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Abstract

In this study, the off-design performance of a Power-to-Gas process are predicted by means of a developed calculation model,
implemented in commercial tool environments. With the aim to evaluate the behaviour of the several components in off-design
conditions, specific calculation models have been integrated in the whole system model. Then, starting from a real wind
production profile, four configurations of the Power-to-Gas system have been analysed, evaluating the annual operating time
of the integrated Power-to-Gas/wind systems. In addition, in order to assess the cost effectiveness of the technology, a
preliminary economic analysis has been performed. The results highlight that the most performant configuration is the one at
ambient pressure, with the co-electrolyzer and the high temperature methanation section operating at the same temperature,
showing a methane production of 184 ton/year and an overall efficiency of about 75 %. At the current technology readiness

level, the economic competitiveness of the process is strongly affected by the synthetic natural gas sell price.

Keywords: Power-to-Gas; co-electrolysis; methanation; storage system; off-design performance; renewables.

1. Introduction

One of the main targets in many Countries is the decarbonization of the energy sector, as also defined in the European
Roadmap 2050 [1]. In order to achieve this goal, a possible solution is to increase the penetration of Renewable Energy
Sources (RES) into the electrical system. However, RES such as wind and solar supply electrical power in an intermittent way.
This volatility results in issues related to the management of local and regional electric networks, due to the several hours and

even days of electricity surplus and deficit. Indeed, as reported by Karimi et al. [2], despite its promising success, photovoltaic
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(PV) penetration presents various issues, such as voltage fluctuation, voltage rise and voltage balance, and its impact on the
distribution system has to address for seamless integration in the power system. Moreover, Eltawil et al. [3] have evaluated the
operation of grid-connected PV generators, demonstrating that control problems can be registered as a consequence of the
variable power generation. Similar problems arise in case of wind generators, which are affected by a short-term non-
programmable and intermittent power production and also by a long-term variability [4].

As the share of these sources in power generation increases, long term and even seasonal storage capacities are required to
ensure a reliable energy supply. In this context, the needed flexibility to balance the stochastic energy production and then to
make easier the RES integration in the electric network can be offered by the emerging technology of Power-to-Gas (P2G) [5],
i.e. the process of converting the surplus of renewable energy into a gas fuel. As reported by Yang et al. [6], the P2G energy
conversion method can provide an effective solution to the energy dilemma; indeed, this technology can be seen as a flexible
energy-use mechanism to absorb redundant renewable energy and to mitigate the natural gas supply shortage for power plants
in the meantime. Sayedin et al. [7] claim that although most of the renewable energy technologies are well known, the
integration of these technologies has still some issues; the mismatch between the output specification of photovoltaic modules
and electrolyzers load at different irradiance conditions indicates the importance of the optimal matching of the photovoltaic
and electrolyzers. For this reason, the Author’s investigation is based on the evaluation of the behaviour of an innovative P2G
process at various loading conditions, considering the variability of the electric energy supply. Indeed, the P2G process can be
considered a viable flexible technology [8]; as presented by Kupecki et al. [9], the solution of the grid imbalances can be
represented by an electrolyzer, which mitigates the problem by coupling the electric and gas grids. Petipas et al. [10] show that
with the addition of control strategies, electrolyzers should operate across a wider load range, even below 60 % of the design
load. As a consequence, the loading power of a P2G system can follow the fluctuating demand and then balance the
intermittent RES production [11]. According to Frank et al. [12], reversible solid oxide cells represent a promising approach in
order to guarantee a constant power supply. With this purpose, the renewable energy that might be wasted (peak production)
can be exploited to produce useful fuel gases. Following this way, several P2G pilot plants have been realized worldwide, as
shown by Gahleitner [13].

The Solid Oxide Electrolyte Cell (SOEC) technology is currently on research and development level and there are not many
publications related to the modelling of its operations, especially in off-design conditions (i.e. when the input power differs
from the design value). One of the few studies about the off-design characteristics of a SOEC is that presented by Motylinski et
al [14], in which a SOEC operated in electrolysis mode has been modelled and analysed; the used methodology derives from a
solution used to predict the performance of fuel cell power units with solid oxide technology, both in steady-state [15] and in

transient operations [16]. Furthermore, as reported by Safari et al. [17], the Synthetic Natural Gas (SNG) generated by the P2G



58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

plant can be fed into the existing gas grid and marketed as an emission-free option for SNG-fuelled users; since the capacity
for SNG is high around the world and the methanation process captures CO», the SNG production can be the most promising
P2G technology.

In this framework, the innovative step of the Authors’ study is the numerical prediction of off-design performance for a P2G
process including a SOEC operated in co-electrolysis [18] mode. Indeed, the aim of this study mainly stands in the
development of a calculation model for the off-design operations of the P2G process, focusing on a particular and innovative
P2G system based on a high temperature co-electrolyzer (simultaneous electrolysis of H,O and CO;) of SOEC technology
coupled with an advanced experimental methanator, which allows to operate at relatively high temperatures.

This work is a prosecution of Author’s previous study [19], whose novelty stood in the development and analysis of the P2G
system, considering the possibility to thermally integrate the electrolysis with the methanation process, as a first step towards a
physical integration between the two components. In this previous study, the analysis has been carried-out in design condition,
considering all the sub-sections working at their set-points of operating temperature and pressure. In order to evaluate the
behaviour of the several components in off-design conditions a numerical code has been developed in the study here reported.
In more detail, the code has been developed in commercial tool environments and it is able to predict the operating point shift
of the several components during the off-design operations. The analysed key parameters are the operating temperature and
pressure. The pressurization of the system has been investigated since it can [20]:

- increase the SOEC power density;

- improve the produced SNG quality;

- reduce the size of the auxiliary components.

Furthermore, different temperature settings have been evaluated in order to explore possible thermal synergies among the sub-
sections; the thermal synergy can be achieved operating both the co-electrolyzer and the methanation section within relatively
high temperature ranges (in particular, the co-electrolysis operation at intermediate temperature has been demonstrated in a
work by Lo Faro et al. [21]). In addition, in order to predict co-electrolysis behaviour under several conditions, a specific
calculation sub-model has been integrated in the whole system model. Then, in order to evaluate the off-design performance of
the P2G process under different operating conditions, four system variants have been analysed, starting from a real wind
production profile and evaluating the annual operating time of the integrated P2G-wind systems.

In particular, in Section 2 of the paper the studied P2G system is introduced and the analysed configurations are presented. In
Section 3, the P2G numerical model for off-design operations is described. In Section 4 and in Section 5, the analysis of the
P2G system coupled with a wind generator and a preliminary economic analysis are carried-out. Finally, the results of the

performed analyses are provided and discussed in Section 6.
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2. The Power-to-Gas system: description and analysed configurations

As previously mentioned, the considered P2G process refers to a previous study of the Authors [19], where this innovative
P2G system has been proposed. In particular, the innovative feature of the P2G system is the coupling of a high temperature
co-electrolyzer (600 - 850 °C) with an experimental advanced methanation reactor, consisting in a fixed-bed reactor with a new
formulation of structured catalyst, which allows to operate at relatively high temperatures (450 - 600 °C).

Fig. 1 shows a simplified scheme of the P2G system in study. Briefly, the system is characterized by water and carbon dioxide
as main material input streams, while the energy input consists in electric power, from NP-RES (Non-Programmable
Renewable Energy Sources), and thermal power, from an external heat source. The main output of the system is a SNG stream,
to be introduced into the natural gas (NG) network. The P2G system includes also a sweep-air inlet stream shown in figure, for
the SOEC anodic-side products removal (not shown in figure for sake of simplicity), and a tail-end output water stream,

separated from the generated SNG.

Heat

External heat
recovered

sogce HT (Integrated SOEC + HT Methanation)
r-r------- - - - - - - —-—-——-—-—-=-=- A
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| ogh ——-——-——-————-——-—-—-=-== |
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Fig. 1. Simplified block diagram of the P2G system [19].

In more detail, the system is composed by three major sections: a reactants pre-heating section including a HRS (Heat
Recovery Section) for the P2G internal heat recovering (used for the inlet water partial preheating, as shown in Fig. 1), a high-
temperature (HT) section (highlighted in red in Fig. 1) and a downstream low-temperature (LT) section (in blue in figure). In
particular, the HT section includes the following components:
- a high temperature co-electrolyzer (SOEC in figure), where H,O and CO; are converted into hydrogen and carbon
oxide as main species, by means of the electric power input to the P2G storage system;
- a high temperature methanation (HTM) sub-section, where the methanation reactions occur and the reactants are

converted into a rough SNG. This sub-section has been modelled on the basis of an experimental structured catalyst.
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The downstream LT section has been introduced in order to improve the quality of the rough SNG produced by the HTM. In
particular, the LT section is composed by:
- alow temperature methanation (LTM) sub-section, based on conventional catalytic methanation technology;
- an additional SNG processing section, where the SNG is mainly compressed, cooled and separated from residual
water, before the introduction into the NG distribution network.
Regarding the operating temperature, the pressure levels and the heat recovery section arrangement, all of these design settings

have been the subject of an in-depth comparative analysis among several configurations reported in [19].

2.1 Power-to-Gas system configurations

In order to evaluate the off-design performance of the P2G system under different operating conditions, four configurations
have been considered in this study. The key analyzed parameters are the operating pressure and the operating temperature of
the several sub-sections of the P2G system; in particular, the pressurization of the P2G system has been investigated since it
can significantly increase the SOEC power density, improve the produced SNG quality and reduce the size of the auxiliary
components; furthermore, different temperature settings have been evaluated, in order to explore possible thermal synergies
among the sub-sections. The choice of the SOEC (and then of the downstream sub-sections) pressure level has generated two
different layouts of the P2G system. The first one (Fig. 2) is a P2G system with the SOEC and the methanation sections (HTM
and LTM) at ambient pressure and with a tail end pressurization, before the introduction into the NG network. The final SNG
storage pressure has been set equal to 60 bar, consistent with a high-pressure NG pipeline.

The second one (Fig. 3) is a P2G system with a pressurized SOEC. Thus, in this system, the HTM and the LTM sections
operate at the same pressure of the SOEC; also in this case, at the end of the process the produced SNG is pressurized up to the
same final storage pressure (60 bar). As shown in Fig. 3, the pressurized layout requires at the inlet a pump for the inlet water
stream and a compressor for the inlet carbon dioxide stream. Moreover, the pressurization of the Sweep Air stream has also
been considered.

Regarding the pressurized layout, for the SOEC (and then for the downstream sub-sections) an operating pressure equal to 8
bar has been chosen; this value is in line with the current state-of-the-art of pressurized SOEC technology (even if higher
values are also expected in the future — see the HELMETH project [22]) and it corresponds to the experimental data provided
in the study by Mehran et al. [23] on a prototypal co-electrolyzer SOEC.

Then, for both layouts, two different temperature settings have been considered. Indeed, the studied configurations can be
summed up in:

- Ambient 1: P2G system at ambient pressure, with the SOEC at 850 °C, the HTM at 450 °C and the LTM at 200 °C;

5
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- Ambient 2: P2G system at ambient pressure, with the SOEC at 600 °C, the HTM at 600 °C and the LTM at 200 °C;

- Pressurized 1: pressurized P2G system, with the SOEC at 850 °C, the HTM at 450 °C and the LTM at 200 °C;

- Pressurized 2: pressurized P2G system, with the SOEC at 600 °C, the HTM at 600 °C and the LTM at 200 °C.

In the configurations Ambient 1 and Pressurized 1, the SOEC operating temperature has been set equal to 850 °C, in line with
high performance SOEC operating conditions, in accordance to the available studies on high temperature SOEC [24]. The
HTM operating temperature has been set equal to 450 °C, in order to exploit the HTM highest conversion rate value, according
to [19]. The LTM operating temperature has been set after a parametric study of its effect, considering the typical temperature
range of operation of this technology [25]. On the other hand, in configurations Ambient 2 and Pressurized 2, in order to
explore possible thermal synergies among the sub-sections, different temperature levels have been investigated in the Authors’
previous study [19]; in particular, the thermal synergy can be achieved operating both the co-electrolyzer and the methanation
section within relatively high temperature ranges (the co-electrolysis operation at intermediate temperature has been

demonstrated in a work by Lo Faro et al. [21]).
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Fig. 2. Layout of the P2G system at ambient pressure.
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Fig. 3. Layout of the pressurized P2G system.

3. The Power-to-Gas system numerical model

The P2G system thermodynamic model has been developed in ASPEN Hysys™ environment [26], a commercial tool for
numerical lumped-parameter modelling of complex energy systems. Standard units from ASPEN Hysys™ library have been
employed to model common components, like separators, heat exchangers, pumps and compressors, while specific sub-models
have been implemented for the key components of the P2G system. In particular, the thermodynamic model includes:

- apreheating HRS, made by several heat exchanging segments;

- three different reactors for the SOEC, to simulate the electrolytic reactions, the reverse water-gas shift reaction and

the methane formation reaction:

H,0 > H, + 1/, 0, (1)
€0, - €0 +1/,0, 2)
€0, + H, & CO + H,0 3)
CO + 3H, & CH, + H,0 (4

- aconversion reactor for the HTM section;

- amulti-step equilibrium reactor for the LTM section;

- atwo-step intercooled final compression, with water separation.
The reactions occurring in the SOEC are mainly influenced by the operating temperature and pressure; in addition, also the
mass stream at the inlet of the reactors and the chemical composition of the stream can condition the SOEC behaviour. More

details on the thermochemical model, on the reactors arrangements and on the chemical settings, can be found in the previous

7
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study of the Authors [19], where a parametric design analysis of the P2G system has been carried out, taking into account an
electric power supply design point for the SOEC set at 1 MW. Furthermore, in the Authors’ study [19], the sensitivity analysis
of the ASPEN Hysys™ model on boundary conditions and inlet power condition has been performed.

The main set point parameters in design conditions implemented in the P2G system are summarized in Table 1. In particular,
the conversion rate target of electrolysis reactions is assumed equal or higher than the 80 % in [27]: in this study, a
conservative value equal to the 80 % is set. Furthermore, the O, molar fraction in the anode outlet is set at 0.5, as
recommended in [28]. Finally, in order to allow the introduction of the produced SNG into the NG network, the pressure at the

outlet of the systems has been set on the basis of typical values for high pressure lines of the Italian natural gas network [29].

Table 1. Main set point parameters of the P2G system in design conditions for the analysed cases.

Parameter Ambient1l Ambient2 Pressurized1 Pressurized 2
P2G inlet reactants temperature [°C] 25 25 25 25
P2G inlet reactants pressure [bar] 1 1 1 1
SOEC input electric power [MW] 1 1 1 1
SOEC operating temperature [°C] 850 600 850 600
SOEC operating pressure [bar] 1 1 8 8
SOEC inlet H20O fraction [% vol] 80 80 80 80
SOEC inlet CO- fraction [% vol] 20 20 20 20
H20 electrolysis reaction Conversion Rate [%] 80 80 80 80
CO electrolysis reaction Conversion Rate [%] 80 80 80 80
Oz molar fraction in the anode stream [-] 0.5 0.5 0.5 0.5
HTM operating temperature [°C] 450 600 450 600
HTM operating pressure [bar] 1 1 8 8
LTM operating temperature [°C] 200 200 200 200
LTM operating pressure [bar] 1 1 8 8
NG distribution network pressure [bar] 60 60 60 60

As previously mentioned, the aim of this study is the performance prediction of the P2G system both in design and off-design
conditions; in particular, the system operates in off-design when the input electric power differs from the design value. In order to

take into account the off-design operations, the thermodynamic model developed in ASPEN Hysys™ has been integrated with a
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specific calculation sub-model for the SOEC, developed in MATLAB™ environment [30], as shown in Fig. 4. The carried-out
analysis is of quasi-static type; this assumption implies that the considered system has a time-dependent response, but the
inertia effects have been neglected. As a consequence, the proposed model does not consider process dynamics. However,
since process dynamics (accumulation of mass and energy in the several components of the plant) can play an important role in

the estimation of the system performance, this aspect will be considered in future studies.

Layout development in
ASPEN Hysys™

E 2

Boundary A DESIGN
conditions ——»] DiEIEN] aSaIySEMm REIREN power input
(see Table 1) ysys (Par= 1 MW)

* Design data from ASPEN Hysys™

OFF-DESIGN analysis

DESIGN data reading in
MATLAB™

+ Tsokc, Psoec

exg::?g;:tal » SOEC sub-model in _— Op'f)s\;eDrEi:[I)ﬁl’\l
— ™
data MATLAB (Pe # 1 MW)

+ Tour, Msoec

Data transfer to ASPEN Hysys™

v

Methanation C & Sep
section section

HRS

Off-design data from
y ASPEN Hysys™

Data evaluation in MATLAB™

2

OFF-DESIGN output

Fig. 4. Simplified block diagram of the numerical procedure for design and off-design analysis of the P2G system.

In more detail, the calculation procedure starts with the P2G system layout definition and the thermodynamic design analysis,
performed within the ASPEN Hysys™ environment, based on the set point design power input and on the basis of the other system
boundary conditions of Table 1. This calculation provides as output all the internal and outlet stream flows and enthalpy values,
corresponding to the reference inlet power condition. Then, off-design calculation of the same system performance under different

electric power inputs can be performed, by interrogating a specific SOEC sub-model (MATLAB™ sub-routine); the SOEC sub-
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model is based on external experimental data for a reference SOEC stack (see Fig. 4). The used experimental data derive from an
experimental study [23], in which a co-electrolyzer of SOEC technology has been tested in a limited set of operating
conditions. The empirical SOEC sub-model calculation provides, as output, data on the SOEC off-design operations (mainly the
reaction products outlet temperature, T,;7, and the processed mass flow, mg,zc) which affect the behaviour of the other P2G sub-
sections. Thus, these data are used as input by the P2G system overall thermodynamic model (in ASPEN Hysys™), to obtain all the
stream flows and enthalpy values in the off-design operating point. Finally, the values of the several quantities in the off-design
operating point are transferred to MATLAB™ environment, where performance parameters are calculated.

The HRS is necessary in order to pre-heat the water stream at the inlet of the system, using heat available at different
downstream sections of the P2G system. In more detail, heat is recovered from the SOEC outlet cathode and anode streams
and from all the methanation reactors cooling sections. The HRS heat-exchangers arrangement in the heat recovery line has
been optimized in the Authors’ previous work [19] evaluating the temperature levels of the available heat flows. In particular,
it has been decided to place the HRS in the more heat demanding water line. Despite this, in order to feed the SOEC with
reactants at its operating temperature, an external heat source has also been considered.

When in off-design conditions, the values of the temperatures and of the mass flows of the streams involved in the HRS differ
from the values in design condition, mainly due to the different SOEC input electric power and outlet temperature.

In order to simulate the off-design behaviour of the HRS, first of all, the (U-A) values (where U [W/m?2K] is the global heat
transfer coefficient and A [m?] is the heat exchanger surface) of each heat exchanger of this section have been calculated in
design conditions (these values have been obtained through the simulation of the P2G model in ASPEN Hysys™). In Table 2
the (U-A) values of the HRS in design condition for the four analysed configurations are reported. When the SOEC and the
HTM work at the same temperature value of 600 °C (Ambient 2 and Pressurized 2), the heat exchanger (HE-6) used to
recovery the heat from the stream at the outlet of the SOEC (and then at the inlet of the HTM) is not necessary. In these two
configurations, the heat exchanger with the highest value of UA is HE-1 (2115 W/K for Ambient 2 and 6047 W/K for
Pressurized 2). On the other hand, when the SOEC and the HTM work at different temperatures (Ambient 1 and Pressurized
1), an additional heat exchanger is required (HE-6) and it is the one with the highest value of UA.

After having obtained the (U-A) values in design condition, they have been kept constant also in off-design conditions.
Regarding the methanation sections (HTM and LTM), the chemical reactors work at the temperature set-point (see Table 1) and the
chemical reactions are able to follow the change of the mass flow value in off-design conditions.

Finally, the compression and separation section (C & Sep) considers the electrical energy consumption variation of the compressors
due to the different processed mass flow of the produced SNG in off-design conditions.

In the following paragraph, the co-electrolyzer off-design sub-model will be described.

10
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Table 2. UA values of the HRS heat exchangers for the four analysed configurations in design condition (values obtained

through the simulation of the P2G model in ASPEN Hysys™).

UA [W/K]

Ambient1 Ambient2 Pressurized1 Pressurized 2

HE-1 2124 2115 4075 6047
HE-2 623.9 539.2 713.1 657.5
HE-3 117.9 120 221.9 134.7
HE-4 209 164.1 757.8 240.1
HE-5 2775 589.2 773.1 725.8
HE-6 5100 - 17290 -

3.1 Co-electrolyzer semi-empirical sub-model

The developed calculation sub-model (Fig. 5) allows to evaluate the outlet temperature and the electrical efficiency of the
SOEC in off-design conditions starting from input parameters. The knowledge of these two output parameters is essential in
order to predict the behaviour of the whole P2G system in off-design conditions; indeed, the SOEC efficiency strongly affects
the P2G system efficiency due to the high electrical energy consumption of this sub-section, while the outlet temperature value
determines the operating point of the other sub-sections.

The model inputs can be divided into two main categories: experimental data and actual operating conditions. In particular, the
empirical model requires, as experimental data, a limited number of information derived from an existing SOEC stack, used as
reference; the reference experimental data are: i) a set of polarization curves (i.e. voltage-current density of the experimental
stack) at different operating conditions, ii) the stack surface (Asoec) and iii) the stack inlet mass flow (1mgygc). The used
experimental data (polarization curves and stack data) derive from an experimental study [23], where a SOEC co-electrolyzer
has been tested under different pressure and temperature conditions.

The actual operating temperature (Tsoec) and pressure (psoec) are additional input of the off-design model and they can be
different from the temperature and pressure tested in the experiments.

The process flow of this sub-model can be divided into three steps:

i) calculation of generalized polarization curves;

ii) design condition definition;

iii) off-design performance evaluation.

Each step of the sub-model will be described below.

11



INPUT

EXPERIMENTAL DATA
Experimental polarization curves:
Limited set of:
Tsoec = 750 °C — 850 °C
Psoec = 1 — 8 bar
Reference stack data:
Asoec, Msoec

ACTUAL OPERATING CONDITIONS
Operating temperature:
Tsoec = 600 °C — 850 °C
Operating pressure:
Psoec = 1 -8 bar
Off-design power input:
Pe|yoff.design =500 - 1500 kw

b 2

SOEC OFF-DESIGN SUB-MODEL

i) Calculation of generalised polarization curves

Interpolation and extrapolation of experimental
polarization curves by means of first-order polynomials

ii) Design condition definition

Thermal balance equation evaluation:
1AV = Ngyn- TAs

v

Thermoneutral voltage calculation:
Vln = VOCV + Avln

v

Design point definition (Vi , I )

iii) Off-design performance evaluation

Heat released by electric losses calculation:
Qoff-design = (Voff-design - VOCV)'Ioff-design

v

Outlet temperature calculation:
Tout = TSOEC + (Qofffdesign - Qdesigr\)/(mSOEC'Cp)
v

SOEC efficiency evaluation:
Nsoec = (nsyn'HHVsyn)/Pel

p 2

OUTPUT EVALUATION

Evaluation of Tsoec and Nsoec

257

258 Fig. 5. Flow chart of the SOEC off-design semi-empirical sub-model.
259

260 i) Calculation of generalized polarization curves

261  The first step of the sub-model consists in the calculation of generalized polarization curves, i.e. first-order polynomials that

262  describe the evolution of the cell voltage as a function of the current density. Starting from a limited set of experimental
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polarization curves for the reference stack, the model is able to obtain the polarization curves of the SOEC under extended
operating conditions (inlet temperature and operating pressure) through the interpolation and extrapolation of the experimental
data with first-order polynomials (Fig. 6a and Fig. 6b); the slope of the polynomials has been obtained taking into account the
temperature and pressure variations.

The used experimental polarization curve points derive from an experimental study [23], in which a co-electrolyzer of SOEC
technology has been tested in a limited set of operating conditions (the investigated temperature range is 750-850 °C, while the
pressure range is 1-8 bar). Regarding the operating temperature, the experimental polarization curves have been extrapolated in
a wider range, between 600 °C and 850 °C, i.e. the extended operating range considered in this study (see Fig. 6a), typical for a
co-electrolyzer of SOEC technology [31]. Moreover, generalized polarization curves have been obtained also for different

pressure values, by interpolating the available experimental points (Fig. 6b).

1 bar 1 bar
2bar  + 2bar| 7|
3 bar 3 bar
4 bar 4 bar| 7
5 bar 5 bar
6 bar| -

1.7

6 bar

ponoxe
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Current density [mA/cmz] Current density [mA/cmZ]

Fig. 6a. Generalized (extrapolated) polarization curves plotted Fig. 6b. Generalized (interpolated) polarization curves plotted for various
for various operating temperature values, at psoec = 1 bar (dots:  operating pressure values, at Tsoec = 850 °C (dots: experimental data
experimental data points [23]; continuous lines: polynomial points [23]; continuous lines: polynomial curves).

curves).

ii) Design condition definition

The SOEC design operating point — i.e. the cell voltage and current density in design condition - has been identified on the
polarization curve for the actual operating conditions, by referring to the generalised experimental polarization curves.

In particular, in this study, the SOEC design point has been assumed coinciding with the “thermoneutral” condition, where the
thermoneutral voltage V,,, is defined as the potential at which the cell is thermally stable with respect to its equilibrium state at

Vocy (Open Circuit Voltage) [32]. In thermoneutral condition, the heat released by the electric losses in the cell is equal to the
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energy required by the co-electrolysis reactions. This operating condition is desirable for SOEC technology, in order to avoid
any additional device to provide heat or to extract it from the stack and this condition leads to have the same temperature value
for the inlet reactants and the outlet products.

In off-design conditions instead, the heat released by the electric losses in the cell differs from the energy required by co-
electrolysis reactions; in general, the electric energy demand due to the co-electrolysis reactions can be expressed as the
variation of the Gibbs free energy Ag:

Ag=Ah—T-4s ()

where, 4h [kJ/kmol] is the enthalpy variation of the co-electrolysis reactions, T [K] is the SOEC operating temperature equal
to the reactants inlet temperature and As [kJ/kmolK] is the entropy variation of the reactions; it must be highlighted that the
enthalpy variation and the entropy variation are influenced by the operating temperature and pressure of the SOEC.

If V.oyy < Vi (endothermic mode), the electric energy Ag is lower than the enthalpy variation Ah and then additional heat is
required to maintain the operating temperature.

If instead V,,;; > V;,, the cell operates in the exothermic mode and this corresponds to an increase in the cell temperature,
because the electric energy supply Ag exceeds the enthalpy variation.

Thus, in order to evaluate the thermoneutral voltage, the following thermal balance equation has to be solved:

I+ AVyy, =1y, - TAs (6)

where, I [A] is the electric current of the SOEC (I=J-Asoec), AV, [V] is the voltage related to the losses in thermoneutral
condition and 1y, [kmol/s] is the molar flow of produced syngas. According to the Faraday’s Law (7), 7, in the
electrochemical reactions can be expressed as:

Royn = 77 )
where, Z is the valency number of ions of the substance and F [C/kmol] is the Faraday constant.

Then, eq. (6) can be reformulated as:

MV =52 ®)
Finally, V., can be calculated by eq. (9):

Vin = Vocy + AViy ©)]

Using the calculated V;,, value at given temperature and pressure, the corresponding design current density can be obtained

directly from the generalized polarization curve.
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iii) Off-design performance evaluation

Once the design (thermoneutral) point is identified on the polarization curve, it is possible to identify the off-design point, i.e.
when the input electric power value (P o rr—gesign [W]) and the related current (Io¢¢—_gesign [A]) and voltage (Vors—aesign [V])
values differ from the design values; then, the new SOEC performance and in particular the updated SOEC outlet temperature
(T,u: [K]) can be calculated in off-design operations. This temperature value coincides with the value of the inlet temperature
(Tsorc [K]) only in design conditions. The off-design T,,. estimation can be performed using the heat released by electric
losses in off-design conditions (Q'Off_design [W]) expressed according to eq. (10):

Qoff—design = (Voff—design - Vocv) “loff-design (10)

In this equation, in order to quantify the heat released by electric losses, the heat flux has been expressed as the product of the
electric current in off-design conditions and the difference between the voltage and the open circuit voltage (i.e. the voltage
given by the electric current flow in the circuit). Combining this equation with the expression of the heat released by electric

losses in thermoneutral condition (Qdesign [W]), the outlet temperature in off-design conditions can be estimated as:

Qo —desi n_Qein

Tout = Tsopc +—L fh gn_—deng (11)
SOEC Cp

where Mg is the actual SOEC inlet reactants mass flow [kg/s] and ¢, [J/kgK] is the related specific heat.

Finally, the SOEC electrical efficiency [22] can be calculated according to:

Nsyn HHVsyn
Pel

NsoEc = (12)
where, HHVs,,, [kJ/kmol] is the higher heating value of the produced syngas and P, [KW] is the electrical power input of the
SOEC related to the electrical current consumption of the cell (Pe=7"1). According to (7), the SOEC efficiency is proportional

to a constant factor per applied voltage:

HHVsyn 1 o constant
ZF 14 v

(13)

Nsoec =

Then, the SOEC efficiency in off-design conditions can be calculated through the evaluation of the off-design voltage value.

4. Analysis of the system coupled with renewables

With the aim to evaluate the P2G system performance in off-design conditions, the coupling with a wind generator has been
considered. In this study, only a specific type of renewable generator (wind) has been evaluated, even if other renewable
sources can be exploited for this application; although a photovoltaic module, for example, presents an electricity production
profile quite different with respect to the wind, the proposed methodology and model are general and can be applied also to

other electrical energy sources.
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The SOEC design electric power size for each P2G configuration has been set at 1 MW and, in the calculation of the overall

input power, also the compression and auxiliaries’ consumption has been taken into account. The P2G off-design operating

range has been assumed between — 50 % and + 50 % of the design inlet power.

Regarding the coupled wind source, a year of production has been analyzed, taking into account the annual wind generation

duration curve data (see Fig. 7), referring to the Italian wind production (TERNA [33], [34]) available with a 5 min time step.

The wind annual production has a peak value equal to 1700 kW, while the mean annual wind power is equal to 750 kW,

corresponding to a nameplate power equal to 3 MW and 2200 equivalent hours of operation per year.

As already mentioned, the carried-out analysis is of quasi-static type. As a consequence, since the proposed model does not

consider process dynamics, the considered system has a time-dependent response, but the inertia effects have been neglected.

However, the process dynamics (accumulation of mass and energy in the several components of the plant) can play an

important role in the estimation of the system performance and this aspect will be considered in future studies.

The analysis has been carried out with a dedicated code, developed in MATLAB™ and integrated in the ASPEN Hysys™

environment. This code allows to evaluate the annual operating time of the P2G system, the surplus of electric energy not used

by the system — and then introduced into the electric grid or eventually wasted — and the values of the performance parameters.

In more detail, the code analyzes each time step of the year:

- if, in the given time step, the electric power produced by the wind plant is lower than the lower operating limit of the P2G
system, then all the electric energy is introduced into the electric grid,;

- if, in the given time step, the electric power produced by the wind plant is within the operating range of the P2G plant, then
all the electric energy is employed within the process;

- if, in the given time step, the electric power produced by the wind plant is greater than the upper operating limit of the P2G
system, then the difference between the wind production and the maximum electric load of the P2G system is introduced

into the electric grid.
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g. 7. The considered annual wind power production monotonic duration curve.

5. Preliminary economic analysis

In order to evaluate the cost effectiveness of the P2G technology, a preliminary economic analysis has been performed. The
aim of this analysis is the estimation of the maximum investment cost of the P2G plant in order to have a competitive
technology. In more detail, the economic feasibility of the whole project is evaluated through a cash flow analysis, based on

the Net Present Value (NPV) defined as:

t CF;
=1 (141t

NPV =—Iy+ ¥ (14)

where, I, [€] represents the total initial investment (P2G system), r is the discount rate (assumed equal to 7 %), CF; [€] is the
net cash inflow at the i-th year and t [year] is the useful time horizon. The cash inflow for the general year i can be calculated
as it follows:

CF; = Rsng — Cogm (15)

where, Rgyi [€] is the revenue due to the SNG sell and Cpg,, [€] is the operation and maintenance cost of the P2G plant. It
should be highlighted that the electric power cost has not been taken into account due to the renewable generation. The Cpguy
of the P2G plant has been assumed equal to 45 €/h according to [20]; the operation and maintenance cost has been related to
the P2G operating time. In this economic analysis, a time horizon equal to 10 years has been assumed.

The aim of this analysis is to find the I, in order to have a return on the investment in the considered time horizon, varying the

SNG cost. As a consequence, the economic problem can be expressed as:

CF;
NPV =0, Iy =YL, 4

(16)
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In the framework of a parametric analysis, the cost of the SNG has been varied from 0 to 100 €/MWh in order to evaluate the
P2G investment cost behaviour. It must be highlighted that in the SNG sell, only the methane content has been taken into
account.

In addition, in order to consider in the analysis a form of economic incentive for this emerging technology, a financial bonus in
the SNG sell has been considered. In more detail, an economic incentive equal to 32 €/ MWh has been assumed, according to
the Italian legislation for biomethane injection into the natural gas grid [35].

In this economic analysis, the generated electricity that is introduced into the electric grid has not been accounted within the
cash flows. However, in order to evaluate the P2G process as an energy storage system, this quantity has been calculated
through the proposed model; indeed, with the aim to reduce over-generation (when the power production from renewables
exceeds the demand), the electric energy discharged to the grid can be a critical parameter to assess the performance of an
energy storage system. In addition, since the generated electricity introduced into the grid can be a marginal value of the

natural gas price, it will be analyzed in future studies.

6. Results and discussion

In this section, the results of the carried-out analysis are shown. In more detail, at first the results of the SOEC and of the HRS
sub-models are presented and, then, the results of the comparative analysis among the several P2G system configurations are

discussed. Finally, the results of the preliminary economic analysis are reported.

6.1 Co-electrolyzer off-design performance

In this section, the SOEC off-design non-dimensional curves, which represent the component behavior depending on the
operational load, are shown. In particular, in Fig. 8a, the normalized polarization curves (evolution of the cell voltage as a
function of the cell current density) for several operating temperatures are shown. All of these quantities are expressed in a
dimensionless form with respect to the design condition. The results show that, with the increase in the temperature, a lower
voltage is required for current densities lower than the design point — corresponding to the point (1;1) in the graph — while for
greater current densities the situation is the opposite. Furthermore, the pressurized SOEC behavior has been evaluated (Fig.
8b), considering a pressure range between 1 bar and 8 bar (experimental SOEC operating range) with a step equal to 1 bar. The
pressurization of the SOEC appears to be penalized due to the higher voltage requested for current densities lower than the

design point current density; for current densities higher than the design point current density, the situation is the opposite.
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Fig. 8a. Effect of Tsoec on the normalised polarization curve for Fig. 8b. Effect of psoec on the normalised polarization curve for

psoec= 1 bar. Tsoec= 850 °C.

In Fig. 9a, the outlet temperature of the SOEC as a function of the electric load for several temperatures is presented. As it can
be noted, the outlet temperature varies from a minimum of about -15 % (for an electric load equal to 50 % of the design point)
to a maximum of about +13 % (for an electric load equal to 150 % of the design point), considering an operating temperature
of 850 °C. For lower operating temperatures the slope of the curve is lower. Indeed, for electrical loads lower than the design
point, the value of the voltage at set current density is higher for lower operating temperatures (see Fig. 8a) and, then, the
outlet temperature is higher, according to (10)-(11); for electrical loads higher than the design point, the situation is the
opposite: this leads to a slope of the curve lesser degree.

In Fig. 9b, the effect of the operating pressure on the outlet temperature of the SOEC as a function of the electric load is
shown. The outlet temperature varies from a minimum of about -11 % (for an electric load equal to 50 % of the design point)
to a maximum of about +10 % (for an electric load equal to 150 % of the design point), considering an operating pressure of 8
bar. In this case, for lower operating pressures the slope of the curve is higher. This behaviour can be explained through the

evaluation of the voltage (see Fig. 8b) for the several operating pressures, according to (10)-(11).
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Fig. 9a. Normalised outlet temperature as a function of the
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Electric load [-]

Fig. 9b. Normalised outlet temperature as a function of the

electric load for several operating pressures (T= 850 °C).

The SOEC efficiency gain is shown as a function of the electrical load for several temperatures in Fig. 10a. In this figure, the
design point is represented by the point (0;1), with a null efficiency gain in correspondence of the design electric load. The
efficiency gain varies from a maximum of about + 14% (for an electric load equal to 50 % of the design point) to a minimum
of about -10 % (for an electric load equal to 150 % of the design point) for an operating temperature of 850 °C. Even in this
case, for lower operating temperatures the slope of the curve is lower.

The SOEC efficiency gain is presented as a function of the electrical load for several pressures in Fig. 10b. The efficiency gain
varies from a maximum of about +10 % (for an electric load equal to 50 % of the design point) to a minimum of about -7 %
(for an electric load equal to 150 % of the design point) for an operating pressure of 1 bar. For lower operating pressures the

slope of the curve is higher.
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Fig. 10a. SOEC efficiency gain as a function of the electric load Fig. 10b. SOEC efficiency gain as a function of the electric load

for several operating temperatures (p= 1 bar). for several operating pressures (T= 850 °C).
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6.2 Heat recovery section off-design performance

In this section, the off-design performance of the HRS are shown. In particular, the HRS heat exchanged in design and off-
design conditions for the four analyzed configurations is presented in Fig. 11. In all the considered configurations, the heat
exchanger with the highest value of heat exchanged is HE-1, with a value between 105 kW and 109 kW in design condition.
This situation is also confirmed in off-design conditions: HE-1 shows a value of the exchanged thermal power higher than 150
kW for all the analyzed configurations at 150 % of the load and a value of about 50 kW at 50 % of the load. Comparing
configurations with the same temperature setting, the results are similar: indeed, for Ambient 1 (Fig. 11a) and Pressurized 1
(Fig. 11c), the thermal power exchanged in the whole HRS in design condition is equal to about 295 kW for both the
configurations; Ambient 2 (Fig. 11b) shows a value of the thermal power exchanged in design condition slightly higher with

respect to the configuration Pressurized 2 (Fig. 11d), respectively 242 kW and 233 kW.
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Fig. 11. HRS heat exchanged for the four analysed configurations in design and off-design conditions: a) Ambient 1; b) Ambient 2;

c) Pressurized 1; d) Pressurized 2.
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6.3 Power-to-Gas system performance

In Table 3, the results of the comparative analysis among the several considered variants are shown. The system Ambient 2
shows the highest number of operating hours, equal to 3896 h/year, due to the lowest electrical consumption with respect to the
other variants. Indeed, while the SOEC input power is the same for all the variants, the overall electrical consumption is
different and, in particular, higher for the pressurized systems. The operating time of the system Ambient 2 corresponds to
about 45 % of the whole length of the year. Due to the lower operating time, the pressurized systems (Pressurized 1 and
Pressurized 2) present a higher amount of electric energy introduced into the electric grid (1231 MWh/year for Pressurized 1
and 1224 MWh/year for Pressurized 2), and a lower energy utilization factor, equal to about 74 % for both the systems; on the
contrary, the systems at ambient pressure (Ambient 1 and Ambient 2) show an energy utilization factor equal to about 75 %.
Regarding the SNG production, the systems at ambient pressure show higher values (216 ton/year for Ambient 2) with respect
to the pressurized systems (188 ton/year for Pressurized 2). As a consequence, also the methane production follows the results
of the SNG production; indeed, even if the SNG quality is higher for the pressurized systems, the systems at ambient pressure
show a higher operating time and then a higher SNG production, that leads to a slightly higher methane production (184
ton/year for Ambient 2).

In order to evaluate the efficiency of the P2G variants throughout the year, the utilization efficiency (1) has been defined:

_ ZiMsngi'LHVsNG,i 17
EwIND

Ny
where, mgye; [kg/s] is the mass flow of produced SNG at the i-th instant of the year, LHVsy; [kJ/kg] is the lower heating
value of the produced SNG at the i-th instant of the year and Ey,;yp [KWh] is the wind energy available in the whole year.
From the point of view of this efficiency, Ambient 2 shows better performance with respect to the other variants: indeed, for
Ambient 2 the utilization efficiency is equal to 59 %.

In order to take into account also the thermal energy consumption, the overall first law efficiency has been introduced:

YimsnG,i'LHV sne,i
Niror = . (18)
’ 2iPin,it2iQin,i

where, Py, ; [KW] is the P2G system inlet electric power at the i-th instant of the year and Qin; [KW] is the total amount of
input heat required by the P2G system at the i-th instant of the year.

The system Ambient 1 shows better performance here too, with a value of about 75 %, even if the thermal consumption is
higher for this system, with a value of about 175 MWh/year. This result can be explained through the evaluation of the SNG

production, which results higher for this system.
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Table 3. Annual results of the comparative analysis among the several P2G variants.

Parameter Ambient1l Ambient2 Pressurized1 Pressurized 2
P2G operating time [h/year] 3895 3896 3784 3797
Utilization factor [%] 44.4 44.5 43.2 43.3
Wind energy available [MWh/year] 4644 4644 4644 4644
Energy to the grid [MWh/year] 1175 1174 1231 1224
Energy utilization factor [%] 74.7 74.7 73.5 73.6
SNG production [ton/year] 215 216 189 188
CHy production [ton/year] 183 184 181 183
Total thermal energy externally requested [MWh/year] 160 175 117 154
Utilization efficiency [%] 58.3 59.0 55.1 55.3
Overall first law efficiency [%] 74.6 75.1 72.5 71.9

In order to analyse the off-design performance of the studied variants, the instantaneous values of the key calculated quantities
are presented in Fig. 12-14. In Fig. 12, the instantaneous SNG production throughout the year is shown. The system Ambient 2
presents a production slightly higher than the system Ambient 1 in the times of the year with the highest wind power
production (with a peak of about 0.028 kg/s), while when the wind production decreases the system Ambient 1 shows better
performance from this point of view. The pressurized systems present nearly the same SNG production, lower with respect to
the systems at ambient pressure. In Fig. 13, the instantaneous CHs4 production is shown. For all variants, the methane
production is about the same, with the system Pressurized 2 showing a slightly higher production, due to the higher quality of
the produced SNG. In Fig. 14, the instantaneous first law efficiency values are shown as a function of the wind production.
The trend of the first law efficiency highlights that the lower is the electric load, the higher is the efficiency due to the trend of

the SOEC efficiency (Fig. 10a and Fig. 10b). In particular, the system Ambient 1 shows a peak of about 0.82.
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6.4 Economic analysis

In this section, the results of the economic analysis are shown. In particular, in Fig. 15 the investment cost per unit of P2G
plant size as a function of the SNG cost is presented. The difference in the trend among the configurations is almost negligible,
resulting in overlapping lines; thus, only configuration Ambient 2 has been considered in this section, since it leads to a higher
methane production and a higher number of operating hours. The natural gas market price range is highlighted: lower bound
corresponds to 2019 average NG price for industrial uses in Euro area (28.395 €/ MWh); upper bound represents the 2019
average NG price for household consumers in Euro area (63.226 €/ MWh). Both values refer to Eurostat [36]; NG prices for
industrial uses are defined as follows: average national price without taxes applicable for the first semester of each year for
medium size industrial consumers (annual consumption between 10000 GJ and 100000 GJ); on the other hand, NG prices for
household consumers are defined as follows: average national price including taxes and levies applicable for the first semester
of each year for medium size household consumers (annual consumption between 20 GJ and 200 GJ). With a SNG cost
comprised in the NG market price range, configuration Ambient 2 has no return in the investment in the considered time
horizon (10 years). Starting from a SNG cost of about 70 €/ MWh, the P2G investment cost became positive coming up to a
value of about 1500 €/ MW for a SNG cost of 100 €/MWh. On the other hand, if the SNG sell is incentivised, there’s a range of
SNG cost (comprised between about 40 €/ MWh and the household NG cost) in order to be competitive in the NG market.

In summary, the competitiveness of the studied technology (methanation coupled with high temperature co-electrolysis) is
strongly dependent on the investment cost of the plant. Governments’ action still might play a role in order to incentivise the

SNG sell. Moreover, an increase in the renewable energy sources within the electricity production mix of a specific area could
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result in a great impact on the local energy system; this will imply a progressive cost reduction of the produced electric energy.
Also the full development of the SOEC technology is desirable in order to improve the competitiveness of the analysed system.
Indeed, as reported by Schmidt et al. [37], the cost uncertainty is one of the most remarkable barriers to invest in electrolysis
technology. On the other hand, the P2G process exhibits characteristics that distinguish itself with respect to the other storage
technologies and could make it competitive in the energy market: i) it shows a potentially limitless storage capacity, if the
produced SNG is introduced into the NG network; ii) the produced energy in the form of SNG is transportable even at great

distances; iii) it could exploit the already available NG infrastructures.
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Fig. 15. Investment cost per unit of P2G plant size as a function of the SNG cost.

7. Conclusions

In this study, an innovative P2G system, based on a high temperature co-electrolyzer of SOEC technology coupled with an
advanced experimental reactor, has been analysed in order to predict its off-design performance. In more detail, a numerical
model has been developed for the P2G system and, in order to simulate the behaviour of the SOEC and of the HRS, specific
calculation sub-models have been integrated in the whole system model. With the purpose of determining the performance of
the considered P2G system in real operating conditions when coupled with renewables, a wind plant has been considered. In
particular, during the analysis also the effect of the pressure on the system has been taken into account, evaluating four
different configurations of the P2G process.

The results show that the most performant configuration is the one at ambient pressure, with the SOEC and the HTM operating
at the same temperature (600 °C); indeed, this configuration presents higher values of the considered performance parameters
with respect to the other configurations (a methane production equal to 184 ton/year and an overall efficiency of about 75 %).
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532 Finally, with the aim to assess the cost effectiveness of the P2G process, a preliminary economic analysis has been performed;
533  the results point out that, in order to have a competitive technology, an economic incentive in the synthetic natural gas sell
534  must be applied.

535 Process dynamics (accumulation of mass and energy in the several components of the plant) can play an important role in the

536  estimation of the system performance and, then, this aspect will be considered in future studies.

537

538 Nomenclature

539 A Area [m?]

540 ¢ Specific heat [J/kgK]

541 E Energy [kKWh]

542 F Faraday constant — 96485000 C/kmol
543 ¢ Specific Gibbs free energy [kJ/kmol]
544 n Specific enthalpy [kJ/kmol]

545  HHV Higher heating value [kJ/kg]

546 1 Electric current [A]

547  LHV Lower heating value [kJ/kg]

548 J Current density [A/m?]

549 m Mass flow [kg/s]

550 =« Molar flow [kmol/s]

551 P Power [kW]

552 Q Thermal power [W]

553 r Discount rate

554 s Specific entropy [kJ/kmolK]

555 t Time horizon [year]

556 t Temperature [K]

557 U Global heat transfer coefficient [W/m2K]
558 v Voltage [V]

559 z Valency number of ions

560  Greek symbols
561 A Difference
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S77
578
579
580
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n

Efficiency

Subscripts and Superscripts

el
in
ocv

out

syn
tn
Acronyms
C

CF

el

HT

HTM

LT

LT™M
NG
NP-RES
NPV
O&M
P2G

PV

RES
Sep
SNG
SOEC

TOT

Electrical

Inlet

Open circuit voltage
Outlet

Pressure

Syngas

Thermoneutral

Compression

Net cash inflow

Electrical

High temperature

High temperature methanation
i-th

Low temperature

Low temperature methanation
Natural gas
Non-programmable renewable energy sources
Net present value

Operation and maintenance
Power-to-Gas

Photovoltaic

Revenue

Renewable energy sources
Separation

Synthetic natural gas

Solid oxide electrolyte cell

Total
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u Utilization

vol Volumetric

I First law
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