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Abstract: Through the integration of multiple energy carriers with related technologies, multi-
energy systems (MES) can exploit the synergies coming from their interplay for several benefits
towards decarbonization. In such a context, inclusion of Power-to-X technologies in periods of excess
renewable electricity supply, removes the need for curtailment of renewable electricity generation. In
order to achieve the environmental benefits of MES without neglecting their economic feasibility, the
optimal design problem is as crucial as challenging and requires the adoption of a multi-objective
approach. This paper extends the results of a previous work, by investigating hydrogen-based non-
conventional storage for PV power in the eco-energetic optimization of an MES. The system under
study consists of a reversible fuel cell (r-SOC), photovoltaic (PV), electric heat pump, absorption
chiller and thermal storage, and allows satisfying the multi-energy needs of a residential end-user.
A multi-objective linear problem is established to find the optimal MES configuration including
the sizes of the involved technologies with the goal of reducing the total annual cost and the fossil
primary energy input. Simulation results are compared with those obtained in previous work with
a conventional nanogrid where a combined heat and power (CHP) system with gas-fired internal
combustion engine and a battery were present instead of an r-SOC. The optimized configuration of
the non-conventional nanogrid allows achieving a maximum primary energy reduction amounting
to 66.3%, compared to the conventional nanogrid. In the face of the environmental benefits, the non-
conventional nanogrid leads to an increase in total annual costs, which, compared to the conventional
nanogrid, is in the range of 41–65%.

Keywords: multi-energy system; multi-objective optimal design; hydrogen carrier; Power-to-X;
primary energy saving; annual cost; mixed-integer linear programming

1. Introduction

The Green Deal has set a new European strategy for transforming the Union into a
modern, resource-efficient and competitive economy, in which by 2050 there will no longer
be generation of net greenhouse gas emissions and economic growth will no longer be
associated with the use of resources. Regarding energy systems, the initiative aims to pro-
mote the decarbonization, the active involvement of consumers and citizens’ communities,
and increasing reliability, adaptability and resilience. The path to achieving the European
energy efficiency objectives and targets requires an energy transition stage in which, in line
with European strategic agendas (Energy Union Strategy, SET-Plan, Clean Energy Package)
and national ones, it is crucial to develop innovative low-CO2 technologies and products
for energy in order to ensure the real affirmation of a new model of sustainable energy
system. The energy transition requires an increasing use of generation systems based on
renewable energy sources (RES), by enhancing the energy systems flexibility, both on the
demand and generation side, including storage, in order to provide adequate services for
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the operation of systems based on high levels of non-programmable renewables and on an
energy demand which is more sensitive to price signals, and at the same time with the use
of electricity as the main energy carrier [1].

Multi-energy systems (MES), based on the integration of multiple energy carriers
with related technologies are considered a sustainable energy supply option as compared
to traditional fossil-fuel based centralized systems, being able to act supporting EU ob-
jectives of decarbonization, penetration of RES and electrification of energy demand [2].
In residential building applications, MES, whereby electricity, gas, heat and cooling can
optimally interact with each other, can improve technical, economic and environmental
performance of conventional energy systems based on the separate generation of electricity,
heat and cooling, in which user energy demands are usually covered by the utility grid,
conventional gas-fired boilers and electric chillers [3]. The MES are usually composed of
combined heat and power systems (CHPs), RES technologies and electricity and thermal
storage units used to cover the users’ energy demand [4]. In the context of MES, Power-to-X
technologies, such as power-to-H2 or power-to-heat, represent a rising approach to convert
and store excess RES electricity by removing the need for curtailment of renewable elec-
tricity generation [5]. Power-to-H2 conversion is among the most promising technologies
related to the sector coupling, given the versatility, the storage potential and the energy
density of the hydrogen that make it a suitable carrier for integration between the different
energy supply chains [6]. Moreover, hydrogen together with electricity can act in support
of decarbonization by serving as an alternative storage of RES electricity via electrolyzers,
and, at the same time, as a fuel for generating electricity and heat [7–9].

However, this interaction raises important questions on how the hydrogen should
be integrated with other energy carriers, while highlighting the importance of the whole
energy system optimization. In such a context, the design and operation of an MES is a very
complex problem due to the wide range of possible combinations of energy technologies
for potential inclusion and their interactions that introduce a large degree of freedom.
Moreover, it necessarily requires the adoption of multi-objective optimization approaches
that can ensure the reduction in investment, operating and management costs, along with
the reduction of environmental impact, while satisfying the users’ variable multi-energy
demand. At the same time, MES modelling approaches have to be developed to assess the
technical and cost implications of integrating hydrogen into the overall energy system, to
allow the different energy carriers to operate in a coordinated fashion [10,11].

From a critical analysis of the literature review, it is clear that sector coupling is
considered a necessary tool to increase RES penetration in the energy system and therefore
to move towards a decentralized sustainable low-carbon system, with the integration
of variable, distributed renewable energy sources. The MES can provide the necessary
flexibility to match the gap between demand and supply in the presence of high rates of
RES. Different energy carriers can be integrated together in the MES framework, such as
electricity, gas, heat, cooling and hydrogen. Hydrogen is today considered one of the most
remarkable energy carriers to promote the decarbonization of energy systems. The majority
of the studies analyzed in the literature review provide results on the technical feasibility of
using hydrogen for decarbonizing the energy system as a whole, and positively impact the
environmental emissions, by increasing the penetration of RES, as well as on methodologies
and tools to control, optimize and design innovative hydrogen-based integrated energy
systems.

Increasing shares of RES worldwide have caused strong needs for addressing critical-
ities related to their variable and non-dispatchable nature [12]. Coupling RES energy to
conventional loads may generate difficulties linked to the different temporal profiles of the
generation and demand, which create the need for oversizing the RES generators capacity
with an increase in the investment costs of the proposed solutions and a negative over-
production of renewable energy [13]. The already well known and discussed concept of
decentralized renewable energy systems can be applied to several different configurations
depending on the primary energy source/resource (direct solar, wind, hydro, geothermal,
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ocean energy, biomass), energy carrier (heat, chemical forms such as hydrogen, electricity),
energy storage (thermal, chemical (e.g., hydrogen, ammonia), electrical (e.g., battery, su-
percapacitor), mechanical, gravitational) and application. The considered energy carrier
may be stored directly into storage systems (e.g., electricity stored in a battery), or trans-
formed into a different form for storage and retrieval (e.g., hydrogen via electrolysis/fuel
cell). Hydrogen, the most promising energy carrier, may play a pivotal role towards the
decarbonization of energy production [14], since it presents many positive characteristics
which are considered fundamental for the transition to sustainable energy scenarios. In
particular, it can lead to high-efficiency and zero-emission energy production [15]; it can be
used as short-, medium- or long-term storage [16]; it can be used for different applications
(e.g., stationary and mobile applications) [17,18] and, utilizing fuel cell technologies, it is
the best solution for high efficiency energy production.

Several studies in the literature review deal with the contribution of hydrogen for
the decarbonization of decentralized energy systems [19], considering multiple scales and
different RES penetration levels. As a common result of all these studies, it is pointed
out that to achieve the potential benefits, the integration of production, storage, and end-
use solutions is essential in order to minimize costs and maximize efficiency, with the
main objective of capitalizing the multi-carrier potential of the MES concept. In particular,
the integration of hydrogen technologies in energy systems leads to several benefits at
economic, environmental, and technical levels. A case study in [20] presents a CHP plant
and hydrogen storage used to integrate different energy carriers (power, gas, and heat) with
high production from RES. In this case, it is demonstrated that hydrogen storage plays a
fundamental role in decreasing the operational costs of the energy system, while increasing
the penetration of energy production from wind. Another case study presented in [21]
shows how the integration of hydrogen, electricity and heat can decrease the interruption
factor of electricity supply and heat load for an industrial park. Although several interesting
results have been discussed in different studies looking at the integration of hydrogen
as an energy carrier in MES, recent contributions, such as [22], analyze and discuss that
a real transition towards an H2 economy still faces significant issues linked to the need
for technological developments with economic advantages. In particular, some studies,
such as [22], highlight the existing barriers towards the transition to a hydrogen economy
linked to the high costs of implementation and operation of innovative integrated solutions;
these costs are mainly connected to two different aspects: primarily, the costs of hydrogen
production, storage, and distribution are still huge, and whether significant opportunities
oriented to the decrease in these costs can be facilitated through research and development
activities, as well as the increase in market diffusion. On the other hand, a transition to an
H2 economy will necessarily require dedicated hydrogen infrastructures, which are not yet
available.

The works analyzed in the literature review aim to demonstrate the effectiveness
of hydrogen technologies for sustainability purposes in MES contexts in the presence
of multiple energy carriers. However, most of the analyzed works deal with operation
aspects, starting from a given configuration of MES. On the other hand, in case of optimal
design problems, most works in the literature focus on single economic objectives without
a multi-objective approach that is particularly suitable to find good compromise solutions
between economic and environmental objectives.

The contribution of this paper is to investigate a hydrogen-based non-conventional
storage for RES generation in the eco-energetic design optimization of an MES in the
form of a nanogrid, by extending the results of a previous work [23] where a conventional
nanogrid was analyzed. The MES under study consists of a reversible fuel cell (r-SOC), a PV
system, an electric pump, an absorption chiller and thermal energy storage, and can satisfy
the multi-energy demand of a residential end-user. The r-SOC can alternatively operate
in solid oxide electrolyzer (SOE) mode and in solid oxide fuel cell (SOFC) mode. In SOE
mode, it generates hydrogen from PV power through an electrolyzer and can potentially
store hydrogen through a dedicated storage, whereas in SOFC mode, it can operate as
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a CHP by converting hydrogen back to electricity and heat. A multi-objective linear
problem is established through a mixed-integer linear programming (MILP) approach,
with the aim of finding the optimal MES configuration in terms of types and sizes of the
involved technologies by minimizing a weighted sum of the total annual cost and the fossil
primary energy input. In the case study, an MES serving a residential end-user is analyzed
and simulation results are compared with those obtained with a conventional nanogrid
where a CHP with gas-fired internal combustion engine and a conventional battery were
present instead of an r-SOC. The optimized configuration of the non-conventional nanogrid
allows obtaining a maximum primary energy reduction amounting to 66.3% as compared
to the conventional nanogrid, thanks to the maximization of RES usage. In the face of
environmental benefits, the non-conventional nanogrid leads to an increase in total annual
costs, which, compared to the conventional nanogrid, is in the range of 41–65%. Although
the high investment costs of hydrogen-based technologies that are not mature yet in the
market, the results found in this work demonstrate their significant environmental benefits
through the maximization of the renewable electricity supply in the nanogrid and the
reduction in the fossil energy use.

2. Description of the Multi-Energy System

The MES under investigation provides electrical and thermal energy to a residential
building. The superstructure of the MES is pre-fixed, including several technologies for
generation, conversion and storage to satisfy the electricity, space heating, domestic hot
water and cooling demand of the considered building, as shown in Figure 1.
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technologies.

The proposed configuration of the MES aims to characterize a hydrogen-based non-
conventional electricity storage for RES generation from the economic and energetic points
of view. In detail, the r-SOC can alternatively operate in SOE and in SOFC modes, and the
working diagrams used for the implementation of the optimization model are shown in
Figure 2.
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According to the superstructure defined in Figure 1, the electricity demand of the
user can be covered by the SOFC (CHP), the rooftop PV and the power grid. The thermal
energy demand (ambient heating and domestic hot water) of the user can be met by the
SOFC (CHP), the gas-fired auxiliary boiler, the heat pump and the thermal storage. Finally,
the cooling demand of the user can be covered by the heat pump, the absorption chiller
powered by the SOFC (CHP) and the auxiliary boiler, and the thermal energy storage.

3. Optimal Design Model

The optimal design model allows finding the best configuration of the MES based on
the pre-defined superstructure shown in Figure 1, with the goal of minimizing the total
annual cost and the fossil primary energy input, while satisfying the time-varying user
demand in terms of electricity, space heating and domestic hot water and space cooling.
The decision variables and the objective functions are presented in Sections 3.1 and 3.2,
respectively, whereas the problem constraints are presented in Section 3.3. The multi-
objective optimization method is discussed in Section 3.4.

3.1. Decision Variables

The optimal design problem contains both binary and continuous decision variables.
The binary decision variables are the existence and the operation on/off status of the energy
technologies, whereas the continuous decision variables include the size of the energy
technologies with the corresponding energy amount provided, capacity of thermal storage,
with heat rate charging/discharging, amount of hydrogen produced and stored by the
SOE, and power taken from the grid.

3.2. Objective Functions

The optimal design problem presents two objective functions, namely, economic and
energetic. The economic objective function consists of the minimization of the total annual
cost, defined as:

CTot = CInv + CO&M + C f uel + Cgrid power (1)

where CInv is the total annualized cost of all energy technologies which depends on the
specific capital cost of each technology j, Cc,j, and the capital recovery factor, CRFj [23]:

CInv = ∑
j

CRFj
(
Cc,jSj

)
, CRFj = r(1 + r)Nj /

[
(1 + r)Nj − 1

]
(2)

The O&M cost in Equation (1) depends on the specific O&M cost of each technology j,
O&Mj, and the energy rate provided at hour hr and day d, ej,d,hr:

CO&M = ∑
j

∑
d

∑
hr

O&Mjej,d,hrDt (3)
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The fuel cost in Equation (1) corresponds to the cost of gas consumed by the auxiliary
boiler, that depends on the energy rate provided, HAB,d,hr, and efficiency of the boiler, ηAB:

C f uel = ∑
d

∑
hr

Pgas
(

HAB,d,hr/
(
ηABLHVgas

))
Dt (4)

The grid power cost in Equation (1) depends on the amount of grid power bought at
hour hr and day d and the related price EPG,d,hr:

Cgrid power = ∑
d

∑
hr

Pe,hrEPG,d,hrDt (5)

The energetic objective function consists of the minimization of total annual primary
energy input to the MES, formulated as:

PETot = PE f uel + PEgrid power (6)

where PEfuel is the primary energy of the input fuel that corresponds to the primary energy
of the gas consumed by the auxiliary boiler, whereas PEgrid power is the primary energy of
the electricity taken from the grid that depends on the reference electrical efficiency of the
power grid which is a parameter dependent on the power generation plants’ characteristics
in the relevant country:

PEgrid power = ∑
d

∑
hr

(
EPG,d,hr/ηe,re f

)
Dt (7)

3.3. Problem Constraints

The optimization problem consists of three types of constraints: design, operation and
energy balances.

3.3.1. Design Constraints

The design constraints for energy technologies ensure that each technology has a size
in the range available in the market, and is formulated below [23]:

Smin
j xj ≤ Sj ≤ Smax

j xj, ∀j (8)

where xj is a binary decision variable representing the selection of the technology in the
optimized MES configuration (the variable is equal to 1 if the technology j is selected).

In case of rooftop PV, the design constraint allows limiting the installed area by
considering the total available area, that is:

APV ≤ Amax (9)

3.3.2. Operation Constraints and Modeling of Energy Technologies in the MES

Operation constraints allow limiting the operation of energy technologies within
certain limits that are related to the technologies’ characteristics. The common constraint
for most energy technologies in the MES is the capacity constraint, formulated below by
taking the SOFC as an example:

Emin
SOFCxSOFC,d,hr ≤ ESOFC,d,hr ≤ Emax

SOFCxSOFC,d,hr, ∀d, hr, (10)

this ensures that the power provided by the SOFC is limited by the capacity and the
minimum part load if the technology is on, namely the binary decision variable, xSOFC,d,hr,
is equal to 1.

Modeling of the r-SOC
As mentioned earlier, the r-SOC in the MES can alternatively operate in SOFC and SOE

mode. Under SOFC operation, the r-SOC operates in CHP mode by converting hydrogen
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into electricity and heat. Under SOE operation, the r-SOC operates by generating hydrogen
from RES electricity through the electrolyzer powered by the rooftop PV, and storing
hydrogen by means of the hydrogen storage. The two operating modes are modeled in the
following.

Besides the capacity constraint formulated in Equation (10), the operation constraints
for the SOFC in CHP mode are formulated below:

H2SOFC,d,hr = ESOFC,d,hr/(ηe,SOFCLHVH2), ∀d, hr, (11)

HSOFC,d,hr = ESOFC,d,hrηth,SOFC/ηe,SOFC, ∀d, hr, (12)

HSOFC,d,hr = HTh
SOFC,d,hr + HSC

SOFC,d,hr, ∀d, hr. (13)

Equation (11) allows calculating the amount of hydrogen needed by the SOFC to
provide the power ESOFC,d,hr, and depends on the electrical efficiency of the SOFC, ηe,SOFC.
Equation (12) allows calculating the amount of heat rate recovered by the SOFC in CHP
mode, whereas Equation (13) is a constraint ensuring that the total amount of this recovered
heat is equal to the sum of the parts used to satisfy the building thermal demand and the
cooling demand through the absorption chiller.

The operation constraints for the SOE mode are formulated below:

Ereq
SOE,d,hr = H2SOE,d,hr/(ηe,SOELHVH2), ∀d, hr, (14)

Emin
SOExSOE,d,hr ≤ Ereq

SOE,d,hr ≤ Emax
SOExSOE,d,hr, ∀d, hr, (15)

Ereq
SOE,d,hr = EElect

PV,d,hr, ∀d, hr. (16)

Equation (14) allows calculating the power required by the SOE to produce the hy-
drogen H2SOE,h,dr and depends on the electrical efficiency of the electrolyzer in the SOE.
Equation (15) constrains this required power between a minimum and a maximum value if
the SOE is working (i.e., the binary decision variable, xSOE,d,hr, is equal to 1). Equation (16)
ensures that the power required by the SOE is equal to the share of power from PV allocated
for usage in the SOE.

Additional operation constraints are needed for the operation of hydrogen storage
under the SOE mode, and are formulated below:

0 ≤ H2Ch
H2sto,d,hr ≤ H2Ch,max

H2sto xCh
H2sto, ∀d, hr, (17)

0 ≤ H2Disch
H2sto,d,hr ≤ H2Disch,max

H2sto xDisch
H2sto, ∀d, hr, (18)

xCh
H2sto + xDisch

H2sto ≤ 1, ∀d, hr, (19)

Hsto
H2sto,d,hr = Hsto

H2sto,d,hr−1ηH2sto + H2Ch
H2sto,d,hr − H2Disch

H2sto, ∀d, hr. (20)

where xCh
H2sto and xDisch

H2sto are binary decision variables that are equal to 1 if the charging
and discharging process is active. Equations (17) and (18) allow the charging and dis-
charging processes, respectively, taking place between a minimum and a maximum value.
Equation (19) ensures that the charging and discharging processes do not take place simul-
taneously, whereas Equation (20) relates the amount of hydrogen stored at time hr of day d
with the one stored at previous time hr-1 of the same day that depends on the efficiency of
the hydrogen storage in the SOE.

Finally, the following constraints allow relating the various components and the two
operating modes of the r-SOC.

H2Disch
H2sto,d,hr = H2SOFC,d,hr, ∀d, hr (21)

H2Ch
H2sto,d,hr = H2SOE,d,hr, ∀d, hr (22)
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Modeling of the other energy technologies in the MES
In the following, the operation constraints of the other energy technologies in the

MES, namely the rooftop PV, the auxiliary boiler, the reversible heat pump, the absorption
chiller and the thermal storage are presented. For further details, reference is made to the
previous work [23].

EPV,d,hr = APVηPV Id,hr, ∀d, hr, with EPV,d,hr = EElect
PV,d,hr + ELoad

PV,d,hr∀d, hr, (23)

GAB,d,hr =
HAB,d,hr

ηth,ABLHVgas
, ∀d, hr, with HAB,d,hr = HTh

AB,d,hr + HSC
AB,d,hr, ∀d, hr, (24)

EHM
HP,d,hr =

HHM
HP,d,hr

COPHM
HP

, ∀d, hr, (25)

CAChil,d,hr =
(

HSC
SOFC,d,hr + HSC

AB,d,hr

)
COPAChil , ∀d, hr, (26)

Hsto
TES,d,hr = Hsto

TES,d,hr−1(1− ϕTES(Dt)) +
(

HCh
TES,d,hr − HDisch

TES,d,hr

)
Dt, ∀d, hr. (27)

3.3.3. Energy Balance Constraints

Energy balance constraints ensure that user energy demand is satisfied all times.
Power and thermal energy balances are formulated below.

Edem
d,hr + EHP,d,hr = ELoad

PV,d,hr + ESOFC,d,hr + EPG,d,hr, ∀d, hr, (28)

Hdem
d,hr = HTh

SOFC,d,hr + HTh
AB,d,hr + HDisch

TES,d,hr − HCh
TES,d,hr, ∀d, hr. (29)

The energy balance for cooling can be formulated by following the same approach.

3.4. Multi-Objective Optimization and Solution Methodology

As already mentioned, the optimal design problem presents two objective functions,
the economic and the energetic ones formulated in Equations (1) and (6), respectively, and
both are to be minimized.

In order to solve the multi-objective optimization problem, the weighted sum method
is used that allows to minimize a single objective function formulated as a weighted sum
of the economic and energetic ones [23]:

Fobj = cωCTot + (1−ω)PETot, (30)

where c is a constant parameter allowing the same order of magnitude for the two objectives,
whereas ω represents the weight that can vary in the interval [0, 1]. For values of ω equal
to 1, the solution that minimizes CTot is identified, whereas for values of ω equal to 0, the
solution that minimizes PETot is identified. By varying the weight ω in the interval [0, 1],
the Pareto frontier can be found.

The problem formulated above in Equations (1)–(30) is linear and involves discrete
and continuous variables, and it is solved by branch-and-cut, which is powerful for MILP
problems.

4. Case Study

In the case study, the final user considered is a single-family house of 200.0 m2 and a
net height of 3.0 m, located in the Italian climatic zone E, in the city of Turin.

4.1. Input Data

Most input data are the same as those in previous work with a conventional nanogrid [23].
The entire year is divided into four seasons based on the characteristics of the reference
climatic zone and the period established by Italian legislation in which the heating systems
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can be switched on. For each season, the hourly load profiles of electricity, space heating
and cooling are derived as shown in Figure 3.
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The optimization is carried out with an hourly time-step and by considering 15 con-
secutive days for the four seasons of the year.

The inputs to the optimization model are listed below:

- Hourly load profiles for electricity, space heating and domestic hot water and cool-
ing for the residential user. In order to be able to simulate 15 consecutive days,
it is assumed that the days of the same season have the same load profiles as the
representative day of the season;

- The irradiance profile on an hourly basis on a 35◦ tilted surface for the city of Turin [24].
In order to be able to simulate the 15 consecutive days, it is assumed that the days
of the same season have the same irradiance profiles as the representative day of the
season;

- The prices of energy carriers (electricity and gas), referring to the national energy
market. In detail, the unit price of natural gas is assumed as 0.462 €/Nm3, whereas
the time-of-day electricity price is assumed to vary between 0.123 and 0.152 €/kWh.
The reference electrical efficiency of the Italian thermoelectric park is set to 0.488 [25].

- The technical–economic characteristics of the technologies that can be implemented
as indicated in Table 1. The maximum available area for installation of the rooftop PV
arrays is assumed to be 190 m2. The efficiency of the hydrogen storage is assumed to
be 1. The techno–economic information of the r-SOC are based on data collected from
market investigation of fuel cell producers.



Energies 2021, 14, 8096 10 of 17

Table 1. Techno–economic characteristics of energy technologies in the MES superstructure [26–28].

Energy
Technology

Minimum
Size (kW)

Specific
Capital Cost

O&M Costs
(€/kWh)

Efficiency
LifetimeEl Th

r-SOC 1.0 16,700 €/kW 0.05
SOFC (CHP) 0.55 0.35

10
SOE 0.50 (Electrolyzer) -

Auxiliary
boiler 10 100 €/kW 0.015 0.8 15

PV - 2000
Eur/kWp

0.005 0.14 30

Reversible
heat pump 5.0 460 €/kW 0.0025 COPHM = 3.5

COPCM = 3.0
20

Absorption
chiller 1.0 510 €/kW 0.001 0.8 20

TES - 20 €/kWh 0.0014 ϕTES = 0.05 20

4.2. Optimization Results

The MILP model was implemented in the optimization software IBM ILOG CPLEX
Optimization studio V12.10. The optimization problem is composed of 150,940 constraints,
10,086 binary decision variables, 57,608 continuous decision variables, and can be solved in
about 420 h with an average optimization gap lower than 2%, with a PC with 2.60 GHz
(2 multi-core processors) Intel(R) Xeon(R) Silver 4214R CPU and 64G RAM.

In the following, in Section 4.2.1, the Pareto frontier of the current case is compared
with the one obtained for a conventional multi-energy nanogrid, where a CHP with gas-
fired internal combustion engine and a battery were present instead of an r-SOC. Optimal
design solutions on the various points of the Pareto frontier are discussed in Section 4.2.2,
whereas operation strategies of the optimized MES configurations obtained under the
economic and environmental optimization are compared in Section 4.2.3.

4.2.1. Pareto Frontier

In Figure 4, the Pareto frontier obtained in the current case is compared with the one
related to the conventional nanogrid.
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In details, the points indicated with a and a’ related to the configurations of the current
and conventional nanogrids, respectively, are obtained with ω = 0 or considering only the
energetic objective, while the points indicated with b and b’, related to the configurations of
the current and conventional nanogrids, respectively, are obtained with ω = 1 or considering
only the economic objective. The internal points on the Pareto frontier represent trade-
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off solutions of the economic–energetic optimization problem, which are obtained by
subdividing the weight interval into 10 equally-spaced points.

In the current case, under the energetic optimization (point a), the total annual pri-
mary energy input is minimum, equal to 4115.2 kWh for a total annual cost of 10,030 €.
Conversely, under the economic objective (point b), the total annual cost is minimum, equal
to 4850.8 € for a total annual primary energy input equal to 25,990 kWh.

From the figure, it can be seen that in the case of energetic optimization, the optimized
configuration of the current nanogrid allows achieving a primary energy reduction equal
to 66.3% as compared to the conventional nanogrid. This result highlights the energetic
benefits brought by the r-SOC thanks to the hydrogen-based non-conventional storage
for PV power. In the case of economic optimization, the optimized configuration of the
current nanogrid, beyond the benefits of primary energy savings, brings an increase in
total annual costs of 41.6% as compared to the conventional nanogrid. This result is mainly
due to the high specific capital costs of r-SOC technology that makes it noncompetitive yet
in the market.

4.2.2. Optimal Design Solutions

The optimal design solutions of the MES under study are shown in Table 2 for the
various points of the Pareto frontier. It can be noted that for values of ω varying from 0 to
1, namely from the energetic optimization to economic one, the size of the r-SOC remains
unchanged. A similar trend is found for the size of the auxiliary boiler. Conversely, the
size of the installed rooftop PV is maximum under the energetic optimization and for high
weights of the energetic objectives, where the total available area of 190 m2 is occupied.
For higher weights of the economic objectives, the PV installed area reduces, reaching a
minimum under the economic optimization. The size of the reversible heat pump also
remains almost unchanged at different values of ω. The absorption chiller is never selected
in the optimized MES configurations, whereas it can be noted that the thermal storage
capacity for heat reaches the maximum value for higher weight of the energetic objective.

Table 2. Optimized configurations of the MES on the Pareto frontier.

ω Value 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r-SOC (kWe) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Auxiliary boiler (kWth) 10.4 10.4 10.4 10.0 10.0 0 10.0 10.0 10.0 10.0 10.0

PV (m2) 190.0 190.0 190.0 182.9 129.4 124.4 96.7 62.8 59.7 51.7 21.5
Reversible heat pump (kWth) 7.3 7.3 7.3 7.5 6.2 12.8 6.7 7.1 6.9 7.4 6.7

Absorption chiller (kWth) 0 0 0 0 0 0 0 0 0 0 0
TES (Heat) (kWhth) 36.1 36.1 36.1 37.3 29.2 30.5 27.6 26.6 25.6 28.5 24.7

TES (Cooling) (kWhth) 40.1 40.1 40.1 39.9 41.4 61.2 40.6 40.3 40.5 33.0 13.7

Figure 5 compares the PV installed area resulting from optimized configurations of
the current nanogrid and the conventional one. It can be noted that in the current nanogrid,
the installed PV area is larger than in the conventional one, for all weights of the Pareto
frontier. This result highlights the benefits related to the hydrogen-based non-conventional
storage that allows maximizing the RES usage in the nanogrid, as compared to the current
nanogrid where a battery is used as electrical storage. This result is also consistent with
those presented in [20], where the impact of power-to-H2 technology and hydrogen storage
on penetration rates of renewable power from wind resource was analyzed, and these
emerging technologies were found to be effective solutions to maximize the usage of
renewable power and avoid curtailments.
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Figure 5. Installed PV area in optimized configurations of the current nanogrid and the conventional
one.

4.2.3. Operation Strategies of the Optimized MES Configurations under the Extreme Points
on the Pareto Frontier

For each optimized MES configuration, it is possible to analyze the operation strategies
for 15 consecutive days for each season. As an illustrative example, the operation strategies
obtained for an intermediate day of the winter season are compared below for the economic
and energetic optimizations.

Figure 6 shows the power balance in an intermediate day of the winter season ob-
tained for the economic and energetic optimizations. In the case of economic optimization
(Figure 6a), the electrical load (sum of the electricity demand and the electricity required by
the heat pump) is mainly covered by the grid power, since this operation strategy allows
minimizing the total annual costs, and the SOFC is used only in two hours of the day (20
and 21). In the case of energetic optimization (Figure 6b), the contrary occurs, and the
electrical load is mainly satisfied by the SOFC, while the power grid is used only to cover
the peak loads. In this case, the contribution of the PV system in satisfying the load during
the central hours of the day is evident.
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Figure 7 shows the hourly operation strategies for the r-SOC obtained in the case of
economic and energetic optimization for an intermediate day of the winter season. In the
case of economic optimization (Figure 7a), it can be noted that during the central hours
of the day and at hour 18, the power generated by the PV is used for the production of
hydrogen and charging of the hydrogen storage, whereas the hydrogen produced and
stored is used by the system in SOFC mode at hours 20 and 21. In the case of energetic
optimization (Figure 7b), it can be noted that the r-SOC is much more used than in the
previous case, not only in terms of working hours but also in terms of power amount
produced. The hydrogen stored is used by the system in SOFC mode throughout the day
except for the central hours of the day from 11 to 17. In fact, in this time interval, the
electrical power generated by the PV is used for the production of hydrogen and charging
of the hydrogen storage.
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Figure 8 shows the thermal energy balance in an intermediate day of the winter
season obtained for the economic and energetic optimizations. In the case of the economic
optimization (Figure 8a), the thermal load is mainly satisfied by the heat pump and the
SOFC in CHP mode and the thermal storage, while the auxiliary gas boiler is used only
for covering the peak loads. In the case of energetic optimization, the contribution of the
SOFC in CHP mode in the coverage of the thermal load is much more evident.
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5. Conclusions

In this paper, a hydrogen-based non-conventional electricity storage for RES gen-
eration is investigated under an eco-energetic optimization of an MES for residential
applications, by extending the results of a previous work where a conventional nanogrid
was analyzed. Based on a pre-fixed MES superstructure, a multi-objective linear problem
was formulated through an MILP approach to find the optimal MES configurations in
terms of types and sizes of the involved technologies with the aim to reduce a weighted
sum of the total annual cost and the fossil primary energy input, while meeting the time-
varying multi-energy demand of the user. The Pareto frontier is found by minimizing a
weighted sum of the total annual cost and fossil primary input. The problem is solved by
branch-and-cut.

The MES under study can include a reversible fuel cell (r-SOC), that can alternatively
operate in SOE mode, by generating hydrogen from PV power by means of an electrolyzer
and storing hydrogen by means of H2 storage, and in SOFC mode, operating as a CHP
system by converting hydrogen back to electricity and generating heat. The considered
case study is represented by an Italian residential end-user consisting of a single-family
house located in the city of Turin. Assigned the hourly load profiles of electricity, am-
bient heating and domestic hot water and cooling for four representative season days,
15 consecutive days for the four seasons of the year are considered for the optimization
process. Simulation results were compared with those obtained in a previous work with
a conventional nanogrid where a CHP with gas-fired internal combustion engine, and
a conventional battery were present instead of an r-SOC. Results highlight the energetic
benefits brought by the r-SOC thanks to the hydrogen-based non-conventional storage for
PV power that allows the r-SOC-based MES to obtain a primary energy reduction equal
to 66.3% as compared to the conventional nanogrid through the maximization of the RES
usage. However, beyond the benefits in terms of primary energy savings, in the economic
optimization, the optimized configuration of the r-SOC-based MES leads to an increase in
total annual costs in the range of 41–65% compared to the conventional nanogrid, mainly
due to the high specific capital costs of the r-SOC technology, which is not yet competitive
in the market.

Although the lower convenience of the r-SOC-based MES for economic purposes,
the results found in this work show the significant environmental benefits due to the
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integration of hydrogen-based non-conventional electricity storage for RES generation
instead of a battery conventional one, by demonstrating the effectiveness of hydrogen
technologies for sustainability purposes.
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Nomenclature

Decision variables
APV installed area of rooftop PV (m2)
C cost (€)
Ed,hr power (kW)
ej,d,hr technology’s generation level (kW)
Fobj objective function
Gd,hr volumetric flow rate of natural gas (Nm3/h)
H2d,hr volumetric flow rate of hydrogen (m3/h)
Hd,hr heat rate (kW)
PE primary energy input (kWh)
S designed size (kW)–(kWh)
x binary decision variable
Parameters
Amax available area for rooftop PV (m2)
c constant in Equation (30) (kWh/€)
Cc specific capital cost (€/kW)–(€/kWh)–(€/m2)
COP coefficient of performance
CRF capital recovery factor
Dt time interval length (h)
Emax capacity of the technology (kW)
Emin mimimum part load of the technology (kW)
Id,hr total solar irradiance (kW/m2)
LHVgas lower heat value of natural gas (kWh/Nm3)
LHVH2 lower heat value of hydrogen (kWh/m3)
N lifetime (years)
OM specific O&M cost (€/kWh)
Pe,hr electricity price (€/kWh)
Pgas natural gas price (€/Nm3)
r interest rate
Smax maximum size available in the market (kW)
Smin minimum size available in the market (kW)
η efficiency
ηe,ref reference electrical efficiency of the power grid
ϕTES storage loss fraction
ω weight in Equation (30)
Superscript/Subscripts
AB auxiliary boiler
AChil absorption chiller
Ch charging
d day
dem demand
Disch discharging
Elect electrolyzer
fuel fuel
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grid power grid power
H2 hydrogen
HM heating mode
hr hour
INV investment
j index of energy technology
max maximum
min minimum
O&M operation and maintenance
PG power grid
PV photovoltaic
req required
SC space cooling
SOE SOE mode
SOFC SOFC mode
Sto stored
TES thermal energy storage
Th thermal
TOT total
Acronyms
CHP micro combined heat and power
MES multi energy system
MILP mixed-integer linear programming
O&M operation and maintenance
PV photovoltaic
r-SOC reversible solid oxide fuel cell
SOE solid oxide electrolyzer
SOFC solid oxide fuel cell
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