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Abstract: Fuel production from hydrogen and carbon dioxide is considered an attractive solution
as long-term storage of electric energy and as temporary storage of carbon dioxide. A large variety
of CO; sources are suitable for Carbon Capture Utilization (CCU), and the process energy intensity
depends on the separation technology and, ultimately, on the CO, concentration in the flue gas.
Since the carbon capture process emits more CO, than the expected demand for CO, utilization,
the most sustainable CO, sources must be selected. This work aimed at modeling a Power-to-Gas
(PtG) plant and assessing the most suitable carbon sources from a Life Cycle Assessment (LCA)
perspective. The PtG plant was supplied by electricity from a 2030 scenario for Italian electricity
generation. The plant impacts were assessed using data from the ecoinvent database version 3.5,
for different CO, sources (e.g., air, cement, iron, and steel plants). A detailed discussion on how
to handle multi-functionality was also carried out. The results showed that capturing CO, from
hydrogen production plants and integrated pulp and paper mills led to the lowest impacts concerning
all investigated indicators. The choice of how to handle multi-functional activities had a crucial
impact on the assessment.

Keywords: Carbon Capture Utilization; energy storage; Life Cycle Assessment; Power-to-Gas

1. Introduction

The increasing penetration of renewable energy in the energy mix demands new technologies
for energy storage. For long-term storage (weekly to seasonal), Power-to-Gas (PtG) is regarded as
one of the most promising technologies for its potential of storing large amounts of energy into an
easily transportable chemical vector [1]. Besides its potential as energy storage, PtG is inserted in
the framework of Carbon Capture and Utilization (CCU), which is “a family of technologies that
convert otherwise industrially emitted or airborne CO; into fuels, chemicals, and materials” [2].
In order to verify the sustainability of the proposed solution, it is crucial to assess PtG impacts on
broad boundaries, under several impact categories and different inputs and system architectures
(e.g., electricity generation mix, carbon separation technology). Despite the abundant availability of
CO,, what remains untapped is the actual benefits of a large scale development of CCU, due to the
variety of CO, emitters and CCU conversion plants.
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For some chemicals (namely, methanol and formic acid), CCU has been reported to be
technologically feasible, economically viable under higher chemical market prices than the current ones,
and reducing CO; emissions in combination with renewable energy sources [3]. In line with this result,
Matzen et al. [4,5] reported the sustainability of the production of renewable methanol, ammonia, and
Dimethyl Ether (DME) from renewable hydrogen produced by wind energy. Van der Giesen et al. [6]
quantified the impact of producing synthetic hydrocarbon fuels from CO, using Fischer-Tropsch (FT)
process using three different CO, sources and three electricity sources in a cradle-to-grave approach,
concluding that only two scenarios would emit fewer Greenhouse Gases (GHGs) than the conventional
fuel production.

In contrast, research about Synthetic Natural Gas (SNG) has provided controversial results. On the
one hand, Hoppe et al. [7] concluded that SNG production could save GHG emissions if compared to
Natural Gas (NG), limiting their study to the Global Warming Impact (GWI). On the other, Stenberg et al.
argued that the PtG pathways implied higher GWI and Fossil Depletion (FD) impacts than conventional
NG even in a 2050 electricity mix [8]; when inserted in the framework of storage technologies, PtG
implies higher GWI and FD impacts than power-to-heat and power-to-mobility technologies, even if
influenced by the CO; supply [9]. Hoppe et al. [10] analyzed the production of methane and other basic
or derived polymers using some potential CO, sources (air, raw biogas, cement plants, lignite-fired
power plant, and municipal solid waste incineration) in a German scenario. Reiter and Lindorfer [11]
evaluated different potential CO, sources for PtG in Austria, identifying biogas upgrading facilities
and bioethanol plants as the best-suited sources for CCU utilization, even if the highest point emissions
were registered from iron and steel plants and fossil fuel combustion. In a broader perspective,
in terms of impact categories, Zhang et al. [12] compared different Power-to-Hydrogen (PtH) and PtG
technologies using the current Swiss energy mix and for a few carbon sources.

Due to the relative novelty of the topic and to the variety of factors to be considered, the literature
lacks a comprehensive study determining whether the large scale implementation of CCU technologies
would decrease the overall environmental impacts, under which conditions (e.g., energy mix and
CO; source) and to what extent [13]. Besides, most of the researchers have focused on some impact
indicators (usually GWI and FD), while a full Life Cycle Assessment (LCA) on different impact
indicators is recommended to ensure a comprehensive environmental assessment [14] and detect
potential burden-shifting [15].

In the wake of these studies, this paper aimed at assessing PtG impacts from an LCA perspective
for a broad range of CO, sources and for a 2030 electricity generation mix (the Italian 2030 electricity
mix was chosen for this case study). Both CO, point sources (natural gas combined cycle power
plants, refineries, and steam crackers, coal power plants, integrated pulp and paper mills, market
pulp mills, iron and steel plants, cement plants, integrated gasification combined cycle power plants,
ammonia/ethylene oxide/gas processing plants, hydrogen plants) and Direct Air Capture (DAC) were
included in the study. The average energy demand for carbon capture technologies was considered,
from von der Assen et al. [16]. They identified and ranked several carbon sources that could serve
as CO; utilization in Europe based on the marginal CO, emissions. The PtG plant was simulated in
the Aspen Plus environment, considering thermo-catalytic methanation in a fixed-bed reactor [17].
Besides comparing the investigated CO, sources, a contribution analysis was carried out to assess
the most crucial process on all indicators. The calculations were performed according to different
methodologies (100-0 allocation, mass allocation, economic allocation) to quantify the impact of the
multi-functionality handling on the results.

Carbon Dioxide Potential Sources and Italian Scenario

In 2018, the global anthropogenic CO, emission exceeded 36 billion tons [18], with the European
Union contributing to 3.9 billion tons [19]. The sector breakdown shows that the primary source
of GHG emissions is electricity and heat production (31%), transportation (15%), forestry (6%),
and manufacturing (12%). Energy production of all types accounts for 72% of all emissions,
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while industrial processes for 6% [20]. The climate change mitigation potential of CCU depends on the
chosen CO; source [21]. In general, more concentrated CO, sources, such as industrial point sources,
require less energy for the capture process than more diluted sources, such as air. Other parameters,
such as the capture rate, defined as the amount of CO, captured divided by the amount of CO,
generated at the source [22], and the CO, purity are affected by the source (see Table 1).

Table 1. Potential CO, from point sources, with capture rate and captured CO, purity. IGCC =
Integrated Gasification Combined Cycle; NGCC = Natural Gas Combined Cycle. Data from [23].

CO; Emitting Source Capture Rate CO;, Purity
NGCC power plant 85-100% >99.9%
Refineries and steam crackers 40-50% >95%
Coal power plant 85-100% >99.9%
Integrated pulp and paper mills N.A. N.A.
Market pulp mills N.A. N.A.
Iron and steel 50% >95%
Cement 85-100% >95%
IGCC power plant 85-100% >99.9%
Ammonia 85-100% >95%
Ethylene oxide 90-99% z%gzoxi;hoz;izgf EB;SJQZ?
Gas processing N.A. N.A.
Hydrogen 85-100% >95%

Regarding the Italian situation, the European Environmental Agency in 2017 counted 188 facilities
emitting in a total of 135.159 million tons CO, [24]. The main emitting sector is the energy sector
(mineral oil and gas refineries, thermal power stations and other combustion installations, and coke
ovens), accounting for 74.9% of the total emissions (see Figure 1). The mineral industry, production
and processing of metals, chemical industry, and waste management represent 10.6%, 6.9%, 3.9%, and
2.3% of the total emission share, respectively. Minor contributions come from the paper and wood
processing industry and from the animal and vegetable products for food and drink production.

Looking at data, there is a large availability of industrial sources emitting GHG into the atmosphere.
In order to meet the 2030 targets of the European Union, prescribing at least 40% cuts in GHG emissions
from 1990 levels with the aim to reach climate neutrality by 2050, it is of paramount importance to
assess whether CCU can be an effective climate change mitigation strategy. In this case, CCU could
tackle several unsolved issues: industry decarbonization (not only for power production but also in all
other sectors), long term energy storage into chemical vectors, sector coupling.
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Figure 1. Aggregated CO, releases from industrial activities in Italy (2017): sector breakdown. Adapted
from [24].

2. Materials and Methods

In this work, an attributional LCA was applied, according to the ISO 14040 [25] and ISO 14044 [26]
guidelines. SimaPro version 8.5.2.0 was used as software with the cut-off ecoinvent version 3.5 [27,28]
database coupled with literature data, as described below. The International Reference Life Cycle Data
System (ILCD) midpoint method [29] was applied in coherence with the European Commission Joint
Research Center recommendations.

2.1. Assumptions and Study Boundaries

The system boundary included the steps for SNG production from water extraction and
capturing CO; from a point source (or air) to the production of SNG itself, as visualized in Figure 2.
All conversion processes (electrolyzer, CCU plant, methanator, and compression steps) were covered.
The infrastructure was excluded from the analysis for lack of data; indeed, for a given functional
unit, the required infrastructure was the same, and it did not affect the absolute difference among the
considered CO; sources. The SNG end-use scenario was out of the scope of the present work as we
assumed the same impacts of using SNG and conventional NG.
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Figure 2. Study boundaries.
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2.2. Data Sources

The data used in the present study included both data from the cut-off ecoinvent database version
3.5 and data from the literature as well as assumptions based on engineering practice for electricity
generation, electrolysis, and carbon dioxide sources.

The methanation plant was developed in Aspen Plus® environment [30]. Methanation was
carried out in a fixed-bed reactor at 300 °C and 60 bar to achieve high purity SNG.

SNG production required electricity to power the electrolyzer, the feed gases compressors, and
the carbon capture plant. In the present study, the Italian generation mix in the 2030 scenario was
modeled for the electricity supply [31,32]. The Italian electric generation forecast to 2030 was given with
aggregated data per source, without any detail on the unique technology installed capacity [31]. So,
we assumed that the technology share (e.g., conventional natural gas power plant) within each source
(e.g., gas) in 2030 would be kept the same as the 2018 shares. The electricity generation from solar
energy was further subdivided into rooftop plants (41% of the total capacity) and ground-mounted
panels (59%), assuming a rooftop maximum installed power of 200 kW [33]. The resulting detailed
2030 Italian energy mix is shown in Table 2.

Table 2. Italian 2030 energy mix for electricity production (TWh). CC = Combined Cycle; CSP =
Concentated Solar Power; PV = Photovoltaics; RES = Renewable Energy Sources.

Installed Technology Installed Capacity (TWh) Share (%)

Gas 118.00 38.5

Gas, CC 36.09 11.8

Gas, conventional 9.69 3.2

Gas, CC, 400 MWW 44.68 14.6

Gas, Conventional, 100 MW 27.54 9.0
Coal 0 0

Qil and others 2.00 0.7

Oil, conventional 0.43 0.1

Oil, cogeneration 157 0.5

Geothermic 7.10 2.3

Bioenergy 15.70 51

Biogas, gas engine 11.96 3.9

Wood chips 3.74 1.2

Solar 74.50 24.3

PV, rooftop 30.15 9.8

PV, ground mounted 43.06 14.0

cspP 1.27 0.4

Wind 40.10 13.1

Omnshore, <1 MW 10.70 3.5

Onshore, 1-3 MW 24.17 79

Omnshore, >3 MW 3.27 1.1

Offshore 1.96 0.6

Hydro 49.30 16.1

Hydro, Pumped storage 143 0.5

Hydro, Reservoir 30.64 10.0

Hydro, Run-on 17.23 5.6

Tot 306.7 100

Tot RES 186.7 60.9

The electric consumption of the electrolysis was assumed to be 4.5 kWh/Nm?, a typical value for
both Alkaline (AEL) and Proton Exchange Membrane (PEMEL) electrolyzers [34].
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CO;, emissions data were taken from von der Assen et al. [16], which provided average energy
demands of individual facilities in Europe, including average consumptions for DAC (see Table 3).
The electricity was modeled, as expressed in Table 2, while heat, natural gas, and coal were taken from
the ecoinvent database, as detailed in Table S1.

Table 3. Average specific energy consumption for CO, capture from different CO, sources in Europe.

Data from [16].
Average Energy Demand (GJ/(t COy))
Type of CO, Source CO; Concentration Electricity Heat Natural Gas Coal
Air 400 ppm 1.29 4.19
NGCC power plant 3—4% 1.60
Refineries and steam cracker 3-13% 0.91 3.16
Coal power plant 12-15% 1.22
Integrated pulp and paper mills 7-20% 0.04 1.57
Market pulp mills 7-20% 1.03
Iron and steel 17-35% 0.87 0.95
Cement 14-33% 0.09 3.35
IGCC power plant 1/40% 0.61 0.81
Ammoma/ethyle.ne oxide/gas ~100% 0.40 0.01
processing
Hydrogen ~100% 0.35

2.3. Handling Multi-Functionality

Most CO, emitting activities and CCU technologies are multi-functional [35,36]. By definition,
“a multi-functional process causes a multi-functionality problem in LCA whenever environmental
impacts have to be partitioned among multiple functions” [37,38]. The approach to deal with
multi-functionality (MU) is not yet univocal [39]. When a subdivision is not applicable to solve MU,
system expansion or allocation must be implemented [26,29]. There are two multi-functionalities to be
discussed: one related to the capture process and the other related to the utilization process. The main
industry produces one main product (e.g., steel production) and emits a certain amount of CO, in the
flue gases. The industry (including the capture process) is multi-functional when the emitted CO, is
considered a co-product [40,41]. Instead, the process can be considered mono-functional under the
following conditions:

e  with DAC since the only product is the captured CO; itself;

e COj, is considered a waste and not a co-product [40].

e  This latter approach allows the comparison among different CO, sources. It was adopted in the
present work since CO, is nowadays still considered a waste rather than a co-product.

e  The electrolysis process instead is multi-functional since it produces hydrogen and oxygen. In the
present work, three approaches were implemented:

e 100-0 allocation (base-case scenario): all the electrolysis process burdens were attributed to
hydrogen. For this reason, this was the most precautionary case, and it was assumed as a
base-case scenario.

e  Mass allocation: in the electrolysis process, 7.94 kg O,/kg H, was produced. Therefore, 89% of the
burdens were attributed to oxygen and only 11% to hydrogen.

e  Economic allocation: in the absence of reliable forecasts of chemical market prices for 2030,
the oxygen and hydrogen market prices were estimated based on the average Producer Price
Index (PPI) variation between December 2009 and December 2019 [42] (Table 4). The price of a
chemical in a year could be calculated from its PPI, knowing its price and PPl in a reference year
(see Equation (1)). Since chemical prices fluctuate greatly, we chose an average price between the
years 2009 and 2019. The economic allocation was applied considering 1.21 $/kg H; and 0.25 $/kg
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O,. Some considerations based on different oxygen/hydrogen price ratio would be drawn, even if
results sensitivity analysis on the market prices was out of the paper scope.

PPIchem,new
PPIchem,ref

)

Pricechem,new = Pricechem,ref'

Table 4. PPI (Producer Price Index) and calculated average price for oxygen and hydrogen as
bulk chemicals.

Chemical Referen December December Current Allocation
emica eterence 2009 2019 (Average) Factors
PPI index 105 92.9 [43] 89.3 [43]
(2012) [43] T T
Hydrogen 139 37.9%
Price ($/kg) (201é) [44] 1.23 1.18 1.21
PPl ind 170 230.3 [45] 311.0 [45]
index (2001) [45] . .0 [45
Oxygen 0154 62.1%
Price ($/kg) ' 0.21 0.28 0.25

(2001) [46]

3. Results and Discussion

3.1. Impacts of CO; Separation from Various Industrial Sources

Within the stated boundaries and assumptions, the impact assessment showed that CO, separation
from all the considered sources reduced the environmental impacts only for the climate change indicator
(see Figure 3 and Table S2 SI). This result means that the separation duties emitted less CO,-eq. than
what was captured. This finding was valid for all the considered CO, sources. All the other considered
indicators were positive, which means that the impacts related to the capture process were higher than
in the case of status quo operation without CO; capture.

As far as the comparison among the CO, source is concerned, capturing CO; from cement
plants had the highest impacts on climate change, human toxicity (cancer and non-cancer effects),
particulate matter, photochemical ozone formation, acidification, terrestrial eutrophication, freshwater
eutrophication, marine eutrophication, and freshwater ecotoxicity. These impacts were mainly
due to heat production from coal (global warming, particulate matter, acidification, terrestrial
eutrophication, marine eutrophication), spoil from hard coal mining in surface landfill (human
toxicity, freshwater eutrophication, freshwater ecotoxicity), and coking process (photochemical ozone
formation). Capturing CO; from the air had the highest impact on ozone depletion due to the
processing and transport of natural gas over long distances. Capturing CO, from refineries and steam
crackers had the highest impacts on ionizing radiation due to torch incineration of low-level radioactive
waste. Capturing CO, from Natural Gas Combined Cycle (NGCC) power plants had the highest
impacts on land use, water resource depletion, and mineral, fossil, and renewable resource depletion.
This finding was, respectively, ascribable to electricity production from open ground PV modules,
electricity production from hydro reservoirs in Alpine regions, and zinc-lead mine operation. On the
other hand, capturing CO, from hydrogen production plants and integrated pulp and paper mills
resulted in a more environmentally friendly solution for all considered indicators.
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Figure 3. Relative impacts of CO, capture (functional unit 1 kg of CO,) from various CO, sources.

3.2. Base-Case Results

The considered base-case referred to a scenario where SNG was considered as the only product.
This approach implied that burdens in the electrolysis process were attributed to hydrogen production,
while oxygen was discharged into the atmosphere. Moreover, the heat coming from the methanation
reactor was wasted and did not represent an additional co-product. As we have discussed in Section 3.3,
this scenario was the most conservative.
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3.2.1. Contribution Analysis

The contribution analysis quantified the impacts (and, therefore, the contribution) of different
processes over all the considered indicators. Figure 4 reports the average impacts for the production of
1 kg of SNG from different CO, sources, with the error bars representing the values among which the
impact fluctuated depending on the chosen CO, source. The electricity required for the electrolysis
caused an average of 87-96% of the total impacts over all the considered indicators. The second-largest
impacting process on most of the indicators was the heat for CO, capturing (4-9%), except for terrestrial
eutrophication, freshwater ecotoxicity, land use, water resource depletion, and mineral, fossil, and
renewable resource depletion, which were secondly mainly influenced by the electricity for CO,
capture. The impact of heat for CO, capturing was strictly related to the heat source (from natural
gas, from steam as an energy carrier and coal coke). Therefore, its impact greatly varied between 0
(no impact, in the case of NGCC power plants, coal power plants, market pulp mills, and hydrogen
plants, where no extra heat was required for capture) and up to 50% in the case of the cement plants
where most of the heat production came from coal. The electricity for CO, capture and compression
and H; compression represented, on average, 2.0%, 1.6%, and 0.7% of the impacts on all indicators.
Deionized water production and wastewater treatment contributed less than 1%. The CO, uptake
(—2.69 kg CO,/kg SNG) constituted between —30% and —35% of the total share of the global warming
impact. Further details can be found in Table S3 SI.

B CO; uptake B Electricity for electrolysis O Water, deionised, for electrolysis
DO Electricity for H, compression O Electricity for CO; compression O Electricity for CO, capture
B Heat for CO; capture B Wastewater

120

80— — 1 [

£ 40— —1 1 1+ — — 4t 1 — —
20— 1 — 1 1 1 11— 1
0 T
-20 :l
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& 5 & $ & & & 3 &
& & xS - - S xS N3 & O )
S I N & & &S S S AR N
& < <2 " N S & & &~ ~ & & NS & Q Q
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Figure 4. Contribution analysis and impact assessment for the production of 1 kg SNG (Synthetic
Natural Gas), average values among all the considered CO, sources. The error bars represent the
fluctuation depending on the chosen CO, source.

3.2.2. Comparison among the CO; Sources

Differently than the separation step (Figure 3), under the stated assumptions, the production
of 1 kg SNG led to impacts with a positive sign in all indicators, which means that, for instance,
the production of the synthetic fuel emitted more CO, than the CO, amount absorbed from the
atmosphere. For the rest, the impact assessment for the production of 1 kg of SNG from different CO,
sources mainly reflected the qualitative results and considerations reported in Section 3.1, both for the
comparison among sources and for the process contribution analysis. Producing SNG by capturing
CO, from hydrogen production plants and integrated pulp and paper mills resulted in the technology
with fewer impacts concerning all considered indicators. On the contrary, producing SNG with CO,
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from cement plants had the highest impacts on climate change, human toxicity (cancer and non-cancer
effects), particulate matter, photochemical ozone formation, acidification, terrestrial eutrophication,
freshwater eutrophication, marine eutrophication, and freshwater ecotoxicity. Synthetizing SNG with
CO; from the air had the highest impact on ozone depletion. Synthetizing SNG with CO, from
refineries and steam crackers had the highest impacts on ionizing radiation. Synthetizing SNG with
CO; from NGCC power plant had the highest impacts on land use, water resource depletion, and
mineral, fossil, and renewable resource depletion. All the other CO, sources implied intermediate
impacts between the plants mentioned above. The relative results are shown in Figure 5, and the
absolute values of the impacts are reported in Table S4 SI.

B Refineries and steam cracker ONGCC power plant

O Market pulp mills OIron and steel

O Integrated pulp and paper mills B IGCC power plant

B Hydrogen @ Coal power plant

B Cement = Ammonia/ethylene oxide/gas processing
B Air

~

Freshwater ecotoxicity

|

Freshwater eutrophication =—
|

Photochemical ozone formation =

|

|

|

0 20 40 60 80 100
0/0

Method: ILCD 2011 Midpoint+ V1.10 / EC-JRC Global, equal weighting / Characterisation

Figure 5. Relative impact assessment for 1 kg SNG production from different CO, sources.
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3.3. Handling Multi-Functionality in the Electrolysis Process

The choice of considering the oxygen produced by the electrolyzer as a co-product and the
following methodology to handle the multi-functionality affected the results. The impacts were
calculated according to different methodological choices (Figures 6-9 and Table S5 SI). The indicators
were averaged over various CO; sources, and the variation between the minimum and maximum was
illustrated by error bars. The status quo was represented by natural gas production and distribution of
NG in high-pressure pipelines. The status quo reported no error bars because there was no variability
related to the CO, source choice. In the base-case, all the burdens were allocated to hydrogen production.
The base-case reported the highest impacts on all the considered impact categories. Applying mass
allocation led to the lowest impacts. This was due to the mass ratio between hydrogen and oxygen
produced by the electrolyzer (8 kg of O, per kg of H), for which 89% of the burdens were attributed to
oxygen. Only this methodology led to a negative climate change impact (-1.12 kg CO, eq/kg SNG).
The economic allocation reported the impacts between the base-case and the mass allocation because,
with the prices stated in Section 2.3 (hydrogen price was 5 times higher than oxygen price), 62% of
the total burdens were allocated to oxygen. It had to be noted that if we applied economic allocation
with oxygen and hydrogen prices of the same order of magnitude, the results overlapped with the
mass allocation case. We could observe that it would be necessary to have a market oxygen price
higher than one-third of the hydrogen price to achieve a negative global warming impact. Finally,
when comparing the results obtained with the three methodologies with the status quo, one could
notice that the status quo implied lower impacts than the base-case and the economic allocation in all
the considered indicators. It reported lower impacts than the mass allocation on all the considered
indicators, except for climate change, ozone depletion, and ionizing radiation.

55

[$8) >
a Qa1

land use [kg C deficit]
& &

freshwater ecotoxicity [CTUe],
Q1

Climate change [kg CO; eq],

m_ N _ Iﬁl_

Climate change Freshwater ecotoxicity Land use

'
a1

M Base-case [ Mass allocation B Economic allocation B Status quo

Figure 6. Climate change, freshwater ecotoxicity, and land use assessment for 1 kg SNG production
under different MU methodologies: base-case, mass allocation, economic allocation, and status quo.
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Figure 7. Ionizing radiation, photochemical ozone formation, acidification, terrestrial eutrophication,
and water depletion assessment for 1 kg SNG production under different MU methodologies: base-case,
mass allocation, economic allocation, and status quo.
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4. Conclusions and Outlook

In the present article, the impact assessment of producing synthetic natural gas from different
point sources and DAC using the 2030 Italian energy mix was carried out. The methanation plant
was modeled with Aspen software. Furthermore, different approaches were applied to deal with
multi-functionality in the electrolysis process.

When considering the CO, capture and production process, all assessed CO, sources showed a
benefit in the global warming impact (-0.81 kgCO, eq/kg CO, captured, on average) due to the CO,
uptake if compared to the case of industries with no CO, capture. All the other impact categories were,
instead, positive. On the other hand, within the stated boundaries and assumptions, the production of
1 kg of SNG implied impacts with a positive sign for all investigated indicators. Referring to SNG
production, the major contribution to all the considered impact indicators was the electricity required
for the water electrolysis. The contribution ranged between 87 and 96% of the total impact on all
the indicators and CO, sources. The heat provision represented the second most significant impact
for the CO,; capture, which represented 0-9% of the total impact, with significant variance among
the CO; sources. Minor contributions were represented by the electricity for CO, capture (2.0%),
CO; compression (1.6%), and H, compression (0.7%). The CO, uptake (-2.69 kg CO, eq/kg SNG)
represented 30-35% of the total share of the global warming impact.

For both the CO; capture process and the SNG production, using CO, from hydrogen production
plants and from integrated pulp and paper mills led to the lowest impacts concerning all investigated
indicators. On the other hand, capturing CO, from cement plants had the highest impacts on most of
the analyzed indicators (7 out of 16) due to heat production from coal, spoil from hard coal mining in
the surface landfill, and coking process. Other CO, sources were critical on a few indicators, and the
process contribution analysis showed that ozone depletion, ionizing radiations, land use, resource
depletion were mainly affected by the processing and transport of natural gas on long-distance,
torch incineration of low-level radioactive waste, electricity production from open ground PV modules,
electricity production from hydro reservoirs in Alpine regions, and zinc-lead mine operation, namely.

The choice of how to handle multi-functionality had a crucial impact on the assessment results.
Mass allocation led to the lowest impacts due to the mass ratio between oxygen and hydrogen produced
by the electrolysis. This was the only investigated case that reported negative values for the climate
change indicator (—1.12 kg CO, eq/kg). The economic allocation with the considered prices caused
intermediate impacts between the base-case and the mass allocation case. It would be necessary to
have a market oxygen price higher than one-third of the hydrogen price to achieve a negative global
warming impact. The status quo of natural gas production with commercial technologies reported,
in general, lower impacts than the base-case, the mass, and economic allocation. As suggested by
the ISO 14040/44 and remarked by several authors, the allocation should be avoided when possible,
in favor of less discretionary techniques. For this reason, the base-case scenario was made, associating
all the environmental burdens to the hydrogen production, which gave the most precautionary results.
On the other hand, it was also interesting to quantify the high variability of the results according to
different methodologies, which can constitute a benchmark for some specific cases.

The main limitation of the study consists of adopting average data. When plant-specific data are
available, an in-depth LCA needs to be conducted for a more comprehensive, reliable, and detailed
assessment. In this case, the infrastructure should be also included in the study. Moreover, the
prospective character should embrace all inputs, besides the already included energy mix. Looking at
a broader perspective, many open questions remain on CCU. Future work should try to answer the
question of whether SNG production is the most sustainable CCU option among all chemical vectors
and whether CCU is the best option to reduce overall GHG emissions at all.
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Nomenclature

AEL Alkaline Electrolysis

CC Combined Cycle

cCcu Carbon Capture Utilization

csp Concentrated Solar Power

DAC Direct Air Capture

DME Dimethyl Ether

EU European Union

FD Fossil Depletion

FT Fischer-Tropsch

GHG Greenhouse Gases

GWI Global Warming Impact

IGCC Integrated Gasification Combined Cycle
ILCD International Reference Life Cycle Data System
LCA Life Cycle Assessment

MU Multi-Functionality

NG Natural Gas

NGCC Natural Gas Combined Cycle

PEMEL Proton Exchange Membrane Electrolysis
PPI Producer Price Index

PtH Power to Hydrogen

PtG Power to Gas

RES Renewable Energy Sources

SNG Synthetic Natural Gas
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