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Abstract: This paper addresses the problem of the reduction in the huge energy demand of hospitals
and health care facilities. The sharp increase in the natural gas price, due to the Ukrainian–Russian
war, has significantly reduced economic savings achieved by combined heat and power (CHP) units,
especially for hospitals. In this framework, this research proposes a novel system based on the
integration of a reversible CHP solid oxide fuel cell (SOFC) and a photovoltaic field (PV). The PV
power is mainly used for balancing the hospital load. The excess power production is exploited to
produce renewable hydrogen. The SOFC operates in electrical tracking mode. The cogenerative heat
produced by the SOFC is exploited to partially meet the thermal load of the hospital. The SOFC
is driven by the renewable hydrogen produced by the plant. When this hydrogen is not available,
the SOFC is driven by natural gas. In fact, the SOFC is coupled with an external reformer. The
simulation model of the whole plant, including the reversible SOFC, PV, and hospital, is developed
in the TRNSYS18 environment and MATLAB. The model of the hospital is calibrated by means of
measured data. The proposed system achieves very interesting results, with a primary energy-saving
index of 33% and a payback period of 6.7 years. Therefore, this energy measure results in a promising
solution for reducing the environmental impact of hospital and health care facilities.

Keywords: combined heat and power production; solid oxide fuel cell; renewable hydrogen;
photovoltaic; electric energy storage; energy storage; energy savings for hospital; health care facilities

1. Introduction

Over the past few decades, buildings have been one of the key sectors responsible
for high energy demands (36%) [1]. This sector has also resulted in being one of the major
contributors to humans’ environmental footprint; therefore, this sector must play a pivotal
role in the transition [2]. In this framework, hospitals and health care facilities (HHF)
play a critical role [3]. In fact, they must guarantee a 24/7 service, with a huge electric
and thermal energy demand [4]. Studies reveal that hospitals use about 6% of the whole
energy consumption in this sector [5]. Due to their continuous and complex operation
requirements, HHF are energy-intensive, and therefore they have significant operating costs
and high environmental impacts [6]. A typical energy profile in HHF presents intermittent
and continuous load operation, resulting in energy consumption per square foot twice that
of office buildings [7].

Several works available in the literature try to face the issue of the high energy con-
sumption of HHF [8–10]. Common energy measures regard the refurbishment of the
building envelope [11] and advanced technologies for the heat ventilation and conditioning
system (HVAC) [12]. Energy efficiency is also crucial in order to reduce the overall primary
energy demand. In this framework, the selection of suitable building orientations, lighting
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efficiency, window-to-wall ratios, and insulation materials is crucial to reducing energy
consumption, total costs, and CO2 emissions [13]. Recently, power-to-gas technology
has been progressively identified as an economically and technically feasible method for
compensating the unbalanced hospital-oriented supply network [14]. Moreover, given
such large energy consumption and the simultaneity of electric and thermal loads, energy
measures based on cogeneration of heat and power (CHP) and trigeneration of cool, heat,
and power (CCHP) are widely adopted, leading to significant economic and energy sav-
ings [15,16]. Moreover, these technologies are mature, reliable, and widely commercially
adopted [17,18]. The adoption of a CHP reciprocating combustion engine is proven to
achieve a significant reduction in primary energy consumption and operating costs [19,20].
In the framework of this study of the integration of CHP and HFF, Calise et al. [19] proposed
several CHP reciprocating combustion engine layouts and several control strategies to
find out which solution better fits the energy needs of a large hospital located in Stuttgart,
Germany. In particular, three configurations are considered: (i) a single combined heat and
power reciprocating engine; (ii) two combined heat and power reciprocating engines; and
(iii) one combined heat and power reciprocating engine coupled with a photovoltaic (PV)
field. Two novel hybrid control strategies are proposed: master electric load-slave electric
load and master thermal load-slave electric load. By means of dynamic simulations carried
out in a TRNSYS 18 environment, the work assesses that the third layout exhibits better
energy and environmental performances, achieving a simple payback (SPB) of 1.6 years.
Alexis et al. [21] assess that the installation of CHP serving a hospital located in Greece
reduces the primary energy consumption of the hospital by 28%, while at the same time
achieving a reduction in the yearly operative costs by 32%.

Gimelli and Muccillo [22] analyzed the integration of CHP and HHF, assessing that
internal combustion engines operating in a cogeneration mode are able to reduce energy
consumption by up to 19%, deeply depending on the load profiles of the user. Ghoreishine-
jad et al. [23] performed a multi-objective optimization of a CCHP system based on heat
recovery from an oxygen generator for a hospital building in Sabzevar city. This system
includes an ORC component, an absorption chiller cycle, air handlers, and heat exchangers.
The plant is able to supply a certain amount of the electricity, heating, cooling, and hot
water needs of this hospital during different seasons of the year based on three scenarios.
The system was analyzed from an energy, exergy, and economic point of view. According to
the findings, this project can act as a facilitator in hospitals with a minimum of three oxygen
generators. A novel concept of hospital-oriented quad-generation (HOQG) to produce
a combined cooling, heating, power, and gas (CCHPG) system is investigated by Chen
et al. [24]. The proposed plant includes a PV field and wind turbines, a high-temperature
superconducting (HTS) power cable, and superconducting magnetic energy storage (SMES).
The plant simultaneously produces multiple clean energies and medical gases (oxygen,
nitrogen, and carbon dioxide) during both normal and emergency operations. Compared
to conventional copper cable and electrochemical batteries, HTS terminal power units
result in high-efficiency power delivery and high-quality power compensation. Three
cryogenic fluids of liquefied methane gas, liquefied oxygen, and liquefied nitrogen are
used as backups for both energy fuel and medical gas. For the 10 MW hospital building
case, the proposed plant can save approximately 10.63 GWh of electricity per year. Calise
et al. [25] modeled the dynamic energy performance of a hospital integrated with a CHP
reciprocating engine. The selected hospital is located in Puglia (south of Italy) and has
a capacity of roughly 600 beds. The hospital simulation model is developed in TRNSYS.
Although the results show that the primary energy saving (PES) is limited (about 9%), the
plant shows very good economic results, with an SPB of 1.5 years and a net present value
(NPV) of EUR 7.10 M.

However, the Ukrainian war, which started in 2022, has caused a relevant increase in
the natural gas price in Europe in the last year [26,27]. This makes the CHP plant operation
extremely expensive, dramatically affecting the energy bill of HHF. It is well known that
the price of natural gas is dramatically dependent on the present geopolitical scenario
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due to the limitations connected to the gas distribution infrastructure [28]. The European
Union imports the majority of natural gas, used for a plurality of applications (electricity
production, heat, industrial users, etc.). This represents a huge vulnerability for the energy
security of the EU [29]. Therefore, the recent energy policies in the EU aim to dramatically
reduce the importation of natural gas while also promoting the electrification of final
user demand [30,31]. An interesting solution in this framework may be the integration
of green hydrogen—obtained by converting renewable electricity—and reversible fuel
cells. In this case, the surplus of renewable energy is used to produce green hydrogen [32],
which is delivered to the fuel cell when the renewable energy source is not available [33].
Hydrogen fuel cells have been widely recognized for their cleanliness, efficiency, and
flexibility, and their conversion characteristics from hydrogen to electricity and heat enable
them to connect various energy components [34].

In this framework, one of the most promising technologies for electrolysis and elec-
tricity production from hydrogen is the reversible solid oxide fuel cell (r-SOFC) [35]. The
r-SOFC is characterized by high installation and management costs due to its high operat-
ing temperature. It operates at about 500–800 ◦C. Therefore, specific materials must be used
to manufacture this device [36]. On the other hand, this offers the possibility to exploit
waste heat at high temperatures, configuring it as a promising CHP system [37]. A new
paradigm for residential energy storage is proposed by Calise et al. [38]. The presented
system is based on a PV field of 100 kW coupled with an r-SOFC, which produces hydrogen
by exploiting the surplus of PV power. The hydrogen is stored in a pressurized tank with a
maximum pressure of 200 bar. The results show that the system leads to a PES of roughly
60%, but it exhibits low economic profitability, i.e., a payback period of 15 years, due to
the remarkably high capital cost of the plant. Also, Sun et al. [39] presented the optimal
energy scheduling for a fuel cell-based cogeneration system for a residential application.
The studied cogeneration system consists of a fuel cell, a PV field, a heat pump, and electric
and thermal energy storages. They developed an economic optimization scheduling model
assuming the minimum hydrogen consumption of a fuel cell in its full 24 h operation as
an objective function and considering the balance of supply and demand and security
constraints of the devices. To convert the randomness to the probability of the random
variables, including PV and electrical and thermal power, we used the time-varying Markov
chains. The results of the numerical simulation show that the fuel cell works securely with
a maximum power not surpassing 2.5 kW. The hydrogen consumption by fuel cell power
generation is 0.994 kg. The coupling of storage based on metal hydride hydrogen technol-
ogy with a fuel cell in order to increase the system’s energy efficiency is investigated in the
work of Boghilla et al. [40]. In this work, metal hydride hydrogen storage and the reversible
fuel cell are coupled with a vapor absorption refrigeration system for hydrogen storage and
cooling applications simultaneously. In the fuel cell mode, the resulting system efficiencies
with and without the vapor absorption refrigeration system at 80 ◦C were 73.29% and
47.84%, respectively. In the electrolyzer mode, the achieved maximum efficiency is 85.65%.
With the use of metal hydride hydrogen storage, the overall efficiency of the electrolyzer
increased to 94.05%.

In the framework of the integration of HHF and fuel cells, Tariq [41] proved the
profitability of the adoption of a PV field together with an electrolyzer and a fuel cell for
HHF. In this case, the adopted plant is mainly designed to match the hospital’s electricity
and oxygen demand. In particular, this research considered a power plant based on a
PEM electrolyzer, a PEM fuel cell, and a PV field serving a typical Pakistani hospital. The
author carried out several analyses for different Pakistani weather zones using Homer Pro
software. This research assessed the good profitability of such a plant, proving a levelized
cost of energy of 0.32 USD/kWh. However, this study does not take into account the
thermal energy demand of the hospital, focusing only on the oxygen and power demands.

In the framework of the integration of HHF and fuel cell-based CHP, Isa et al. [42]
proposed a cogeneration system consisting of a grid-connected PV (120 kW), a 100 kW
proton exchange membrane fuel cell (PEMFC), and a battery and serving the University



Energies 2024, 17, 979 4 of 21

Kebangsaan Malaysia Medical Centre, an educational hospital, since 1997. The system
also includes a steam methane reformer, which allows the cell to operate using natural gas.
The PEMFC and the PV field are able to meet the power load of the hospital. The waste
heat from the fuel cell is used for driving heat recovery boilers and sterilizing equipment
in the hospital. The techno-economic analysis is performed by means of the HOMER
simulation software. The results show that the proposed system can reduce system costs
by 30% with a profit index of 1.30. Despite the high capital costs, the proposed system
is able to achieve these profitable economic results thanks to the incentives provided by
the Malaysian Government for renewables and high energy efficiency technologies. A
novel hospital-oriented combined cooling, heating, power, and oxygen (CCHPO) system
is presented in the work of Zhan et al. [43]. The system is designed to guarantee the
simultaneous supply of clean energies and medical gas during normal and emergency
operations. The plant first consumes the excess photovoltaic power to produce hydrogen
and oxygen by electrolysis, and then it stores the liquefied methane gas and liquefied
oxygen by means of methanation and refrigeration. In emergency situations, the CCHPO
system rapidly gasifies the stored liquefied methane gas into the local combined-cycle
power plants for hospital power generation and further uses the waste heat to produce
extra cooling and/or heating supplies. In a realistic hospital case study of China, the annual
greenhouse gas emission reduction can be up to 4438.4 tons. Sleiti et al. [44] propose an
energy, economic, and environmental analysis of a CHP power plant based on a solid oxide
fuel cell. This system is designed to serve the National Center for Cancer Care and Research
in Qatar, and it is based on measured and real energy and geometric data. The hydrogen
to be delivered to the cell is produced by means of an internal steam methane reformer.
The heat produced by the electrochemical reaction is partially used to meet the thermal
energy needed for the internal reform of the methane. The residual amount of thermal
energy is exploited for the cooling and heating systems. The results of the simulation show
that the SOFC-CCHP system can save about 49% to 77% of the monthly bill of the hospital
compared with the baseline system with an SPB of 10 years. In addition, the system leads
to an equivalent CO2 emission saving of 88% compared with the baseline system. The main
limitation of this work is that the proposed model is based on a stationary approach, not
paying attention to the dynamic evolution of the boundary conditions and the user load.
Ghimire et al. [45] proposed a cogeneration plant based on a PEM fuel cell designed for
operating as a backup system in a hospital located in Nepal. This study proved that a PEM
fuel cell can be considered a valuable alternative to a conventional diesel generator backup
system. The main limitation of this study relies on the fact that this paper is mainly focused
on the yearly economic performance without providing a detailed dynamical analysis of
the performance of the proposed system.

Aim of the Paper

The aim of the present work is to replace the conventional reciprocating engine
producing heating, cooling, and electric energy with an innovative r-SOFC-based CCHP
system coupled with a PV field. This energy measure is designed to increase the share of
renewables in the hospital and reduce the consumption of natural gas without affecting the
reliability and continuity of energy dispatch ensured by CHP-based technologies. The case
study is the hospital “Miulli”, located in Puglia, south of Italy. In particular, the electric
load of the hospital is primarily matched by the PV field and secondarily by the SOFC.
The excess renewable power is supplied to the r-SOFC operating in electrolysis mode to
produce hydrogen, which is stored in a pressurized tank. The SOFC may work both with
green hydrogen withdrawn from the pressurized tank or with the hydrogen produced by
the reform of natural gas, which is withdrawn from the gas grid.

To the best of the authors’ knowledge, there are no works available in the literature
presenting a dynamic analysis of an r-SOFC operating in a cogenerative mode integrated
with a hospital and a PV field. For this reason, this research aims to assess whether the
r-SOFC operating in a cogenerative mode and driven by green hydrogen and methane (via
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steam methane reforming) is a valuable alternative to the conventional cogeneration plant
based on an internal combustion reciprocating engine from an energy, environmental, and
economic point of view.

2. System Layout4

Figure 1 shows the layout of the existing cogeneration plant based on a reciprocating
cogeneration engine, providing thermal and electric energy to a hospital. Here, for the
sake of clarity, a brief description of the existing layout is provided. Note that a detailed
description of the existing layout is available in Ref. [25]. The high-temperature thermal
energy provided by the CHP, i.e., the exhaust gases stream (EG), is first used to produce
steam. In particular, the stream of exhaust gases (EG) is supplied to the heat exchanger
HE-S-EG (Figure 1), where the steam is produced by exploiting the waste heat of EG. When
the steam demand is null or the temperature of the EG leaving the heat exchanger HE-S-EG
(Figure 1) is higher than 140 ◦C, the EG are delivered to the heat exchanger HE-JW-EG
(Figure 1). Here, the exhaust gases stream supplies heat to the jacket water loop. When the
high-temperature thermal energy, i.e., the thermal energy due to exhaust gases, provided by
CHP is not sufficient to meet the hospital’s steam demand, an auxiliary steam generator (SG
Figure 1) is activated. The low-temperature thermal energy provided by the CHP is used
to meet the building space heating, building space cooling, and sanitary hot water (SHW)
thermal energy demands. In particular, the thermal energy recovered from the CHP is
discharged to the heating water loop by means of the main heat exchanger (M-HE Figure 1).
The hospital heating network water (Figure 1) delivers thermal energy to the heating
terminals installed in each thermal zone and to the heat exchangers producing sanitary
water. Note that two auxiliary boilers are considered backup systems. The thermal energy
produced by CHP is also used for driving an absorption chiller (ACH). When the thermal
energy available to drive ACH is not sufficient or null, an auxiliary electric-driven chiller
(CH) is activated to balance the hospital building space cooling energy demand. Then,
the ACH and CH cool down the chilled water network, which feeds the cooling terminal
installed in the hospital, as shown in Figure 1. A cooling tower dissipates the waste heat
discharged from the absorption chiller condenser and the electric chiller condenser. Note
that the thermal energy is primarily used for building space heating and SHW production.
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Figure 2A displays the layout of a power plant based on the r-SOFC and the PV field,
producing electricity, heat, and oxygen to meet the needs of the hospital. In particular, the
power produced by the PV field is primarily used for balancing the hospital power load.
When the PV power production is higher than the hospital power demand, the surplus
electricity is used to produce renewable hydrogen (H2). Therefore, the renewable electricity
is used to drive the r-SOFC operating in an electrolyzer mode, producing hydrogen and
oxygen. In particular, the cathode of the electrolyzer (Figure 2) is fed by water steam at
a rated temperature of 800 ◦C. Note that this steam is also produced by exploiting the
waste heat provided by the r-SOFC operating in the electrolyzer mode. When the cell is
in operation, it produces a stream at the cathode consisting of a mixture of hydrogen (H2)
and water steam (H2O) and a stream at the anode consisting of almost pure oxygen (O2),
as shown in Figure 2A. Given the high temperature level at the outlet of the electrodes,
both the cathodic stream and anodic stream are used to produce steam by means of two
heat recovery steam generators, namely HRSG-1 and HRSG-2, as shown in Figure 2A. The
control strategy for managing HRSG-1 and HRSG-2 is discussed in detail in reference [46].
Note that an auxiliary steam heater (A-SH Figure 2A) is considered to achieve the setpoint
temperature of the steam to be delivered to the cathode equal to 800 ◦C. The temperatures of
the anodic and cathodic streams exiting the two heat recovery steam generators (Figure 2A)
range from 90 ◦C to 110 ◦C. Therefore, a cooling process is considered in order to reduce
the compressor’s electricity demand. In particular, the anodic stream is delivered to dry
cooler B (Dry-B Figure 2A), which is designed to cool down the O2 stream to a temperature
close to the ambient one. The cathodic stream is delivered to the dry cooler A (Dry-A
Figure 2A), where it is cooled to a temperature close to the ambient one. The cathodic
stream consists of hydrogen (80%) and steam (20%). Thus, this cooling process is also
able to separate the condensate water from the hydrogen stream before it is delivered to
the compressor, where it is compressed up to 200 bar. At the same time, the oxygen is
compressed up to 200 bar. Note that the hydrogen and oxygen compressors (C-H2 and
C-O2 Figure 2A) are featured by four stages that are intercooled by means of the external
air. When the PV power production is lower than the hospital power demand, the r-SOFC
is used in the fuel cell mode to track the hospital electric load. In particular, if renewable
hydrogen is available, the cell is fed by renewable hydrogen (H2), whereas if renewable
hydrogen is not available, the cell is fed by methane (CH4) withdrawn from the gas grid.
The fuel cell simultaneously produces heat and electricity. The electricity produced meets
the power demand of the hospital, while the heat matches a share of the thermal load
of the hospital. Note that a share of the thermal energy produced by the cell is used to
preheat the flows fueling the cell. In particular, the hydrogen is delivered to the anode,
while the air is delivered to the cathode, both at a temperature of 450 ◦C, as shown in
Figure 2A. The anodic stream leaving the cell, including H2 and H2O, and the cathodic
stream leaving the cell, including exhaust air, are mixed in the post-combustion chamber
(PC Figure 2A), where catalytic combustion occurs, consuming all the unreacted hydrogen.
This reaction significantly increases the temperature of the exhaust stream exiting the cell,
i.e., the exhaust gas; see Figure 2A. This stream is supplied to the heat exchangers HE-EG-A
and HE-EG-H2 to preheat hydrogen and fresh air, respectively. Note that an amount of
exhaust gas bypasses these heat exchangers, being directly supplied to the mixer M3. The
diverter D3 is managed by means of a feedback controller. This controller manages the
flow rate delivered to HE-EG-A and HE-EG-H2 in order to obtain an outlet temperature
of 450 ◦C from both the heat exchangers; see Figure 2A. The exhaust air exiting from the
mixer M3 is characterized by a significantly high enthalpy; therefore, this stream may be
exploited to partially match the hospital thermal load. In fact, this stream is delivered to the
heat exchanger HE-EG-SW (Figure 2A), where it transfers heat to the superheated water
loop, i.e., water at a pressure of 10 bar; see Figure 2A.
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Figure 2. Proposed layout based on a reversible solid oxide fuel cell operating in cogeneration mode:
(A) Reversible SOFC plant layout; (B) Layout of the hospital heating and cooling network driven by
the superheated water.

When the SOFC is fed by methane (CH4), the fuel cell operation is the same as the
one described above. The only difference is the steam methane reforming that is needed
to produce the hydrogen supplied to the cell. In this layout, an external steam reformer is
considered. The methane is preheated by exploiting the waste heat provided by the fuel cell
in an operation, reaching a temperature of 450 ◦C (see HE-EG-H Figure 2A). The methane is
then delivered to the external steam reformer. At the same time, a suitable amount of water
steam is produced in HRSG-3, exploiting the waste heat provided by the cell in operation.
The temperature of the steam delivered to the external steam reformer (ESR) is equal to
450 ◦C. In the ESR, the methane reacts with the steam, producing H2, CO, and CO2. Note
that a share of the thermal energy produced by the fuel cell is to drive the reaction since
the steam methane reforming reaction is endothermic. In particular, the stream leaving
the post combustion chamber (PC Figure 2A) first supplies thermal energy to the steam
methane reformer (Figure 2A), and then it is divided by means of diverters D3 and D4 in
order to feed the following heat exchangers:
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• HE-GA-A, where this exhaust stream heats up the fresh air entering the plant;
• HE-EG-CH, where the exhaust stream supplies thermal energy to the methane entering

the plant;
• HRSG-3, where the exhaust stream produces steam.

The diverters D3 and D4 are managed by means of a feedback controller that selects
the mass flow rate to be supplied to the above-mentioned heat exchangers in order to obtain
an outlet temperature of the air (H-GA-A), methane (HE-EG-CH), and steam (HRSG-3) of
450 ◦C. A share of the exhaust stream mass flow rate bypasses these heat exchangers and is
directly delivered to the mixer M3; see Figure 2A. As mentioned before, the exhaust stream
leaving the mixer M3 is characterized by high enthalpy. This thermal energy is used to
partially meet the thermal energy demand of the hospital. In particular, this exhaust stream
supplies heat to a superheated water loop by means of the heat exchanger HE-EG-SW; see
Figure 2A. Note that the superheated water loop consists of water at 10 bar. This thermal
energy is stored in the tank TK-SW. The stored thermal energy is used to match the hospital
thermal energy demand for sanitary water, building space heating, and space cooling using
an absorption chiller. More specifically, the superheated water (SW, Figure 2B) supplies heat
to the hospital heating network by means of the main heat exchanger; see M-HE Figure 2B.
The hospital heating network supplies this hot water to the heating terminals installed
in each thermal zone and to the heat exchangers dedicated to sanitary water production
(Figure 2B). In addition, this network also supplies hot water to an ACH, which provides
cooling energy to a chilled water network (Figure 2B). Note that, as with the existing power
plant layout, the plant primarily provides thermal energy to the heating terminals and the
heat exchanger for sanitary water. When the remaining thermal energy is not sufficient for
driving the ACH, a backup electric-driven chiller (CH, Figure 2B) is activated to balance
the cooling energy demand of the hospital.

3. System Model

The existing and proposed models of the trigeneration plants serving the hospital
power and thermal networks and the hospital building are developed in a TRNSYS 18
environment. This software is considered extremely reliable in modeling and simulating the
real-time operation of complex power plants [15,47,48]. In fact, in TRNSYS, a wide range of
technologies for diverse applications, including renewables, can be easily simulated thanks
to a huge library of built-in models. The models are built in the form of energy and mass
balances, allowing easy connections among them and mimicking the dynamic behavior of
extremely complex systems. Moreover, TRNSYS allows one to easily integrate models that
are developed by means of other software, such as MatLab 2023b. In this case, for instance,
the model of the rSOFC was developed and validated in MatLab 2023b, and then it was
integrated in TRNSYS to perform the simulation of the whole system. This model was then
integrated in TRNSYS by means of a map of the data collected by running the simulation
of the rSOFC under several different operating conditions, namely, operating current, flow
rate, operating pressure, or temperature. The desired output for several possible input
conditions was then used to create a map of the data, which is used as an operating map
for the type. Of course, since it is a discretized map, the data regarding other operating
points are obtained by interpolating the available results.

For the sake of brevity, only a brief description of the main models employed in
this research is provided here. Note that the TRNSYS models of all the components are
validated against the manufacturer’s data and literature/experimental data. Furthermore,
the models developed in MatLab by the authors are also validated using experimental data
collected from the scientific literature. This circumstance also allows one to consider the
validation of the model of the system as a whole [44,49–56].

Hospital model. The model of the hospital was carefully developed and calibrated
on the basis of the results of several on-site inspections. In addition, this model was vali-
dated against the measured thermal and electric energy consumptions of the hospital. The
geometrical model of the hospital was developed using the software Google SketchUp
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TRNSYS3d plug-in. Then, the geometrical model of the hospital was imported into TRN-
SYS18 by means of Type 56 in order to dynamically simulate the energy performance of the
hospital. Type 56 allows one to carefully model the thermophysical features of the studied
building. In particular, Type 56 performs the building energy balances considering the
building orientation, the internal gains, the solar gains, and the features of the envelope.
Note that this type has proven to be extremely reliable and accurate in modeling the build-
ing’s energy performance; see Refs [15,57–60]. A detailed discussion about the hospital
model calibration is provided in Ref. [25].

Reciprocating combined heat and power engine. The reciprocating engine is modeled
by means of Type 907, which carefully mimics the real-time operation of an internal
combustion engine; see Ref. [15]. Note that the real-time operations of the existing CHP
layout are calibrated against the measured data regarding the energy performance of the
internal combustion engine and the heating and cooling networks.

Reversible solid oxide fuel cell. The model of the r-SOFC was not available in the
TRNSYS library; thus, the r-SOFC model was developed in-house. A detailed description
of this model is provided in Ref. [19].

Steam methane reforming (SMR). The SMR model was developed in-house. The
reaction is featured by two stages: the decomposition of methane into hydrogen and carbon
monoxide and the shift reaction [61–63].

CH4 + H2O → CO + 3H2 ∆H = +201.6 kJ/mol (1)

CO + H2O → CO2 + H2 ∆H = −41 kJ/mol (2)

The degree of demethanation is given by the following equation [63]:

VCH4 =
nCH4,in − nCH4,out

nCH4,in
(3)

where nCH4,in and nCH4,out are the inlet molar flow rate and outlet molar flow rate, respec-
tively.

Therefore, the degrees of reaction of the first phase of reforming, x, and the degree of
reaction of the shift reaction, y, are assessed according to the following equations [63]:

x = VCH4 · nCH4,in (4)

Kshi f t(T) =
(
nCO2,i + y

)
·
(
nH2,i + 3x + y

)(
nH2O,i − x − y

)
· (nCO,in + x − y)

(5)

where Kshift is the equilibrium constant of the shift reaction. Ref. [61] provides a detailed
description of such model.

Thermoeconomic Model

The primary energies of both the existing and the proposed plant are evaluated as
follows:

PERS = ∑
t

[(
Eel, f romGRID − Eel,toGRID

)
1

ηel
+

(
Eth,CB−H+Eth,CB−DHW

ηB
+

Eth,SG
ηSG

)
+ VNG ,CHPLHVNG

]
t

PEPS = ∑
t

[(
Eel, f romGRID − Eel,toGRID

)
1

ηel
+

(
Eth,CB−H+Eth,CB−DHW

ηB
+

Eth,SG
ηSG

)
+ VNG ,SOFCLHVNG

]
t

PES = PERS−PEPS
PERS

Rrenew = 100 −
∑
t

[
Eel, f romGRID

ηel
+

(
Eth,CB−H+Eth,CB−DHW

ηB
+

Eth,SG
ηSG

)
+VNG ,SOFC LHVNG

]
t

PERS

(6)

where VNG,CHP represents the natural gas delivered to the CHP, whereas VNG,SOFC rep-
resents the natural gas delivered to the SOFC when no renewable hydrogen is available.
Eel,fromGRID and Eel,toGRID represent the electricity withdrawn and delivered to the grid.
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The operative costs of RS and PS are evaluated according to the following equations:

CRS = ∑
t

[
jel, f romGRIDEel, f romGRID + jNG

(
Eth,CB−H+Eth,CB−DHW

LHVNGηB
+

Eth,SG
LHVNGηSG

+ VNG ,CHP

)
+ m

]
t

CPS = ∑
t

[
jel, f romGRIDEel, f romGRID − jel,toGRIDEel,toGRID + jNG

(
Eth,,CB−H+Eth,,CB−DHW

LHVNGηB
+

Eth,SG
LHVNGηSG

+ VNG ,SOFC

)
+ m − jO2 MO2

]
t

(7)

Note that the oxygen produced by the cell operating in the electrolyzer mode is
assumed to be exported at a specific price of (jO2) 2 EUR/kg, [64–67].The simple payback
period is evaluated carefully to assess the capital cost of all of the technologies needed to
replace the reciprocating engine with the r-SOFC.

Ctot = IPV + ISOFC + ITK−H2 + IC1 + IC2 + IHEs + IHRSG + ISG + ITK−SW + Ipumps + IdryCs + IA−SH (8)

The main terms of this equation are summarized in Table 1.

Table 1. Design and operating parameters.

Parameter Description Value Unit

jel,fromGRID Electricity purchasing cost 0.23 EUR/kWh

jel,toGRID Electricity energy exporting cost 0.06 EUR/kWh

jNG Natural gas purchasing price 1.30 EUR/Sm3

jO2 Oxygen purchasing price 2.00 [64–67] EUR/kg

LHVH2 Hydrogen lower heating value
3.00 kWh/Sm3

120.00 MJ/kg

LHVCH4 Natural gas lower heating value 9.59 kWh/Sm3

JPV PV cost 1000 [15] EUR/kW

JREF External steam methane reformer capital cost 259.0 [68] M EUR/MWNG

JSOCF r-SOFC cost 3000 [69] EUR/kW

JTK-H2 Hydrogen tank cost 500 [70] EUR/kg

Ic Compressor capital cost CC = 5840 · (Pel,C,rated)
0.82 [71] EUR/compr

IHE Heat exchanger capital cost CHE = 130 · 1.4 ·
[
(AHE/0.093)0.78

]
[72] EUR/HE

ITK-SW Superheated water capital cost CTK = 494.9+0.808 · VTK−O [73] EUR

JHRSG Heat recovery steam generator 0.368 [74,75] M EUR/HRSG

JdryC Dry cooler specific cost 200 [76] EUR/kW

JA-SH Auxiliary steam heater specific cost 125 [77] EUR/kW

ηel Conventional thermo-electric power plant efficiency 46 %

ηB Boiler efficiency 75 %

ηSG Steam generator efficiency 98 %

ηA-SH Steam heater efficiency 98 %

ηinv District inverter efficiency 95 %

4. Case Study

The selected hospital is located near the city of Bari, in southern Italy. This hospital
hosts almost 603 beds, and it is one of the largest hospitals in the south of Italy. For the
sake of brevity, only the main features of the existing and proposed plants are provided.
Table 2 lists the main technical data for the technologies discussed in this section, both for
the existing and proposed systems. The features of the hospital building are available in
Ref. [25]. The current power plant of the hospital is based on a CHP, which follows the
hospital power load. This CHP simultaneously provides thermal energy and electric energy.
The thermal energy is used to meet the thermal energy demand of the hospital to build
space heating, produce sanitary water production, and produce steam. In addition, this
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thermal energy is also used to drive an ACH. Note that the thermal energy recovered from
the CHP is primarily used for heating purposes. Therefore, ACH is only activated when
the heating energy demand of the hospital is null or there is a sufficient thermal energy
surplus to drive the ACH. Three electric chillers are installed as a backup system. Table 3
shows the yearly electricity and thermal energy consumption of the hospital.

Table 2. Main component data and features.

Component Parameter Description Value Unit

CBH

Pth,CBH Rated capacity of CBH 6.20 MWth

Tset,CB Set point temperature for CBH 80 ◦C

ηCBDHW CBH efficiency 86 %

CBSHW

Pth,CBSHW Rated CB for SHW thermal flow rate 0.70 MWth

Tset,CBSHW Set point temperature for CBSHW 80 ◦C

ηCBDHW CBSHW efficiecy 0.86 %

SG
Pth,SG Rated capacity steam generator 6880

ηSG SG efficiency 90 %

Cogenerator [78]

- Model Name JMS-612-GS-N.L.

- Manufacturer GE Jenbacher GmbH & Co OHG (Austria)

Pth,CHP Rated thermal capacity 1.90

MWPel,CHP Rated electrical capacity 2.00

Pth,input Rated fuel input 4.42

ηel Rated electrical efficiency 45.2

%ηth Rated thermal efficiency 43.0

η Global rated efficiency 88.3

ACH
Prated Rated cooling capacity 0.77 MWth

COP Rated coefficient of performance 0.75 -

CH
Pth,CH Rated cooling capacity 9.00 MWth

COP Rated coefficient of performance 5.95 -

CT

Pth,CT Rated thermal capacity of CT 1.79 MWth

Nf,CT Number of fans of CT 2 -

Pel,fan,CT Fan power of CT 15 kW

PV

ηPV Module efficiency 0.20 -

Prated,PV PV panel rated power 6.00 MW

Atot PV field area 30,000 m2

r-SOFC

Presscell Cell operative pressure 1

NSOFC,cell Number of cells in series 8

NSOFC,par Number of stacks in parallel 4166

Pel,SOFC Rated fuel cell/electrolyzer capacity 2.00 MW

Reformer

PressRef Reformer operative pressure 1 bar

Trated Rated fuel feeding temperature 450 ◦C

Φ Rated enthalpy flow of fuel 3.63 MW

Tank TK-H2
VTK-H2 Tank Volume 28 m3

PressTK-H2 Max tank pressure 200 bar
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Table 2. Cont.

Component Parameter Description Value Unit

Compressor C-H2

ηcompressor Compressor isentropic efficiency 80 %

Nstages Number of stages 4 -

β Compression ratio 3.75 -

Press Rated pressure 200 bar

Compressor C-O2

ηcompressor Compressor isentropic efficiency 80 %

Nstages Number of stages 4 -

β Compression ratio 3.65 -

Press Rated pressure 150 bar

Table 3. Existing hospital power plant energy consumption, operating costs, and emissions.

Parameter Value Unit

Eth,heat 7.33 GWhth/y

Eth,SG 8.61 GWhth/y

Eth,SHW 0.47 GWhth/y

Eth,cool 9.71 GWhth/y

Eel,LOAD 16.36 GWhel/y

PE 46.41 GWh/y

C 6.21 M EUR/y

CO2 8388 tCO2/y

In the system proposed, the reciprocating engine is replaced with an r-SOFC integrated
with an external steam reformer and a PV field. Then, the renewable power provided
by the PV field is used to meet the hospital’s power demand. During this phase, the
thermal load of the hospital is met by means of the auxiliary boilers (CB-H and CB-SHW)
and three electric chillers. The surplus electricity is used to produce renewable hydrogen,
which is stored in a tank in gaseous form. When the PV power production is null or low,
the renewable hydrogen produced and stored is used to drive the fuel cell. The thermal
energy provided by the fuel cell is used to meet the hospital’s thermal energy demand.
The thermal energy recovered is exploited to drive the ACH, which is the same as that for
the existing layout. The thermal energy recovered is primarily used for heating purposes.
When renewable hydrogen is not available, the methane is withdrawn from the gas grid
and delivered to a steam methane reformer to produce hydrogen that will be supplied to
the fuel cell.

5. Results

The proposed power plant based on r-SOFC integrated with a PV and methane steam
reformer achieves very promising performance, resulting in an interesting solution for
replacing the conventional CHP. In fact, the proposed power plant is able to significantly
reduce the primary energy consumption of the hospital, achieving a PES of 30%; see Table 4.
In particular, 97% of the hospital electric load (Eel,load) is met by the electricity produced by
the proposed power plant, i.e., Eel,self is equal to 16.60 GWh/y; see Table 4. However, the
renewable share of energy accounts for 50% of Eel,self. These results are clearly explained in
Figure 3. In fact, according to the SOFC operating strategy, i.e., the electric load tracking,
the r-SOFC matches the hospital power load (Pel,load) for the majority of the day. During
the central part of the day, when the PV field achieves the peak of electricity production
(Pel,PV), i.e., 5000 kW, Pel,load is directly balanced by the renewable power. At the same
time, the surplus electricity is delivered to the electrolyzer, which produces renewable
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hydrogen (see Pel,toSOEC Figure 3). Note that the electricity delivered to SOFC operating
in the electrolyzer mode is constantly equal to 2000 kW, which is the rated capacity of the
cell. The renewable hydrogen (Pe,fromSOFC(H2)) is exploited during the evening when the
PV production decreases to zero. In particular, SOFC fed by renewable hydrogen is able
to meet the hospital load for almost 4 h from 16:00 to 20:00. In conclusion, the hospital is
driven by renewable electricity for roughly 13 h, i.e., 54% of the day. The surplus electricity
delivered to the grid (Pel,toGRID) is almost limited, accounting for 0.50 GWh/y, i.e., less than
7% of PV electricity production. In fact, according to the trends displayed in Figure 3, the
system is able to handle the majority of PV electricity production (Table 4).

Table 4. Yearly results.

Parameter Unit RS PS

PECHP GWh/year 35.62 17.46

Eel,load GWh/year 16.89 18.26

Eel,CHP GWh/year 15.03 -

Eel,PV GWh/year - 10.20

Eel,SOEC GWh/year - 2.08

Eel,SOFC(H2) GWh/year - 0.98

Eel,SOFC(CH4) GWh/year - 8.58

Eel,fromGRID GWh/year 1.85 1.06

Eel,toGRID GWh/year 0.00 0.48

Eel,self GWh/year 15.03 17.19

Eth,B GWh/year 2.60 3.77

Eth,SG GWh/year 3.39 8.61

Eth,CHP2Steam GWh/year 5.22 0.00

Eth,CHP2M-HE GWh/year 7.30 5.01

Eth,SOFC(H2)2M-HE GWh/year - 4.29

Eth,SOFC(CH4)2M-HE GWh/year - 0.72

Eth,M-HE2ACH GWh/year 2.96 1.05

Eth,ACH GWh/year 2.10 0.78

Eth,CH GWh/year 9.48 10.49

Eel,CH GWh/year 1.57 1.71

PEtot GWh/year 46.41 30.74

∆PE GWh/year - 15.67

PES % - 29.64

Rrenew % - 27.33

VNG,CHP Sm3/year 3.71 × 106

VNG,SOFC Sm3/year 1.82 × 106

VNG,aux Sm3/year 0.71 × 106 1.45 × 106

VNG Sm3/year 4.42 × 106 3.27 × 106

∆Mx t/year - 2561.57

∆Mx % - 30.53

∆C M EUR/year - 2.72

C M EUR - 12.84

SPB years - 4.71

PI - 0.69

NPV M EUR/year - 8.71
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Concerning the thermal energy performance of the proposed plant, considering that
the PV power production directly matches the hospital power load during the central part
of the day, the activation of the auxiliary boilers and steam generator compared with the
reference system increases; see Figure 4. Moreover, when the SOFC is driven using the
methane withdrawn from the grid, a share of the thermal energy produced by the cell is
used to run the steam methane reformer (SMR) and produce the steam to be delivered
to the SMR in order to produce hydrogen from methane. Then, the available thermal
energy is lower compared with the one provided by the SOFC, which is directly fueled
by hydrogen or conventional CHP. In fact, when steam methane reform is in operation,
the thermal efficiency is lower. For example, from 16:00 to 17:00, when SOFC exploits
the green hydrogen, ηth is roughly equal to 38%, whereas from 17:00, when the SOFC is
supplied by the hydrogen produced by means of SMR, ηth is equal to 26%; see Figure 4.
For these reasons, the thermal energy supplied by the hospital boiler Eth,B passes from
2.60 GWh/y (RS) to 3.96 GWh/y (PS). Figure 5 confirms these trends on a monthly basis.
It is worth noting that the electrical efficiency of the SOFC is lower when the cell uses
hydrogen, i.e., ηel,SOFC(H2) = 48% vs. ηel,SOFC(CH4) = 51% (Table 4). This result is due to the
fact that the cell fed by methane operates for a longer time at a partial load. In fact, the cell’s
electric efficiency increases as the cell load decreases. In particular, the cell fed by methane
mainly operates during the evening and night, when the PV power production is null and
the green hydrogen is not available. During these hours, the electric load of the hospital
is lower compared to the central part of the day when hospital activities are at capacity.
In conclusion, Figure 5 confirms the advantages of the proposed plant with respect to
the conventional power plant. In fact, the thermal energy demand of the hospital is at a
minimum during the summer season, when solar production is at its maximum. During
the central part of a typical day, the PV power production directly matches the hospital
power load, and the surplus electricity is supplied to SOFC operating in an electrolyzer
mode, while the thermal load of the hospital is met by the auxiliary system burning fossil
methane. However, during the summer season, when PV production is greater, the increase
in thermal energy provided by the auxiliary system is limited because of the limited
demand for heating energy. In fact, according to Figure 5, the thermal energy provided by
the SOFC fed by methane matches the larger part of the user’s thermal energy demand,
i.e., more than 60% from May to September. Moreover, during this period, the share of
thermal energy matched by the auxiliary boilers is minimal, i.e., lower than 8%. At the
same time, renewable electricity matches more than 70% of the hospital demand from May
to September. In addition, during these months, the cooling demand of the hospital is
mainly matched by the electric chiller driven by the renewable electricity produced by the
PV field.
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From an economic point of view, as discussed before, the proposed power plant is
able to dramatically reduce the amount of electricity withdrawn from the grid. Despite the
fact that the proposed plant is featured by a greater amount of thermal energy supplied
by the auxiliary systems (boilers and steam generator), compared with the RS, the natural
gas consumption of the proposed plant significantly decreases. This trend is due to the
reasons discussed above in detail. In fact, the natural gas demand for the auxiliary systems
exhibits a limited increase, passing from 0.71 × 106 Sm3/y to 1.49 × 106 Sm3/y, whereas the
natural gas demand of CHP decreases by 54%, passing from 3.71 × 106 Sm3/y (VNG,CHP)
to 1.70 × 106 Sm3/y (VNG,SOFC). Thus, the electric energy produced by the PV field and
used to produce hydrogen and directly match the hospital load is crucial to reducing the
consumption of natural gas. For these reasons, given the high natural gas purchasing
cost, i.e., jNG 1.30 EUR/Sm3, the proposed layout leads to significant economic savings.
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In addition, the oxygen produced by the r-SOFC operating in the electrolyzer mode is
exported at a specific price of 2.00 EUR/kg (Table 1 [46]). Then, despite the high capital
costs, an interesting payback period of 6.13 years was obtained. Even not considering the
savings due to the oxygen export, the SPB is still interesting, being equal to 9.50 years. The
gains due to oxygen export account for 35% of the system’s savings.

Sensitivity Analysis

In order to assess the capacity of r-SOFC and how the PV affects the overall per-
formance of the proposed system, a sensitivity analysis is carried out. In particular, the
capacity of the PV field is changed from 1.50 MW to 18.00 MW, while the capacity of the
r-SOFC is varied from 0.50 MW to 6.00 MW.

Figure 6 displays the results of the PV field capacity as varied. As expected, the
increase in the PV capacity leads to an improvement in the energy performance of the
whole plant; the PES grows as the PV capacity increases. In fact, when the PV capacity is
equal to 12.00 MW, the PES achieves a value of 71%; see Figure 6. The minimum SPB is
achieved for a PV capacity of 9.00 MW. After this value, as the PV capacity increases, the
SPB slightly decreases. This result is due to the fact that when the PV capacity increases
from 1.50 MW to 9.00 MW, the self-consumed electricity (Eel,Self) significantly increases,
passing from 87% to 97%. A further increase in the PV capacity leads to a negligible increase
in the self-consumed energy. This means that a PV of 9.00 MW is able to meet almost all
of the electricity demands of the selected user. Then, as the PV capacity increases from
9.00 MW, the increases in the capital cost due to the larger PV field are not balanced by the
consequential benefits due to the further renewable production.
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Figure 7 displays the results achieved by varying the capacity of the reversible fuel
cell. As the cell capacity varies, the Rrenew index increases, reaching the maximum value of
27.60% for an r-SOFC capacity of 2.50 MW. Note that when the capacity of the reversible
fuel cell approaches 2.00 MW, the Rrenew index is quite stable at around 27.50%; see Figure 7.
These results rely on the fact that the increase in cell capacity allows the system to maximize
the use of the PV renewable electricity, producing green hydrogen. However, as shown in
Figure 3, when the capacity of the cell is equal to 2.00 MW, the surplus renewable electricity
not used and delivered to the grid is limited. Therefore, a further increase in the cell capacity
from 2.50 MW does not lead to a significant increase in renewable hydrogen production.
For these reasons, from 2.00 MW to 3.50 MW, the Rrenew index is quite stable; see Figure 7.
However, as the cell capacity rises beyond 4.00 MW, the Rrenew index dramatically worsens.
This result relies on the minimum activation power needed to drive the cell; this power is
assumed to be equal to 30% of the cell’s rated capacity [46,76,79–81]. Therefore, when the
capacity of the cell is 6.00 MW, the electricity delivered to the cell is reduced. This trend
is also clearly explained in Figure 7. In fact, when the capacity rises beyond 4.00 MW, the
share of the load met by the self-produced electricity (Eel,self) dramatically falls; see Figure 7.
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From an economic point of view, the cell has a dramatically high capital cost. As
the cell capacity rises, the investment costs skyrockets. For this reason, the economic
performance worsens, i.e., the SPB worsens.

6. Conclusions

This paper assesses the energy, environmental, and economic performance of a novel
cogeneration layout based on a reversible solid oxide fuel cell and a photovoltaic field
serving a huge hospital. In particular, the existing hospital plant is based on an internal
combustion engine of 2.00 MW that burns natural gas and produces electricity and thermal
energy. The proposed system considers the replacement of the internal combustion engine
with a 2.00 MW reversible solid oxide fuel cell. In particular, the electric load of the
hospital is met by exploiting the renewable electricity provided by the photovoltaic field of
6.00 MW. The surplus power is used to produce hydrogen. Thus, when photovoltaic power
production is scarce or unavailable, the renewable hydrogen is delivered to the fuel cell to
meet the hospital’s electric load. At the same time, the thermal energy recovered by the
fuel cell is used to meet the hospital’s thermal energy demand. However, when renewable
hydrogen is not available, the fuel cell is fed by methane via methane steam reforming.
The simulation model is developed in TRNSYS 18 and calibrated and validated against the
measured data.

The main results achieved in the paper are summarized below.

• The proposed layout is extremely promising, as it was able to reduce the natural gas
consumption of the hospital by almost 30%.

• The proposed system achieves a primary energy savings of 32%.
• From an economic point of view, despite the remarkable capital cost of EUR 17.7 M,

the proposed plant achieves an interesting simple payback of 6.5 years.
• The PV field capacity should be equal to 9.00 MW to maximize the economic perfor-

mance of the proposed plant.
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Nomenclature

AEC Alkaline electrolyzer cell
AFC Alkaline fuel cell
A-SH Auxiliary steam heater
ASR Area specific resistance (w/cm2)
C Cost (EUR)
CHP Cogeneration of heat and power
CCHPO Combined cooling, heating, power, and oxygen system
E Energy (kWh) or (MWh)
F Faraday’s constant (C/mol)
GHG Greenhouse gases
HE Heat exchanger
HSS Hydrogen storage system
i Current density (mA/cm2)
LCOE Levelized cost of energy (EUR)
n Molar flow rate (mol/s)
NPV Net present value (kEUR)
OLR Organic loading rate (kgCOD/(L d))
p Pressure (bar)
P Power (kW)
PE Primary energy (MWh)
PEM Proton exchange membrane
PES Primary energy saving (%)
PI Profit index (%)
PV Photovoltaic
R Gas constant (J/mol K)
RES Renewable energy system
rSOFC Reversible solid oxide fuel cell
SMR Steam methane reforming
SOEC Solid oxide electrolyzer cell
SOFC Solid oxide fuel cell
SPB Simple pay back (years)
T Temperature (◦C) or (K)
V Volume (m3)
Subscripts
aux Auxiliary
EE Electric energy
fromGRID Referred to electricity withdrawn from the electric grid
NG Natural gas
toGRID Referred to electricity exported to the electric grid
Greek symbols
β Compression factor
η Efficiency (adim.)
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