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The reduction and control of carbon dioxide emissions of the energy system and other
industrial processes using fossil resources is one of the main concerns of our society.
Natural gas may contribute to reduce such emissions as it is the fossil with the highest
H/C ratio. In addition, a deep reduction of emissions requires advanced technologies
such as carbon capture and sequestration (CCS) or utilization (CCU), or direct fossil
decarbonization. Some practical approaches integrated in the power-to-gas scheme to
the application of natural gas decarbonization are presented. The introduction of this
technology in hydrogen mobility seems to be viable, providing a carbon-free production
on site without hydrogen or carbon dioxide transport and storage. The integration of
direct decarbonization into combined cycle plants for centralized electricity production is
justified for carbon penalties above 50 €/kg.
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INTRODUCTION

Natural gas plays a very important role in our society as a raw material for a great variety of
industrial processes. Its utilization as primary energy source has been consolidated during the
past few decades due its high hydrogen/carbon ratio, efficient combustion, and lower amount of
contaminants in the exhausted gases, including lower carbon dioxide emissions. The technological
shift from other fossil fuels (such as coal and oil) to natural gases has contributed to a
considerable reduction of carbon footprint of energy production, penetrating in many sectors from
electricity generation to heating system for houses. This smooth penetration has been produced
in parallel with the development of the associated infrastructures composed of local, national, and
transnational gas grids, as well as gasification plants and gas carrier ships.

Natural gas meets the requirement of a high share of the energy demand, but next phase
is a challenging phase in which the concerns about global warming are motivating the energy
transition to a decarbonized energy system. Natural gas may play a very important role in that
energy transition. Available gas resources are far from being exhausted, thereby accounting from
conventional to unconventional extraction techniques, as well as the potential reserves in the form
of methane hydrates. The lower carbon dioxide emission rate in comparison with coal and oil is
forcing to utilize natural gas in most of the energy transition strategies to achieve environmental
targets in the long term (i.e., 2050).
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Nevertheless, to continue using natural gas “as business
as usual” is not enough to comply with the demands of
our society, and the utilization of natural gas resources
in a low-carbon economy implies the development of new
technologies to achieve negligible greenhouse gas emissions. To
fulfill such objective, the release of carbon compounds in the
atmosphere due to the utilization of natural resources must
be avoided. Three main options are possible: carbon capture
and sequestration (CCS), carbon capture and utilization (CCU),
and direct decarbonization (Abbasi and Abbasi, 2011). The
CCS approach is facing several technological, economic and
social difficulties. Some experts have concluded that “alternative
emission mitigation technologies are potentially the only solution
that could rescue us from the dire situation that we are heading
toward by the end of this century” (Maddali et al., 2015). Hence,
the development of fossil-fuel decarbonization may constitute an
important alternative into the technological portfolio that could
contribute to climate change mitigation, enabling the utilization
of natural gas during a fast energy transition.

NATURAL GAS DECARBONIZATION

Natural gas decarbonization constitutes the splitting of natural
gas into its components: solid carbon and hydrogen. Methane is
the main compound of the natural gas (and the basic molecule
of synthetic natural gas (SNG), main vector of the Power-to-Gas
scheme). Methane decomposition is described by the following
general reaction:

CH4 — C+2H; (AH? = 32.43 kJ/molH,)
The methane decomposition reaction is endothermic with
the need to apply energy to remove the strong C-H bonds
(dissociation energy: 436 k]J/mol). There are lots of work available
about this reaction including extensive reviews (Abbas and Wan
Daud, 2010; Amin et al., 2011) and experimental works with
several types of catalysts (Botas et al., 2010; Pudukudy and
Yaakob, 2015). Such energy requirements imply that temperature
over 500°C is required to start methane decomposition, reaching
high conversion rates over 1,100°C. Conversion rates from 10%
at 500°C (Li et al., 2006) to 95% at 1,050°C (Maag et al., 2009)
have been achieved with different catalysts. Catalysts have shown
some difficulties during their implementation at industrial scale
due to their deactivation either by coke accumulation on their
active surface in metal catalysts or by the reduction of the
superficial properties of the carbonaceous catalysts (Abdnades
et al,, 2012). In particular, in the case of heterogeneous catalysts,
their regeneration relies on the air/steam oxidation of the
coke, producing carbon dioxide and risking sintering. The most
relevant implementation of catalyzed thermal decarburization
was the HYPRO process based on fluidized bed reactors (Poblenz
and Scot, 1966).

There are other technological options offering the possibility
to develop natural gas decomposition. The utilization of a
plasma-arc to drive methane pyrolysis has been tried at industrial
level from the 90’. The main attempt was the development of
the Kvaerner CB&H process (Gaudernack and Lynum, 1998).
The production capacity of the Kvaerner plant was 500 kg/h of

pure carbon and 2,000 Nm?®/h of Hydrogen. However, the factory
was shut down due to some problems with the plasma section.
In fact, this process is considered as the reference industrial
development for methane decomposition. Other similar practical
implementations are proposed based on the production of
carbonaceous aerosols with plasma technology (Muradov et al.,
2009).

Direct thermal cracking can develop methane decomposition
at relatively high temperatures (above 1,000°C) with reasonable
conversion rates, thereby providing suitable methane residence
times into the reactor (Abdnades et al, 2011) or very high
temperatures (more than 1,500°C, when reaction kinetics are
very fast). There were even some proposals of a pilot-plant design
for direct methane decomposition (Rodat et al., 2011). One of the
main concerns about these methods is the extraction of carbon
from the reactor, which forms very hard graphitic deposits at high
temperatures. Additional technologies are under development,
such as the utilization of a liquid metal reaction media (Geif3ler
etal, 2015, 2016).

New technological developments should be put into practice
to limit climate change, as pointed out by many authors (Davis
et al,, 2010). Finding a technological solution for continuing
the utilization of fossil-fuel resources while avoiding CO,
emissions is key to achieving the climate protection targets
fixed in international fori, as the Paris Agreement on Climate
Change. Technology like methane decomposition could serve as
a bridging solution during the transition from a fossil-fuel based
economy to a more sustainable one (Weger et al., 2017), making
it possible to exploit the available resources until a new system is
completely implemented.

SCHEME FOR A LOW-CARBON SOCIETY

The energy transition toward a new energy model based on a
CO;-emission-free society is one of the most critical challenges
for our global community. It implies the integral transformation
of our social and productive metabolisms at several levels such
as energy production (shifting massively from fossil to renewable
energy sources), energy vectors (heat, electricity, gas, liquid fuels,
etc.), and final utilization (industry, transportation, housing,
services, etc.). Such transformation must include new advance
technologies to make possible a transition from an energy
system sustained by centralized energy generation toward a
distributed one, in which the clear difference between energy
producers and consumers vanishes. As an example, massive
energy storage is one of the critical issues either for the
management of a distributed energy grid with micro-storage
(as likely car batteries) or for home storage systems. The
practical implementation of smart grids (electrical) or power-
to-gas schemes (thermal/chemical) (G6tz et al., 2016) will likely
imply changes in the social habits to achieve the goal of their
efficient and smooth management, the creation of new business
models and opportunities, and deep changes on our society.
These changes will be global, with a very important impact
at international level as such energy transition should take
into account the interconnections between different regions,
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countries, and multinational clusters, as the European Union, or
the Eurasia, or MENA regions. The system, on the other hand,
will be built at local level, forming small energy communities.
Their interconnections will be handled by the application of big
data technologies to control the energy market based on huge
amount of prosumers (simultaneously producers and consumers
of energy, including self-storage capabilities). This transition to
a new energy model should be adapted and applied to the whole
spectrum of economic, climatic, and demographic characteristics
of different countries in the world.

One of the options to provide storage capability and flexibility
to an evolved energy system is the power-to-gas (Blanco and
Faaij, 2018) or power-to-liquid (Buttler and Spliethoft, 2018)
scheme. In such scheme, intermittent energy source generation
is stored into a chemical serving as energy storage, joining the
sustainability and environmental benefits of a clean source and
the management capability of a massive storage.

The proposals for chemical intermediate vectors are methane,
ammonia, and hydrogen, or a combination of them, in stages,
depending of the final use or main chemical energy storage
buffer. In the power-to-gas option, wind mills and photovoltaic
plants are intended to be the main primary energy input, in
which intermittent and variable electricity generation is managed
by a high storage capacity in the form of SNG produced
by their surplus production. The existing infrastructure for
the logistics of natural gas (storage sites and reservoirs, and
the pipelines) are used without increasing drastically energy
system costs. Additional carbon-free electricity may be produced
from biomass or from concentrated solar thermal of clean
fossil plants (applying technologies as CCS and CCU, as well
as decarbonization). Hydraulic utilities have double role of
production and storage of energy and may contribute to tune the
scheme.

Methane decarbonization may be a key technology applied
near the energy end-user on power-to-gas option. The energy
stored in the form of SNG is delivered to the consumers through
the gas pipes. The consumers include industrial factories, service
utilities, or households. Natural decarbonization will enable the
direct carbon capture by the transformation of natural gas
into hydrogen, making possible the application of fuel cell
technologies or direct H, oxidation. The development of a
scalable and modular process to split methane into pure carbon
and hydrogen may be very applicable for sites requiring a few
kW of power, such as households, to several MW for industrial
applications. Obviously, it will depend on the technological
possibility for hydrogen utilization, being more applicable in
medium and high power facilities, as it is the case of hydrogen
stations for vehicles or ammonia production, or as a technique
for carbon capture in gas facilities, where the economy of scale
and the need for hydrogen or carbon capture processes are
very relevant. Figure1 illustrates the application of methane
decarbonization near the end-user in power-to-gas option. Next,
the case of the application of this technology into a hydrogen
station and a natural gas combined cycle will be analyzed.

CASE STUDIES FOR METHANE
DECARBONIZATION INTO
POWER-TO-GAS

In this paper, two cases illustrate the potential application of
decarbonization into the power-to-gas scheme. Two business
models for the implementation of methane decomposition are
considered: A medium-sized facility producing of the order of
some units of MW consisting of a hydrogen station and an
industrial installation integrated into a natural gas combined
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FIGURE 1 | Methane decarbonization into the Power-to-Gas Scheme.
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cycle as a tool for carbon capture. Notice that both cases receive
natural gas from external gas pipes and transform it locally
into hydrogen, capturing carbon, and eliminating the need for
hydrogen transport and storage, as natural gas is the energy
carrier vector.

The economic viability of the hydrogen station is determined
by two well-known parameters such as the net present value
(NPV) and the internal return rate (IRR), which are defined
in function of the cash flow (CF), the weighted average cost of
capital (r), and the number of years (1) as:

n

CF

NPV = —CAPEX + Y  ———
— 1+

t=0

IRR corresponds to the worth of r to set NPV = 0. CAPEX is the
initial capital cost invested at the beginning of the operational life
of the station.

In the case of application to a natural gas combined cycle
(NGCC), the key parameter for the evaluation of the economic
viability of the plant is the levelized cost of electricity (LCOE) that
has been estimated by the following expression:

CAPEX + YN | [
N E!
=i o]

CAPEX is the capital cost of the plant spent at the beginning of
its lifespan. CE)&M is the operation and maintenance (O&M) cost
at the year t, C' g is the cost of the natural gas at the year £, C'co
is the carbon taxes at the year t, and r is the weighted average cost
of capital (WACC). N is the number of years of the analysis. E'
is the energy produced in the year t. The following expression
represents the levelized OPEX (LOPEX) including O&M with
fuel consumption and carbon taxes:

N
OPEX = Z [
t=1

CosatChuetCoon
1+
LCOE =

Cosar + Cpuer + Ceon
1+

Costs are evaluated based on its worth at the initial year (t =
0) (C%&M, CJQ” ob C%OZ) and the inflation rate i for the year t,

according to:

Cosar = Cogar(1+ i)'
t 0 N4
Chiel = Cpipr (1 +1)

Ceor = Clop (1+1)f

Hydrogen Station

The deployment of the hydrogen economy in the mobility sector
implies an increasing number of hydrogen delivery stations for
vehicles in parallel with the evolution of the number of hydrogen-
driven engines on the roads. One of the most important issues
regarding hydrogen mobility is how to get hydrogen in the filling
stations. The cheaper production of hydrogen in centralized
facilities is one option, but the technical difficulties and the cost of
hydrogen storage and its transport to the filling stations penalize

this alternative. On the contrary, the solution of transporting
natural gas to the stations and producing the hydrogen locally
to charge the vehicles seems to be a viable option. Most of
the projects with duty hydrogen vehicle fleets are based on the
local hydrogen generation by methane steam reforming on the
site. Nevertheless, their integration into a low-carbon economy
must include any kind of carbon sequestration technology, which
reduces their economic competitiveness.

A hydrogen station based on methane decarbonization is
depicted in Figure 2. A conventional pipe of the gas network
in the area provides natural gas to the station. The natural gas
infrastructure will depend on the total power delivered by the
station, mainly the number of hydrogen nozzles. Natural gas is
then processed in the decomposition system, which comprises a
cracking reactor and a separation stage for the extraction of the
hydrogen from the rest of the components of the reactor outlet
(mostly unreacted methane). Membrane separation technology
is proposed for the extraction of pure hydrogen stream that
follows a set of compression stages to reach the 350/700 bar for
its injection into the vehicle.

A cost analysis has been done for a reference hydrogen station
delivering 150 kg/h of hydrogen working at full capacity 16
h/day equivalent to a capacity factor of 0.66. The total amount
of carbon produced is 572 kg/h, which should be managed as
a waste or as a product. As main hypothesis for the economic
analysis, carbon worth is set to null. The capital cost (CAPEX)
of the installation according to our analysis is evaluated as 1.1
€/W, what imply a total cost for our station of 5.5 M€. In that
figure, the decarbonization process equipment, the separation
membrane based on Pd-Cu (60/40), as well as the hydrogen
compression/buffering equipment are included.

We evaluated the operational costs (OPEX) of the facility,
being of the order of 4.1 €/kgH, including manpower and
substitution of spare parts during operation. The energy for the
compression stage corresponds to approximately 25% of the total
cost. Such analysis has been done for European cost of natural gas
(11 €/GJ as upper limit including taxes 2nd Sem. 2016; Eurostat,
2018). This cost is higher to that of the natural gas in international
markets as it is applied to a medium consumer. The total levelized
cost of hydrogen for a typical 20 year lifetime is 5.19 €/kgH5.

This figures has to be compared with the market cost of
hydrogen paid by the vehicle owners, which has been estimated
as 8 €/kgH, (+VAT). Compression costs are very relevant. There
may be reduced developing hydrogen storage at lower pressure,
as it is in the case of metal hydrates.

With such economic values, the economic analysis of a
hydrogen station based on natural gas decarbonization shows an
internal return rate (IRR) of 14% and a NPV of 2.8 M€ in 20
years.

Natural Gas Combined Cycle (NGCC)

The reduction of carbon dioxide emissions from centralized
power plants is one of the key technological alternatives to
integrate the utilization of fossil resources in a low-carbon
society. Coal plants must implement carbon capture sections
to apply CCS or CCU as the main path to reduce its carbon
footprint. Hydrocarbon-based plants, such as NGCC, using a fuel
with a very high H/C ratio can integrate fossil decarbonization
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in addition to carbon capture systems. The reduction of CO,
generation in a NGCC will depend on the fraction of feeding
natural gas being converted into hydrogen. In the case of a full
conversion into hydrogen and carbon, the hypothetical plant
eliminates CO; process emissions, substituting the management
of gaseous carbon dioxide by solid carbon, and avoids carbon
taxes.

The direct application of natural gas decarbonization to
carbon capture in a natural gas combined cycle is shown in
Figure 3. Feeding natural gas enters a pyrolysis reactor operating

at 1,200°C achieving a molar conversion of methane into
hydrogen close to 80%. The gas output from the reactor is a
mixture of hydrogen and natural gas, which is almost 50/50
in weight. In this analysis, for a total power of 460 MWe, the
pyrolysis section processes 27 kg/s of natural gas, extracting 16.26
kg/s of carbon and producing a flow of 8.5 kg/s of gas fuel
(4.21 kg/s gas, 4.29 kg/s H,) that is injected into the combustion
chamber of the gas turbine.

Around 15% of the gas is used to drive the endothermic
reaction (1.1 kg/s gas, 1.2 kg/s H,). Taking into account the

Natural Gas from Pipe

l Preheater

s I e I
separation

Natural gas
Splitting
Reactor

Carbon
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Carbon

FIGURE 2 | Scheme of a Hydrogen station based on methane decarbonization.
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TABLE 1 | Main parameters for the economic analysis of NGGC with direct
decarbonization.

Unit cost
CAPEXNGoC 328 M€
CAPEX NGCC+Decarbonization 478 M€
CoandM, NGCC 2.7 €/MWh
CoandM, NGCC+Decarnonization 3.22 €/MWh
Cuel 20 €/MWh
Ccoz 6 €/ton
r 7%
t 25 years
i 4%
Et, Nnaoo 3,483 GWh/y
Et, NGCC+Decarbonization 3,422 GWh/y

efficiency of the transformation of natural gas into hydrogen,
of the order of 53% and the efficiency of the combined cycle of
63%, the overall efficiency of the plant with direct carbon capture
is 34%. The CO; emission rate is reduced from 348 kg/MWh
in the conventional combined cycle plant to 115 kg/MWh with
the application of decarbonization burning a 50/50 H,/CHj fuel
mixture.

The reduction in efficiency of a natural gas combined cycle
is produced because the carbon capture contains a high fraction
of energy of the natural gas feed. Almost 40% of the initial
energy content of natural gas is discarded by its decarbonization.
Nevertheless, such carbon is not producing CO, and not
releasing the energy of its combustion but avoiding the energy
required for its further sequestration or reduction for CO,
utilization.

From the definition of the process depicted in Figure 4, a cost
analysis has been done. The components for the evaluation of the

LCOE are depicted in Table 1. Natural gas price is the main input.
The NGCC case is located in Spain; hence, natural gas cost has
been taken according to the Iberian market. Such daily average
price is shown in Figure 3 for 2017. On the analysis, natural gas
has been fixed to 20 €/MWh. The cost estimates for the process
resulted in a LCOE (Levelized Cost of Electricity) in Spain is 121.8
€/MWHh, vs. the average LCOE for NGCC of 78.8 €/MWh. This
scheme is only viable if the taxes for CO, emissions are above 105
€/tonCO; to compensate the plant efficiency reduction and the
increase in fuel consumption. In world regions with lower natural
gas prices, as it is the case of United States (around 11 €/ MWh),
CO; penalties above 50 €/tonCO, make viable utilization of
direct decarbonization.

Additional income from the production of graphitic carbon
can be considered. Nevertheless, the massive amount of carbon
will imply a negligible impact on the economics of the application
of decarbonization to this scheme in comparison with the
uncertainties of the cost evaluation at this stage of development.
On the other hand, it may have an impact on future technology
development in the field of carbonaceous materials or the steel
industry, as cheap carbon raw materials will be available.

CONCLUSION

Decarbonization is a technological option under development
as an alternative to other techniques such as carbon capture
sequestration and utilization (CCS and CCU), which are
proposed for the deep reduction of greenhouse gas emissions
in the consumption of natural gases. On the other hand, the
energy sector is facing paramount challenges that may imply a
deep transformation of the energy market and risks for the oil
and gas companies, unless they put in place efficient low-carbon
technologies. A brief description of natural gas decomposition
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has been done, explaining its integration into a power-to-gas
scheme as a main grid for thermal/chemical energy management
in the future. Natural gas decarbonization would enable the
utilization of hydrogen in the system without the need of massive
hydrogen storage and transport, keeping SNG as the main
energy carrier using existing gas logistic infrastructures. The basic
economic analysis of the application of decarbonization to a
distributed typical application, such as a hydrogen station, and a
centralized facility, such as a natural gas combined cycle, has been
reported.

The integration of natural gas decomposition in the hydrogen
economy and mobility is viable according to the analysis with an
IRR of 14%. Regarding its integration in a combined cycle plant,
even if the hydrogen produced is cheaper due to the higher scale,
the efficiency plant reduction to a 34% is only compensated by
carbon taxes between 51 and 105 €/ton CO,.

Additional improvements in the economic viability of those
processes may be achieved by carbon selling, as natural gas
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