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Abstract: Power to substitute natural gas (PtSNG) is a promising technology to store intermittent
renewable electricity as synthetic fuel. Power surplus on the electric grid is converted to hydrogen
via water electrolysis and then to SNG via CO, methanation. The SNG produced can be directly
injected into the natural gas infrastructure for long-term and large-scale energy storage. Because of
the fluctuating behaviour of the input energy source, the overall annual plant efficiency and SNG
production are affected by the plant operation time and the standby strategy chosen. The re-use of
internal (waste) heat for satisfying the energy requirements during critical moments can be crucial to
achieving high annual efficiencies. In this study, the heat recovery from a PtSNG plant coupled with
wind energy, based on proton exchange membrane electrolysis, adiabatic fixed bed methanation and
membrane technology for SNG upgrading, is investigated. The proposed thermal recovery strategy
involves the waste heat available from the methanation unit during the operation hours being
accumulated by means of a two-tanks diathermic oil circuit. The stored heat is used to compensate
for the heat losses of methanation reactors, during the hot-standby state. Two options to maintain
the reactors at operating temperature have been assessed. The first requires that the diathermic oil
transfers heat to a hydrogen stream, which is used to flush the reactors in order to guarantee the
hot-standby conditions. The second option entails that the stored heat being recovered for electricity
production through an Organic Rankine Cycle. The electricity produced is used to compensate the
reactors heat losses by using electrical trace heating during the hot-standby hours, as well as to
supply energy to ancillary equipment. The aim of the paper is to evaluate the technical feasibility of
the proposed heat recovery strategies and how they impact on the annual plant performances. The
results showed that the annual efficiencies on an LHV basis were found to be 44.0% and 44.3% for
the thermal storage and electrical storage configurations, respectively.

Keywords: power to substitute natural gas (PtSNG); methanation; heat recovery; hot-standby;
cold-standby; annual performance

1. Background and Scope

Renewable energy sources (RESs) are the keystone of the energy policy of the European
Union (EU) to fulfil the target of a carbon neutral economy by 2050 [1]. According to the
European Directive 2018/2001 on the promotion of the use of energy from renewable
sources, Member States shall collectively ensure that the share of energy from RESs in the
EU’s gross final consumption of energy is at least 32% by 2030 [2]. Such a goal has been
recently judged as not ambitious enough. Therefore, the European Commission has started
to review the old regulatory packages relating to climate change. It is expected that the new
renewable energy directive will set an increased target, in which 40% of the European final
energy consumption should come from RESs by 2030 [3]. This goal involves increasing the
share of non-programmable RESs in electricity generation, especially wind energy. The
International Energy Agency expects wind energy to be the main energy source used for
producing electricity in 2027 [4]. Wind power growth will be driven by future improvement
in the design and management of wind farms [5,6].
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However, the effective integration of wind energy in the power system can only be
reached by developing suitable storage technologies able to stabilise the electricity grids
and increase flexibility. Owing to its intermittent and random nature, power production
from non-programmable RESs generates critical issues in the balance between energy
supply and demand, especially during overgeneration periods.

Power to Substitute Natural Gas (PtSNG) is one of the most promising storage tech-
nologies to support RESs integration in the energy system [7]. Exploiting the natural gas
(NG) transmission and distribution networks, as well as the storage features of the existing
NG infrastructure, the substitute natural gas (SNG) produced from surplus renewable
energy can be injected into the NG pipeline system, allowing the storage of large amounts
of energy for long-term periods, thus offering balancing and regulation services to the elec-
tricity grid. However, large-scale development of PtSNG technology is currently limited
due to the relative low efficiency and high costs [8,9]. Both aspects significantly depend
on the employment of the by-products derived from the PtSNG process (e.g., oxygen,
waste heat) [8].

In this sense, the use of waste heat from the methanation process is crucial to increase
the efficiency of the PtSNG process chain [8,10,11]. The CO; methanation reaction is a
highly exothermic catalytic process operating typically at temperatures between 150 °C and
550 °C depending on the catalyst used [12]. The reaction heat released by the methanation
of 1 mol of CO; is about equal to 165.1 kJ [13]. Furthermore, the outgoing SNG from the
methanation process requires dehydration and cooling from an elevated temperature (i.e.,
300-700 °C, depending on the reactor concept [8]) to be injected into the NG infrastructure.
These processes represent sources of thermal energy at a medium-high temperature level
that can be exploited to reduce the overall PtSNG system energy input, and thus increase
its efficiency.

Several studies have investigated heat integration as an effective option for improving
the energy efficiency of PtSNG technology.

Schaaf et al. [11] showed that the heat generated due to the exothermic reactions
involved in the methanation process can be used for heating up the feed of reactors and
producing electricity for plant operation, completely covering the energy demand of the
plant. Moreover, the authors suggest that the excess heat not recovered internally can be
used in various ways (e.g., district heating, power generation via steam turbine, etc.).

Buchholz et al. [14] evaluated the techno—economic feasibility of a PtSNG process
integrated with a Lignite-fired Power Plant (LPP). The presented concept entails the thermal
energy available from the methanation process being recovered by steam production and
used in the LPP and the CO, absorption unit, obtaining an efficiency of the PtSNG system
of approximately 54%.

Anghilante and Lefebvre [15] investigated the feasibility of thermal integration be-
tween the high-temperature electrolysis and three-phase methanation reactor processes.
The overall plant efficiency obtained is about 68%, which is significantly higher than the
values found by other authors in the literature.

Giglio et al. [16] analysed the energy performance of an integrated system of high-
temperature electrolysis and SNG production via the methanation process. In detail, two
different plant layouts based on steam electrolysis and co-electrolysis of steam and CO, in
a solid oxide electrolysis cell (SOEC) plant were assessed. In order to minimise the thermal
energy demand of the plant, the authors performed a thermal integration, supposing that
the waste heat from methanation is exploited for pre-heating the SOEC reactants. The
results showed that the overall plant efficiency is 76.0% and 81.4%, respectively, for the plant
based on steam electrolysis and co-electrolysis. In addition, both plants are characterised
by an external energy demand of about 160 kW each against an overall required thermal
input of 3 and 4 MWy, for steam electrolysis and co-electrolysis, respectively.

Gruber et al. [17] presented the experimental results of a pressurised SOEC system
thermally integrated with a CO, methanation module. The evidence from the experiments
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revealed that the PtSNG process could be characterised by an overall efficiency > 82% if
the re-use of waste heat from the CO, methanation process is performed.

Frank et al. [10] demonstrated that the highest overall system efficiency that can be
reached is as low as 54.3% if no excess heat is used at all, whereas the highest system
efficiency with comprehensive usage of excess heat is 85.9%.

Chauvy et al. [18] proposed a PtSNG plant integrated with an advanced CO, capture
process by an optimised heat recovery system, which allows the production of complemen-
tary electricity, thus reducing the electrical demand of the integrated process. The results
showed that the thermal integration led to an overall system efficiency equal to 72.6%.

In a previous work [19], the authors evaluated the energy storage potential and the
technical feasibility of the PtSNG concept to store intermittent renewable sources. For this
aim, different plant sizes (i.e., 1 MW, 3 MW and 6 MW) were defined and investigated. The
analysis results indicated that the annual overall plant efficiency decreases as plant size
increases (i.e., from 43.7% to 41.6%) due to the growing impact of the energy required to
balance the heat losses in the hot-standby mode (i.e., the standby period increases from
2713 h to 4590 h). However, the plant efficiencies were evaluated without taking into
account thermal energy management.

Owing to the fluctuating behaviour of the input energy source, the operation of the
PtSNG plant sub-systems (i.e., electrolysis and methanation units) is characterised by
frequent shutdowns, and consequently by frequent changeovers of state (i.e., cold-standby,
hot-standby and production with different loads) [10,19,20]. On the basis of the plant
management strategy, the energy consumption required to restart the SNG production
from the cold-standby state, as well as the energy consumption necessary for keeping the
sub-systems in a hot-standby state, could significantly increase the energy input required
and therefore negatively affect the annual performance of PtSNG plants.

In this paper, a novel thermal management strategy for a PtSNG plant coupled with
an RES facility is presented. The concept involves employing the waste heat produced by
the methanation process to assure the hot-standby conditions of the methanation unit itself,
as well as to fulfil the ancillary equipment energy demand. The proposed strategy entails
that the waste heat is accumulated by means of a two-tanks diathermic oil circuit during
the operation hours of the methanation unit, and then it is used to compensate for the heat
losses of methanation reactors during the hot-standby state. In particular, two different
systems to maintain the reactors at operating temperature have been considered. The aim
of this paper is to evaluate the technical feasibility of the proposed heat recovery strategies
and how they impact on the annual plant performances.

2. PtSNG Plant Description

The PtSNG plant, shown in Figure 1, is directly coupled with a 12 MW wind farm and
is sized for 1 MW of electric power input. It consists of four sections: (i) The hydrogen
generation unit based on the proton exchange membrane (PEM) electrolyser, (ii) the metha-
nation unit based on the fixed-bed reactors technology, (iii) the H, storage unit, in which
gaseous hydrogen is stored in pressurised vessels and (iv) the SNG upgrading unit based
on the membrane technologies.

The demineralised water (1) is pumped and heated to the operative pressure and
temperature of the PEM electrolysis unit where O, and H; are produced. On the basis
of a specific control strategy, Hy generated via electrolysis (stream 5) can be partially or
entirely sent to the methanation unit (6) and/or to the intercooled compressor C1 (8) to
increase the pressure up to the maximum storage pressure. The compressed Hj (9) is stored
in high-pressure tanks. The H, streams from the electrolysis unit and/or storage unit are
mixed with the CO, stream (13) from the CO,; storage unit. The CO; is assumed to be
always available for the PtSNG plant (i.e., supplied by sequestration from other power
plants or industrial processes) at the storage pressure of 200 bar.
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Figure 1. PtSNG plant layout.

The methanation unit consists of four adiabatic fixed-bed reactors (MR1, MR2, MR3,
MR4) connected in series with intermediate gas cooling (heat exchangers MHE1, MHE2,
MHES3) for assuring the fixed inlet reactors temperatures. The H, and the CO, entering the
methanation unit are mixed with the hydrogen (19) from the SNG upgrading unit and then
preheated to the inlet temperature of the methanation reactor MR1 (300 °C). This preheating
is performed by mixing the reactant flow (14) with hot streams from the MR1 and MHE1
defined by specified recirculation ratios (stream 3M at the splitter SPT1 and stream 8M at
the splitter SPT2). Thus, the syngas (9M) sent to the MR2 reactor is a fraction of the product
gases leaving the first methanation reactor. In the following reactors (MR3 and MR4), CO,
hydrogenation is led at decreasing temperature levels, reaching the conversion of 94% at
the exit of the last methanation reactor. During the methanation process, a large amount
of water is produced, so the raw SNG (14M) is cooled in the heat exchanger MHE4 and
sent to the flash vapor-liquid separator (FLASH) for water removal. In order to meet the
required grid specifications, the SNG (15) is further upgraded by means of a dehydration
membrane (a commercial Pebax®-based membrane [18]) to eliminate the residual moisture
to comply with the H,O dew point requirements of the pipelines and an H; separation
membrane (polysolfone-based membrane).

The quality of the SNG exiting the upgrading section (20) satisfies the current pipeline
specifications effective in various European countries, as reported in [21], and therefore
can be directly injected into the low-medium pressure NG transmission network. If the
country-specific pipeline requirements are more stringent, additional CO, or Hy removal
systems should be considered. The hydrogen from the upgrading unit is recycled to the
first methanation reactor, as mentioned above.

Finally, the waste heat available from the methanation unit and the flash unit can be
usefully recovered in the waste heat recovery system according to concepts that will be
described below.
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The PtSNG plant is operated in an input-oriented mode. In order to maximise the
operating hours of the plant, a hydrogen storage unit is employed to decouple the H;
generation and the SNG production.

As a management strategy, four operation modes are allowed for the methanation
unit: (i) Full load, in which the hydrogen flow rate entering the methanation unit from
the storage and/or the electrolyser is equal to the nominal value; (ii) partial load, in
which the hydrogen flow rate sent to methanation reactors varies from 40% to 100% of
the nominal value, according to the specified minimum and maximum hydrogen storage
pressures; (iii) hot-standby mode, in which the reactors are kept at the minimum operating
temperature of the catalysts to allow a quick restart; and (iv) cold-standby mode, in which
no carbon dioxide and hydrogen feed the methanation unit. Even if a restart from cold-
standby requires more energy than that required to maintain the hot-standby, this operation
mode can be convenient when the number of hours from the shut-down to the restart is
high. The parameter that controls the start of the plant and the operation modes of the
methanation unit is the hydrogen storage pressure, which follows the control strategy
widely described in [19].

The mass and energy balances of the PtSNG plant in steady-state conditions as well
as the annual performance of the plant are performed by applying the thermochemical
and electrochemical model (in an Aspen Plus environment) and the dynamic model (in a
MATLAB environment) developed and described in [19].

The thermochemical and electrochemical model consists of sub-models for each plant
section; in this study, the sub-model of the methanation unit, modified by considering the
kinetics of the process, is described in Appendix A.

The dynamic model based on the annual hourly energy input (the wind energy
supplied to the plant) and on the storage control strategy allows for forecasting the annual
operation time (full and partial load hours, standby hours) and the annual performances
(SNG production, energy consumption, efficiency) of the PtSNG plant.

3. Heat Recovery Management

The heat recovery management is based on the valorisation of the waste heat, gener-
ated during the plant operation in the methanation unit, to self-sustain, from an energetic
point of view, the standby conditions. To this end, two heat recovery configurations based
on different heat recovery concepts are proposed and investigated. In both configura-
tions, the recovery of the waste heat coming from the methanation unit is performed by
means of a heat transfer fluid (i.e., diathermic oil) stored in insulated tanks for thermal
energy storage.

Figure 2 shows the conceptual schemes of the two heat recovery systems.

THERMAL METHANATION THERMAL ELECTRICITY FLECTRICAL
STORAGE UNTT STORAGE PRODUCTION STORAGE

WAS TE HEAT

a)

TO ELECTRICALTRACE HEATING

TO ANCILLARY EQUIPMENT

" e

Figure 2. Conceptual schemes and energy flows of the two proposed waste heat recovery systems: (a) Thermal storage;

(b) electrical storage.
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In the first one (thermal storage configuration, Figure 2a, the stored thermal energy is
used to satisfy the thermal energy demand of the reactors during the standby periods by
means of a thermal carrier.

In the second one (electrical storage configuration, Figure 2b, the stored thermal energy
is used to produce electricity by means of an Organic Rankine Cycle (ORC). This electrical
energy is stored in batteries, and it is used to meet the energy requirements of the electrical
trace heating system of the methanation unit during the standby periods. In this case, the
stored electric energy is also used to satisfy the ancillary equipment electricity demand.

3.1. Thermal Storage

In the thermal storage system, the waste heat is recovered and stored by means of a
two-tank diathermic oil circuit; the stored thermal energy is supplied, when required, to
the methanation reactors by means of a thermal carrier. Hydrogen is used as a thermal
carrier because it removes the residual carbon dioxide preventing catalyst deactivation.
Figure 3 shows the layout of the thermal storage configuration.
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Figure 3. Schematic diagram of thermal storage system.

During the plant operation, the diathermic oil (stream 1HR) from the cold oil tank
is pushed (2HR) by pump P2 and sent to the methanation unit for heat recovery (heat
exchangers MHE1, MHE2, MHE3, MHE4 and the FLASH unit) in such a way to minimise
the temperature gradients and optimise the heat transfer efficiencies; at the exit of the
MHE], the hot diathermic oil (7HR) is stored in the hot oil tank.

When the reactors need to be heated, the diathermic oil from the hot oil tank is sent
to the heat recovery heat exchanger (HRHE1) for heating the hydrogen used as a thermal
carrier. The diathermic oil leaving the HRHE1 is cooled down in the HRHE2 to the storage



Energies 2021, 14, 7660

7 of 21

3HR

MHE4

FLASH

MHE3

(E:)SHR E) GHR E) THR - SHR ©9HI1 leﬂl

temperature of the cold oil tank. This cooling heat can be further recovered for external or
internal use.

The thermal power transferred by the hot hydrogen allows one to compensate for the
thermal losses in all the reactors and to maintain the temperature of the catalysts within
the activation range. The cold H, (15HR) is recovered downstream from the last reactor
MR4 to be recirculated again.

3.2. Electrical Storage

In the electrical storage system, the waste heat is recovered by means of a two-tank
diathermic oil circuit (they are conceived as buffer tanks) and the stored thermal energy
is used to generate electricity via an ORC. The oil tanks allow one to ensure continuous
and stable operation of the ORC by decoupling the heat storage (which depends on the
methanation unit operation) from the electricity production. The produced electricity
stored in batteries is supplied, when required, to the electrical trace heating system of the
methanation unit and used for ancillary equipment.

Figure 4 depicts the electrical storage configuration.

HOT OILTANK

R [ -

MHE2 MHE1 P3

ORC

COLD OILTANK

11HR

Figure 4. Schematic diagram of electrical storage system.

The diathermic oil circuit works as described in the thermal storage configuration.
When the hot oil tank is full, the diathermic oil (stream 8HR) is sent to the ORC unit to
supply the thermal power required by the ORC cycle. The returning cold oil (stream 11HR)
is then stored in the cold oil tank.

Referring to the ORC power unit, by taking into account the heat sources temper-
atures as well as additional features (low toxicity, low global warming potential and
ozone depletion potential, good compatibility and chemical stability in operation with
other materials, etc.), iso-butane (R600a) is selected as the working fluid. In Figure 5, the
functional scheme of the ORC power unit is shown.
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Figure 5. Functional scheme of the ORC.

The organic fluid (stream 1PU, in Power Unit) leaving the condenser (COND) is
pressurised up to the maximum pressure of the cycle (2PU). In order to optimise the use of
the heat from the thermal storage and the internally available heat, it is split in two streams,
3PU and 11PU. The first one (3PU) is sent to the economiser (ECO) where it is pre-heated
to the saturation condition (4PU) by the diathermic o0il, while the second one is pre-heated
(12PU) in the regenerator (REGEN) by the 8PU stream that exits the scroll expander, which
is still in a superheated condition (the iso-butane is a dry fluid). The streams 4PU and 12PU
are mixed and the result is vaporised and superheated to the turbine inlet temperature
by diathermic oil. The superheated vapour (7PU) expands in the scroll expander (TURB)
down to the condenser pressure. The desuperheating of the iso-butane (9PU) is completed
in the desuperheater heat exchanger (DESH) where it is cooled down to its dew-point
temperature (10PU) and finally condensed in the condenser (COND).

4. Heat Recovery System Sizing Criteria

Both proposed heat recovery configurations are sized for assuring the thermal energy
needed to maintain the hot-standby conditions of the methanation unit and the thermal
energy needed for the cold restart.

The sizing procedure of the heat recovery systems is performed through the evaluation
of (i) the thermal energy that can be recovered from the methanation unit (QMHE1, QMHE2,
QMHE3, QMHE4) and the flash unit (QMHES5) and the temperatures at which they are
available; (ii) the thermal energy required by the methanation unit in the hot-standby status
and that required for the restart after a cold-standby; (iii) the optimal combination between
the number of hot-standby hours and that of cold-standby.

The thermal energy recoverable from the methanation unit and the flash unit as well
as the temperatures at which it is available is assessed by the mass and energy balance of
the plant.

The thermal energy needed to maintain the hot-standby status (i.e., to maintain the
reactors at the catalysts activation temperature) as well as that needed to warmup the
reactors after a cold-standby (the thermal energy consumption to warm-up the reactors
from ambient temperature to the catalysts activation temperature) has been calculated by
considering convective and conductive heat transfer mechanisms.
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The standby hours are calculated by applying the dynamic model. The number of
hours of hot-standby and, as a consequence, that of cold-standby, is evaluated by assuming
the minimum capacity of the storage devices (the diathermic oil tanks for the thermal
energy storage and the batteries for the electric energy storage) able to satisfy the energy
requirements and, at the same time, to make the plant economically feasible.

Thus, in order to identify the optimum combination between hot and cold-standby
hours, statistical analysis of the plant’s standby hours distribution is carried out in terms of
the average duration and frequency. It is worth noting that this analysis is site-specific and
closely linked to the typical annual wind energy profile of the considered plant, therefore
tailor-made considerations would be required for other plants.

5. Performance Parameters

The PtSNG plant nominal efficiency is defined as the ratio between the useful output
powers (i.e., the chemical power of the SNG) and the input powers. The input powers for
the PtSNG plant are represented by the electric power consumption for the electrolyser
and the ancillary equipment, namely the hydrogen compressor for hydrogen storage,
the blowers for the methanation unit and the raw SNG compressor and the hydrogen
compressor for the upgrading unit. The efficiencies are calculated taking into account both
the lower heating value (LHV) and the higher heating value (HHV) for the calculation of
the chemical powers.

The nominal overall efficiency of the PtSNG plant results in the following equation:

1IPtSNG = PsnG 1)
Pe RES + Pt 2 + Permu + Peruu

In the above equation, @gp is the chemical power of the generated SNG, P, rgs
is the wind power supply to the electrolysis unit in alternate current (AC), P,; p is the
power consumption of the hydrogen compressor for the Hy storage, P, p1; is the electric
power consumption of recirculation blower in the methanation unit and P, iy; is the
power consumption of the upgrading unit, which includes the power consumption of the
SNG compressor and that of the hydrogen compressor downstream from the hydrogen
membrane separation. The thermal power available from the methanation unit heat
exchangers is not accounted for in this calculation.

Because of the fluctuating behaviour of the input energy source, the nominal efficien-
cies are not sufficient to evaluate the effectiveness of the plant, but it is necessary to evaluate
the annual performance [10]. This is defined as the ratio of the usable system energy output
to the overall system energy input (electricity and possibly heat) [10,22]. Therefore, the
overall annual efficiency of the PtSNG plant is calculated as the nominal efficiency, by
replacing the power with the energy (electric or chemical) consumed or generated in one
year of operation. However, in this case, the thermal energy required to maintain the plant
equipment in hot-standby during the non-production hours, as well as that required to
restart the reactors after a cold-standby, should be added as energy input:

ESNG + EHZ,storage
el,RES + Eel, 2 + Eet,mu + Eeruu + Etn,mu,us + Emmu,cs

EPISNG = T @)
where Ey, pu s is the thermal energy required to maintain the methanation reactors in
hot-standby during the no-production hours, Ey, p11,cs is the thermal energy required
to warm up the reactors after cold-standby and E H2,storage 18 the chemical energy of the
remaining hydrogen in the storage tank. For the purposes of calculating the efficiencies for
the proposed configurations, having carried out the heat recovery necessary to make the
plant self-sufficient from the point of view of the energy demands of the standby periods,
the terms relating to the standby thermal requirements (E;j, y1i; gs and Eg, pr17,cs) are con-
sidered null. Indeed, these energy requirements are satisfied by re-using internal energy.
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6. Results and Discussion

The results of this study are illustrated in the next paragraphs. The mass and energy
balances of the 1 MW PtSNG at the full-load condition are discussed in Section 6.1, while the
analysis and the results of the proposed heat recovery configurations, thermal storage and
electric storage are discussed in Section 6.2. Finally, in Section 6.3, the annual performances
are discussed.

6.1. PtSNG Mass and Energy Balance Results

Table 1 summarises the main operating parameters of the PtSNG plant. The 1 MWp¢
PEM electrolysis unit consists of three stacks with nominal operating conditions, in terms
of current density and average cell voltage for each stack, equal to 2.99 A/cm? and 2.17 V,
respectively. The power consumption of the unit auxiliaries is set to 2.8% of the rated
power. At nominal conditions, the hydrogen generated is equal to 16.8 kg/h with a specific
energy consumption of 59.6 kWh/kg of the produced hydrogen. To contain the hydrogen
storage tank capacity, the methanation unit is sized for processing the maximum hydrogen
flow generated by the electrolysis unit. With this assumption, the decoupling between
the dynamics of the electrolysis unit and that of the methanation unit is less effective, but
the plant capital costs (based on the storage pressure of 50 bar, the cost is estimated at
375 €/kg [19]) are reduced. Furthermore, the hydrogen storage unit is sized to ensure the
full-load operation of the methanation unit for about 6.5 h.

Table 1. Operational data of the PtSNG plant.

Plant Sections and Components

PEM Electrolysis Unit
Nominal power (MW) 1
AC/DC rectifier efficiency (%) 95
Stacks number/Cells number per stack 3/50
Active cell area (cm?) 1000
Cell pressure/temperature (bar/°C) 20/55
Water utilization factor, UF 0.45
Current density (A/cm?) @Average cell
217
voltage (V) at rated power
Auxiliaries (% of rated power) 2.8
H, Compressor (C1)
Pressure ratio 2.25
Isentropic efficiency (%) 70
H; Storage Unit
Maximum Storage pressure (bar) 45
Minimum Storage pressure (bar) 22
Storage temperature (°C) 30
Methanation Unit
Pressure (bar) 10
H,/CO, (mol/mol) 4
Recycle ratio to MR1 0.70
Recycle ratio from SPT1 to MIX3 0.30
Recycle ratio from SPT2 to MIX3 0.57
MR1 in/out temperature (°C) 300/585
MR?2 in/out temperature (°C) 300/468
MR3 in/out temperature (°C) 350/409
MR4 in/out temperature (°C) 350/365

Recycle blower (C2) isentropic efficiency (%) 85




Energies 2021, 14, 7660 11 of 21

Table 1. Cont.

Plant Sections and Components

SNG Upgrading Unit
Dehydration membrane efficiency (%) 90
H, separation membrane efficiency (%) 90
SNG compressor (C3) pressure ratio 1.75
Hj recycle compressor (C4) pressure ratio 10
Isentropic efficiency (%) 85

In Table 2, the mass and energy balances under nominal conditions are reported. The
composition of the produced SNG is 92.5% mol CHy, 2.2% mol Hj, 5.3% mol CO, and
traces of HyO, and its lower heating value (LHV) is 43.4 MJ/kg, whereas the calculated
Wobbe Index is 43.9 MJ/Nm?. This value fits with the quality foreseen by the ongoing
work on European standardisation of power-to-hydrogen applications, for which most
of the European natural gas infrastructure can withstand a volume concentration 10% of
hydrogen. The SNG production is equal to 38.52 kg /h while the maximum amount of the
stored hydrogen is 110 kg. By considering the storage conditions (45 bar and 30 °C), the
tank capacity is 30 m3. The PtSNG plant efficiency on an LHV basis is 43.9%.

Table 2. Mass and energy balances under nominal conditions.

PtSNG Plant Capacity (Electrical Power Input)

1MW
(MWpe)
Wind Energy supply (kWac) 1051
Plant Sections and Components
Water Pump (P1)
Water pump power consumption (kW) 0.11
PEM Electrolysis Unit
Number of power modules 1
H,0 consumption (kg/h) 150.3
Hj production (kg/h) 16.8
Thermal power consumption (kW) 5.96
Electric power consumption (kWpc) 998.9
H,; Compressor (C1)
Compressor power consumption (kW) 7.74
H; Storage Unit
Storage capacity (kg of Hy) 110
Storage volume (m3) at 30 °C 30
Methanation Unit
Carbon dioxide mass flow (kg/h) 96.8
Hj mass flow (kg/h) 17.74
Hj recycle mass flow (kg/h) 0.912
Recycle blower (C2) power consumption (kW) 0.34
Raw SNG composition (mol %) 76.7 CHy, 18.5 H,, 4.4 CO,, 0.3 H,O
SNG upgrading
SNG compressor (C3) power consumption (kW) 3.05

H; recycle compressor (C4) power consumption (kW) 1.08
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Table 2. Cont.

PtSNG Plant Capacity (Electrical Power Input)

(MWpo) 1MW
Plant Performances
SNG production (kg/h) 38.52
SNG composition (mol %) 92.5 CHy, 2.2 Hy, 5.3 CO,, traces H,O
SNG LHV/HHYV basis (M]/kg) 43.4/48.2
SNG LHV/HHV (MJ/Nm?) 30.5/33.9
SNG Plant nominal efficiency, LHV /HHYV basis (%) 43.9/48.8

Table 3 reports the thermal powers recoverable from the methanation unit and the
flash unit as well as the range of temperature at which they are available. It is worth
nothing that, due to the water condensation, a large amount of heat is available in the flash
unit, albeit at a low temperature. In heat exchanger MHE4, the thermal energy is available
at relatively low temperature levels compared to the other ones (the temperature level
increases towards MHE1).

Table 3. Thermal powers available from the methanation unit and SNG inlet and outlet temperatures
in the heat exchangers.

MHE1 MHE2 MHE3 MHE4 FLASH
Q (kW) 58.1 9.9 4.8 15.8 59.1
Tin (°C) 585 468 409 365 158
Tout (°C) 300 350 350 158 25

Thus, considering these temperature levels, the commercial Therminol-VP1, a diather-
mic oil capable of operating at high temperatures (up to 400 °C), has been chosen as heat
transfer fluid for both the proposed heat recovery systems. The oil is maintained at a pres-
sure of 10 bar to allow its operation at high temperatures while preventing the formation
of vapours.

Finally, the plant operation time is listed in Table 4.

Table 4. Annual operation time of the IMW PtSNG plant.

Operation time (hours) 6047
Full load (hours) 2500
Partial load (hours) 3547
Standby (hours) 2255
Transient (hours) 458

6.2. Thermal Energy Requirement

The reactors are multitube type and are insulated by means of a microporous material
with reinforcing filaments in pyrogenic silica (Steelflex-1100®) with a thermal conductivity
at 300 °C of about 0.035 W/m-K and a thickness of 2 cm.

Table 5 reports the thermal energy requirement (kWh/h) during the hot-standby
and the thermal energy (kWh) required to restart the reactors after the cold-standby.
The thermal energy required during the hot-standby has been calculated by assuming
a minimum working temperature of 250 °C for each reactor (the minimum temperature
for catalysts activation), while the thermal energy required to warm up the reactors after
cold-standby, up to the catalysts” activation temperature, has been calculated by assuming
20 °C as the reference ambient temperature.
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Table 5. Thermal energy requirements of the methanation unit.

MHE1 MHE2 MHE3 MHE4 Total
Hot-standby (kWh/h) 1.01 0.74 0.74 0.56 3.06
Cold-standby (kWh) 7.78 4.60 3.18 1.94 17.79

By comparing the total energy requirement of the two standby options due to reactors’
characteristics, it can be noted that if no heat recovery system is coupled to the plant,
hot-standby is cheaper than cold-standby if its duration is less than six consecutive hours.
In this case, the energy consumption would be covered by energy coming from outside
the plant, representing a cost. Furthermore, hot-standby is preferable to avoid thermal
stress and for reasons of flexibility, i.e., for restarting SNG production as soon as conditions
return favourable [23]. Moreover, it is clear that the amount of energy that has to be stored
in the storage devices (the oil tanks in the case of the thermal storage configuration and
the batteries in the case of electrical storage configuration) depends on the number of hot-
standby hours, with the thermal energy (17.79 kWh) required to restart the methanation
unit from cold-standby being fixed.

Thus, in order to identify the optimum combination between hot- and cold-standby
hours when the plant is coupled with energy recovery systems, statistical analysis on
the plant standby hours distribution is carried out in terms of the average duration and
frequency. It is worth noting that this analysis is site-specific and closely linked to the
typical annual wind energy profile of the considered RES facility, therefore tailor-made
considerations would be required for other plants. Figure 6 shows the distribution of the
standby periods in terms of the duration and frequency in the year.

Annual frequency (-)

0 5 10 15 20 25

(IS Y~ NEN S TS SV N

—_
N = O O

Standby duration (h)
»S95 T RE®

Hot-standby

Cold-standby

NN NN =
= W N = O O

25
26-62

Figure 6. Results of the statistical analysis and distribution of the standby periods.

It can be noted that most of the standby periods have a duration less than 20 h and
few occurrences have longer standby durations (the maximum is 62 h). By designing the
energy storage in an appropriate way, it is possible to extend the hot-standby duration
without requiring any additional external energy. Although extending the hot standby for
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a greater number of hours results in higher energy consumption, in this case, the latter
is covered with recovered waste energy, therefore it does not represent an operational
cost. Thus, the duration of the standby periods and their frequency allow one to identify
a threshold value for the maximum desirable duration of the hot-standby also useful for
storage sizing. Beyond this threshold value, the control strategy switches the operation
mode of the methanation unit to cold-standby. In this case, when the plant is coupled
with heat recovery systems, the selected threshold value is 19 h, as reported in Table 6 that
summarises the results of the statistical analysis.

Table 6. Results of the statistical analysis and distribution of the standby periods.

Total number of methanation unit standby hours (h) 2255
Longest standby (h) 62

Total number of standby periods 213

Average annual standby duration (h) 10.6
Threshold value (h) 19

Number of hot-standby 193

Total hours of hot-standby (h) 1521
Number of cold-standby 20

Total hours of cold-standby (h) 734

Finally, according to the data reported in Table 5, the total energy that has to be stored
in the storage devices is equal to 75.9 kWh (58.1 kWh to cover the energy consumption of
the 19 h hot-standby and 17.8 kWh to cover the energy consumption related to the restart
from the cold-standby).

6.2.1. Thermal Storage Results

Results of the thermal storage model show that the hydrogen flow rate needed to
maintain the temperature of the methanation reactors at least at the minimum catalysts
activation temperature (250 °C) is equal to 6.5 kg/h and its temperature at the inlet of the
first reactor (MR1) is equal to 367 °C. The temperature of the hydrogen exiting the last
reactor (MR4) is 250 °C (stream 15HR in Figure 3). Then, in order to ensure the cyclic
operation, the hydrogen is re-heated by the diathermic oil from the hot oil tank (in the heat
exchanger HRHE1) up to 367 °C.

With reference to the two-tank oil circuit, the hot oil flow (8HR) is equal to 31.5 kg/h
and it is stored at 387 °C. Because the diathermic oil leaves the HRHE1 heat exchanger at
281 °C, it has to be cooled down to the storage temperature of the cold oil tank (30 °C).
This cooling heat (from the HRHE?2) can be further recovered for external or internal use.

The mass of diathermic oil necessary to store the required thermal energy (75.9 kWh)
is equal to 1067.3 kg (the specific heat is 2.416 k] /kg-K) and the hot oil tank volume results
in 1.50 m3 (the density at 387 °C is 713.2 kg/m?).

6.2.2. Electrical Storage Results

The ORC operating parameters have been chosen in order to maximise the waste heat
recovery and the ORC efficiency. These constraints are conflicting. In fact, to maximise the
waste heat recovery, a high flow rate of diathermic oil is required due to a large amount
of heat available from the flash unit, while a high turbine inlet temperature, necessary
for a high ORC efficiency, cannot be reached due to the temperature of the hot oil, which
decreases as its flow rate increases.

Therefore, a compromise has been found by assuming an oil flow rate equal to
827 kg/h. The temperature of the hot oil exiting the last heat exchanger is about 300 °C.
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Figure 7 shows the energy balance of the oil circuit. The total amount of waste heat
recovered and supplied to the ORC is therefore equal to 145.2 kW, out of a total of 148 kW
that was recoverable from the methanation unit.

350°C 409 °C 350°C 468°C 300°C 585°C FROM MR1
114.62 kg/h 114.62kg/h 266.55kg/h
MHE3 MHE2 MHE1
&8
. . o
192.8°C 209.8°C 832060;5k ?h IO HOT
- K OIL TANK
4.85 kKW 9.89 kW 58.13 kW
365°C
114.62 kg/h TO
MHE4 158.3°C FLASH 36°C UPGRADING
114.62 kg/h UNIT
AY »
184.3°C 155.3°C 30°C FROM
826.9 kg/h COLD OIL
15.84 kW 56.56 KW TANK

Figure 7. Diathermic oil circuit for waste heat recovery from the methanation unit, sized for coupling with the ORC power unit.

With respect to the operating parameters of the ORC cycle, the minimum and maximum
pressures and the inlet turbine temperature are set to 3 bar, 30 bar and 183 °C, respectively.

Table 7 summarises the main operating conditions and performance of the ORC unit.
Detailed results concerning streams’ temperatures, pressures and flow rates are also given
in Figure 8.

Table 7. Operating conditions and performance of the ORC unit.

ORC Operating Parameter

Isobutane flow rate (kg/h) 1200
Condenser pressure (bar) 3
Pressure ratio 10
Turbine inlet temperature (°C) 183
Split to ECO (kg/h) 499.6
Pump efficiency 0.70
Scroll expander efficiency 0.65
ORC Performance
Compression power (kW) 2.47
Expansion power (kW) 26.57
Net mechanical power (kW) 24.1
Provided heat power (kW) 145.2

Overall ORC efficiency (%) 16.6
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Figure 8. Results for the ORC power unit.

Regarding the size of the oil tanks necessary to decouple the heat recovery from the
electricity generation allowing more continuous operation of the ORC, the thermal energy
stored is 435.6 kWh (3 h of operation in full load). Therefore, 2481 kg of diathermic oil is
stored at 300 °C. Since the diathermic oil density at 300 °C is 817 kg/m?, the volume of the
hot oil tank results equal approximately 3 m>.

Referring to the battery sizing, by assuming an electrical efficiency equal to 0.95, the
battery is designed for a capacity of 80 kWh. When the methanation unit is in operation
and the ORC produces electrical energy, part of this is used for plant auxiliaries (12.3 kWh
at full load operation for 1 h) so that the electrical energy useful to charge the batteries is
equal to 11.8 kWh, resulting in a battery charge time of 6.8 h.

6.3. Annual Performances Results

Table 8 reports the annual energy balance as well as the annual performances of the
PtSNG plant. The annual water, hydrogen and carbon dioxide consumptions are equal to
790 Nm?, 999,000 Nm? and 261,286 Nm?, respectively. The SNG production is equal to
265,287 Nm?.

Table 8. Annual mass and energy balance and annual performances.
PtSNG Plant Capacity (Electrical Power Input DC) 1MW
Energy (MWh/year)
Annual electric energy consumption of the electrolysis unit (AC/DC) 5483/5209
Annual electric energy consumption for compressors and auxiliaries 29.8
Annual energy consumption for hot-standby 4.7
Annual energy consumption for cold-standby 0.36
Annual SNG chemical energy (LHV basis) 2424
Chemical energy of the remaining hydrogen * (LHV basis) 3.6
Plant Performances
Waste Heat recovery configuration Thermal storage Electrical storage
PtSNG Plant annual efficiency, LHV basis (%) 44.0 443
PtSNG Plant annual efficiency, HHV basis (%) 48.9 49.2

* The remaining hydrogen in the storage tank is the difference between the annual hydrogen production and the annual hydrogen
consumption.
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From the data in Table 8, it can be noted that the energy consumption for hot and
cold standby states (5.06 MWh/year in total) is only a small percentage (0.09%) of the total
energy required to operate the plant (electric energy in AC for the electrolyser and that for
ancillary equipment).

As regards the annual efficiencies, the PtSNG plant in the base case, without any heat
recovery systems, shows efficiencies of 43.9% on an LHV basis and 48.8% on an HHV
basis. The results for the thermal storage and electrical storage configurations show that
the energy recovery intended to satisfy internal consumption only is beneficial for a PtSNG
plant, albeit slightly. Compared to the base case (in which no energy recovery is carried
out), the increase in the annual efficiency was proportional to the annual energy savings
achieved by the two proposed systems, equal to 5.06 MWh/year and 34.86 MWh/year
for the thermal storage and the electrical storage, respectively. In the base case, it would
be reasonable to expect a decrease in the annual efficiency with respect to the nominal
efficiency, due to shutdowns and the fluctuating plant behaviour. However, the annual
efficiency remains close to the nominal efficiency values in the case in which waste energy is
recovered for internal uses. Moreover, the electrical storage configuration shows a slightly
higher annual efficiency with respect to the thermal storage configuration because in the
first case, the ancillary equipment power consumption is also satisfied by the waste energy
recovered. If the surplus electricity produced by the ORC was also valued or sold externally,
slightly higher annual efficiencies could be achieved.

A rough discussion on costs is also given. In principle, the proposed energy recovery
systems should have very low operating expenditures, linked mainly to their maintenance
as they are operated with waste energy, while the capital costs should be carefully evaluated.
This will be the subject of future investigation in greater detail. Capital expenditures are
expected to be low in the case of thermal storage (purchase of diathermic oil tanks and heat
transfer fluid), and higher in the case of electrical storage (higher volumes of diathermic
oil, ORC and batteries). However, electrical storage could lead to greater annual savings,
avoiding the expense of electricity supplied to ancillary equipment, and providing a faster
return on investment. In reality, considering the heat recovery only to satisfy the internal
demands of the plant is probably not convenient, but it can become interesting if one
considers the possibility of being able to sell all the recoverable waste energy, whether it is
heat (for example for district heating) or electricity that can be sold to the grid. Meeting
the internal energy demand of the plant with recovered waste energy could also lead to
environmental benefits, where previously the additional external energy was provided by
the electric grid (affected by the energy mix) or by natural gas.

Finally, it is emphasised that in this work, the heat recovery systems have been
designed only to ensure the self-sustenance of the plant regarding the standby periods and
ancillary equipment energy requirements. However, the plant internal energy consumption
is significantly lower than the waste energy available from the methanation process. A
remarkable further improvement of the PtSNG plant performance can be reached if this
surplus is employed for external thermal or electrical utilities.

7. Conclusions

In this study, two heat recovery systems for a 1 MW (the DC wind power to the
electrolysis unit) PtSNG plant coupled with a 12 MW wind farm have been presented. The
common approach is based on the valorisation of the waste heat generated during the
plant operation to self-sustain, from an energetic point of view, the standby conditions
(hot-standby and cold-standby).

In the first one (thermal storage configuration), the recovered thermal energy is used
to satisfy the thermal energy demand of the reactors during the standby periods by means
of a thermal carrier (hydrogen).

In the second one (electrical storage configuration), the stored thermal energy is used
to produce electricity by means of an Organic Rankine Cycle (ORC) where iso-butane is
used as the working fluid. This electrical energy is then stored in batteries, and it is used to
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meet the energy requirements of the electrical trace heating system of the methanation unit
during the standby periods.

The analysis has been performed by means of thermochemical and electrochemical
models developed in the Aspen Plus environment to define the mass and energy balances in
steady-state conditions and integrated with a dynamic model built in the Matlab language
to forecast the plant operation time and the annual performance.

The main constraint for the thermal recovery systems sizing is the minimisation of the
storage devices (oil tanks for the thermal storage configuration or batteries for the electrical
storage configuration) achieved by identifying the optimum combination between the
hot- and cold-standby hours. To this end, statistical analysis of the plant standby hours
distribution in terms of the average duration and frequency has been carried out. For the
specific energy input profile, the maximum duration of the hot standby has been found
equal to 19 h.

Results of the thermal storage configuration have shown that the hydrogen flow rate
needed to maintain the methanation reactors at the minimum catalyst temperature (250 °C)
is equal to 6.5 kg/h at 367 °C, while the hot oil flow rate required to heat the hydrogen is
equal to 31.5 kg/h and is stored at 387 °C.

Results of the electric storage configuration have shown that the electric power gen-
erated is equal to 24 kW and the ORC cycle efficiency is 16.6%. The battery is sized for
a capacity of 80 kWh, guaranteeing 19 h of hot standby and a cold restart by means of
electrical trace heating. When the methanation unit is in operation and the ORC produces
electrical energy, part of this is used for plant auxiliaries (12.3 kWh at full-load operation
for 1 h), so the electrical energy useful to charge the battery is equal to 11.8 kWh, resulting
in a battery charge time of 6.8 h.

The overall nominal efficiencies obtained for the PtSNG plant are equal to 43.9% and
48.8% on LHV and HHYV bases, respectively. When heat recovery systems are coupled
to the plant, the annual efficiencies on an LHV basis have been found to be 44.0% and
44 3% for the thermal storage and electrical storage configurations, respectively. The results
showed that the internal heat recovery system positively impacted the annual efficiency.
It is expected that this could lead to a decrease in the plant operational costs with an
associated relatively low initial capital expenditure. Furthermore, the amount of waste
heat recoverable from the methanation unit resulted in being significantly higher than the
energy needed for the self-sustainment of the plant. Therefore, to achieve a considerable
increase in the efficiency of the plant, it is necessary to couple the plant with other thermal
or electrical utilises (e.g., district heating, cogeneration of SNG and power, etc.). In the
event that a decision is made to carry out cogeneration of electricity to sell it to the grid, this
could also be produced with more efficient systems than the ORC (e.g., steam turbine), but
careful cost assessments are required both on initial investments and on possible revenues.
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Appendix A
Methanation Unit Modelling

The methanation unit has been modelled by using Aspen Plus software. The flowsheet
of the model is shown in Figure Al. Adiabatic Plug Flow Reactor (PFR) blocks have been
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used to simulate the methanation process. The thermodynamic and transport properties
of the components are calculated using the RKSMHV?2 property method. This property
method, based on the Redlich-Kwong-Soave equation of state with modified Huron-Vidal
mixing rules, is used for mixtures of non-polar and polar compounds, in combination with

light gases.
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Figure A1. Flowsheet of the CO, methanation unit.

The kinetic model developed by Xu and Froment has been applied to calculate the
catalytic reaction rates as in [18].
The following three reaction are considered:

CO methanation :

CO +3H,—CH, + H,0 AHY9g = —206 kJ/mol (A1)
CO; methanation :
CO, + 4H,—CH, + 2H,0 AHYyg = —165 kJ/mol (A2)
Water gas shift :
CO, + H,—CH, + H,O AHYyg = +41 kJ/mol (A3)

The corresponding rate equations are given by the equations below, whose kinetic
parameter values are summarized in Table A1.

CO methanation :

Pi, Pco
k; PcH PH0 ZK
"= 5 R (Ad)
P, DEN:
CO; methanation :
2 P%IZ'PCO2
ky Pco'Pu,0 — K,
= ss 2 (A5)
P, DEN
Water gas shift :
oo P P, Pco,
k. PcoPH,0 = — 1.
ry= 2. : Ks (A6)

Pu, DEN?
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where:
Ku,0Pu,0

DEN=1+ KCOpCO + I(Hsz2 + KCH4PCH4 + p
H,

(A7)

The pre-exponential factors (k;) and A(K;) are determined from k;, 7 and Kj,, while E;

and AH; values can be calculated by the Arrhenius and van’t Hoff equations:

—E:
ki = A(ki,T)~exp(R—T’)
—AH:
Ki = A(Ki,T)'EXp( RT l)

AH;
K; = A(Kj 1)-exp( RT )

E:
A(kl) = ki’T'EXp(ﬁ_‘)

AH;
A(K;) = K]-,T~exp(ﬁ)

where:

i=1,2,3andj=CHy, HyO, CO, Hy;

k1, k, k3 are the rate coefficient of Equations (A4)—(A6), respectively;
Ki, K3, K3 are the rate coefficient of Equations (A4)—-(A6), respectively;

K, 0 is the desorption constant of H,O;

A(k;) is pre-exponential factor of the rate coefficient, k;;
A(K]-) is pre-exponential factor of the rate coefficient, K;;
E; is the activation energy of reaction i-th;

AH; is the enthalpy change of reaction or adsorption;

p is the partial pressure.

Table A1. Parameters of the reaction rate adapted from Xu and Froment [24].

Kcn,, Kco, Kn, are the adsorption constants of reaction for CH4, CO and Hp;

(A8)

(A9)

(A10)

(A11)

(A12)

Parameter Value
Alky), kmol bar! kgeat 1 h™! 4.225 % 1015
Alky), kmol bar'/2 kgeay 1 h~1 1.020 x 1015
Alks), kmol bar'/? kgeat 71 h™1 1.955 x 10°
A(Kcp,), bar ! 6.65 x 104
A(Ky,), bar™! 6.12 x 1072
A(Kco), bar™! 8.23 x 1075
A(Kg,0) 1.77 x 10°
A(K7), bar? 5.375 x 1010
A(K»), bar? 4.707 x 102
A(K3) 1.142 x 1072
E1, k] mol ! 240.1
E;, k] mol ! 243.9
E3, k] mol ! 67.13
AHy, k] mol ! —206.1
AH,, k] mol ! ~165.0
AHj, kJ mol ! +41.15
AHcy,, k] mol ! ~38.28
AHy,, k] mol ! —82.90
AHy, 0, kJ mol ! 88.68

AHcg, k] mol ™! —70.65
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