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The carbon footprint of synthetic natural gas production from biogas catalytic methanation was determined. The
material and energy data inputs required to produce 1 kWh of synthetic natural gas were experimentally col-
lected from a pilot plant operating in a waste water treatment plant as a relevant environment. The experimental
plant had a capacity of 37 kW and consisted of biogas and water conditioning, water electrolysis and 2-step car-
bon dioxide catalytic methanation unit, by compact technology of micro-reactor and micro-size catalysts al mild
pressure conditions. The technology evaluated in this study is ready for scalability to MW-scale. The carbon foot-
print was evaluated by means of the Global Warming potential impact in kg COs-eq/kWh. Life Cycle Assessment
methodology was used according to ISO:14040 and 1SO:14067 thorough Ecoinvent data. The carbon footprint
analysis showed that producing synthetic natural gas using the current electricity mix led to high carbon impact.
However, the utilization of renewable electricity sources and a more efficient electrolyzer technology is able to
reduce the carbon footprint to 0.100 kg CO2-eq/kWh. This value represents an interesting reduction of the cli-
mate change impact of 57%, using currently available technologies. Therefore, synthetic natural gas from biogas
catalytic methanation process represents a feasible option to partially decarbonize the gas grid infrastructure. In
this way, synthetic natural gas can support the penetration of random renewable sources by allowing its seasonal
storage, as well as, to provide a low-carbon gas alternative.

© 2020

1. Introduction

Power-to-Gas consists on the storage of renewable energy into hy-
drogen or methane energy vectors (Blanco et al., 2018). This concept
is of special interest in regions that meet two premises, high penetration
of wind and photovoltaic energy sources in the electricity mix and the
presence of an extensive natural gas infrastructure. In this way, unpre-
dictable renewable energy sources (RES) can be stored, transported, dis-
tributed to the costumers using the existing gas infrastructure and con-
sumed when there is demand.

In a first step, hydrogen is generated through water splitting (1)
(Gahleitner, 2013; Glenk and Reichelstein, 2019). This hydrogen
can be stored and transported either in a dedicated distribution grid or
mixed in the existing natural gas infrastructure. As there are some tech-
nical barriers of using hydrogen blends in the current gas infrastruc-
ture (Marcogaz, 2019), hydrogen compatibility in the gas grid can be
overcome by means of a second chemical transformation step, in which
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hydrogen is converted to methane (2). In this form, the produced syn-
thetic methane is fully compatible with the current gas infrastructure.
The electrolytic methane, synthesized from electrolytic hydrogen, is
commonly referred to as synthetic natural gas (SNG). This product can
be introduced to the natural gas grid if the conversion within the metha-
nation unit is high enough, otherwise a too high hydrogen fraction could
disable the injection.

H,0- > Hy + % Oy AH = +286 kJ/mol €h)
4H, + COy-> CHy + 2 H,0 AH = —165 kJ/mol @)

At present, SNG production costs are higher than natural gas and
economically unaffordable (Bailera et al., 2019; Chauvy et al.,
2020). In future scenarios, technological advances improving energy ef-
ficiency and reducing investment costs, together with national policies,
could play a determinant role in the economic feasibility of SNG. In
this direction, Blanco et al. estimated that up to 75% of the gas de-
mand will be supplied by SNG, including a simultaneous reduction of
70% of the total gas demand, in a EU low carbon economy scenario
(80-95% reduction) (Blanco and Faaij, 2018). Analogously, a tech-
nical report of the European Commission predicted up to 42% share of
SNG in 2050 (European Commission, 2019). Together with Hy, SNG
appears to be key element for assisting the continuous penetration of
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renewables, enabling grid balancing, seasonal storage and decarbonisa-
tion of natural gas demand (Colbertaldo et al., 2018).

As Power-to-Gas includes electrolytic hydrogen, the carbon footprint
of SNG is closely linked to the power source, either renewable or fossil.
Indeed, some authors reported that this is the crucial parameter to de-
termine the SNG carbon footprint (Reiter and Lindorfer, 2015; van
der Giesen et al., 2014). From an environmental point of view, the
most optimistic scenario considers SNG only from electricity surpluses
that would otherwise be lost. In that case, the carbon footprint of SNG is
very low, even using coal gasification as carbon source (Sternberg and
Bardow, 2015). However, the construction of a Power-to-Gas plant
solely using surpluses leads nowadays to excessive investment costs for
unit of gas produced (Guilera et al., 2018). Accordingly, Power-to-Gas
technology seems an alternative to produce SNG seasonally, rather than
punctual electricity storage.

Previous works reported the carbon footprint of SNG by CO, metha-
nation. Zhang et al. studied many SNG scenarios and they revealed the
complexity of several subsystems, power sources, electrolyzer efficiency
and CO, origin (Zhang et al., 2017). At the end of the study, they
suggested that more specific aspects of the methanation technology;
namely heat generation, external energy demand and catalyst require-
ments, should be included in further studies, as soon as more data will
be available. Similarly, Collet et al. performed a comprehensive Life Cy-
cle Assessment (LCA) of SNG production using academic resources and
internal communications (Collet et al., 2017). Most recently, Zhang et
al. performed a LCA of Power-to-Gas strategies, including direct biogas
methanation system (Zhang et al., 2020). They considered bubbling
fluidized bed reactor models on this study. To the best of our knowl-
edge, all the reported LCA data on the methanation process are based
on process models due to insufficient experimental data at relevant en-
vironments.

The lack of experimental information is the main weakness to es-
tablish precise GHG emissions of the SNG process. Although SNG pro-
duction is not a widely spread technology, the implementation of
Power-to-Gas is under way and mean plant size and number of projects
worldwide are exponentially rising (Bailera et al., 2017; Thema et
al., 2019). The technical information obtained in those projects, often
confidential, should be included in environmental assessments for policy
decisions. Recently, the technical feasibility of SNG production for grid
injections in a waste water treatment plant (WWTP) by using biogas as
carbon source was demonstrated at relevant environment (Guilera et
al., 2020a). The produced SNG accomplished with current legislation
on gas quality for gas grid injection. It was proposed a 2-step CO5 metha-
nation process using compact technology, namely micro-structured re-
actors and micro-size catalysts, under precise temperature profiles at
mild operation pressure. The scale-up of the process to the MW-range
is feasible and mass production of compact reactors and micro-
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size catalysts is on the way for industrialization for gas and liquid fuel
production (Dittmeyer et al., 2017).

The goal of this study is to provide carbon footprint of SNG pro-
duction from biogas methanation using a combination of the recent ad-
vances in reactor and catalyst technology. To the best of our knowledge,
previous works dealing with the environmental impact on the methana-
tion units were based on process modelling, not from real data. The nov-
elty of this work is to carry out the evaluation of the carbon footprint
of biogas methanation from experimental data in relevant environment
in order to elucidate environmental information for the deployment of
future SNG industrial plants. Accordingly, material and energy inven-
tory data of this innovative process were collected and employed to es-
timate the carbon footprint impact of producing that SNG from biogas
in a WWTP. The functional unit selected was 1 kWh of SNG produced.
Eventually, the obtained environmental data is compared with respect
to fossil natural gas and other electricity storage alternatives.

2. Methodology
2.1. Case of study

The carbon footprint of SNG using biogas as carbon feedstock was
evaluated using material and energy data inventory of the demonstra-
tion process, located at the premises of the WWTP Riu Sec (Sabadell,
Spain). The sewage plant treats the primary and secondary sludges
(85 m3/day of 4.0% dry content and 70% volatile solids) by anaerobic
digestion at mesophilic conditions (36-39 °C). Two anaerobic digester
units are in operation in the sewage plant and they produce about 100
Nm3h~! of biogas. Biogas is currently converted to heat in order to
maintain the digesters at the mesophilic temperature, the rest of the bio-
gas is burned in a torch. A detailed description of the overall plant can
be found elsewhere (Guilera et al., 2020a). Gas analytics exposed that
the main impurities of the biogas consist on HpS (11-31 mg/Nm3), VOCs
(1-32 mg/Nm?3), NH; (0-11 mg/Nm3), BTX (0-9 mg/Nm?), siloxanes
(0.6-1.5 mg/Nm?).

In the context of an industrial R&D project (CoSin: Synthetic fuels),
a CO, methanation pilot plant, with a production capacity of 4.25 Nm?>
SNGh~1, was built, coupled to biogas generation and operated during
the period 2018-19, for approximately 3000 h of operation. The aim of
the Cosin project was to obtain technical, economic and environmental
data of the process in a relevant environment for further industrializa-
tion steps. The SNG demonstration plant consisted in 4 steps i) water
treatment and ii) biogas treatment, iii) water electrolysis and iv) metha-
nation. A simplified Process Flow Diagram of the overall process is il-
lustrated in Fig. 1. Biogas treatment consisted on both cleaning and
compressing. At first, raw biogas was dried using a water-glycol mix-
ture at 5 °C, then cleaned through two active carbon filters supplied by
Prodeval and Bioconservacion, respectively, and finally compressed up

witer cooling

2O

harater

= <
o ' [:Ej - SNG

@ t==p &
&4

air cooling

Concanse

Fig. 1. Simplified Process Flow Diagram of SNG production from biogas.
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to 6 bar g by an air-driven piston compressor (Maximator). After com-
pression, an additional filter filled with ZnO based adsorbent (Acti-
Sorb®S2) operated at 250 °C to reach very low HyS < 0.1 mg/Nm? con-
centration to avoid catalyst poisoning (Alarcén et al., 2020).

Conventional tap water from the local distribution system was used
as hydrogen source. Tap water quality was purified by a reverse osmo-
sis demineralizer (Osmodemi 12, Idrotecnica), consisting on a pre-fil-
ter (active carbon), ion-exchange resins (DF0402) and reverse osmosis
membranes (S1812368S). Purified water was supplied to a 37 kWelectricity
alkaline electrolyzer (G10, Erredue). The electrolyzer was connected to
conventional grid electricity and produced 6 Nm3/h of hydrogen. The
main materials of the electrolyzer consisted on steel and nickel and the
electrolyte was a NaOH solution (20 wt%). Other minor materials were
not considered due to supplier confidentiality. A significant amount of
low quality water (T = 10-30 °C) was used to keep the electrolyzer cell
below 60 °C and to reduce the moisture of the hydrogen outlet. Two ad-
ditional coalescent filters were installed to limit the amount of water in-
troduced to the methanation system. At the end of the electrolysis unit,
hydrogen at 6 bar g were delivered to the methanation unit without fur-
ther compression.

Subsequently, biogas (4.25 Nm>h~!) and hydrogen (6.00 Nm>h~1)
gases were mixed and supplied (MFC, Bronkhorst) to the methanation
system. Hydrogen to carbon dioxide ratio was precisely adjusted to re-
action stoichiometry 4:1 (vol%) in order to obtain a high methane con-
tent at the outlet and to not damage the catalyst by carbon poisoning
or re-oxidation. The methanation process consisted of a 2-step synthe-
sis unit, including two sequential processes of gas pre-heating, catalytic
reaction and water condensation. Detailed engineering and process in-
formation can be found in a previous work (Guilera et al., 2020b). In
brief, the two catalytic reactors operated in series and the second was
fed with the first outlet stream. The reactors operated in decreasing tem-
perature profile from 450 °C to 275 °C, being the maximum tempera-
ture at the entrance of the first reactor and the lowest at the exit of the
second reactor. The micro-structured reactors were made up by several
staking sequences of catalytic micro-beds and cooling foils; in particu-
lar, formed by 10 diffusion bonded reaction channels. The first reactor
operated at a gas hour space velocity of 75,000 h~! and the second one
at 20,000 h™1.

For the methanation unit, a closed water cooling cycle was imple-
mented for two purposes, cooling down of the first reactor and water
condensations of the produced gases, whereas compressed-air was used
to cool-down the second reactor. Pre-heaters, which were composed of
electrical heating cartridges, were installed before and inside each re-
actor. The reactors were loaded with a micro-size catalyst composed of
nickel, ceria and alumina in both reactors (Alarcén et al., 2019). The
methanation process was set at 5 bar g by a control valve at the process
outlet. The operation pressure was high enough for gas injection into
the gas distribution grid. In contrast, an additional compressor should
be installed after the methanation unit, if the gas injection point is set
at higher pressures (P > 10 bar g), as in the case of national transport
pipelines.

Gases were on-line analyzed by a micro-chromatograph (490 Agi-
lent). The composition of the biogas was in the range of 63-65% CH,4
and 35-37% CO,.CH4 content was increased to 72.7% after the first re-
actor and, at least, to 93.5% after the second step. As shown in Table
1, the gas quality of the product, referred to as SNG, accomplished the
Spanish gas quality regulations for injection to the existing infrastruc-
ture. At present, the absence of a common regulatory framework pre-
vents a generic specification valid for all parts of the European or Inter-
national gas infrastructure.

Table 1
Experimental gas quality and current legislation on gas grid injection (Miniserio para la
Transicién Ecolégica, 2018; Ministerio de Industria Energia y Turismo; 2013).

component composition (vol%)
biogas SNG regulation
CHy 63-65 93.5 >90
CO, 35-37 1.7 <2.5
H, — 4.8 <5

2.2. Carbon footprint

This study includes definition of the goal and scope, inventory analy-
sis, impact assessment and interpretation of the results. The goal of this
work is to identify the SNG carbon footprint through biogas catalytic
methanation and to compare it with natural gas. The scope of this study
comprises the whole production phase and use of SNG. The function and
primary application of the SNG is final energy provision. The functional
unit declared is, 1 kWh of consumed energy considering its lower heat-
ing value (LHV) of produced SNG. In the present work, SNG is defined
as the gas product obtained from biogas methanation with an injectable
composition in the gas network. The carbon footprint of SNG is defined
as a measure of the total amount of greenhouse gas (GHG) emissions
as COz-equivalent using the relevant 100-year global warming potential
(GWP) (Wright et al., 2011). A process-based, attributional LCA has
been developed in order to compare the GWP of alternative products
with analogous gas quality, such as fossil natural gas and biomethane.
The carbon footprint was the impact category chosen to the analysis
of the SNG using LCA method, according to ISO 14040:2006 and ISO
14067:2018.

Fig. 2 shows the system boundaries of the LCA conducted. The pro-
duction of SNG consisted on 5 steps i) anaerobic digestion ii) water
treatment and iii) biogas treatment, iv) electrolysis and v) methanation.
In the present WWTP, 20% of biogas is currently converted to heat to
maintain the digesters at the mesophilic temperature, the rest of the bio-
gas is burned in a torch. However, in future plant locations the installa-
tions, the anaerobic digestion phase should be included as a necessary
step of the complete process.

The listed material and energy inputs necessary to produce 1 kWh
of SNG in the described case of study are detailed in Table 2. As re-
gards to the energy consumption, data was obtained from real elec-
tricity consumption, which was measured during steady state during 1
week of continuous SNG production of 4.25 Nm%>h~!. Electricity me-
ters allowed to measure electricity consumption from the biogas treat-
ment, electrolysis and the methanation units independently. As an ex-
ception, electrical consumption of the ZnO filter, electrically heated, was
included in the methanation process, rather than the biogas treatment.
Besides, it should be mentioned that the electrical consumption of the
methanation steps also included all the auxiliaries such as gas analyt-
ics, process control room and safety measures. Water consumption was
experimentally measured, whereas the amount of compressed-air was
obtained from equipment specifications. The amount of material con-
sumables necessary to produce 1 kWh of SNG was related to the oper-
ational hours before maintenance and replacement. It is expected some
overestimation of the amount of consumables considered as most of
them were not replaced during the project experimental campaign, i.e.
thermal oil, activated carbon, ion exchange resin, polymeric membrane
and glycol. In the case of the catalyst and the electrolyte, annual re-
placement during the periodic plant shutdown for equipment mainte-
nance was considered. The lifetime considered the whole plant was 20
years, while 7 years for the electrolyzer electrodes. The extension of
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Fig. 2. System boundaries considered in the LCA.

step element consumption Unit
anaerobic digestion biogas 1.00-10 ~°1 Nm 3
water treatment tap water 1.0810 ~! L
ion 5.1810 % kg
exchange
resin
activated 1.11-10 % kg
carbon
polymeric 6.4810 % kg
membrane
biogas treatment activated 4.3210 705 kg
carbon
Glycol 1.11:10 7% kg
compressed 1.9910 ~%8 m?
air
gas dryer 9.5410 =% kwh
Compressor 1.60-10 02 kWh
electrolysis cooling 7.90-10 +01 L
water
sodium 1.16:10 %3 kg
hydroxide
Nickel 5.81:10 ~%4 kg
Steel 1.69-10 03 kg
Electricity 8.7310 0 kWh
methanation cooling 2.2810 %4 L
water
compressed ~ 2.11-10 ~92 m?3
air
thermal oil 1.1610 %3 kg
Steel 5.07:10 % kg
Catalyst 4.2410 %5 kg
Electricity 111107 kWh

this period can be revised in the future as soon as more information
on industrial operation will be experimentally obtained and disclosed.
Note that in a previous work, the amount of steel considered was lim-
ited to reactor construction, a significant less amount of catalyst was
considered, energy required to supplement pressure loss and cooling re-

quirements were not considered due to insufficient data (Zhang et al.,
2017). Analogously, the present information should be updated from fu-
ture information on MW-scale plants.

The endpoint impact category evaluated was the climate change with
the GWP in kg CO, equivalent (kg CO, eq) through the ReCiPe 2016
model for a time frame of 100 years (Huijbregts et al., 2017). As
mentioned, the SNG pilot plant was connected to the Spanish electricity
grid. In this aspect, as it is presented in Table 3, the national electric-
ity mix was used for calculations (Ecoinvent v3.5 data). During 2019,
several technologies were used in Spain to supply electricity; led by nu-
clear, combined cycle and wind power. The GWP impact obtained in
this study for the mix electricity consumption was 0.3469 kg CO,-eq/
kWh, which includes generation and transport to the final user. The im-
pact associated to using solely the available RES, instead of electric-
ity mix, was 87% lower of 0.0442 CO5-eq/kWh. In this case, the cur-

Table 3
Structure of the Spanish 2019 annual electric balance (Red Eléctrica Espafiola, 2020).

Technology GWh (%)
Nuclear 55,824 21.10
Combined cycle 55,239 20.88
wind * 54,212 20.49
Cogeneration 29,591 11.19
Hydro * 26,337 9.96
Coal 12,672 4.79
Solar photovoltaic * 9223 3.49
International exchanges 6862 2.59
Fuel + Gas 5696 2.15
Solar thermal * 5166 1.95
Renewable thermal * 3616 1.37
Non-renewable waste 2222 0.84
Renewable waste * 890 0.34
Hydro + Wind " 23 0.01
Water pumping -3025 -1.14
Total 264,548 100

@ RES (37.60%).
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rent share of wind, hydro, solar photovoltaic, solar thermal, renewable
thermal, renewable waste and hydro-wind generation were considered.

Direct CO, emission related to the combustion of SNG, either in
domestic, industrial or power applications, was not accounted in the
case of SNG in the net result due to the biogenic origin of biogas feed-
stock. Biogenic GHG emissions and removals shall be included and ex-
pressed separately as expressed in ISO 14067:2018 (ISO, 2018)). In
contrast, CH4 and N,O emissions factors were included in the carbon
footprint. They were assumed to be equivalent to those produced by
combusting natural gas (UK Government, 2020). Direct CO, emissions
of fossil natural gas were accounted due to the fossil origin (Dones et
al., 2007)) and related to the final use distribution in Spain (2018),
61% industrial, 21% domestic-commercial and 18% electricity produc-
tion (CNMC Comisién Nacional de los Mercados y la Competencia
2019, 2020).

3. Results and discussion

The carbon footprint of producing SNG using biogas is presented in
Table 4, and compared to natural gas. At the present location, the elec-
trolysis of water step contributed almost 75% of the total SNG impact,
whereas the methanation step about 17%, followed by the production
of biogas by means of anaerobic digestion with a contribution of 6%.
In contrast, the GWP impact of water and biogas treatment was very
residual. Among both auxiliary processes, higher impact was inferred in
biogas conditioning as it requires, besides cleaning, of compression be-
fore the methanation step. The selected pre-compression conditions at
6 bar g can be used for SNG production, as well as, for direct injection
to the gas distribution grid, typically set at 4 bar in the gas distribution
grid.

The LCA study revealed that the current carbon footprint of SNG
(0.414 kg COz-eq/kWh) was higher than the use of fossil natural gas
(0.232 kg CO5-eq/kWh). In this aspect, SNG technology could provide
grid balance for the continuous incorporation of wind and photovoltaic
random sources into the electricity mix. However, SNG technology, as
implemented in the WWTP plant (i.e. connected to the national elec-
tricity mix), does not contribute in the decarbonisation of the gas net-
work. Indeed, the solely contribution of the electrolysis step presented
higher GWP impact (0.311 kg CO,-eq/kWh) than keep using fossil nat-
ural gas. The high GWP impact is the result of high power consump-
tion of the electrolyzer (8.73:10~°1 kWh) and high impact of the cur-
rent Spanish electricity system (0.347 kg CO,-eq/kWh). The measured
consumption of the commercial electrolyzer (electrolytic cell and aux-
iliaries) was 6.16 kW/Nm?3, which corresponds to 57% of Power-to-Hy-

Table 4
Carbon footprint of SNG using grid electricity with respect to natural gas.

GWP SNG current case natural gas
(kg CO, eq/kWh)

anaerobic digestion 0.02534"

water treatment 0.00056

biogas treatment 0.00558

Electrolysis 0.31072

Methanation 0.07183

extraction 0.0494 "
production 0.0013"°
transport and distribution 0.0146
use 0.00021"° 0.1670"°
total 0.41424 0.2322

2 Ecoinvent v3.2 data.

drogen efficiency. It is worth mentioning that there are other commer-
cial electrolyzer options, as discussed later.

From these results, it can be concluded that the SNG produced from
biogas and the current grid electricity mix cannot be considered as a low
carbon fuel alternative. Nevertheless, this statement is only valid in the
present location and time. Greener national electricity mixes can reduce
the carbon footprint of SNG. Specifically, the carbon footprint of SNG is
equaled to natural gas impact considering 69% of RES in the electricity
mix, without any technology advance in the process of SNG production.
For comparison, the presence of RES in the European mix is about 32%
and higher RES than 69% is very restricted to some specific countries as
Norway (Enerdata, 2020).

The carbon footprint of SNG can be significantly reduced by using
available RES, instead of the current electricity mix. The GWP impact of
electricity in Spain during 2019 calculated in this study was, on average,
0.347 kg CO5-eq/kWh;,, in which the share of RES, nuclear and fossil
fuel sources were considered. The electricity impact is significantly re-
duced to 0.044 kg CO,-eq/kWh considering only RES. As a consequence,
the consideration of using RES reduces remarkably the carbon footprint
of SNG up to 0.111 kg CO,-eq/kWh (—78%) because Power-to-Gas is
an electricity-intense process. In the case that RES is employed only
in hydrogen production, the only process that really falls within the
Power-to-Gas concept, this reduction already reaches —65%. In any case,
the utilization of RES reduced the impact of all the steps but water clean-
ing.

Despite this significantly improvement, it is important to critically
point out that the impact of the producing SNG is still higher than nat-
ural gas conditioning to the final user (0.065 kg CO5-eq/kWh), consid-
ering “conditioning of natural gas” as extraction, production, transport
and distribution. The difference among fossil and SNG is that no CO,
emissions are accounted during its combustion as it is provided by bio-
genic sources. The real CO, emissions during the combustion of SNG
was 0.199 kg COy-eq/kWh (UK Government, 2019). Therefore, it is
very important to avoid using fossil carbon dioxide sources for synthetic
natural gas production, otherwise the SNG carbon footprint would be
higher than fossil natural gas.

The GWP impact of the Power-to-Gas process as emerging technol-
ogy can be reduced by means of technological advances and process
scale-up to industrial scale. To identify the most critical process steps,
Fig. 3 displays the GWP impact of each process unit using biogas and
RES electricity. The contribution of the water treatment was very low
(<1%), while the biogas conditioning was 7%, mainly due to gas com-
pression at 6 bar g. Among the main process, electrolysis remained the
main contributor (39%) to the SNG carbon footprint, although RES were
considered; closely followed by the methanation process (32%). Without
hesitation, the main environmental efforts should be driven to improve-
ment on methanation and electrolysis units.

Fig. 4 presents the contribution of each element of the methana-
tion unit. The main carbon footprint was related to the materials nec-
essary for plant construction. The engineering process allowing to ob-
tain SNG quality at low pressure is complex and it requires of several
units as tank buffers, piping, reactors, pumps, controllers, water con-
densers, heat-exchangers, among others. The present process considers
5.07-10% kg of steel per kWh of SNG produced during 20 years. It
is expected that plant scaling from 37 kW to several MW would re-
duce the amount of materials necessary per kWh of SNG produced, and
thus, a certain overestimation of these impacts can be expected using
the available information. These parameters can be revised in the fu-
ture using MW-scale information. As an example, a variation —10% of
the methanation inputs lead to a global carbon footprint reduction of
—3.61%. Among them, a —10% reduction of the amount of steel nec-
essary to build the plant already reduces the final impact by —2.89%,
while the power consumption just —0.65%. A reduction of the amount
of materials during plant upscaling to MW is definitely feasible. The
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modularity of the reactor technology used in this process does not re-
duce the amount of materials during scale-up but a significant reduction
is expected from the auxiliary units.

On the other hand, an interesting environmental finding was ob-
served as regards to the catalytic reactor cooling strategy. The first re-
actor was cooled using a closed water cycle and thermal oil, while
the second one using compressed air. The amount of heat released in
the second reactor was much lower (—0.61 kW) than the first reactor
(—2.88 kW), as most COy conversion yield (90%) occurred in the first
reactor. On the contrary, the environmental impact of the heat-man-
agement of the second reactor was still higher (5%). Therefore, the
heat-management strategy of cooling down the reactor by compressed
air was not as efficient as water cooling. This environmental informa-
tion can be useful in future scale-up steps. With respect to the catalyst,
the impact associated to the materials necessary for its fabrication was
very low (1%), despite 20 catalyst exchanges were considered during the
whole Power-to-Gas plant lifetime.

The measured power consumption of the demonstration methanation
process was, on average over one week of uninterrupted operation, 0.11
kW;,/kWsng. This amount of energy includes gas heating to 300-350 °C,
water pumps, refrigeration systems and auxiliary equipment (process
control and analytics). CO, methanation reaction is exothermic and it
converts 4 mol of hydrogen (12.00 kW/Nm?) to methane (9.67 kWh/
Nm?). Thus, about 20% of the inlet energy was released to the environ-
ment. Accordingly, a proper heat-management, out of the scope of the
current demonstration of the technical feasibility of producing SNG, can
reduce the power consumption in future scale-up steps. On one hand,
internal heat-management integration can prevent of power consump-
tion for gas pre-heating. Simple manufacturing approaches in this direc-
tion has been recently reported (Moioli et al., 2019). On the other
hand, the released heat can be integrated to external energy-demanding
processes, such as high temperature electrolyzer or mesophilic and ther-
mophilic anaerobic digestion (Belimov et al., 2017). Both approaches
can potentially reduce the GWP of the methanation step.

Fig. 5 shows that GWP contribution of the individual elements of
the electrolysis step. In the present case, the availability of cooling wa-
ter in the WWTP was very positive in terms of GWP. Thus, the envi-
ronmental impact of water requirements for the electrolyzer was almost
negligible, although a significant amount was necessary to cool-down
the electrolyzer and to condensate the gas products. In contrast, the
fabrication of the electrolyzer required significant amount of materials,
such as 0.58 g nickel/kWh. This amount can be reduced in two direc-
tions; a more efficient utilization of metals or by extending the life-
time of the electrodes beyond 7 years. In any case, the power consump-
tion, although renewable, was still the main carbon footprint contributor
(83%). This is a direct consequence that the power consumption of the
electrolyzer was very high (0.87 kWj,/kWsng). The high contribution of
power to the GWP of electrolysis step was expected as the Power-to-Gas
process it is, by nature, an energy intensive process. It is worth not-
ing that if the electricity mix is considered the 83% of power contribu-
tion would be increased to 97%, due to the different impact associated
(0.044 kg CO2-eq/kWh and 0.368 kg CO2-eq/kWh, respectively).

In the present pilot plant, Alkaline Electrolysis Cell (AEC) electroly-
sis technology was installed. Experts estimate (Schmidt et al., 2017)
that AEC is currently the most mature and economic technology, fol-
lowed by Proton Exchange Membrane (PEM) technology. Solid Ox-
ide Electrolyzer Cell (SOEC) systems could reach the cost and lifetime

consumables

3%
cooling water ii§
0% y

Electrolyzer

fabrication
14%

power
83%

Fig. 5. GWP distribution in the electrolysis step using RES.
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regime of AEC and PEM systems by 2030. Regardless of the current in-
vestment costs, SOEC technology already offers 81% of energy efficiency
according to manufacturer's specifications, which is an important advan-
tage with respect to the 56% of the device used in the project (Sunfire,
2019). By using advanced commercial electrolysis technology, the en-
ergy consumption of SNG production can be potentially reduced from
0.873 to 0.604 kWh;,,/kWgyng. In this case, the carbon footprint of SNG
is accordingly reduced to 0.100 kg CO5-eq/kWh.

Fig. 6 compares the carbon footprint of the presented options, all
commercially available. It is worth noting that the impact of biogas and
water treatment is almost negligible. At first sight, it can be observed
that SNG is not always the greenest option. SNG can support the con-
tinuous penetration of wind and photovoltaics sources to the electricity
mix; otherwise, restricted due to problems with grid balance. However,
the production of SNG using the current electricity mix is not an option
to decarbonize the gas grid. Indeed, SNG increases the GWP impact of
the gas by 78%. As soon as the power source is shifted to RES, the GWP
impact definitely decreases. However, SNG production is still a very en-
ergy demanding process, thus, the impact of SNG using biogas and RES
is 48% with respect to the natural gas of fossil origin. It is interesting to
note that the carbon footprint of SNG will decrease year after year, with-
out any technological improvement, because wind and photovoltaics are
the main new power generation capacity worldwide (IRENA, 2020).
Thus, the electricity impact (kg CO,-eq/kWh) will be progressively re-
duced. Another option is direct coupling of SNG plant to RES generation.
This option is technically feasible, for example, hydrogen production in
photovoltaic installations (ELY4OFF, 2020). Nevertheless, the number
of annual operation hours would be reduced and the GWP impact of
materials for building the plant increased. Besides, possible impact on
biogas transport should be considered. An alternative option is to use
non-coupled tradable green certificates to foster the penetration of re-
newables in suitable locations (Bertoldi and Huld, 2006; Ciarreta et
al., 2017).

Finally, shifting from AEC electrolysis to a more advanced technol-
ogy such as SOEC electrolyzer reduces an additional 5% of the carbon
footprint to 0.100 kg CO,-eq/kWh. In summary, production of SNG us-

ing RES and an advanced electrolyzer technology, SNG reduces signifi-
cantly the carbon footprint of the current fossil gas by —57%. In some
locations, the sludge treatment by anaerobic digestion can be consid-
ered as a part of the water treatment, rather than a biogas production
plant. In that case, the carbon footprint of SNG is reduced by —68% to
0.074 kg CO,-eq/kWh. Very optimistic scenarios considering negligible
impact from electricity from the hypothesis of consuming only excesses
of electricity production were not considered in this work because, to
the best of our knowledge, building a Power-to-Gas plant using only
electricity surpluses is far to be profitable.

The emissions associated to the production of SNG using biogas as
carbon feedstock, advanced electrolysis technology and renewable en-
ergy sources was estimated in 0.100 kg CO5-eq/kWh. With respect to
alternative Power-to-Gas decarbonisation strategies, comparable results
were obtained in the BioCat plant through biological methanation tech-
nology. Authors reported a reduction of —59% of GWP using current
data, and up to —79% in optimistic scenarios (Energiforskning, 2014).
Another way to obtain renewable methane is by means of carbon diox-
ide removal from biogas, i.e. biogas upgrading to biomethane. The re-
ported carbon footprint of biomethane is about 0.045-0.082 kg CO,-eq/
kWh (Adelt et al., 2011; Buratti et al., 2013; Lozanovski et al.,
2014). Thus, the carbon footprint of biomethane is lower than that
of SNG. Unfortunately, biomethane cannot replace the entire demand
for gas, neither current nor at medium term (European Commission,
2019). Besides, biogas upgrading does not allow chemical storage of re-
newable energies. Accordingly, both routes capable of substituting nat-
ural gas, to biomethane and SNG, seems complementary options to de-
carbonize the gas grid.

The continuous penetration of RES should be inevitably comple-
mented by massive storage methods as Power-to-Gas, hydro pumping
reservoirs or even low-cost battery technologies. Hydro-pumping is def-
initely a low-carbon solution but with important land-use and geo-
graphical limitations (Lu et al., 2018). For electrolytic stationary grid
storage, Hiremath et al. recommend lithium-ion batteries with high
round-trip efficiency (Hiremath et al., 2015). Assuming 20 years of
operation in the German grid, they reported a total impact of 0.759 kg
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SNG
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Fig. 6. Comparison of the carbon footprint of the different available alternatives.
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CO4-eq/kWh. Among them, 0.020-0.079 kg CO5-eq/kWh intended for
the cradle-to-gate battery device, as a function of the number of cycles
considered. In another work, Baumann et al. reported 0.052-0.271 kg
CO3-eq/kWh for the battery production step (Baumann et al., 2017).
Thus, it seems that the carbon footprint of using batteries for massive
storage is higher than SNG technology. However, the reutilization of
electric vehicle batteries for stationary grid storage applications can be
an opportunity to reduce the carbon footprint of these alternative (Rallo
et al., 2020). In general, there is a consensus that no individual option
can decarbonize the energy system and that a broad portfolio of solu-
tions will be needed. In this aspect, SNG offers an interesting reduction
of 59-68% of the carbon footprint of the natural gas grid.

4. Conclusions

The carbon footprint of SNG through a compact 2-step biogas metha-
nation process was evaluated from experimental data obtained in a rel-
evant environment. Results indicate that the SNG carbon footprint is
higher (0.414 kg CO5-eq/kWh) than fossil natural gas (0.232 kg CO,-eq/
kWh) when the national electricity (38% RES) mix is used. Thus, the
production SNG from the current electricity mix is not an option to re-
duce the impact of gas consumption.

As soon as the electricity source is shifted to 100% RES, the carbon
footprint is highly reduced to 0.111 kg CO,-eq/kWh. In that case, the
electrolysis step remained the main GWP contributor, closely followed
by the methanation unit; while the biogas and water conditioning were
minor contributors. The substitution of alkaline electrolyzer technology
for a more advanced one, such as solid oxide one, can reduce an addi-
tion 5% of the carbon footprint to 0.100 kg CO2-eq/kWh.

Accordingly, the use of currently available options allows a reduction
of, at least, 57% of the carbon footprint of SNG with respect to the use
of fossil natural gas. The carbon footprint impact of SNG is higher than
that of biomethane from upgrading and lower than batteries for station-
ary applications. In this sense, SNG within the Power-to-Gas concept can
support the continuous penetration of RES sources to the electricity mix
by allowing seasonal storage and can help to decarbonize the gas grid.
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