncertainty resolution for an isolated energy hub powered by wind and
photovoltaic plants and equipped with two storage systems: batteries and a set of electro-
lyzers, hydrogen tanks, and fuel cells. As reported in the article, hydrogen offers a number
of advantages and could play an increasing role in future energy hubs because it elimi-
nates the end-of-life environmental concerns associated with batteries and, in addition,
offers another mechanism for transferring energy, potentially enabling hydrogen power
supply to nearby hubs and fuel cell electric vehicles; however, this power supply was not
considered by the authors.

In [32] a risk-constrained planning of a multi-energy microgrid was implemented,
featuring charging stations for electric vehicles and hydrogen vehicles as well as photo-
voltaic, wind, biomass, and combined heat and power plants, boiler, electrolyzer, crypto-
currency miners, electrical, thermal and hydrogen storage systems, and reactive demands.
To consider the uncertainties of the various demands, the availability of photovoltaic and
wind energy, as well as the price of electricity purchased from the pool market, the authors
resorted to a two-stage stochastic scheduling method. The results published in the article
show how the use of renewable sources together with storage and demand response pro-
grams significantly reduces operating costs. Similar results were obtained in [33], where
a technique for the daily programming of an intelligent micro-energy hub integrated with
power-to-hydrogen plants was proposed. In [34], a single-objective economic optimiza-
tion model was proposed for a multi-carrier energy hub, including electricity, hydrogen,
natural gas, heating, and cooling. The model was applied to the conversion of the city of
Chicago to a 100% renewable system.

The study in [35] discussed the robust two-stage operation of electricity—gas-heat-
integrated multi-energy microgrids, focusing on the challenges posed by uncertainties in
renewable energy generation and load. It introduced a robust dispatch method to improve
the flexibility, reliability, and economic efficiency of multi-energy microgrids, considering
dynamic network characteristics and proposing a ladder-type carbon emission cost mech-
anism to reduce emissions.

In [36], the authors introduced the concept of the committed carbon emission opera-
tion region for integrated energy systems. The paper proposed a model to analyze low-
carbon operations, incorporating uncertainties and characteristics of renewable energy.
The paper focused on characterizing the low-carbon feasible space of integrated energy
systems and presented simulation results to validate the proposed methods.

A recap of the main aspects of this literature review is provided in the following Table
1, highlighting and comparing the main features of the studies.
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Table 1. Main Features of the Studies from the Literature Review.

Sensitivity
jective Func- Flexibility/Ancil- 1ti-Car-
Optimiza- O'b]ectlv? une Hydro- Renewable exibi lt.y/ net or Uncer- .Mu i Car. Mathemati-
Ref. . tion/Main Tar- . lary Services/De-  Phases . rier (>2 Carri-
tion gen Energies tainty As- cal Model
get mand Response ers)
sessment
Wind curtail-
[19] No mndcurtat Yes Yes No Operation No No Nonlinear
ment (costs)
Wind curtail-
[7] Yes e curtat Yes Yes No Operation No No Linear
ment (costs)
Desi Y itiv-
[20] Yes Costs Yes Yes No esign ,a nd Yes (I_Sensmv No Linear
operation ity)
[21] No Costs Yes Yes Yes Operation No No Linear
[22] No Grid interactions  Yes Yes Yes Operation No No Nonlinear
[23] Yes Costs Yes Yes Yes Operation No No MILP
[24] No Power flow Yes Yes No Operation No No Nonlinear
[25] Yes Costs Yes No No Design No No Nonlinear
Desi Y itiv-
[26] Yes Costs Yes Yes No esign .a nd Yes (?ens1t1v No Linear
operation ity)
[27] Yes Costs z.md S Yes Yes Yes Operation Yes (.Uncer- Yes (4) MINLP
sions tainty)
. Yes (Uncer- .
[28] Yes Costs Yes Yes No Operation . Yes (4) Nonlinear
tainty)
Costs and emis- .
[29] Yes sions Yes Yes No Operation No Yes (4) MILP
[30] Yes Costs Yes Yes No Operation No Yes (4) Linear
Desi dyY -
[31]  Yes Costs Yes Yes No esignand Yes (Uncer- y ), MILP
operation tainty)
. Yes (Uncer-
[32] Yes Costs Yes Yes Yes Operation ) Yes (4) MILP
tainty)
. Yes (Uncer-
[33] Yes Costs Yes Yes Yes Operation . Yes (4) MILP
tainty)
. Yes (Uncer-
[34] Yes Costs Yes Yes No Operation . Yes (5) MILP
tainty)
. Yes (Uncer-
[35] Yes Costs Yes Yes No Operation . Yes (4) MILP
tainty)
- . Yes (Uncer-
[36] Yes Emissions Yes Yes Yes Operation . Yes (5) MILP
tainty)
Costs, primary
This Yes .energy,. emis— Yes Yes Yes Design .and Yes (.Uncer- Yes (7) MILP
study sions, grid inter- operation tainty)

actions

1.3. Contribution

In the context of the hydrogen production from renewable energies and its exploita-
tion within several final uses in the energy transition process with a multi-vector ap-
proach, the aim of this study is to demonstrate how to optimally identify sizes and man-
agement schedule of a power system based on the hydrogen exploitation by developing
a simulation and optimization model based on the hybrid energy hub scheme [37].

An energy hub is an integrated model that coordinates multiple energy sources, stor-
age, and consumption devices to optimize energy production, distribution, and usage. By
combining renewable and conventional energy sources such as solar, wind, and natural
gas, energy hubs can enhance energy efficiency, reliability, and sustainability. When a
multi-carrier model is developed, it is called a hybrid energy hub.

A linear mathematical formulation was selected, allowing a balance between flexibility
in the modeling and computational time, while the decisional variables are real and integer.
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The model was conceived to be as generic as possible and is made up of multiple
infrastructures, energy vectors, and conversion and storage equipment, thus creating an
infrastructure able to manage different energy carriers in a combined way. In detail, the
generality of the modeling approach allows to analyze different applications, such as
power lines, microgrids, and single buildings. The results of the study should encourage
the integration of hydrogen-based systems into a widely larger framework to exploit the
higher energy efficiency possibility enabled by a multi-carrier energy system. Another im-
portant source of innovation is the adoption of many objective functions, namely four in
this study, allowing a comparison between the optimal solutions according to different
criteria typically aimed at preferring different design solutions. In this context, the litera-
ture review showed that hydrogen-based energy systems are usually optimized according
to economic criteria only, neglecting the huge potential related to the carbon emission and
primary energy reduction. Furthermore, the inclusion of a life-cycle assessment approach
allows considering for the effective energy and carbon saving solutions since the primary
energy and carbon emissions related to the manufacturing phases are also included in the
optimization study. This kind of approach is becoming more important nowadays since
many countries are introducing strict carbon taxation schemes and since EU has also
rolled out the carbon border adjustment mechanism aimed at penalizing raw materials
and manufacts involving impacting processes.

To verify the feasibility of the model and the applicability of the method, a case study
involving the robust preliminary sizing of equipment for a microgrid was developed. The
goal of the case study is to identify the minimum costs, primary energy, carbon equivalent
emissions, and grid interactions of an urban microgrid as well as the optimal rated size of
equipment to fulfill the electricity, thermal energy, cooling energy, and hydrogen final
demands. The approach presented in this article illustrates the integration of renewable
energy systems connected to the main power grids and working in tandem with tradi-
tional conversion systems and storage systems. In the case study, the robustness of the
solution was assessed, introducing the uncertainty on the renewable production and on
the energy demands.

This study represents an extension of a previous publication of some of the authors
[38]. The additional contributions include the following:

(1) A versatile framework based on multi-carrier energy hubs for simulation and opti-
mization of design and operation. In detail, many components can be compared and
assessed;

(2) A detailed economic analysis for both design and operation;

(3) A multi-objective approach aimed at balancing the minimization of costs, the grid
interactions, primary energy use, and the impact on the greenhouse effect;

(4) The consideration of the uncertainty on the most unpredictable input data (energy
production from RES and final energy demands) is introduced in both case studies.

From the analysis of the previous literature, the proposed approach introduces as
novelties the simultaneous optimization of design and operation phases of a multi-vector
hybrid energy hub based on a multi-objective, uncertain approach, allowing the introduc-
tion of hydrogen for enhancing the flexibility and the penetration of the renewable ener-
gies into the power system. Among the renewables, the concentrated solar power was also
included in addition to PV and solar thermal. Furthermore, differently from the previous
approaches, the present study allows the interaction of the hydrogen vector with many
other energy flows, such as heating energy, cooling energy, and natural gas. Last, an im-
portant issue such as leakages of the hydrogen storage systems was accurately modeled
in the present study, although this aspect is often neglected in the existing literature on
optimization studies involving hydrogen [28,29,39].

This document is structured as follows:

e  Section 2. Materials and Methods, with the description of the energy hub model de-
veloped for this study and the main assumptions, showing the coordinated
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optimization of a multi-carrier energy system including hydrogen, power, and heat-
ing final demands. The data collection phase is also described;

e Section 3. Results, illustrating the results of the study for the reference case and for
the stochastic scenarios;

e Section 4. Discussion and conclusions, recapping the main aspect of this paper and
giving some insights for further deepen the topic.

The abbreviations and symbols used in the paper are summarized in Table 2.

Table 2. Abbreviations and Symbols.

Abbreviation Meaning
AC Absorption chiller
BOP Balance of plant
C Cost
CED Cumulative energy demand
CVaR Conditional value at risk
DC District cooling
DH District heating
DHW Domestic hot water
E Electricity
EH Energy hub
EL Electrolyzer
ESS Electrical energy storage
F Cooling
EFC Fuel cell
GB Gas-fired boiler
GWP Global warming potential
H Heating
Ho Hydrogen
HP Heat pump
K Constant
MES Multi-carrier energy system
NG Natural gas
PEMFC Proton exchange membrane fuel cell
RES Renewable energy source
TSS Thermal energy storage
TK Tank
TR Transformer
TSO Transmission system operator
W Water

2. Materials and Methods
2.1. Energy Hub

The design of a multi-carrier energy system (MES) requires power, water, heating,
cooling, transportation, and other infrastructures to be interconnected to achieve these
goals. A MES can obtain several advantages over an independent power supply system.
The multi-energy system approach creates more degrees of freedom, which is reflected in
the following benefits both in the planning and in the operational phase:

e Increased efficiency through optimal interaction of various energy vectors and con-
version units. For example, an electrical system with massive non-predictable renew-
able energy penetration might use the excess energy to charge electricity storage de-
vices such as electric vehicles or to produce hydrogen;
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e  Increased security of supply through high availability of multiple power sources. MES
are designed in such a way that each load does not depend on a single energy source
or technology and can be met by the cheapest and most available energy carrier;

o Increased flexibility through greater degree of freedom in powering loads. An appar-
ently polluting or expensive energy source might be substituted with a cleaner en-
ergy source.

On the other hand, an MES is inherently more complex than a traditional energy sys-
tem, making the modeling more difficult. To overcome this problem, the MES can be stud-
ied using the energy hub (EH) model [40]. Energy hubs are defined as “interconnected
systems that consume energy at their connected input ports, e.g., power distribution net-
works and natural gas infrastructures and provide the required energy services such as
electricity, heating, cooling, compressed air, etc., in the output ports” [41]. Energy hubs
can be used to control the flows of energy carriers in systems with different sizes, from
the local to the national level. An energy hub can be seen as an interface between energy
suppliers and consumers through the network infrastructure [42]. On the input side, elec-
tricity, natural gas, and district heating are required by the relevant infrastructure and
processed at the hub and delivered to the output side, where the cooling, heating, or elec-
tricity requirements are met.

The EH model is based on some simplifying assumptions that allow a compact for-
mulation for the modelling of each component and energy flow:

e  The hub operation is analyzed in several timesteps in steady-state conditions, when
all transients or fluctuating conditions have damped out and all quantities remain
essentially constant in each timestep;

e  Within the EH, losses are considered only in converters and storages, although it is
possible to include line gas/electricity lines losses;

e  Unidirectional flows from the inputs to the outputs of the converters are usually as-
sumed;

e  Power flow through converter devices is univocally identified using the power and
energy quantities, using constant efficiency terms to consider energy transformations
and losses.

In this study, the EH model was exploited to model an MES based on the exploitation
of green hydrogen both for grid flexibility services and for final uses. A graphical repre-

sentation of the hub and the main flow of the problem is provided in Figure 1.
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Figure 1. Schematic representation of the energy hub based on hydrogen analyzed in this study.

The MES considers electricity (E), heating (H), cooling (F), natural gas (NG), hydro-
gen (H2), and water flows (W). The electricity demand can be satisfied using power from
the grid or the production from RES, the net output from a battery (ESS), and fuel cell
(FC). The heating demand can be fulfilled using district heating, the waste heat recovered
from the FC or using the back-up gas-fired boiler (GB), RES, heat pump (HP), and the net
output from a storage system (TSS). The absorption chiller (AC), the reversible HP, and
the district cooling can meet the cooling demand. Hydrogen demand is satisfied by the
hydrogen transported through tank trucks, schematically represented as an input grid,
and by the production of the electrolyzer (EL) that is stored in the tank (TK). The hydrogen
production system by electrolysis (EL) considered in the model and depicted in Figure 1
also includes the necessary hydrogen compression step, with its associated energy con-
sumption, as well as the necessary water purification and deionization systems. The four
demands can be fully satisfied using the main power grid and district heating as a back-
up. All the vectors can be stored in a dedicated storage system to decouple production
and consumption. The excess production of electricity, heating, cooling, and hydrogen
can be sold to the electrical grid, district heating network, district cooling network, and
hydrogen network, respectively.

Each component is considered as the equivalent of many analogous components with
similar features (e.g., efficiency) and lower-rated power. This energy hub model might be
used to simulate a single building, a district of buildings, urban microgrids, or small islands.

A crucial aspect of the model development is that the mathematical formulation of
all the objective functions and constraints was kept linear. This choice was formulated to
ensure the uniqueness of the optimal solutions obtained in each simulation, although this
forces simplification of the modeling of the equipment behavior, such as the degradation
of performance over the lifetime or the dependance of the efficiency with the load. For
instance, as shown in Table 1, in most of the literature, the optimization of hydrogen-based
systems rely on linear models.
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The model is composed of real and integer variables. Integer variables were intro-
duced to model some equipment aspects, such as the storage systems operation, the syn-
thesis variables for the inclusion of each equipment, or the number of renewable units to
be included. Thus, the optimal solution was identified through a mixed-integer linear pro-
gramming (MILP) algorithm based on the Branch and Bound algorithm available on the
MATLAB library [43].

2.2. Objective Functions

In this study, the optimal and design and operation of the MES were formulated as a
multi-objective optimization problem. The solutions deriving from the minimization of total
costs, the life cycle primary energy use, the life cycle greenhouse impact, and the grid inter-
actions of the energy hub were thus derived. Starting from a base case where all the de-
mands of the hub are fulfilled by direct purchase, for the first three objective functions, the
contribution of the purchase of components and the operating contribution were both in-
cluded in the evaluation. Under the assumption of assessing K, daily trends that are repre-
sentative of the average annual trend, each day having Kiwrequivalent hours, the mathemat-
ical formulation for these objectives was structured as shown in Equations (1)-(4).

The annualized total cost was formulated as in Equation (1):

min{365/Kday ZtK:dlay Knour [Copex,E Egrid,in (t) + Copex,NG Hes (t)/KGB,gh +
+ Copex,i Hgrid,in (t) + Copex,r Fgrid,in (£) + Copex,2 Ha,grid,in (£) + Copex,w Werid,in () +
— Ropex,e Egridout (1) — Ropex,n Hgridout (t) — Ropex,F Fgridout (t) — Ropex,2 Ho,grid,out (t) + (1)

N .
— INopex, W rid,in equip [Cm Dex, equip CRF& Uil Sez uip +
Ropex,w Werid,in (£)] + X pex, equip quip Sequip

equip=1

+ Cczzp@x, equip(0) CRFequip @qulip + CO&M,cq ch ]}

where t is the timestep; C indicates the cost; R indicates the revenues; CRF is the uniform-
series capital recovery factor of the investment, i.e., a coefficient that is used to spread in-
vestments over a year basis [44]; S is the rated size of the component (design variables); © is
the synthesis variables of the component, i.e., Boolean variables that are equal to zero when
the component is not convenient to install or are equal to one when the component should
be installed; the subscript opex indicates that the cost or the revenue is related to the supply
of energy carriers; the subscript capex indicates that the cost is related to the investment in
equipment; the subscript grid indicates that the flow comes from or is injected into the main
grid; the subscript in indicates the input flows; the subscript out indicates the output flows.
The subscript equip is the generic equipment to be installed, Negui» is the total number of
equipment assessed in the study, and the subscript O&M stands for operation and mainte-
nance. The investment costs were assessed using a linear formulation rather than a unit cost
formulation [45]. With Equation (1), the economic optimization was based on the purchase
of the equipment to be installed inside the hub and their operating costs.
The annualized life cycle primary energy use was formulated as in Equation (2):
min {365/Kay Z. ¢ """ [CEDE Egit,in (t) + CEDN NGyrigin (1) +

t=1

+ CEDH Hgrid,in (t) + CEDF Fgria,in (t) + CEDn2 H gria.in (t) + CEDw Werid,in (£)] + ()
+ ZNequip (CED@quip S@q)}

equip=1

where CED indicates the primary energy consumption from a life-cycle perspective, as-
sessed using the cumulative energy demand indicator, that is required to produce a unit
of each energy vector (operating CED) or to manufacture a component with a unitary
rated size (embodied CED).
The annualized life cycle greenhouse impact was formulated as in Equation (3):
min {365/Kiey 2,2 """ [GWPe Egria,n (t) + GWPxG NGaityin () +
+ GWPh Hgriain (t) + GWPnc Fri,in (t) + GWPH2H2grid,in () + GWPw Werid,in ()] +  (3)

+ ZNequip (GWPequip Seq)}

equip=1
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where GWP indicates the contribution to the greenhouse effect from a life-cycle perspec-
tive assessed using the global warming potential indicator, that is required to produce a
unit of each energy vector (operating GWP) or to manufacture a component with a unitary
rated size (embodied GWP).
The annual grid interaction was formulated as in Equation (4):
min {p 2 M [Eqvign (£) + NGaridyin (8) + Heidyin (£) + Feridn (£) +Hagrin (£) +

=1

4
+ Wgrid,in (t) + Egrid,out (t) + ngid,out (t) + Fgrid,uuf (t)+ HZ,grid,uut (t) + Wgrid,out (t)]} ( )

where p is a penalty factor, i.e., a constant with very large value.

The multi-objective problem was converted into a single-objective function using the
scalarization technique, i.e., normalizing the objective functions and minimizing their
weighted sum. The normalization factors adopted for each objective function in this study
were selected according to the feasible—value—constraint approach illustrated in [46]. This ap-
proach inherently allows to make each single objective function assume the same value of
the others once the weighting factors are selected. Although the scalarization technique is
known not to guarantee the convergence in all cases, the MILP problem assessed in this
study was not influenced by this drawback.

2.3. Final Demands

The final energy and hydrogen demands of the user can be predicted with sufficient
accuracy using average standard days. Nevertheless, the effective daily behavior might
significantly differ from the average trend, causing results to deviate from the prediction
deriving from the optimization and the oversizing of the equipment. Thus, the uncertainty
related to the final demands was accurately modeled in this study, employing a Gaussian
(or normal) distribution function for each demand, as is common practice in the literature
[27,47]. In this way, each demand is characterized by an average value and a standard
deviation for each timestep. When the model is run, as well as for renewable energies, a
Monte Carlo algorithm generates several uncertain scenarios based on the probability dis-
tribution functions. For each scenario, the final demands are used as input parameters for
the optimal planning. Furthermore, each demand is associated with a flexible amount to
be used for load shifting over the day to exploit additional sources of energy saving.

2.4. Constraints
2.4.1. Constraints Describing Energy and Mass Balance Equations

In the EH model, a mass balance equation or an energy balance equation is set for
each flow and for each timestep. Each equation links homologous flows incoming to and
outgoing from the hub with flows between the equipment inside the hub. These equations
constitute some of the equality constraints for the optimization problem and were im-
posed according to the schematic shown in Figure 1. For this study, the mass balance was
imposed for natural gas (Equation (5)), hydrogen (Equation (6)), and water (Equation (7)),
while the energy balance was imposed for electricity (Equation (8)), heating (Equation (9)),
and cooling flows (Equation (10)). All the following equations are written explicating con-
stant terms on the right-hand side, while variable terms are on the left-hand side.

NGygriain (t) — NGas (£) =0 (5)
Ho gridin (t) — Hagridout (t) + Hz L (t) — Hare (1) — Ha,1)in () + Ho K out () +
(6)
- HZ,dem,ﬂ (t) = HZ,dem,ﬁx (t)
Woerid,in (£) — Weridout (t) — EeL (1) + KeLen2 + KeLnaw + Erc (1)/Kece + Kecnow +
)

— Wwss,in (t) + Wwss,out (£) — Waemsi (£) = Waem,fix (t)
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Egridin (t) — Egriaout (t) + Erc (t) — EEss,in (t) + Eessout (t) + Eres (t) — Enp (t) — Eec (t) +

— EEL (t) — Edmn,ﬂ (t) = Edem,ﬁx (t) (8)
Hgrid,in (t) — Hutgridout (t) + Hes (t) + Hrc (t) + Hres (£) — Hrss,in () + ©)
+ Hrss,out (t) + Enp (t) - Kupen — Fac (t)/KAC,hf— Hdem,,ﬂ (t) = Hdem,ﬁx (t)
Feriain (t) — Fgridout (t) + Eec (t) - Kecef + Fac (t) — Frss,in (t) + Frssout (£) — Faemp (t) = (10)

= Fdem,ﬁx (t)

In the previous equations, the K terms are the conversion efficiencies of the compo-
nents, while dem subscripts indicate the demands of the various energy carriers, divided
into a flexible (dem,fl) and a fixed demand (dem,fix).

2.4.2. Renewable Energy Sources

The energy production from the RES was set to be estimated on historical data. Thus,
this is an input vector for the optimization problem rather than a vector of variables.

The energy hub model includes three renewable energy generators: the photovoltaic
system (PV), solar thermal collector (STC), and concentrating solar power (CSP). The first
system produces electrical energy, the second produces thermal energy, and the latter
generates both electrical and thermal energy. Furthermore, the systems producing ther-
mal energy allow two temperature levels, named high-temperature heating and low-tem-
perature heating. This difference was included to detail different thermal uses like space
heating and domestic hot water in a residential application or two different thermal levels
in an industrial application.

The modelling of the renewable energy generators was performed considering the
variation of conversion efficiency with the main external conditions. Depending on the
availability of renewable energy source, the power output was evaluated for each uncer-
tain scenario depending only on the design variable, i.e., the number of units of a given
rated power to be installed.

The uncertainty of renewable energy sources was modelled using statistical proba-
bility distribution functions. Air temperature was modelled as a Gaussian (or normal) dis-
tribution function since the site-specific data used for the case study fitted very well with
this function. Solar radiation components (direct, diffuse, and reflected) were modelled
using the Beta distribution function, as is common practice in the literature [27,47—49].
Regarding air temperature and solar radiation components, these quantities were charac-
terized in the model through a mean value and a standard deviation for each timestep.
For the European context, these data might be evaluated using the PVGIS database, whose
data span over 16 years, thus allowing a good representativity of the uncertainty of these
quantities. When the model is run, a Monte Carlo algorithm generates several uncertain
scenarios based on the probability distribution functions. In detail, average value and
standard deviation of the three solar radiation components are used to evaluate the i and
w parameters of the Beta distribution function according to the method illustrated in [27].
Available radiation data should be evaluated using the same tilt and azimuth angles of
the PV system to be installed. Then, the Monte Carlo algorithm is run to generate the solar
radiation scenarios and the air temperature scenarios according to their respective distri-
bution functions.

For each scenario, the renewable energy production is then calculated and used as
input parameters for the optimal planning.

The mathematical formulation of constraints describing the operation of RES systems
is given in Equations (11)—(19).

- Photovoltaic Systems (PV)

The PV cell temperature is evaluated for each scenario according to the following
equation [27,47,50]:
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Tean(®) = Toir 9 + 22 (WOCT 7, o) a
Nocr

where Tuiris the air temperature; Gso is the global solar radiation, i.e., the sum of the three

radiation components; NOCT is the normal operating cell temperature, i.e., the operating

temperature to which the cell is brought in the case of Gnocr irradiance of 800 W/m?2 and

air temperature Tonocrof 20 °C. The cell temperature is then used to evaluate the PV effi-

ciency according to the following equation [27]:
Npy(t) = npy - [1 + Bpy - (Tcell(t) - Tref)] (12)

Lastly, the PV system power production is calculated multiplying the solar radiation,
the PV system efficiency, the balance of plant (BOP) efficiency, the system surface, and the
number of modules:

Epy (t) = npy (t) " npop * Gso1(t) * Apy * Npy (13)

- Solar Thermal Collector (STC)

The STC heat output is evaluated taking into account for the thermal losses to the
surrounding air depending on the air temperature. Thus, for each scenario and for each
timestep, the collector’s efficiency is evaluated as shown in the equation below [51]:

Tm - Tair (t) —a - [Tm - Tair(t)]z
Gsol(t) 2 Gsol(t)

where T is the average temperature of the fluid in the collector, while 1o, a1, and a2 are the
performance coefficients of the collector. The heat energy production is evaluated from
the efficiency, the global solar radiation, the surface of each collector, and the number of
collectors:

Ksrc(t) =mo —ay (14)

Hgre(t) = Kgre(t) - Gsoi(t) * Agrc * Nsre (15)

Hgrc () = Hsre,ur (€) + Horer (t) (16)

- Concentrating Solar Power (CSP)

The CSP exploits only the direct component of the solar radiation, Geesn. The direct
radiation is then multiplied by the equivalent area, the conversion efficiency, the equiva-
lent surface, and the number of units to obtain the electrical and thermal power:

Ecsp(t) = Kespse * Gpeam () * Acsp * Nese (17)
Hesp(6) = Kespysh * Gpeam () - Acsp * Nesp (18)
Hegp(8) = Hespyr(t) + Hespr(t) (19)

2.4.3. Energy Conversion Components

The energy hub model includes five traditional energy conversion systems: a natural
gas boiler (GB), reversible heat pump (HP), water electrolyzer (EL), absorption chiller
(AC), and fuel cell (FC). The first system burns natural gas to produce heating (GB), the
second and third use electricity as input to produce heating and cooling (HP) or hydrogen
(EL), the fourth uses a high-temperature heating flow to produce cooling (AC), and the
last uses hydrogen to produce electricity and heating (FC). Furthermore, a water input is
required for the EL, and a water output is associated with the FC. The GB allows two
temperature levels for the heating production as well as the thermal RES.
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The modelling of the traditional energy conversion systems was performed, main-
taining their conversion efficiency but ensuring a stable and optimal range of operation
for each component. In detail, the operation of these components was modelled as inde-
pendent from external conditions but controllable depending on the final demand. Nev-
ertheless, to consider the actual operation features and to fall within the assumption of
constant average conversion efficiency, these components were modelled to allow a vari-
ation of their production from full load down to a specific part load. Furthermore, the
variation between the production in each timestep and the subsequent timestep cannot
overcome a specific rate both in ramp-up and in ramp-down behaviors. All the equations
included in the model are well established in the scientific literature.

Differently from the renewable energy production that is calculated before each op-
timization run and is one of the input parameters of the optimization model, the input
and output flows of traditional energy conversion systems are modelled as variables of
the problem. Thus, since the equations shown in the following subsections link together
at least two variables, these are the equality and inequality constraints of the optimization
problem. The mathematical formulation of constraints describing the operation of energy
conversion components is given in Equations (20)—(33).

- Gas-fired Boiler (GB)

The natural gas-fired boiler integrates the district heating system and the other com-
ponents to fulfill the heating demand of the hub according to Equations (20)—(21):

Has (t) = NGos (t) - Kegn - LHV; (20)

Has (t) < Scs (21)

where Hes is the heating flow from the boiler, NGes is the natural gas flowing into the
boiler, Kesgn is the boiler efficiency, and Scs is the rated size of the boiler.

- Reversible Heat Pump (HP)
The operation of this component is described by Equations (22)—(24):

Hup (t) = Enp (t) - Kupen (22)
Fup (t) = Enp (t) - Kupef (23)
Frp (t) < Shp (24)

where Hupr and Frr are the heating and cooling flows generated from the heat pump, re-
spectively; Enr is the electricity input; Kurer and Kur e are the conversion factor from elec-
tricity to heating or cooling, respectively; and Sur is the rated size of the heat pump.

- Absorption Chiller (AC)
The component is described by Equations (25) and (26):

Fac (t) = Hac (t) - Kacny (25)

Fac (t) £ Sac (26)
where Fac is the cooling flow from the chiller, Hac is the heating flow input, Kaciy is the
conversion factor from heating to cooling, and Sacis the rated size of the absorption chiller.
- Electrolyzer (EL)

The relationships describing this component in the present study are illustrated in
Equations (27)—(29):
Haew (t) = Eev (1) - Keven (27)
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WEL (t) = H2£L (1) - KeL 2w (28)
Eer () < Ser (29)

where K e is the electricity-to-hydrogen conversion efficiency and depends on the
higher heating value of the hydrogen, on the compression efficiency, and on the efficien-
cies of the converters included to interface the RES plant with the electrolyzer; Kz 2w de-
rives from the stoichiometric coefficients of the chemical reaction and represents the water
required to produce one kilogram of hydrogen (water consumption of the electrolyzer
cooling system is not taken into account); and Sez is the rated size of the electrolyzer.

- Fuel Cell (FC)
The equations related to FC are given in Equations (30)—(33):

Erc (t) = Harc (1) - Kecize (30)
Hrc (H) = Harc (H) - Kecion (31)
Wic (t) = Hare () - Krchaw (32)

Erc (t) < Src (33)

where Krcize is the hydrogen-to-electricity conversion efficiency and depends on the hy-
drogen higher heating value, on the specific FC technology, and on the efficiencies of con-
verters employed to interface the fuel cell with the power grid; Krczn is the hydrogen-to-
heating conversion efficiency; Krc 2w derives from the stoichiometric coefficients of the
chemical reaction; and Src is the rated size of the fuel cell.

2.4.4. Storage Systems

The inclusion of storage systems in the optimization of a multi-vector microgrid is of
paramount importance since it allows the production of an energy vector, although there
is no demand on that vector. With reference to electrical and heating energy storages, they
can store the excess of renewable production to meet the load of the subsequent hours.
The energy hub model includes five storage systems: an electricity storage system (ESS),
a hot water thermal storage system (TSS,H), a cold water thermal storage system (TSS,F),
a hydrogen storage tank (TK), and a water storage system (WSS).

The modelling approach for all the storage systems is the same, with the unique ex-
ception of the TSS,H, whose output can be used to fulfil both the high-temperature and
low-temperature heating demands. The modelling of these components was performed
using a black box approach for the storage system and assessing only the input and output
flows and the state of charge, indicated with SOC, i.e., the amount of energy or mass con-
tained in the storage system. Losses in the component are considered using average and
constant values of charging efficiency, discharging efficiency, and self-discharge rate pro-
portional to the state of charge. All the equations included in the model are well estab-
lished in the scientific literature.

Besides the coefficients for the objective functions (investment and operating costs,
embodied primary energy, embodied carbon, exergy use, and critical raw materials con-
tent), the parameters set into the software tool are charging efficiency, discharging effi-
ciency, self-discharge rate, depth of charge, and depth of discharge.

Differently from the renewable energy production that is calculated before each op-
timization run and is one of the input parameters of the optimization model, the input
and output flows of storage systems are modelled as variables of the problem. Thus, since
the equations shown in the following subsections link together at least two variables, these
are the equality and inequality constraints of the optimization problem. The mathematical
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formulation of constraints describing the operation of energy conversion components is
given in Equations (34)—-(57).

- Electricity Storage System (ESS)
The EES, assumed as a battery, is described using Equations (34)—(41):

SOCEss (t+1) = SOCess (t) - (1 — Ekss,ioss) + Egss,in (t + 1) + Kess,in+

(34)

— Egssout (£ + 1)/Kess,out
SOCess (0) = SOCess (T) (35)
Ekss,in () < Okss,in (1) - QEss,in (36)
Ekssout (1) < Okss,out () - QEssout (37)
Stssin () + Oessout (1) < 1 (38)
DoD - Sess < SOCess () < Skss (39)
Egssin (t) < Sess - (1 — DoDess) (40)
Egssout (£) < Sess - (1 — DoDess) (41)

where SOCess (t) stands for the electrical energy accumulated in the storage system, and
Kkssin and Kessout are the charging and discharging efficiencies of the electrical storage, re-
spectively. Eess,in (t) and Eessout (t) stand for the incoming and outgoing electricity flows of
the storage, respectively. Erss/oss is the self-discharge rate of the battery, modelled as a frac-
tion of the electrical energy stored at each timestep; Oess,n (f) and Oesseut () are Boolean
variables stating whether the ESS stands for in charging or discharging phase at time f,
respectively; Qessin and Qessout are the upper limits to Eess,i (f) and Eessout (t), respectively.
DoD is the depth of discharge of the electrical storage system, and Stss is the capacity of
the ESS.

- Thermal Energy Storage System (TSS)
The TSS is used to store excess thermal production. Its operation is according to
Equations (42)—(49):

SOCrss (t+1) = SOCrss (t) - (1 — Hrssjloss) + Hrss,in (t + 1) + Krss,in — Hrssout (t + 1)/Ktssout  (42)

SOCrss (0) = SOCrss (T) (43)
Hrssin (B) < 675, (£) - Qrssin (44)
Hrssout (£) < Srssout (£) - Qrssiou (45)
Srssin (1) + Orssout (H) < 1 (46)
SOCrss (t) < Stss 47)
Hrssn () < Stss (48)
Hrssout (£) < Stss (49)

where SOCerss (t) is the thermal energy stored in the device, and Krssin and Krss.ou are the
charge and discharge efficiencies of the thermal storage, respectively. Hrss,in (t) and Hrss,out
(t) are the incoming and outgoing heating flows of the storage, respectively; Hrssos is the
self-discharge rate of the storage, assumed as a fraction of the thermal energy stored at
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each timestep; Otssin (t) and Otssout (t) are Boolean variables stating whether the electrical
storage is in charging or discharging phase at time t, respectively; Qrss,i» and Qrssout are the
upper limits to Hrss,in () and Hrssout (t), respectively; and Srss is the capacity of the thermal
storage.

- Hydrogen storage tank (TK)
The equations describing the TK behavior are the following Equations (50)—(57):

SOCrx (t+1) = SOCrx (t) - (1 — H21x00ss) + H2EL (£ + 1) + Krxin — H2 T)0ut (£ + 1)/KrK 00t (50)

SOCr (0) = SOC1x (T) (51)
Haer (1) < S1kin (1) - Qricin (52)
Hotkout (£) < Stkout (1) - Qricont (53)
Sticin (1) + Oticout (1) < 1 (54)
SOCrx () < St (55)

Hoew (H) < Stx (56)
Haxou () < St (57)

where SOCrx is the hydrogen mass stored in the device, and Krxin and Krxou are the charge
and discharge efficiencies of the hydrogen storage, respectively. T is the hour of the last
timestep; Hz e and Ha xow are the input and output hydrogen flows of the tank, respec-
tively; Ha i oss is the leakage coefficient, assumed as a fraction of the stored hydrogen mass
since the leakages are proportional to the pressure inside the tank. This aspect is unfortu-
nately often neglected in the existing literature and is considered of paramount im-
portance by the authors. 67xin and 7kt are Boolean variables that state whether the tank
is charging or discharging at time t, respectively; Qrxi» and Qtxout are the upper limits to
H>er and H2tkow; and Stk is the capacity of the hydrogen tank.

2.5. Case Study Description and Data Collection

The main aim of this case study is to investigate the economic feasibility of green
hydrogen production within a microgrid interfaced to the power distribution system
whose needs for electricity, thermal energy, and hydrogen must be guaranteed. This kind
of application can fully unlock the energy-saving potential of a MES, exploiting the inter-
actions between different energy carriers. The simulation and optimization of such a real-
ity might resemble the development of sustainable districts, positive energy districts, and
renewable energy communities.

The EH evaluated in this case study is supplied by the district heating network, nat-
ural gas network, power grid, urban water network, hydrogen network, and district cool-
ing network. The final power demand, electric chiller, and electrolyzer are supplied by
the local RES and FC as well as the power grid. The fuel cell was included to convert
hydrogen back to electricity when mobility demand is low or when the tank is full. Ther-
mal demand is met by the district heating network, gas boiler, heat pump, local thermal
renewables, and waste heat recovered from the FC. Hydrogen demand is met by hydrogen
from the grid and locally produced hydrogen from the electrolyzer. Finally, the cooling
demand is met by the district cooling network, the electric chiller, and the absorption
chiller.

This reality fits very well with the autonomous province of Bolzano, which was there-
fore taken as a case study in which to place the energy hub, as it is currently one of the Italian
territories that already uses publicly available hydrogen refueling stations for mobility and,
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at the same time, has a district heating and cooling network as well as a high demand for
electricity. In the case study, hydrogen can be produced on site or delivered via tank truck
(although this quantity was indicated as Hzgidin in the equations and figures).

The purpose of the study is to identify the optimal nominal size of the components
and their optimal management with an effective and detailed model.

To estimate the hydrogen final demand for mobility, the trend, shown in Figure 2a,
was reconstructed taking as reference the visiting times of an existing service station in Bol-
zano, dividing the daily hydrogen consumption into the various hours of the day, estimated
starting from the annual consumption expected in the 2025 in Alto Adige [52] and assuming
the same demand for every day of the year. In detail, although hydrogen volume in tanks
might change over the year due to thermal expansion, the final demand is calculated in kil-
ograms since this is the effective quantity influencing the vehicles performance.

As regards the final electricity demand in the case study, reference was made to the
annual energy consumptions of the province of Bolzano for the years from 2017 to 2020,
contained in Terna’s statistical yearbook as reported in [53]. For each year, daily consump-
tion was calculated, considering a constant demand for all days of the year; then, the av-
erage daily consumption for the four years was calculated. Hourly electricity demand was
derived by dividing the average daily consumption according to the typical pattern of an
electrical load diagram, characterized by two peaks: one in the late morning and one dur-
ing the evening hours, as shown in Figure 2b.

For the thermal energy demand, it was decided to act on the energy fed into the grid
annually by inefficient district heating systems in the entire province, reported in [54], for
2020. Using the method of degree days derived from the standard [55], the energy fed into
the grid monthly was derived. Assuming uniform demand for all days of the month, daily
demand was derived for four typical days: one for each season starting from winter. Fi-
nally, hourly demand was estimated by assuming a non-uniform thermal demand pattern
at various times of the day. Using the same approach, cooling demand was determined.
Hourly heating and cooling demands are shown, respectively, in Figure 2¢,d.

The local renewable production was estimated as a mix of photovoltaic, concentrated
solar power, and solar thermal collector. The energy production of these systems depends
on the solar radiation (only the beam component for CSP) and on the air temperature.
These data were gathered from the PVGIS database for the city of Bolzano in the period
between 2005 and 2020 and then elaborated to obtain average values and standard devia-
tions. These quantities are illustrated in Figure 3 for the seasonal standard days.

Areas shown in grey in Figures 2 and 3 represent the ranges within which air tem-
perature and solar radiation values may lie due to uncertainty. Although they are more
evident in Figure 2a,b and in Figure 3, both the space heating and cooling demands were
also subject to an uncertainty rate.
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Figure 2. Final demands of the energy hub with the average values in colored line and uncertainty
interval in grey. (a) Hydrogen; (b) electrical energy [53]; (c) space heating [55]; (d) space cooling [55].
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Figure 3. Outdoor conditions in the city of Bolzano with the average values in colored line and
uncertainty interval in grey. (a) Air temperature and (b) global solar radiation (sum of beam, diffuse,
and reflected components).
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The parameters included in the EH model to describe the case study are recapped in
Tables 3 and 4. The parameters non-explicitly indicated in these tables were set equal to zero.

Table 3. Main parameters related to the grids used for the case study [56-58].

Grid/Network Costs CED GWP Grid Interactions
E Copexe=0.30 EUR/kWhe  CEDe=11.8 MJ/kWh  GWPe=0.071 kgCOzeo/kWh 100,000
NG Copexng =0.09 EUR/kWhw CEDne=4.12 MJ/kWh  GWPnc = 0.037 kgCOzeq/kWh 100,000
H - - - 100,000
F - - - 100,000
H> Copexi2 = 20 EUR/kg CEDn2=213.52MJ/kg ~ GWPh2=11.95 kgCOzq/kg 100,000
W Copeow = 2.19 BUR/kg CEDw - O'M]/kg GWPw=0 'kg'COZeq/kg 100,000
(negligible) (negligible)

Table 4. Main parameters related to the equipment used for the case study [26,56,59-62].

CED [M]J/kWh GWP [kgCO2.¢/kWh

Equipment Conversion Factors Costs

or MJ/kgl or kgCO2eq/kgl
_ Ccapex/GB = 5551 EUR/kW
CB Kepgn=0.9 Cnpesci® = 118.8 EUR 92.65 195
_ Cmpzx,HP = 11193 EUR/kW
HP Kupen=5.7 Capessir 0 = 630.63 EUR 1250.4 239.4
AC Kacry=10.9 Ceaper,ac = 216.9 EUR/KW 2338.42 147.5
Keren2 =0.016 kg/kWh ! _
EL Ket 1o = 8.55 kg/kg Ceaper,eL = 1274 EUR/KW 168,635 28
Krcize =12.23 kWh/kg
FC Krcnan=20.11 kWh/kg Ceapex,rc = 1532.44 EUR/KW 71,466 11.87
Krciow=9.47 kg/kg
NOCT =47 °C
Apv=1.2m?
nev=0.21 B .
19% Brv=-37103°C" Ceaper,pv = 311.95 EUR /unit 4582 358
ngop = 0.95
Prv=0.25 kW/unit
Kespse = 0.1394
csP Kesnai=0.3964 Ceapescsp = 273,002.73 EUR/unit 7210.6 3545.04
Acsp =400 m?
Pcsp =1000 kW /unit
Asrc=1.867 m?
no=0.734
STC m =1.529 W/m2 K Ceapex,stc = 500 EUR/unit 3745.52 210.56
a2=0.0166 W/m2 K2
Tm = 40 OC
Krkin=1
’ Cepex, 1k = 171.33 EUR/kg
TK Krxout =1 3222.2 0.048
H2 TRloss = 002 Ccapex,TK 0) = 716,859 EUR
KEss,in=0.97
KESS,auf =0.97 Ccapex,ESS =419.37 EUR/kWh
ESS ESS,lnss = 001 Ccapz’x,ESS(O) = 677,50283 EUR 540 7628
DoDess = 0.2
Krssin=1 Ceapex,rss,1 = 26.18 EUR/kWh CEDrss 1= 201 CWPrssi=11
TSS Krssout =1 Ceapex,1ss,F = 65.46 EUR/KWh CED 504 WP —o7
TSS,]USS =0.01 Cmpex,TSS(O) =266 15 fs5F

!including the power consumption to produce hydrogen (about 55 kWh/kg) and its compression to
the tank pressure level of 500 bar (about 5 kWh/kg).
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3. Results
3.1. Results for the Reference Case

The EH model allows to individuate the schedule of the energy flows in the four
standard days, minimizing the weighted sum of the objective functions in the hub.

For the reference case (deterministic optimization), single-objective optimizations
were initially performed, setting the weights of each objective function alternatively equal
to one for the selected function and equal to zero for the other functions. In multi-objective
optimization, equal weights were assigned to the four functions (0.25).

The results, in terms of the sizes of the various energy hub components and the values
assumed by the objective functions, are shown in Tables 5 and 6, respectively.

Table 5. Sizes of the energy hub components in the reference case.

Minimum Primary o . Carbon  Minimal Grid 025 Weights

Minimum Cost Energy . . . Multi-Objective
. Emissions Interactions . .
Consumption Optimization

GB [kWu] 37,879 29,065 29,064 447,681 29,065

HP [kWHk] 5107 6390 6390 6390 6390

AC [kWk] 6390 63 63 6390 6390

EL [kWe] 0 73 73 5,488,336 0

FC [kWel] 0 0 0 5,488,336 0

PV [n] 5,488,336 1,300,865 1,299,567 1,511,170 1,375,615

PV [kW] 1,383,061 327,818 327,491 380,815 346,655

CSP [n.] 0 2 2 0 0

CSP [kW] 0 2000 2000 0 0

STC [n.] 92 0 0 0 0

STC [m?] 171.8 0 0 0 0

TK [kg] 0 0 0 7,624 0

ESS [kWhe] 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336

TSSH [kWhu] 447,681 447,681 447,681 447,681 447,681

TSSr [kWh] 0 2902 2944 6390 6390

Table 6. Objective functions in the reference case (values and percentage reduction with respect to
the non-optimized scenario).

Non- Minimum Minimal . . . 0-25 Wel.ghts
.. .. . Minimal Grid Multi-
Optimized Minimum Cost Primary Energy Carbon . S
. . . . Interactions Objective
Base Scenario Consumption  Emissions S .
Optimization
Costs
[million 1007 -455.39 0.83 13.27 1818 190.6
-145% -100% -99% 1% -81%
euros/year] (-145%) (-100%) (-99%) (+81%) (-81%)
S;;ngp?j;gy 3705 4488 3369 3369 98,138 3965
§ -88% -91% -91% +163% -89%
fyea] (-88%) (-91%) (-91%) (+163%) (-89%)
Carbon emissions 268383 236,642 173,588 173,289 194,924 209,702
[t COzq/year] ! (-12%) (=35%) (—-35%) (=27%) (-22%)
Grid interaction - 1.3 x 101 22 x 102 2.2 x 102 6.0 x 1010 3.7 x 101

penalty function [-]




Energies 2024, 17, 4422

23 of 31

Electric energy [kWh]

4,000,000
3,000,000
2,000,000
1,000,000

0

-1,000,000
-2,000,000
-3,000,000

-4,000,000

s E_grid_in

As can be seen, considering the specific techno-economic context described with the
parameters in Tables 3 and 4 and Figures 2 and 3, the results in Table 5 regarding the
equipment sizes indicate that some components should always be installed regardless of
the objective function, although with different sizes. These components include the natu-
ral gas-fired boiler, heat pump, adsorption chiller, photovoltaic system, and electricity and
heating thermal storage systems. The last two have the same values of rated size in all
scenarios, equal to the upper limit set in the optimization algorithm for these components.
This limit was set as proportional to each energy or mass annual final demand, although
this value may sometimes represent a non-reasonable value, such as for the photovoltaic
system or the electrical storage system.

The solar collector is considered only economically profitable, while it is disregarded
according to the OFs. On the opposite, the CSP is both energy- and environmentally opti-
mal although the high installation cost.

Regarding the objective functions shown in Table 6, the first evidence is that all the
scenarios allow a huge improvement with respect to the non-optimized scenario, where
all demands are met by the grid, with the exception of the minimum grid interaction,
leading to the highest costs and primary energy caused by the massive installation of
large-sized equipment. The multi-objective scenario proves to be a good compromise be-
tween the four OFs.

Moreover, as it might be expected, minimization of primary energy consumption and
minimization of carbon emissions are closely related since the components that need to
be installed are the same, and their respective sizes are almost equal. In both cases, how-
ever, the on-site production of hydrogen is practically negligible because the electrolyzer
has a very small size, and almost the whole demand is satisfied by an external provider
delivering hydrogen via tank truck. This is different than in the case of minimizing inter-
actions with the grid, where the electrolyzer and fuel cell are present with very large sizes,
helping to meet the demands for hydrogen, heat, and electricity. In multi-objective opti-
mization, finally, the electrolyzer and fuel cell are considered, again, not advantageous.

The graphical representation of electricity, heat, cooling, and hydrogen flow balances
over the four seasonal standard days in the economic optimization case are shown in Fig-
ures 4-7, respectively.

E_ESS out mssmE PV E ESS in == E grid out mmmmE HP == Electricity demand
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811888587189 91 93 95
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Figure 4. Electric energy flows in the case of economic optimization (heat pump contribution is too
low for the scale).
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Figure 5. Heat energy flows in the case of economic optimization (heat pump contribution is too
low for the scale).
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Figure 6. Cooling energy flows in the case of economic optimization.
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Figure 7. Hydrogen flows in the case of economic optimization.

From the visual exam of these graphs, it is possible to see that, to achieve the lowest
cost, the demand for electricity is covered almost entirely with energy supplied by the PV



Energies 2024, 17, 4422

25 of 31

system and storage, with a large amount of excess energy being sold to the grid. Even in
the case of cooling demand, the required energy is produced on-site through the adsorp-
tion chiller, with the excess sold to the grid. Cold energy storage, as opposed to heat stor-
age, does not prove to be cost effective. Finally, hydrogen is taken totally from the grid, so
installing the electrolyzer for on-site production is not cost effective.

The cost function, as seen in Table 6, takes a negative value in this case, so revenues
due to the sale of excess energy carriers to the grid exceed expenditures.

3.2. Uncertainty Assessment

The design of distributed energy systems performed deterministically can lead to
risks from suboptimal decisions due to the uncertainty of some parameters [63].

This section of the paper shows the results obtained by considering the uncertainty
associated with electricity, heat, and hydrogen demands as well as with the air tempera-
ture and solar radiation. In addition to the four single-objective optimizations and the
multi-objective optimization with equal weights for the four objective functions, addi-
tional multi-objective optimizations were performed with different weights associated
with the various functions. For each optimization, 500 uncertain scenarios were assessed.
This value was chosen since it proved to give the same results to the assessment of 5000
scenarios in term of average objective functions and mode of the rated sizes.

In Figures 8-10, combinations of the objective functions of cost, primary energy con-
sumption, and carbon emissions are depicted; interactions with the grids are not depicted
because this is a penalty function devoid of physical meaning. Figure 11, on the other
hand, shows the combinations of all three objective functions, also considering the values
for the minimizations of grid interactions.

mS. O. Costs #S. O. Primary energy  AS. O. Carbon emissions < S. O. Grid interactions
X 0.9 Costs @©0.9 Primary energy +0.9 Carbon emissions  =0.9 Grid interactions
=0.75 Costs ©0.75 Primary energy X 0.75 Carbon emissions M0.75 Grid interactions
A Equal weights (0.25)

2,000,000,000

1,500,000,000

1,000,000,000

~

-

=

*2 500,000,000

<)

U '+.

0AR
0

-500,000,000 -

-1,000,000,000

20,000,000,000 40,000,000,000 60,000,000,000 80,000,000,000 100,000,000,000 120,000,000,000

Primary energy consumption [MJ]

Figure 8. Costs against primary energy consumption for different scenarios.
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AS. O. Costs ¢ S. O. Primary energy S. O. Carbon emissions @ S. O. Grid interactions
+0.9 Costs m0.9 Primary energy =0.9 Carbon emissions =0.9 Grid interactions
©0.75 Costs X0.75 Primary energy X 0.75 Carbon emissions A0.75 Grid interactions
W Equal weights (0.25)
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Figure 9. Carbon emissions against primary energy consumption for different scenarios.
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Figure 10. Costs against carbon emissions for different scenarios.
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Figure 11. Combined values of cost, primary energy consumption, and carbon emissions resulting
from different scenarios.

Table 7 shows the statistical mode of the sizes of the energy hub components obtained
in the various uncertain scenarios compared with the sizes obtained in the case without
uncertainty. The mode was selected as A statistical indicator to identify the best value out
of the 500 uncertain scenarios since it represents the most common occurrence of a specific
value in a set of data, providing a more useful indication that what the average value or
median might give.

Table 7. Comparison between the mode of the sizes of the energy hub equipment among 500 uncer-
tain scenarios and the sizes obtained in the cases without uncertainty.

Minimum Cost

Minimum Primary Minimal Carbon 0.25 Weights Multi-

Minimal Grid Interactions

Energy Consumption Emissions Objective Optimization
Without
Without With Unc‘er;‘i’m With Without With Without With Without With
Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty
GB [kWu] 37,879 34,693 29,065 27,872 29,064 27,821 447,681 447,681 29,065 447,681
HP [kWk] 5107 5108 6390 6390 6390 6390 6390 6390 6390 6390
AC [kWx] 6390 6390 63 62 63 62 6390 6390 6390 6390
EL [kWael] 0 0 73 73 73 73 5,488,336 5,488,336 0 0
FC [kWel] 0 0 0 0 0 0 5,488,336 5,488,336 0 0
PV [n.] 5,488,336 5,488,336 1,300,865 1,048,726 1,299,567 1,216,872 1,511,170 1,332,143 1,375,615 5,488,336
CSP [n.] 0 0 2 0 2 2 0 0 0 0
STC [n.] 92 18 0 0 0 0 0 0 0 54.64
TK [kg] 0 0 0 0 0 0 7624 7624 0 0
ESS [kWhel] 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336 5,488,336
Eii;; I 447,681 447,681 447,681 447,681 447,681 447,681 447,681 447,681 447,681 447,681
th
TSSe 0 0 2902 0 2944 52.22 6390 6390 6390 0
[kWhs] ’

From the results shown in Table 7, the stochastic approach allows to confirm or, in
many cases, to reduce the rated size of the components compared to the values obtained
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by the deterministic approach. Instead, Figure 11 shows that the adoption of a multi-ob-
jective perspective can deeply affect the results in terms of objective functions.

In terms of computational burden, on an average-performance personal computer,
the uncertainty assessment resulted in a significant increase in simulation time, which in-
creased from the few minutes required for the deterministic approach to several days
(even a week) for the stochastic cases.

4. Discussion and Conclusions

In this paper, a framework to develop a constrained programming model to individ-
uate the optimal rated size and schedule of a hydrogen-based energy hub is proposed.
The model can fulfill the hydrogen, high- and low-temperature heating, cooling, electric-
ity, and water demands of a final user. The optimization model illustrated in this work
allows the optimal coordination of the components included in the EH in response to the
fluctuation of the loads deriving from the electricity generation from RES.

The method was based on the energy hub model and is made up of linear equations
in order to ensure the attainment of a unique optimal solution. The adoption of an EH
model allowed to investigate new energy-saving potential and further flexibility deriving
from the interactions between many energy vectors. The optimality of the solution was
assessed using a multi-objective approach according to four criteria, considering eco-
nomic, energy, environmental, and grid interaction issues. In this way, the consequences
deriving from different points of view were investigated. Furthermore, including the un-
certainty assessment of resources and demands in the optimal sizing approach ensured a
higher level of reliability on the obtained solution.

To simulate the physical reality, the model needs several kinds of input data (typical
energy and hydrogen demands, weather data, technical features of components, market
data, and life-cycle assessment indicators) with the desired time horizon (e.g., one day or
one year, hourly or daily variation, etc.).

The feasibility of the methodological framework was illustrated on a real-world case
study representing current issues for the energy system. For the examined case, the determin-
istic optimization proved that the non-optimized scenario had a large improvement margin,
reducing all the objective functions in all the cases. The unique exception was the minimization
of the grid interactions, which forced oversizing all equipment to make the hub self-sufficient.

Furthermore, the optimality of the solution was deeply assessed through a study as-
sessing the uncertainty associated with both energy carrier demands and renewable en-
ergy production. The results showed that, considering uncertainty, some components
could be downsized, reducing the related investment costs as well as the embodied pri-
mary energy and embodied carbon emissions necessary for their manufacturing.

In detail, the results showed that the installation of electrolyzers for hydrogen pro-
duction is useful only when minimizing interactions with the grid and, to a small extent,
when minimizing primary energy consumption and carbon dioxide emissions. In other
cases, however, namely the economic and multi-objective optimization, the installation of
electrolysis plants is not beneficial. This helps us understand how fundamental it is to
invest in the research of materials and methodologies that can allow a reduction in the
costs of electrolyzers and fuel cells.

In future work, the model will be applied to different kind of energy systems and socio-
economic scenarios to assess the potential benefits deriving from the introduction of hydrogen
in other systems, like hard-to-abate industrial sectors or the curtailment of renewable energy
during congestions in HV lines. Moreover, a deeper multi-objective optimization study might
be developed, assessing more combinations of weights to the four objective functions. Finally,
the results will be compared with an accurate simulation model able to verify how the simpli-
fications introduced into a linear model might influence the final results.
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