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ABSTRACT

This study proposes the modeling and the performance assessment of a grid-connected Reversible Solid Oxide
Cell (rSOC) plant that is the core system of a polygeneration flexible hub between the national electric grid and
the local microgrid of an urban residential district. The system is designed to integrate a thermal storage unit based
on phase change material with the rSOC stack by means of heat pipes. At times of low electricity price, the plant
produces hydrogen via electrolysis fed preferentially by a dedicated wind farm. Hydrogen is stored as compressed
gas and used for the public transportation and electricity production during peak-demand hours. The goal of the
study is to investigate the performance and environmental indicators of this novel rfSOC configuration and to
identify which operating strategy best fits with the analyzed district application. The operating points of the overall
system are mapped with a steady-state model and interfaced with thermal storage and loads by a time-resolved
dynamic model. The feasible schedules of the system are defined considering the rSOC switching dynamics
between fuel cell and electrolysis, and constraints on plant self-sufficiency for both heat and hydrogen vectors.
Simulations at different levels of hydrogen demand for mobility (ranging between 10 and 1,000 ton/year) were
performed. Results showed an annual efficiency range of 55-70% (including heat to DH) of the polygeneration
plant. The environmental analysis showed that the rfSOC plant emits 5-50% less CO; than the current energy
system (gas boilers, grid electricity, diesel buses), when electrolysis is fed by grid-electricity with the present UK

carbon intensity in case of wind power shortages.

Keywords: reversible solid oxide cell; polygeneration; hydrogen; power-to-X; dynamic modeling; environmental

analysis.

Highlights
e An on-grid rfSOC plant with dedicated RES and molten-salt heat storage was modeled
e A time-resolved dynamic model provides self-sufficient schedules of rSOC plant

e Daily global efficiency (Haxtelectricity) varies with mobility demand from 51% to 25%
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e The system has an annual efficiency of 55-70% (including thermal energy)

e Grid-connected RES-fed rSOC emits 5-50% less CO, than a reference energy system
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1. Introduction

The transition to the availability of clean and affordable energy to achieve the 7" world Sustainable Development
Goal (SDG) can involve different measures [1], such as the use of renewable energy sources (RES). However, the
penetration of RES in the electricity production portfolio is currently limited by the randomness of their
availability. Several strategies are currently being pursued to increase the flexibility of electricity grids with respect
to RES: some of these strategies follow the so-called “Power-to-X" scheme, in which electricity is not only stored
for time-shifted power delivery, but also employed to cover non-electric demand in different sectors, such as
transportation, heating and industry [2]. Electricity can be converted into many “X” energy vectors. Hydrogen is
a very flexible, zero emissions energy vector with potential use in several applications, either as it is or as a
platform molecule [3]. In fact, hydrogen can be efficiently generated by water electrolysis and then reconverted to
electricity in fuel cells (or even in thermal machines, with lower efficiencies), used in CHP systems to produce
heat, or it can be directly used in fuel cell electric vehicles (or even blended with natural gas to feed traditional gas
engines) for mobility applications [4]. Hydrogen can also be injected into the existing natural gas grid to some

extent [5], or used as a commodity (or reactant) in industrial sectors (e.g., steel-making plants or ammonia plants).

Several technological schemes can be adopted for a hydrogen-based polygeneration concept: one of these is the
Reversible Solid Oxide Cell (rSOC). rSOCs are promising electrochemical devices for electricity conversion and
storage in the form of hydrogen (or, in some schemes, in form of a syngas blend of H, and CO), fulfilling both
electrolysis and fuel cell requirements in a single component [6]. If coupled with an adequate system of flexible
energy storages, the rSOC polygeneration plant can both absorb power peaks (electrolysis) from input RES and
provide electricity and heat (fuel cell) to users, thus helping the mitigation of power fluctuations on the electric

grid on the supply side and at the same time providing several energy commodities as output.

Literature reports an increasing interest on rSOCs in recent years, with several works focusing on the application
of this technology to energy storage and polygeneration systems [7]-[16] and some with a focus on their self-
sufficient and repeatable operation [17]-[20]. Several projects are currently dealing with rSOCs at large scale. For
instance, in the US for the demonstration of an rSOC system for a microgrid environment [21], the excess power
generated in off-peak hours by RES is exploited to produce H» by electrolysis: the stored H» is used in fuel cell

mode to provide power during peak electricity demand hours.

The present work assesses the dynamic operation (i.e., SOEC/SOFC switch) of an rSOC-based polygeneration
system designed as interface between the electricity distribution grid, a wind power station and a district microgrid.
The polygeneration system allows thus for cross-sector decarbonization of a local energy system via hydrogen
carrier. The plant’s performance was simulated based on realistic profiles of domestic thermal and electricity loads

and public mobility demand in a typical urban district located in the UK. The priority task of the plant was to



produce hydrogen for local public mobility using electricity from a dedicated wind power station integrated in the
system, with the goal of replacing an existing diesel-based bus fleet. The microgrid loads were powered primarily
by wind power. The plant also served the microgrid loads by running the SOFC during peak-demand hours in case
of insufficient wind power generation. A compressed-gas storage ensured the daily hydrogen self-sufficiency of
the plant, as imposed by the operating logic. A heat storage unit was designed primarily to ensure the thermal self-
sufficiency of the plant. The residual heat in the thermal storage was provided to a local District Heating (DH)

network.

To the authors’ knowledge, a polygeneration system providing hydrogen for local mobility, grid services,
electricity and heating by integrating local RES generation is a novel application for rfSOCs. Moreover, even
though the SOC integration with a PCM-based storage [22], [23] and heat pipes [24]-[27] has been already studied,
the integration of both of them including thermal recovery for DH represents a novel plant configuration. The goal
of the study is to investigate this novel rSOC configuration by performance and environmental indicators and to

identify which operating strategy best fit with the analyzed district application.

To this purpose, the energy and environmental performances of the polygeneration system were assessed for
different levels of the hydrogen mobility demand (from 9.77 to 976.5 ton/year, corresponding to a traveled distance
of 100,000 and 10,000,000 km/year respectively) in all the feasible operating schedules of the plant, keeping the
size of the Power-to-X system constant. In particular, the variation of daily electric efficiency and global efficiency
during the year and the overall annual efficiency were evaluated to analyze the energy performance. The CO;
emissions of the polygeneration system were evaluated with respect to the reference energy scenario, in which
electric, thermal and mobility demands are covered by grid electricity, gas boilers and diesel buses. Finally, the

positive impact on the distribution grids in terms of power peak reduction is highlighted.

In the paper, the layout of the proposed rSOC-based Power-to-X system is presented in Section 2. Section 3 focuses
on data sources of the demand of different energy vectors, steady-state and dynamic modeling of the plant and the
methodology for the performance assessment. The Results section shows and discusses the outcome of the
simulations performed, the efficiency and the environmental benefits of the proposed system. Details of the

economic analysis are beyond the scope of the current study and will be covered in future.

2. Concept of the rSOC-based Power-to-X plant

This section presents the conceptual layout of the proposed rSOC system (Figure 1). The plant interfaces with:

e the hydrogen demand of the H,-fed bus fleet;



e the wind farm power input, which foremost covers the local district loads and, on top of that, the
electrolysis;

o the electricity demand of the local microgrid, fed during peak-demand hours;

o the electric grid, from which the system imports electricity in case of insufficient wind production to cover
the power demand for electrolysis and, in case, the local district loads;

o the thermal loads of a District Heating scheme.
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Figure 1 - Conceptual scheme of the rSOC-based Power-to-X system

The core section of the system is the reversible SOFC/SOEC stack unit. The nominal size of the SOFC system has
been arbitrarily set equal to 10 MW., which can fit with the peak demand of a mid-size residential district (i.e,
27,000 inhabitants). The SOEC/SOFC nominal power ratio is assumed equal to 5, which is close to the value for
the optimization of the stack thermal management [28]. So, the nominal SOEC power is 50 MW.. To reach the
total nominal power of the system, several modules of stacks are needed with the current size of the SOC

technology. In the simulations it is assumed that the control strategy is the same for all the modules installed in
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the rSOC plant: thus, at a given time the operating point is the same for all the cells of the system. For this reason,

when considering all the cells of the system, in the following we will simply refer to as stack.

Both SOFC and SOEC operations are performed at ambient pressure of 1 bar and use air as oxidant during SOFC
operation and as sweep gas for the SOEC. The hydrogen produced in SOEC is compressed to 30 bar and delivered
to a storage unit: this pressure has been chosen as reasonable hydrogen pre-compression level before a multi-stage
compression to higher pressures. Stored H is either fed to the SOFC through a turbo-expander or to the bus

refilling station at 345 bar (i.e., 5,000 psi) by a multi-stage compression.

A Heat Storage Unit (HSU) based on molten salt is included in the system for combined thermal management of
the stack, steam production and preheating in SOEC mode and thermal buffering of the heating output to a DH
network. Sufficient waste heat from SOFC operation has to be provided and stored in HSU to run electrolysis
without the need for additional energy for steam generation. The operating temperature chosen for the stack
depends on the melting point of the salt used in the buffering HSU [29]. Sodium chloride was selected as salt for
the HSU, which has a melting temperature of 800 °C at ambient pressure [29] that is compatible with the SOC
operation. This choice is expected to make the thermal storage also economically viable with respect to using more
complex thermal storage materials. A system of sodium planar heat pipes [24], [25], [27] performs the mutual
exchange of heat between the cell stack and the HSU. The operation of these devices can be assumed isothermal
if the heat duty does not exceed 740 W per heat pipe (axial heat transfer density of over 100 W cm™) [25], hence
allowing a single heat pipe interconnector to cool several cell layers of the rSOC stack, as the maximum heat flow

produced and exchanged by the single cell resulted to be about 180 W in the simulations performed.

3. Methodology and case study

This section of the paper describes the methodology developed to get the performance map of steady-state
operating points (Section 3.3), which will be interfaced with the wind power station (Section 3.2) and the loads of
the residential district (Section 3.1) by the dynamic simulation model (Section 3.4). The performance indicators

are described in Section 3.5.

3.1.  Demand side

The different energy vectors leaving the rSOC module represent the energy mix of the polygeneration system. The

elements of this mix are distributed by different infrastructures that interact with the rSOC plant.



3.1.1. Electric demand

An accurate knowledge of the household loads is important when distributed energy technologies have to be sized
into the local network [30]. A major issue in modelling the electric load of residential buildings is reproducing the
variability among dwellings due to the random use of different electric equipment: in that sense, a stochastic model

to obtain load profiles of household electricity has to be developed necessarily [31].

For this case study, a Monte Carlo bottom-up stochastic model was developed taking the cue from the model
adjusted for English East Midlands by Richardson et al. [32], [33] to generate 24 electric demand profiles of the
district with time step of 1 minute, distinguishing between weekdays and weekend days in the 12 months. The
availability of the input transition probability matrices [32] for the model allowed to simulate the active occupancy

of each dwelling through a Markov chain. Besides this data, the model required:

e household size data (i.e., the number of occupants) [32];
e saturation level and technical data of the electric household appliances (including lighting) [32], [33];
e 10-min-resolved activity profiles [32];

e outdoor irradiance levels, simulated using PVGIS [34].

The model identified that 11,612 households (about 27,000 people) have a cumulated peak load of 10 MW,

corresponding to the nominal size of the SOFC.

3.1.2.  Hydrogen reference demand

In this study, the hydrogen produced by electrolysis and stored at 30 bar can be further compressed in a refueling
station serving a fleet of buses of the public transport service. The fuel consumption for mobility hydrogen was
assumed to be 9 kgur/100 km, according to FCH JU [35]. The demand of H, for public transportation buses is
presented in Table 1, distinguishing between weekdays and weekend days during summertime (from June to
August) and the remaining months of the year. A 10%-excess of hydrogen is considered to ensure the return of
buses to depot and for any emergency. In order to estimate the annual travelled distance for a public bus route
serving a urban district in UK, a route (in both outbound and inbound directions) operated in the city of Leicester

(UK) was considered [36]. A travel distance of about 1 million km/y, corresponding to 89 tonmu,/y, was estimated.

Table 1 - Reference demand of mobility hydrogen

Period from September to May Period from June to August
Weekdays Weekend days Weekdays Weekend days
Li(km) 3,544 2,102 1,581 1,032



H2,mob,a (Kg) 350.86 208.12 156.46 102.19

3.1.3.  Thermal reference demand

For the thermal demand of the district, it was assumed that heat is supplied to users through a DH scheme with
120/90 °C supply/return temperature and thermal losses equal to 5%. During the heating season (from 1* October

to 30™ April), DH operates with the following schedule:

e from 6 a.m. to midnight on weekdays;

e from midnight to 2 a.m. and from 6 a.m. to midnight on weekend days.

For the simulation of the thermal loads, the thermal module of the stochastic model proposed by McKenna and

Thomson [37] was adopted.

3.2.  Wind power generation

On the supply side, the rSOC system can promote the introduction of distributed renewable power plants in the
energy generation portfolio by softening the impact of their intermittent productivity on the electricity grid. Among
the intermittent RES, solar irradiance clearly features an extreme variability throughout the day that may not match
with the SOEC/SOFC scheduling imposed instead by both the distribution of demand peak and off-peak hours and
the self-sufficiency constraints of the proposed system (Section 3.4.1). Hence considering the logic adopted for

the rSOC dynamic operation (Section 3.4.1), the proposed system was assumed to be coupled with a wind farm.

Combined with the rSOC-based system, the wind farm can serve primarily the local loads, then the SOEC
operation for hydrogen production and, in case, provide a power input to the grid, if surplus power is still available.
In this way, rSOC system can provide a grid service by reducing RES power peaks on the grid, thus helping to
maintain the power quality on the grid. In fact, feeding intermittent power into an electricity grid can affect power
quality, with an impact (e.g., flickers, brownouts) depending on the degree to which the intermittent source
contributes to the instantaneous load [38]. On the other hand, when the RES power is not sufficient to supply local
loads, the stored hydrogen can be reconverted to electricity by SOFC. In this way, the rSOC-renewable

combination on local microgrid provides flattened input/output power profiles to the electricity grid.

The wind source is well distributed over the day even if characterized by continuous fluctuations. The productivity
of a wind turbine depends on the specifications of the machine and on the windspeed getting to the rotor.

Windspeed is the source of stochasticity in the prediction of the power output and follows the Weibull distribution:



0 = g(g)“ exp [— (g)k] Eq. (1)

where k and [ are the shape and scale factors, respectively, and depend on the geographical location and landscape

conditions of the installation site.

A Monte Carlo simulation was used to generate a 1-minute-resolved average windspeed profile for each season
starting from the characteristic parameters of a weather station in UK, using data from the surroundings of the city

of Nottingham, in English East Midlands (53° N, 1.15° W) presented in the Table 2 [39].

Supposing that the anemometer in the considered station is at the standard height z; = 10 m, the profile of
windspeed x, at the height of the wind turbine hub (z, = 75 m) was determined assuming conservatively a wind

shear coefficient a = 0.143 (neutral stability conditions of the atmosphere) [40]:

X2 =X (Z_Z)a Eq. (2)

Z1

where X is each of the elements of the four windspeed profiles generated by the Monte Carlo model.

Table 2 - Characteristic parameters for the observational site in Nottingham. Source: [39]

Average wind speed (X, m/s) Shape factor (k) Scale factor (B, m/s)
Winter 5.51 2.3 6.225
Spring 5.145 2.61 5.798
Summer 4.261 2.76 4.790
Autumn 4.729 2.3 5.351

Ten 1.5-MW power turbines were assumed to operate in the system. The power output profile was soundly
determined considering an efficiency equal to 40% and cut-in, rated output and cut-out speeds equal to 3, 11 and
25 m/s, respectively. The total installed capacity has the same order of magnitude of the electric loads of the
residential district (average demand of 5.85 MW with a peak of 10 MW) in order to restrict the size (and, hence,
the investment cost) of the wind farm and to limit the share of excess wind power that must be absorbed by the
electric grid. Thus, the size of the wind farm was set following the abovementioned criteria, without performing a

size optimization based on plant performance or environmental indicators, which is out of the scope of this work.

3.3.  Steady-state model of the plant

The mass and energy balances of the whole plant and the thermodynamic transformations of the operating streams
were simulated using the commercial process simulator Aspen Plus™. A model for each of the two sections

represented in Figure 1 was developed.
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The modeling approach followed for the thermo-electrochemical simulation of the SOC system is a lumped stack
volume [41]. It simulates the shift of the operating point of the cells along the polarization curve, which is assumed

with an exclusively ohmic behavior:
Ve (i)=OCV—ASR i Eq. 3)

The parameters of the cells that are kept constant in all the models are the size of the cells (22x22 cm?), the Area

Specific Resistance (ASR = 0.241 Q*cm?) [41] and the Open Circuit Voltage (OCV = 0.952 V, calculated).

The other components of the Balance of Plant (BoP) are: water pumps, heat exchangers for reactants pre-heating,
steam generation and products cooling, hydrogen compressors to reach the storage pressure (in SOEC) and a
turboexpander between the hydrogen storage and the fuel cell (in SOFC). The operation of the BoP is defined by

the following specifications:

o Efficiency of isentropic compressors: 72%.

e Efficiency of hydraulic pumps: 54%.

o Efficiency of isentropic turboexpander: 71%.
e Pressure drop in heat exchangers: 0.05 bar.

e Efficiency of the inverter: 90%.
The detailed description of the models for SOEC and SOFC subsystems is provided in the supplementary material.

The total efficiencies of SOFC and SOEC stacks (i.e., not including the BoP) are calculated with Eq. (4) in SOFC
mode considering a fuel utilization of 90% and with Eq. (5) in SOEC, taking into account the DC/AC conversion:
Wstack,DC + Qstack,

NcHp,soFc = p Eq. (4)
H

2

PHZ + Qstack

Eq. (5
Wstack,DC d ( )

NcHp,SOEC =

According to the efficiency definitions given above, Os.ck 1S the heat flow exchanged by the stack through the heat

pipes, which has positive sign in case of exothermic stack operation.

The process streams can be coupled in a network of heat exchangers in such a way that thermal power released by
streams that cool down is provided coherently to other streams that require heating: the pinch analysis methodology
seeks to minimize the overall external thermal supply or removal. The pinch analysis was applied for SOFC and

SOEC subsystems separately, since the two systems cannot operate simultaneously.

The thermal module in dynamic model (Section 3.4.2) employs the results for the system thermal management.
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3.4.  Time-resolved dynamic model of the system

A MATLAB™ time-resolved model interfaces the map of steady-state operating points of the rSOC system
(shown in Table 3 in the Results section) with the temporal profiles of energy demand of the residential district

(Section 3.1) and wind power generation (Section 3.2).
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Figure 2 - Workflow of the dynamic model (top panel) with a detail of the electric module (bottom panel)
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It relies on two consecutive steps defining the dynamic operation of the rSOC plant (i.e., scheduling the
SOFC/SOEC dynamic switch) and, on top of that, the management of thermal demands of the polygeneration
system (Figure 2).

3.4.1.  Dynamic operation of the rSOC plant

The operation strategy of a polygeneration plant depends on (i) the level of priority that is assigned to each output
commodity (i.e., the priority of dispatch of each energy product, provided that the throughput of single products
cannot be modulated independently from the others), (ii) the time-profile of the demands and (iii) the technological

constraints of the plant, which cannot allow it to always follow the demand profiles of the commodities.

For the rSOC plant analyzed in this study, the output commodities are hydrogen, electricity and heat for DH. The
demand profile of hydrogen is given on a daily basis (see Section 3.1.2), while electricity and thermal demands

have time-dependent profiles with 1-minute resolution (see Section 3.1.1 and 3.1.3).

Priority has been given to the production of hydrogen (SOEC mode) for the daily mobility demand. Hence, every
day the rSOC plant must provide the hydrogen required by the mobility demand. In the time-resolved dynamic
model, this first-level priority is enforced as part of the hydrogen self-sufficiency constraint on a daily scale: the
hydrogen produced during SOEC operation covers not only the amount of hydrogen delivered to the bus refueling
station but also the amount of hydrogen consumed by the SOFC during each day. Imposing a daily hydrogen self-
sufficiency constraint allows to have a hydrogen tank sized for one-day operation, which is a reasonable
assumption for a plant located in an urban district, where it is likely that only a limited amount of hydrogen can
be stored for space availability and safety reasons. Furthermore, a hydrogen tank with a daily (or, at most, weekly)
charge/discharge frequency has installation and maintenance costs that are much lower than in case of a seasonal
storage. A year-through self-sustaining hydrogen tank fits well in an off-grid system fed by RES with a high
variability throughout the year [18]; the studied system, instead, fully exploits the RES availability and the
connection to the electric grid avoids both hydrogen shortage and surplus in the storage unit, ensuring the level of

hydrogen necessary for the conversion into the X energy carriers demanded in every moment of the year.

The second level of priority is given to the electricity generation (SOFC mode) for the local microgrid in the hours
of peak demand on the electricity distribution grid, identified by the electricity price (i.e., hours with the higher

electricity price).

The thermal energy to DH has the lowest level of priority. In fact, the heat storage HSU is designed primarily to

ensure the thermal self-sufficiency of the plant: only a fraction of the recovered heat is provided to DH. The heat

13



stored in the HSU during SOFC operation (and in exothermic SOEC) must be sufficient to sustain the endothermic

electrolysis of water and to produce and pre-heat steam feeding the SOEC stack (Section 3.3), on a daily basis.

Regarding the operational limits, the SOC stack can operate in either fuel cell/electrolysis mode between 0% and
100% of the nominal power, with a constraint on the rate of change of the power output/supply (£ 10% of nominal
power) during transients. This constraint can have an impact only on matching the electricity demand profile, as
an electricity storage is not included. The power-rate constraint takes into account all the thermal and fluidic
transients occurring in the stack that the steady-state thermodynamic-electrochemical rSOC performance map and
the dynamic model are not able to simulate. Limiting the power variation rate of the stack is thus a way to include
transient limitations in the simulation. It is worth noting that we are assuming to maintain the rSOC always in
operation in electrolysis or fuel cell mode and we are not including rfSOC switch-on/off transients (e.g., for

maintenance or failures).

Starting from the input profiles of electric loads, wind and hydrogen and following the abovementioned priority
levels and SOC operational limits, the dynamic model first calculates the daily rSOC operational profiles, as shown

in Figure 2.

The dynamic model calculates the schedules of operation of the plant for each of the 24 typical days — each week-
and weekend day of the 12 months — with a time-step of 1 minute by assigning the operating mode and power
level of the stack (i.e., kW in SOEC or SOFC mode). As the performance map of the stack is fixed, a given power
level corresponds to a precise current-voltage point and efficiency of the stack. In order to calculate each schedule,
the model imposes at first the fuel cell (SOFC) operation in the hour(s) of the day in which the electricity price
[42] is higher. This choice is driven by the goal of the plant to provide electricity to the microgrid preferentially in
the hours of higher demand to the distribution grid, which have been identified using the electricity price as
indicator of the peak-demand hours. The model first calculates the actual load profile that the SOFC has to provide,
which is the difference between microgrid load and wind power generation. In fact, the electric demand of the
microgrid is fulfilled first by wind power generation and then by the SOFC. Then, the dynamic model modifies
minute by minute the SOFC power level in the assigned time slots in order to provide this actual load by adopting
a load-following logic. The hydrogen demand of the SOFC operation is immediately calculated from the stack

current, given by its performance map (Table 3 in Results section).

During the peak-demand minutes, the wind generation could be higher than the electricity demand and the actual
load requested to the SOFC would be negative. In this case, the surplus wind production is provided to the
distribution grid, while the SOFC is set in hot-standby at zero power, thus not switching to electrolysis to avoid

many short transients.

Once the SOFC hours are assigned for every schedule, also the SOEC hours of the day are fixed, as they cover the

remaining hours of the day. The model calculates the 1-minute resolved SOEC power profile, considering the wind
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power output exceeding the electric load of the microgrid as the first source for water electrolysis. If the wind
power surplus is not sufficiently high to satisfy the H, self-sufficiency constraint, the model computes the constant
power rate that should be imported from the electric grid in SOEC hours to this aim: this rate is kept constant
during the SOEC hours of every day in order to limit the grid disturbances due to fluctuating power request. The
choice of feeding electrolysis during off-peak hours also allows to reduce the cost of electricity imported for SOEC
operation. If wind power production is even less than the district demand, both SOEC demand and part of the

electric loads of the microgrid are necessarily covered by grid electricity.

Following this logic, the electric module of the dynamic model calculates the SOFC/SOEC 1-minute-resolved
schedules of the plant for each of the 24 typical days — each week- and weekend day of the 12 months —.

3.4.2.  Thermal management of the system

Heat is a crucial point in the management of the plant from a double point of view:

o at the plant side (that means, heat management inside the plant itself), one should consider the variable
and, sometimes, conflicting thermal behaviors of rSOC plant according to the operating mode;
e at demand side, it is necessary to take into account the large variability of heat demanded by end-users not

only on a yearly scale, but also during the same day.

Since thermal demand and supply do not always match, a high-T molten-NaCl buffer shifting heat stored at 800°C
in time was included into the plant to minimize the amount of wasted heat. It is worth noting that such a thermal
storage integrated with the SOC stack by heat-pipes is technically a very complex solution, but it allows the
recovery of high-temperature heat for the autonomous stack operation, which otherwise would need external heat

sources with great drawbacks on the system in terms of energy and environmental performance.

Besides the in/out heat fluxes due to the rSOC operations determined by the electric module of the dynamic model,
the HSU satisfies also the heat demand of the DH scheme (including 5% losses). The thermal module of the
dynamic model determines the 1-min-resolved yearly profile of the HSU. It also estimates the number of houses
in the DH scheme requiring the residual heat in the HSU that exceeds the amount necessary to fulfill 100% of the
thermal demand of the plant itself. In other words, all the heat stored in HSU exceeding the heat demand of the
plant is delivered to the DH. In this way, the yearly energy balance on the HSU is satisfied and the heat necessary

to feed the internal and external applications is available in every moment of the year-through simulation.
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3.5.  Assessment of the system performance

Different technical and environmental indicators of the polygeneration system were evaluated along one year of
operation, considering the variation of the polygeneration mix. The penetration of hydrogen mobility is varied
parametrically between 9.77 to 976.5 ton/year (i.e., from 0.1 up to 10 times the reference demand defined in Table
1), while the electric load profile of the residential district and the wind power generated are the same for all the

dynamic simulations.

3.5.1. Daily efficiency

The steady-state efficiency indicators (Egs. 4 and 5) do not take into account the cyclic schedules of the rSOC
plant. The indicator that most effectively represents the performance of such a system is the so-called roundtrip
efficiency, provided that the energy stored in the hydrogen carrier is converted back only to the original form
(electric power). Indeed, as the system is producing several commodities and is simulated on 24 typical days

throughout one year, it is possible to define different types of daily efficiency.

The daily electric efficiency is defined as the ratio of the net electric energy produced in SOFC mode to the total
electric energy consumed in SOEC mode [14], recalling that energy has positive sign if it flows from the rSOC

system towards the environment:

Esorc,ap + Epop.sorc,ap

Na Eq. (6)

D=
|E50EC,d,p + EBOP,SOEC,d,pl

It is also interesting to evaluate the daily global efficiency of the polygeneration system, which reasonably also

takes into account the produced hydrogen for mobility as a useful outcome of electrolysis (Esoxc):

Esorc,ap + Epop,sorc,ap H3 mob,a * LHVYy,

Na Eq. (7)

P
|ESOEC,d,p + EBOP,SOEC,d,pl |ESOEC,d,p + EBOP,SOEC,d,pl

Being LHVy; (120 MJ/kg) the lower heating value of hydrogen.

Since the daily efficiencies depend on the operating conditions of the rSOC plant, these performance indicators
were computed for the different schedules of the 24 typical days, at each run corresponding to a given penetration

of H,-fed mobility.
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3.5.2.  Annual efficiency

The thermal module of the model evaluated the annual heat balance of the system on the HSU (Section 3.4.2).
Thermal energy has not been considered to compute the daily global efficiency, because the thermal self-
sufficiency regards the excess and deficit of heat only inside the boundaries of the rSOC stack (Section 3.4.1). In
fact, the balance of the whole polygeneration system including DH scheme is closed on an annual scale, rather
than daily, thanks to the presence of the HSU, which also acts as a seasonal storage. Hence, as a final performance
index of the modeled polygeneration system, one can compute the value of the annual efficiency as:

= (ESOFC,load,y + EBOP,SOFC,y) + Hy mob,y * LHVy, + Eppy y
;=

Eq. (8)
|ESOEC,y + EBOP,SOEC,yl

with all the energy contributions evaluated on a yearly scale.

3.5.3. CO; emissions

An important indicator of the performance of a polygeneration system from the environmental point of view is the
amount of carbon dioxide emitted during its operation. Indeed, even though the rfSOC has zero direct CO;
emissions, the electrolyzer is partially fed with grid-electricity, which is not completely renewable and has a non-
zero CO; intensity. Thus, the indirect emissions deriving from the use of grid electricity could overcome the
advantages of ecliminating diesel and gas boilers emissions. To evaluate the environmental performance of the
polygeneration plant with an alternative case, a reference energy system is set, which provides the same
commodities (i.e., fixing the demand of electricity, heat and mobility). The emissions of the rSOC plant were thus

compared with those of the reference system.

The reference energy system completely relies on electric grid for the match of electricity demand, distributed gas
boilers with 85-100% LHV-based efficiency for covering thermal loads and Euro 3 Diesel-fueled buses for public
transport. Although Euro 3 standards are dated back to year 2000, 28% of buses in European Union were still Euro
3 in 2015 and almost 22% were Euro 2 and older [43]: in fact, the renewal of an entire bus fleet is usually achieved
over a bus lifecycle (12 years). So, considering a fleet of Euro 3 Diesel buses is representative of a reference public

transport system in EU. Each item of the demand side is associated to its average emission factor (EF):

o grid electricity is supposed to have an average carbon intensity of 381.46 gcoo/kWh [44];

e gas boilers have an EF of 2.03 kgco»/Nm?® of natural gas [44], assuming a higher heating value equal to

39.73 MJ/Nm?;
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o the emissions of Diesel buses vary according to the covered distance and depend on several factors (such

as occupancy, road type); an average value of 1,152.31 gcoo/km was taken from Ref. [44].

4. Results and discussion

In order to assess the feasibility of the Power-to-X polygeneration and storage system based on rSOCs and evaluate
its energy and environmental performances, we simulated the year-through dynamic operation at different level of
hydrogen mobility penetration, considering the realistic loads in a typical residential district in the UK. In this
section we present the results of our study. Section 4.1 provides the operating map of the rSOC stack resulting
from the steady-state thermal-electrochemical model. This map is used for the time-resolved dynamic modeling
of the system, whose main outcome is the definition of SOFC/SOEC schedules for each of the 24 typical days
(Section 4.2) according to the daily self-sufficiency constraints explained in Section 3.4.1. Adopting the
benchmark schedules identified in Section 4.2, in Section 4.3 we will list and discuss a set of performance
indicators of the rSOC-based polygeneration system, the wind farm and the beneficial effect of the rSOC system
as interface between the wind farm and the electric grid. The values of the performance indicators described in
Section 3.5 (daily electric efficiency, daily global efficiency, annual efficiency and variation of the CO, emission
with respect to a reference energy system) are thoroughly commented in Sections 4.4 and 4.5. It is worth clarifying
that it is hard to compare the results of our analysis with those of other studies due to different system architectures
and operating strategies (e.g., Baldinelli et al. [45] included a flywheel as a fast-responding storage unit additional
to the rSOC stack, which stored excess PV production), location and size of the plant, energy source and backup
options, modeling assumptions (e.g., rSOC operation in nominal condition in the work by Sorrentino et al. [18]),
commodities produced by the plant (e.g., seawater desalination in [20]) and objective of the model (e.g.,
constrained optimization as in [19] versus the dynamic simulation in this study). However, all the results confirm
the rSOC technology as a possible interface between energy demand and supply, playing a key role in the limitation

of disturbances and fluctuation on/from the grid in a more resilient and integrated energy system.

4.1. Steady-state operating map of the rSOC system

The result of the steady-state simulations for SOFC/SOEC modes is an operating map describing the performance
of the plant and the mutual exchange of mass and energy flows between the rSOC system and the external
environment (i.e., hydrogen and thermal storages, DH scheme, wind farm, electricity grid and microgrid loads).
This map (Table 3) is the key input for the simulation of the dynamic operation of the complete system (Section

3.4.1).
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Waop is the total power input/output of the balance of plant (BoP) of the SOC stack. It is mainly related to the
pressure conditioning of H,, which is compressed in SOEC mode to reach the storage pressure, while it expands
in turbine in SOFC mode from storage to stack pressure generating a power flow even exceeding that required
from other auxiliaries (i.e., Wgop > 0). The thermal balance of the BoP — Og,p — is negative in SOEC, mainly due
to the heat requirement for steam generation, while it is positive in SOFC thanks to the lower preheating

requirement and the heat recovery from water condensation.

The results show that steady-state CHP efficiency in SOFC is almost independent from the output power, while
the SOEC one increases with the electrolyzer power. This is due to the increasing weight of thermal output:
irreversibilities progressively balance the reaction endothermicity and allow the exothermic operation of the SOEC
over the thermoneutral point. Considering only electricity generation (or hydrogen production, respectively) as the
useful effect of the SOFC (or SOEC) operation, the electric efficiencies of the stack are computed: the difference

between ng; and ncyp shows the weight of the heat fluxes leaving/entering the stack.

It is worth noting that the steady-state electric (Power-to-H.-to-Power) roundtrip efficiency would be the product
of the electric efficiencies of two operating points in SOFC and SOEC mode characterized by the same P (i.e.

provided that produced hydrogen is equal to the consumed hydrogen).

Table 3 - Results of the steady-state simulations of the rSOC plant

Witack,AC Whgopr Qstack Qsgopr P NEL Ncup
MW, kWe MW MW MW % %

SOFC subsystem

2 46 0.82 0.66 3.88 51.55 78.42

4 95 1.86 1.37 8.04 49.75 78.37

6 148 3.18 2.15 12.6 47.62 78.35

8 207 4.88 3.01 17.6 45.45 78.35

10 274 7.13 3.98 23.3 42.92 78.36
SOEC subsystem

10 -590 -1.69 -0.57 8.45 84.50 75.11

20 -1080 -1.68 -1.05 15.6 78.00 77.05

30 -1510 -0.60 -1.47 21.8 72.67 78.54

40 -1912 1.24 -1.85 27.5 68.75 79.74

50 -2269 3.67 -2.19 32.7 65.40 80.72

Results of the pinch analysis for the system heat integration show (further details can be found in the supplementary

material):
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e in SOFC nominal conditions (i.e., 10 MWc), the availability of 3.7 MW from hot exhaust gases between
249 °C and 101.5 °C, useful for DH application, which is designed with 120/90 °C supply/return
temperatures (Fig. A.3);

e in SOEC nominal conditions (i.e., 50 MWac), the need for 1.0 MW to complete the production and
preheating of steam entering the cell stack from 542.7 °C to 700 °C. It is possible to extract this lacking
heat from the high-temperature storage unit (HSU) operating at a temperature of 800 °C (Fig. A.4).

4.2. Benchmark SOFC- and SOEC-driven schedules

Once that the SOFC/SOEC schedules of the plant are computed for each of the 24 typical days — each week- and
weekend day of the 12 months — according to the dynamic model described in Section 3.4, the model verifies the

applicable constraints and discards the unfeasible schedules:

o the schedules with the lowest numbers of SOEC operating hours that do not meet H, self-sufficiency
constraint because the stack is not able to produce the required hydrogen even at full SOEC power;

e the schedules with the lowest numbers of SOFC operating hours that do not meet thermal self-sufficiency
constraint because they do not ensure enough heat to the HSU to sustain the larger number of SOEC hours

in under-thermoneutral conditions.

The schedules that fulfill both the H, and thermal self-sufficiency constraints are valid. To assess the performance

of the system, two benchmark schedules are considered among the valid ones per each typical day (Figure 3):

o SOFC-driven profile: it is the feasible schedule that presents the highest number of hours of SOFC
operation. The hours of operation as electrolyzer are consequently minimized, leading the stack to operate
at high SOEC power, close or even over the thermoneutral point (i.e., at high power density). With this
profile, electricity (and heat, consequently) production is maximized.

o SOEC-driven profile: it is the feasible schedule with the largest number of SOEC hours. This profile limits
the SOFC operation in the hours of the day with the highest electric price, with the minimum fraction of
microgrid electricity demand covered by the rSOC plant. In this operating schedule, the capacity factor of
the electrolyzer is the minimum, because the total hydrogen demand is the lowest — due to the lowest
number of SOFC hours — and its production is distributed on the largest number of hours: thus, the SOEC

works at very low partial loads.
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Figure 3 - Outcome of the electric module of the simulation for a weekday in December in case of reference H> mobility demand

Figure 3 (top) highlights the mismatch between power demand (blue line, shown also in the center and bottom
figures) and wind power production (yellow line) on a typical weekday in December. Considering the hourly
profile of electricity price (red line in top figure), the fuel cell operation in SOEC-driven schedule (bottom figure)
lasts 18 hours. The SOFC production (blue areas) integrates the energy produced by the wind farm and supplied
to the district (orange areas). In limited time lapses, the wind power production exceeds the demand and is provided
to the distribution grid (yellow areas), while the SOFC is set in hot stand-by. During SOEC operation, wind energy
is the primary source that fulfills the loads (light-blue areas). If wind power surplus is not sufficient to feed
electrolysis (green areas), electricity is imported from the grid to satisfy the H, self-sufficiency constraint (purple
areas). If wind power production is less than the district demand, part of the loads is fulfilled by grid electricity
(red areas). SOF C-driven schedule in Figure 3 (center) highlights the higher power rate during SOEC operation to

meet the H» self-sufficiency constraint in the shrunk time slots for electrolysis.

All the other allowed schedules lead to intermediate results between SOEC- and SOFC-driven profiles, thus were

not considered in the analysis.

21



4.3.  System performance

The performance of the polygeneration system was evaluated for one year of operation considering the variation
of polygeneration mix. Table 4 shows: the district electricity demand covered by the rSOC system (Esorcioad,y),
the number of operating hours in SOFC (hsorcy), the DH heat provided by the HSU (Epn,y) and the corresponding
number of houses served (Np) and the capacity factors (CFsorcisorc). The capacity factor of SOFC (or SOEC,
respectively) is computed as the ratio of the yearly energy produced (or consumed) to the product of nominal size
of SOFC (or SOEC) times the operating hours as SOFC (or SOEC). While the SOEC capacity factor is determined
by the hydrogen demand, the SOFC capacity factor is determined by the match of electric demand and the wind
power output profile, as the plant is working in load-following to supply the fraction of the load not covered by

wind power.

Concerning the SOFC-driven operating profile (left side of Table 4), the increase of hydrogen demand for mobility
reduces the amount of hydrogen available for re-electrification and, due to the hydrogen self-sufficiency constraint,
the number of SOFC operating hours also decreases. As a consequence, also the electricity provided by the SOFC
to the microgrid loads decreases, from the 34.5% to the 32.6% of the total district demand. The CFsorc has the
opposite trend: it increases because the remaining SOFC hours are those in which the load demand is higher and
thus the SOFC works averagely at higher power level, closer to the nominal one. Also the CFsogc has the same
trend, as the SOEC works progressively at higher power due to the increasing hydrogen demand. From the thermal
point of view, the reduction of the number of operating hours in SOFC is partially compensated by the higher
power — and thus thermal losses — of the stack. On the other hand, the SOFC-driven schedule leads the SOEC to
work at the nominal condition (over thermoneutral point), as shown by the high capacity factor of SOEC in Table
4: this trend mitigates the mentioned reduction of thermal availability from SOFC exothermic operation, leading

to a slightly increasing thermal energy output to the DH, visible for a H, penetration higher than 5.

In the SOEC-driven profile (right side of Table 4), the limited duration of SOFC operation determines a lower
share of electricity demand covered by the rSOC system (Esorc,oadyy) if compared to the SOFC-driven profile, for
all the levels of hydrogen penetration. Electrolysis occurs in the endothermic region of the polarization curve, as
shown by the low CFsokc, due to the higher number of SOEC operation hours that determine the stack operation
at lower power levels. However, the increasing generation of mobility hydrogen determines a progressive shift of
the absorbed electric power in SOEC mode to the value corresponding to the peak thermal demand of the stack.
Therefore, the SOFC hours increase to ensure the plant thermal self-sufficiency. This trend reverses for a H»
penetration higher than 5, as SOEC starts to work over the point of peak endothermic flux: the weight of H, re-

electrification in SOFC mode reduces and the thermal supply to DH increases.
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Table 4 - System performance with variation of the polygeneration mix

g SOF C-driven operating profile SOEC-driven operating profile
§ % Eso¥rc,loadyy Epnyy CFsorc EsoFc,load,y Epny CFsorc
D
g ‘;’ (GWh, %Eioady) (GWh) (%) (GWh, %Eioady) (GWh) (%)
el
£z
2 £
g —ig’/ hsorc,y N CFsokc hsorc,y Nh CFsokc
- (h/year) Q) (%) (h/year) Q) (%)
0.1 17.9 (34.5%) 9.06 28.99% 13.5 (26.1%) 0.175 30.02%
.77 6,162 2,000 29.69% 4,474 40 11.77%
0.2 17.9 (34.5%) 9.06 29.07% 13.7 (26.5%) 0.203 29.91%
. y N . 0 s . 0
(19.53) 6,139 2,000 29.71% 4,571 50 12.49%
0.5 17.9 (34.5%) 9.06 29.07% 14.4 (27.7%) 0.357 29.83%
(48.82) 6,139 2,000 30.80% 4,796 80 14.53%
1 17.8 (34.5%) 9.06 29.08% 14.9 (28.7%) 0.421 29.81%
(97.65) 6,136 2,000 32.61% 4,973 100 16.98%
2 17.8 (34.4%) 9.06 29.20% 15.4 (29.7%) 0.653 29.86%
(195.3) 6,098 2,000 35.69% 5,133 150 20.90%
5 17.6 (33.9%) 9.52 29.34% 15.6 (30.1%) 0.948 29.93%
(488.2) 5,986 2,100 44.54%, 5,197 210 29.41%
10 16.9 (32.6%) 9.52 29.41% 15.0 (29.1%) 1.03 29.89%
(976.5) 5,727 2,100 55.07% 5,018 230 40.20%

Of the total annual production of the wind power plant (37.2 GWh), most is directly supplied to the loads (33.8
GWh, see Figure 4), a smaller fraction to the SOEC (from 1.27 to 2.74 GWh, corresponding to 3-11% of the total
annual electric input for electrolysis, Esorc,y) and the remaining part to the grid (from 0.71 to 2.17 GWh), as shown
in Table 5. It is worth noting that the share of wind energy supplied to the grid in the SOF C-driven strategy is from
3% to 6%, while it is lower than 3% in the SOEC-driven one due to the lower SOFC availability (i.e., more wind
energy absorbed by the microgrid). Hence, in energy terms the wind-farm contribution to the grid is almost
negligible.
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Table 5 - Utilization of wind power production

= SOF C-driven profile SOEC-driven profile
= = =
:‘_? § 8 Ewind,SOEC,y Ewind,grid,y 4 wind,grid,y hwim:l,grid,y Ewind,SOEC,y Ewind,grid,y P wind,grid,y hwind,grid,y
K
E 8 E| (Gwn (GWh, (GWh, (GWh,
T 2 &£ . . (MW) (h/year) . . (MW) (h/year)
—g A)ESOEC,y) A)Ewind,y) A)ESOEC,y) A)Ewind,y)
0.1 1.27 2.17 2.74 0.71
4.483 1,557 4.035 703
(9.77) (3.30%) (5.84%) (10.8%) (1.91%)
0.2 1.33 2.11 2.74 0.71
4.483 1,533 4.035 705
(19.53) (3.43%) (5.68%) (10.5%) (1.91%)
0.5 1.36 2.09 2.59 0.86
4.483 1,511 4.035 782
(48.82) (3.36%) (5.62%) (8.98%) (2.31%)
1 1.47 1.97 2.55 0.90
4.483 1,437 4.035 807
(97.65) (3.45%) (5.30%) (7.93%) (2.41%)
2 1.52 1.93 2.48 0.97
4.483 1,404 4.035 854
(195.3) (3.20%) (5.17%) (6.53%) (2.61%)
5 1.88 1.57 2.44 1.01
4.483 1,233 4.035 872
(488.2) (3.04%) (4.22%) (4.66%) (2.71%)
10 2.32 1.13 2.58 0.87
4.035 977 4.035 803
(976.5) (2.77%) (3.04%) (3.43%) (2.33%)

In terms of power, the maximum power input to the grid from the wind farm (yellow areas in Figure 3) is 4.5 MW,
which occurs during SOFC operation at night on the weekend days in February. This represents a significant
reduction of the peak input, as the wind farm alone would have provided a maximum peak of 15 MW to the grid.
It is worth noting that the direct supply of electricity from the wind farm to the grid occurs only for 1,000-1,600
hours during the year (hwindgriay) in SOFC-driven operation, with an average power input of about 1.3 MW. The
shrinkage of SOFC operation in SOEC-driven strategy reduces the availability of surplus wind electricity directly
supplied to the grid, as suggested by the reduced values of hyindgriay (700-870 hours/year). Hence, a larger share
of Eyingy can be used to feed water electrolysis (Ewingsorcy) in SOEC-driven strategy thanks to the higher

probability of having excess wind power production in the hours of SOEC operation (green areas in Figure 3).
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The wind power production exceeding the microgrid electric loads is too low to fulfill completely the electricity
input for water electrolysis during SOEC operation: this share is about 3% if SOFC-driven schedule is adopted,
while it reduces from 10.8% to 3.43% with the increasing hydrogen mobility penetration in SOEC-driven strategy
(Table 5). Hence, from 89% to 97% of the SOEC input electricity is actually provided by the grid (purple areas in
Figure 3). However, with the adopted logic (Section 3.3.1), the grid electricity compensating the frequent wind
power shortages during SOEC operation has a flat power rate (purple areas in Figure 3), hence reducing the impact

of wind intermittence on the distribution grid.

The electric energy produced by the dedicated wind farm limits the peak demand of the residential district satisfied
directly by the grid during SOEC operation (red areas in Figure 3). With the SOEC-driven strategy — and also
SOFC-driven strategy, but only with H, penetration equal to 10 — the peak power provided from the grid to the
district microgrid is 6.46 MW (about 35% less than the annual peak of 10 MW) and corresponds to the maximum
mismatch between electric demand and wind power output, which is occurring at night on weekdays in October
(red areas in Figure B.1 of supplementary materials). Concerning the SOFC-driven strategy with H, penetration
between 0.1 and 5, the peak demand not directly fulfilled by wind power generation is 3.9 MW (early morning on
weekend days in June, see red areas in Figure B.2 of supplementary materials). Hence, although the loads are not
completely disconnected from the grid during SOEC operation, the adopted logic limits the disturbances on the
grid in terms of both peak demand of the district and fluctuations of the installed RES plant.

With the SOF C-driven operating profile, a larger fraction of the yearly electricity demand of the microgrid (Eioady)
not directly fulfilled by the wind farm is covered by the SOFC, from 34.5% to 32.6% with the increasing hydrogen
demand for mobility (orange bars in Figure 4). The use of grid electricity to feed the microgrid is very limited,

from 0.3% to 2.2% of Eioad,y-

From the point of view of thermal loads, the SOFC-driven schedule allows to provide heating to a larger number
of households (around 2,000). This could balance the lower efficiency of this schedule (see Section 4.4 for
discussion) and also the higher indirect emissions (see Section 4.5) connected to the use of not fully renewable
grid-electricity, especially to feed water electrolysis (from 96.7% to 97.23% of the SOEC electricity input with
the increasing hydrogen demand for mobility). In general, this type of schedule could be suitable for an application
in which the users (i.e., the local microgrid) must be disconnected from the grid for a large number of hours, have

a high heating demand and the grid electricity has a low carbon intensity.
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Figure 4 - Coverage of the residential electric loads and maximum electric input from the grid throughout the year

The SOEC-driven operating profile is the one more oriented towards hydrogen production, with SOFC covering
26.1%-29.1% of the electricity demand (Figure 4). This type of schedule is suitable for a plant installed in a district
with a reliable grid connection and a contained heat demand (e.g., hot climate location), providing grid services to

the district in a limited number of hours.

Hence, what actually changes for both the schedule types with the variation of the hydrogen mobility demand is
the number of hours of operation in fuel cell mode (while still imposing the self-sufficiency constraints presented
in Section 3.4.1) and the residual thermal availability that can feed the DH scheme (Epny) in order to close the

annual energy balance on the HSU.

4.4.  Efficiency

Figure 5 shows the trends of the daily electric efficiency 74, and daily global efficiency ng,, for different

operational profiles in every typical day, considering the reference H, mobility demand (penetration equal to 1).
The efficiency is depicted in bands: lower and upper bounds represent the daily electric efficiency (Eq. 6) and the

daily global efficiency (Eq. 7), respectively.
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The assumption of a linear polarization with fixed steam/hydrogen utilization entails that the cells operate more
efficiently at low currents and thus at low capacity factors: the lower voltage in SOEC mode near OCV implies a
lower power consumed per unit of produced hydrogen and vice versa for the SOFC mode, with higher power
produced per unit of hydrogen at low current. For this reason, the strategy that ensures a larger number of operating
hours at lower CF can guarantee a higher efficiency. Therefore, considering the capacity factors associated to the
reference Ho-mobility demand, the SOEC-driven mode ensures the higher efficiency, especially during the summer
period when the H» mobility demand is smaller (thus the stack efficiency for hydrogen generation is higher). It is
worth noting that operating at low current in SOEC means to work in an endothermic regime, but the thermal self-

sufficiency ensured by the HSU prevents the efficiency penalty due to providing external heat.

52%
509 e
% Global efficiency I I I
48% § I I I
= Electric efficiency I I I I
S 46% I I I I
2
2 440 I I I
aininl I :
5 42% |] "
& 400 ' |]
a ] [l i I
38% I] ” I] I] 1 |] |] I] I] [ [
36% |] I |] |]
34%
e e e e T e T e s s T s A A aaEss
=SzE=zzzz:2zz2zzz22222z22z2z25%252:=
R B T T -V - O - = R - R B 1 R~ T - -
SEf2EERZIgc2adREEE S 2R 8S24A
Typical operating day
H SOEC-driven schedule B SOEC-driven schedule

Figure 5 - Trend of the daily efficiency (electric and global) throughout the year with the reference demand of H> for mobility

Figure 5 also highlights the limited weight of the energy output associated to mobility hydrogen with respect to
the Power-to-Power scheme, especially in the case of SOF C-driven schedule, as the difference between the global
and electric efficiency is limited to few %. However, the SOFC-driven scheme is the one that ensures a larger
amount of heat available in the HSU for the DH application, even if less efficient from the point of view of
produced electricity and mobility hydrogen. This is visible from the results reported in Table 4: the rSOC system

controlled with the SOEC-driven strategy provides heating by DH to a sensibly lower number of houses than with
the SOF C-driven one, for all the values of mobility penetration.
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Figure 6 highlights how the daily efficiency is affected by the penetration of H, demand (the reference weekday

of December is used) showing a remarkable gap between 74, and 7y, only for hydrogen mobility penetration
higher than 1: they both feature a monotonic decreasing trend (due to increasing CFsorc). However, 15, stands

beyond 20% even against the highest demand for H, mobility.

Figure 7 shows that the annual efficiency of the SOFC-driven scheme reaches a maximum of 71% with the
minimum demand of mobility H> and keeps being the highest at even larger values of hydrogen penetration. This
is due to the large amount of heat available in the HSU for the DH when the SOFC operation is favored. The
SOEC-driven strategy shows an annual efficiency that increases with the hydrogen penetration — from 55% to 61%
— because of the shifting of the SOEC operation towards the nominal point (i.e., higher CF), consequently moving
to an exothermic regime. This result demonstrates that the heat commodity plays a major role for the efficient
operation of the rSOC plant. Moreover, a larger H, demand (penetration much higher than 10) could be managed
with a SOEC-driven control strategy in a more efficient way thanks to the higher amount of heat available for the

DH.
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4.5.  Evaluation of CO; emissions

As shown before, the share of electricity and DH demand covered by the rSOC plant depends not only on the
penetration of H, mobility, but also on the adopted control scheme. For this reason, the CO, emissions of the
reference energy system (Section 3.5.3) that meets the same demand of the rSOC plant (following either the SOFC-
or the SOEC-driven schedule) vary as shown in Figure 8 (top).

Figure 8 (bottom) depicts the indirect CO» emissions related to the operation of the rSOC system due to the use of
grid electricity, which is necessary in case of wind power shortage. Two contributions can be identified: i) the grid
electric energy consumed by SOEC to drive electrolysis, and ii) the electric energy directly supplied by the grid to
the residential loads in case of insufficient wind power generation when rSOC is working as SOEC. The SOEC-
driven profile shows smaller CO; emissions to drive electrolysis because a lower amount of H; is produced for re-
electrification (i.e., less electricity is consumed by the SOEC). On the other hand, a larger share of the electric
demand (5.7-8.7%, decreasing with the increasing hydrogen demand for mobility) is fulfilled directly by the grid
(Figure 4) with this schedule: notice that blue bars in Figure 8 (bottom) are higher than those of the SOFC-driven
profile. However, as the direct use of electricity from the grid to fulfil the microgrid demand prevents the energy
losses related to power-to-H»-to-power roundtrip conversion, the contribution of this last item is minor. Hence, the

global emissions of CO; are lower when rSOC adopts SOEC-driven operating profile.
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Figure 8 (bottom) also depicts the CO; emissions decrease (dots), which is calculated as difference with the
reference scenario. The rSOC system allows to eliminate the emissions related to Diesel-fueled buses and gas-
fired boilers and part of the emissions associated to the grid electricity used to fulfill the loads of the residential
district. The emissions savings decrease for both types of operating schedule with the increasing H> demand. This

is due to the increasing electricity consumption from the SOEC, which is mostly covered by grid electricity with
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the assumed size of the wind plant. If a larger wind power farm was installed, the amount of renewable electricity
feeding the SOEC would increase, allowing higher emissions savings also when the H, demand level is larger.
However, a higher wind power would imply more fluctuations for the grid. This is an unavoidable drawback: more
renewable power increases the possible CO, savings at the cost of larger power fluctuations, unless a stable

renewable source or a larger power-to-Hx-to-power system is adopted.

It is worth highlighting that an rSOC system fed only by the grid (i.e., without a dedicated RES plant) would result
in no environmental advantages with respect to the reference energy system: the carbon intensity of grid electricity
is 381.46 g/kWh and the rSOC system will always require more energy than a directly connected user since the
overall efficiency is less than one. On the other hand, the mission of the rSOC system gains consideration only in
the presence of a locally available intermittent RES plant: the SOEC/SOFC operation can be scheduled day-by-
day to store zero-emission renewable energy in the form of hydrogen and then diversify it in different market
commodities (i.e., hydrogen, re-electrification, heat) following the Power-to-X protocol. Moreover, the proposed
polygeneration system has the advantage of withdrawing the distributed sources of CO, emissions (i.e., buses and
gas boilers) in stationary centralized energy production plants that could be retrofitted with advanced techniques

for carbon capture and emission control.

The variation of the CO, emissions with respect to a reference scenario including only a grid-connected wind
power farm (i.e., without an rfSOC buffering system) is also interesting. Referring to Figure 8 (top), blue bars
(19.75 toncoa/y) derive from fulfilling the annual electric demand of 51.76 GWh with grid electricity; instead, the
introduction of electric RES would not affect the emissions of gas boilers (grey bars) and Diesel buses (orange
bars). Since the wind farm can provide 33.8 GWh/y to the microgrid, the emissions associated to the district electric
consumption would decrease to 6.85 toncoz/y. Hence, the logic chosen for the SOFC/SOEC switching in our case
study (Section 3.4.1) would not be the best from the environmental point of view (due to the extensive use of grid
electricity to drive electrolysis in off-peak hours, as shown by green bars in Figure 8 — bottom). However, this is
an incomplete and unfair comparison because the RES-only scenario would not account for the Power-to-X
conversion and the grid services provided by the rSOC system. In particular, the estimation of other performance
parameters (e.g., wind power curtailment, reduction of peak demand on the grid) and scenarios would confirm the
importance of an interface (the rSOC system in our case study or other storage and power-shifting devices [3])
between power demand and intermittent supply. For the sake of conciseness, these interesting issues were not fully

dealt with in this paper and will be taken into account in future works.

From the economic point of view, the flexibility of the rSOC system would allow to follow the intra-day electricity
market and maximize the operating profitability, while the compactness of the rSOC system allows to reduce the
initial capital expenditure. In the future, a higher share of curtailment will presumably be available to feed

electrolysis and the compression of hydrogen for both storage (30 bar) and refueling. This will make the
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polygeneration system attractive for the synergic management of both RES surplus and demand of energy in

different forms and even more environmentally competitive.

5. Conclusions

Based on the dynamic analysis performed, this study supports the use of hydrogen as a sustainable energy carrier,
aiming to harmonize the diffusion of renewable sources in the energy generation portfolio. The study assesses the
energy and environmental performance of a 10/50 MW (fuel cell/electrolysis) rSOC plant fed preferentially with
a 15-MW dedicated wind farm. Following a flexible Power-to-X schedule, the system can store electricity in the
form of hydrogen for time-shifted electric power delivery and decarbonize different final energy uses by providing
hydrogen for mobility and heat for the local district heating network through a high-temperature molten-NaCl
storage. Thanks to the interposition of a hydrogen storage, the proposed polygeneration plant can also mitigate the
impact of the fluctuations of local RES generation on the electric grid by disconnecting local loads during the
peak-demand hours. The Power-to-X solution proposed aims to increase the reliability of power supply by
dynamically interconnecting the electric grid to other infrastructures (e.g., district heating scheme, hydrogen

mobility, wind farm) and to further the multi-sectorial decarbonization of economy.

A method is introduced for the component-to-system modeling and the dynamic analysis of a grid-connected
Power-to-X system and a logic is proposed for the smart management of the different storage units. Different
utilization strategies and SOFC/SOEC scheduling options were analyzed and compared in terms of technical and
environmental performances under self-sufficiency constraints for both heat and hydrogen vectors aiming to
reduce the plant size and rationalize the Power-to-X conversion and storage. We performed a comprehensive
feasibility study of the proposed system at different levels of hydrogen-fed mobility penetration and simulated its
year-through operation in a district-sized urban context. The main findings of this work are summarized below:

e Heat commodity plays a major role for the efficient operation of an rSOC polygeneration plant. The
polygeneration system results in an annual efficiency that ranges from 55 to 70% (including also thermal
energy delivered to DH scheme), according to the adopted operating profile and the hydrogen mobility
penetration.

e The rSOC system is able to effectively integrate the wind production on the microgrid and to significantly
smooth the power fluctuations on the electricity distribution grid. While the wind farm can supply up to
65% of the microgrid electricity demand, the rSOC is able to provide as much as 26% to 35%, with only
a small fraction (< 10%) required from the grid. The power peak required by the microgrid to the grid is
reduced by 35% and the input power peak from the wind farm to the grid is reduced by 70%.
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e The adoption of an SOFC-driven operating profile ensures the thermal availability for a DH scheme
serving about 2,000 houses; the number of served houses goes down to 40-230 in case of SOEC-driven
profile.

o A 5-50% decrease of CO, emissions with respect to a reference energy system (in which electric, thermal
and mobility demands are covered by grid electricity, gas boilers and diesel buses, respectively) if the
rSOC plant is fed preferentially by a dedicated wind farm and by electricity with the current UK emission
factor in case of wind power shortages.

e A sensitivity analysis detected the detrimental effect of the increasing penetration of SOEC-fed H»
mobility on the daily electric efficiency of the rSOC system, with a reduction from 45-50% in the reference
case to 15% in an ambitious scenario foreseeing a widespread diffusion of low-impact vehicles. The same
trend is found for the daily global efficiency, which takes into account also hydrogen as a useful output.

¢ From an environmental point of view, the increase of H> mobility demand reduces the emissions savings.
Hence, with the proposed sizes and operating strategy, the rSOC plant has a better energy and
environmental performance in supporting renewable electricity integration on the microgrid, rather than

providing mobility hydrogen.

As a general result that can be useful for the evaluation of real applications of the rSOC concept, the analysis of
the different operating strategies showed that the SOEC-driven schedule, which is more oriented towards hydrogen
production, is suitable for plants installed in districts with a reliable grid connection and a limited heat demand,
while the SOFC-driven schedule fits best the micro-grids with limited grid connection and high heating demand,

and where the grid electricity has a low carbon intensity.

The present work paves the way for a series of future works aiming to define in detail and optimize the layout and
the operating strategy of the system. An important issue that has not been taken into account in the analysis is the
economic feasibility of the plant: a focus on the monetary cash flows and economic profitability associated to the
installation and operation of the plant would investigate the attractiveness of the rSOC plant as an early Power-to-
X polygeneration system. Modeling efforts are also necessary to reliably simulate the dynamic behavior of the

rSOC system including its degradation, in either grid-connected or remote off-grid configuration.
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SUPPLEMENTARY MATERIAL
A. Steady-state model of the plant

The SOC models implemented in Aspen are based on stoichiometric reactors for the H» oxidation (SOFC) and
H,O0 reduction (SOEC) with separators for dividing anodic and cathodic flows. In SOFC model, the hydrogen and
oxygen (21%, in ambient air) utilizations imposed are equal to 80% and 90%, respectively; in SOEC model, water
utilization is 60%. The high level of oxygen utilization in SOFC is due to the minimum air excess imposed. In
fact, instead of using cathodic air, the stack thermal management is entirely performed by the heat pipes [25], with
10% of air excess only to avoid excessively low O, partial pressure at the cathode. As reported in experimental

studies [46], solid oxide cells can operate with such a low air excess without showing relevant performance drops.

Model of the SOFC subsystem

The core of the system (Figure A.1) is represented by the stack, where hydrogen is electrochemically converted
into electric power and heat, due to the exothermicity of the redox reaction. The SOFC has been modeled as a
stoichiometric reactor combined with a separator. The stoichiometric reactor simulates the oxidation of hydrogen
into water occurring at the anode of the fuel cell: it is fed by the fuel flow with an excess index equal to 1.25 [23],
[47], [48] and by pre-heated oxidant flow, which passes through the cathode. An air excess of 10% of the
stoichiometric value is assumed. It is worth noting that this air excess is needed just to avoid excessively low
oxygen partial pressure in the air electrode, and it is significantly lower than in the case of air-cooled SOFCs
thanks to the presence of the heat pipes which perform the thermal management of the stack. To account for the
separation of fuel and oxidant flows due to the presence of the interposed electrolyte in the real cells, the fictitious
product flow exiting the stoichiometric reactor in Aspen-based model enters a separator: in this “dummy”
component, the nitrogen and the unreacted oxygen (cathode outlet in the real cell) are separated from the unreacted
hydrogen and the water (anode outlet in the real cell). The spent air flow is sent to venting after heat recovery,
while the exhaust anodic flow is recirculated to the stack inlet after condensing and separating the water. A small
fraction of water remains in the flow to ensure a minimum humidification at the stack anode inlet, representing

the 3% of the inlet stream of the anode.

The feeding flows (i.e., air and hydrogen) are preheated to 700 °C before entering the SOFC and the heat produced
in the stack is exploited to bring the feeding flows to the stack temperature, which is 800 °C. Having fixed a
temperature of 800°C for both SOFC and SOEC operations and being the concentration of chemical species

constant, it is possible to compute the value of OCV using Nernst equation:
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Agreact (T, Po) RT H{eac yivi
0CV = -+ in oy Eq. (A.1)

L

where Agreqc: (T, po) = 188,691 J/mol is the Gibbs free energy of reaction at po = 1 bar; zr is the charge number
(equal to 2 for hydrogen); F = 96,485 C/mol is Faraday’s constant; R = 8.314 J/mol/K is the universal gas constant.
The logarithmic term considers the effect of molar fractions of reactants and products, each raised to its

stoichiometric coefficient and referred to the inlet of the stack.
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Figure A.1 - Aspen Plus™ flowsheet of the SOFC model

The OCV described in Eq. (A.1) is strictly valid only at zero current. Thus, in order to take into account the water
production under current, the molar concentration of water at the outlet has been used in the calculation of the

logarithmic term of the OCV used in Eq. (1). The resulting OCV value is 0.95 V.

The nominal operating point of the simulated cell has been chosen by setting a reasonable value of the cell voltage
that allows to obtain the maximum power density of the cell. This arbitrary value is set equal to 0.77 V [22], [49],
[50] and corresponds to the diffusion overvoltage knee at the end of the linear ohmic region of the polarization
curve (current density of 0.77 A/cm?), over which the stack would work in unfavorable conditions. To obtain the
system nominal AC power size of 10 MW, (assuming a DC/AC inverter efficiency equal to 0.9), a total of about

4*10* cells is thus necessary.
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Model of the SOEC subsystem

A similar approach to that used for modelling the SOFC has been used for the reverse operating mode (electrolyzer)
(Figure A.2 —top), with attention to the delicate issue of the thermal management: in fact, the cells can work either

in endo- or exothermal conditions according to the operating current or voltage.

In general, it is a good practice to work with an excess of reactant. In commercial devices, the reactant utilization

ranges between 0.6 and 0.7: the lower bound of this range is chosen in the developed model.

O Temperature (C)
D Pressure (bar)

H2.COo0L2 H2-CMPR2 H2.COOL1 H2-CMPR1

MOBCMPR1 MOBCOOL1 MOBCMPR2 MOBCOOL2 MOBCMPR3 MOBCOOL3 MOBCMPR4 MOBCOOL4

Figure A.2 — (Top) Process flowsheet of the SOEC model and (bottom) of the mobility H> compression train

An important issue is the protection of the cathodic nickel from oxidation: to avoid it, especially at higher current
density, it is necessary to ensure a reducing environment already at the inlet of the cathode. The cautious solution
adopted in the model consists in the partial recirculation of the cathode exhaust rich in hydrogen (almost 10%mol
at the cathode inlet in commercial devices). Also in this case, in order to take into account the effect of the current,
the outlet concentration of H, has been used for the calculation of the OCV used in the polarization equation.
Moreover, to ease the downstream calculations, a continuous polarization line between SOFC and SOEC mode

has been assumed by determining the recirculation ratio of cathodic product that ensures an OCV of 0.95 V.
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The above-mentioned conditions are satisfied in case of 61/39%m, H2O/H inlet mixture, keeping reactant
utilization equal to 0.6. The inlet mixture is fed at 700 °C to the cathode of the stack, as in the SOFC mode. The
hydrogen produced at the cathode is separated from the unreacted water and compressed to 30 bar with a two-
stage intercooled compression. The water separated is recirculated and mixed with the make-up water in the steam

generation section.

To avoid the risk of delamination, i.e., the detachment of the anode layer from the electrolyte one, due to
excessively high concentrations of oxygen, preheated sweep air is injected into the anode with a flow rate assumed
to be 15%mo of outlet oxygen produced by electrolysis. The sweep air is preheated to 800 °C before entering the

stack. At the outlet of the stack, the air enriched with oxygen is cooled and vented.

Once OCV, ASR and the nominal power input of the SOEC are set, then the resulting values for nominal cell
voltage and current density are 1.37 V and 1.74 A/cm?, respectively, which correspond to the operating point that

ensures the SOEC/SOFC power ratio of 5 (calculated on the AC power).

Since part of the hydrogen is delivered to the refueling station serving the identified transportation application, an
additional model (Figure A.2 — bottom) simulates a 4-stage intercooled post-compression train elevating the

pressure of this share of electrolytic hydrogen from 30 bar up to the mobility storage conditions (344.75 bar) [51].

Results of pinch analysis
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Figure A.3 - Pinch analysis of the SOFC subsystem
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Figure A.4 - Pinch analysis of SOEC subsystem
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B. System performance
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Figure B.1 - Peak of electric demand fulfilled by the grid in case of SOEC-driven strategy (weekdays in October)

day in June

loads and power price in a typical
T T T T

T
Electric loads
255 Wind generation q49 7 o
83E e i
225 BsIEE
=226 e
ESE cfs
5%9, 30 B =
£58 s<
3 2k 25 =
0
00:00 02:00 04:00 08:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00
SOFC-driven profile and loads in a typical day in June
w07 T T T T T T T =]
T 0 0
i
2 E g0 ——Electrc loads
SEE
§ g =20 .som
& z
L w-m to loads (SOFC)
oL L : ; L ! ; . Dwmm us
00:00 02:00 04:00 08:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 "
SOQEC-driven profile and electrical loads in a typical weekend day in June .Cirid 10 SOEC
10F T T — —— - —T- T—1— — T ——— — T3
T N I:lw‘-mmsosc
E E E‘m I:lw‘-mmhads(snsc;
=
©
2 5 Z 0L - .cmm\m;(sosm
8
a5 -
40 | 1 1 1 1 1 13

02:00

22:00

12:00 16:00 18:00 20:00 24:00

Time [hh:mm]

L
04:00 08:00 08:00 10:00 14:00
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