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ARTICLE INFO ABSTRACT

Keywords: As CO»-emission hit new records, immediate emission reductions have to be achieved, especially in the transport
CNG and industrial sector an in domestic heat. As important backbone of the industrial and private sector, the existing
Synfuel natural gas grid is capable of storing and transporting large amounts of energy. Admixing synthetic natural gas to
IS_II\SII;G the gas grid could have an immediate impact on CO2-safings. Furthermore, admixing up to 30 % renewable H; to
PG the gas grid could improve resilience, lower costs, compared to synthetic natural gas, and could have positive

impacts on the use in the transport sector.

Based on rigorous process simulations in Aspen Plus® V14 a techno-economic analysis for two production
processes: high temperature TREMP™ and low temperature isothermal, has been carried out. The product
quality has been set to the overlap of the requirements of the gas grid and the transport sector. Furthermore,
three different higher hydrogen concentrations have been assessed. The TREMP™ process has a power-to-fuel-
efficiency of about 57 % compared to 55 % for the isothermal process, resulting in net production costs in
2018 of 185 €5913 MWh'LIHV for TREMP™ versus 189 €515 MWh‘LlHV for isothermal. An increase from 2 % to 30 %
mol H, reduces the NPC by about 2.6 % for TREMP™ and 2.7 % for the isothermal process in comparison to
synthetic natural gas. Technical constraints and costs within the gas grid suggest a sweet spot of hydrogen
admixture of up to 20 % vol. Ha.

natural gas grid is one of the most important backbones of the industrial
and private sector and is capable of storing large amounts of energy, its
use for SNG or renewable methane-hydrogen-blends (HSNG) is probably
more sensible than partially tearing it down and replacing it by an Hs-
grid or paying for a dual structure, as currently planned in Germany, for
example [6].

Direct electrification of the transport sector might be feasible in
parts, still for hard-to abate sectors renewable fuels might be important.
Natural gas could be used in an internal combustion engine leading to up
to 20 % lower CO; emissions than gasoline and diesel [7]. If produced
renewable, CO5 emissions could decrease even further. Additionally,
natural gas combustion emits less nitrogen oxides (NOx) and PMy 5 than
its diesel counterpart [8]. The amount of CNG and liquefied natural gas
(LNG) trucks has already increased, for instance on the German market
[9]. This was supported by a toll exemption between 2021 and 2022, by
subsidies for fleet replacement and by increasing the number of CNG/

1. Introduction

According to the Paris agreement greenhouse gas (GHG) emissions
should be cut to halve by 2030 compared to pre-industrial times [1]. Yet,
global GHG emissions hit an new record in 2024 with 37.8 GT CO; [2].
Especially for transport, industrial combustion processes and buildings,
higher efforts have to be undertaken as their worldwide combined GHG
emissions account for about 45 % of total emissions [3].

Natural gas as the”largest contributor to global carbon emissions
growth”, [EA [2], could be produced renewably. If carbon dioxide is the
carbon source, methanol and methane can be produced more efficiently
than other renewable synthetic fuels (synfuel) [4]. Since, the production
of synthetic natural gas (SNG) is a well-established process, available at
commercial scale [5], ramping up its renewable production and use
might have immediate positive effects on GHG emissions. As the existing
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Nomenclature

ACC Annual Capital Costs[€ a]

CEPCI Chemical Engineering Plant Cost Index[-]

Egy_product Exergy of by-products[MW,,]

Eg Equipment cost of function i[€]

Eco, Exergy of carbon dioxide flowing into the process[MW,,]

Eklectricity,generated  El€ctricity generated by the process[MWe]

Eklectricity,plant  Electricity needed for the process excluding H,
production and CO, purification[MWe]

En, Exergy of hydrogen flowing into the process[MWey]

Eheat,synfuel Exergy of heat of synfuel[MWe]

Enet,Heat Exergy of heat (net resources spent to generate the

product)[MW]
FCI Fixed Capital Investment[€]
Feco,L, Economic factor j for equipment i[-]
f; Equipment cost of function i[€]

Fateria,i Material factor of the equipment i[-]
Fpressure,i Pressure factor of the equipment i[-]

IR Interest Rate[-]
Keq Equilibrium constant[K]
Kuix Equilibrium constant of mixing[K]

NPC Net production Costs[€]

OPEXy;, Direct Operational Expenditures[€]
OPEXj,q Indirect Operational Expenditures[€]
Sij Entry variable j of the cost function[-]
tabor Labor hours[h]

Tref Reference Temperature[K]

y Plant Operating Time[a]

€process—to—x Process-to-X exergy efficiency[-]

€ptF Power-to-fuel exergy efficiency[-]

Neew Hydrogen-to-fuel efficiency[-]

Nixer Compressed Natural Gasl[-]

Npr Power-to-fuel efficiency[-]

AH} Enthalpy of Reaction[-]

j Index 1 CO-methanation; Index 2: RWGS
n OH, mix, C, H, CO, H,, CH4, H,O

AEL Alkaline Water Electrolysis
CNG Compressed Natural Gas
GHG Greenhouse Gas

GHSV  Gas Hourly Space Velocity

HSNG  Hydrogen Synthetic Natural Gas

iso Low temperature isothermal process
LHV Lover heating value of synfuel

LNG Liquefied Natural Gas

OPEX Operational Expenditures

PEM Proton Exchange Membrane

PPA Power Purchase Agreement

SOEC Solid Oxide Electrolyzer Cell

Synfuel Synthetic fuel

TREMP TREMP™: Topsge’s Recycle Energy-Efficient Methanation
Process

TRL Technology Readiness Level

LNG filling stations in Germany [7]. Moreover, LNG is a viable ship fuel
[10].

By producing renewable HSNG instead of SNG, synthesis losses could
be reduced. Up to 30 % hydrogen in natural gas grid seem to be feasible
without mayor changes [11]. Adding hydrogen to methane for transport
applications could have positive effects as well. Dimopoulos et al. [12],
for instance, analyzed that having 15 vol% Hj in natural gas could lead
to an increase of 3 % engine efficiency while engine-out NOy emissions
could be lowered by 45 % with no change in CO-emissions. Hydrocar-
bons emissions increased by 7 %. However, methane slip can be oxidized
by about 80 % to 98 % by catalysts [13].

Besides technical considerations, the production cost of synfuels and
their competitiveness to other alternatives are key aspects for their
implementation in the market. Still, comparison of production costs is
difficult, since publications are carried out under a variety of assump-
tions as outlined for instance by Heimann et al. [14]. Here are some
more examples for SNG: Gorre et al. [15] calculated methane costs as
low as 16 € MWh'Lle. This is based on assumed low (future) electricity
costs or future governmental funding. Comparably high costs of 410 to
590 €5920 MWhi}Hv as in Vega Puga et. al. [16], might be due to their
small plant size, their equipment costs functions and their relatively high
surcharge factors. Their statement, that the COq-price is neglectable, is
based on their assumptions, that the COy-extraction has no costs and
their high share of capital expenses in the production costs. In some
publications, neither the year of the analysis [17] nor the plant lifetime
[18] is specified, hence no comparison of production costs is feasible.
The same is true, if the product purity is not given [15,19] or differs
between publications. Further influences such as full-load-hours, plant
capacity and country/location have also considerable influence on the
comparability of results. A selection of recent publications on power to
methane is summarized in the supplementary information (SI) in
Table S1.

In this work a techno-economic analysis for SNG meeting quality
standard of both, the gas grid (Germany) and the transport sector is
carried out for a high-temperature process, Topsge’s Recycle Energy-

Efficient Methanation Process, TREMP™ (TREMP), and a low-
temperature isothermal process (iso). Results are directly compared
with the production of renewable methanol, published by Rahmat et. al.
[20]. In addition, the production of various HSNG mixtures will be
evaluated and technical and economic options for a smooth transition of
the gas grid, including HSNG mixtures, will be presented.

2. Methods
In this chapter the product gas composition and educts are defined,

as well technical, economical parameters and used methodologies. The
main basic assumptions are used as in Heimann et al. [14].

2.1. Definition of product gas composition according to standards

For comparable results, the purity of the SNG is defined. Two stan-
dards have been considered:

DIN EN 16723-2:2017-10 “Natural gas and biomethane for use in
transport and biomethane for injection in the natural gas network —
Part 2: Automotive fuels specification” [21]

e DVGW G260 “Gas quality” [22]

for the overlap of both standards, the product can be used in internal
combustion engines as well as it can be injected into the gas grid. The
composition of the SNG was defined by maximizing the hydrogen con-
tent to the 2 % mol limit of the standard DIN EN 16723-2:2017-10 due
to its high gravimetric energy content, lower CO need in the production
and advantages in the combustion. For the sake of simplicity, the pres-
ence of CO in the product is neglected being less than 0.05 % mol for the
high-temperature methanation process, TREMP. Furthermore CO is not
considered in the kinetic of Koschany et al., which is used in the
isothermal process [23]. The CO5 content was minimized to 0.3 % vol.,
to reach lower density limit of the standards.

Additional to SNG, the production of three HSNG blends is analyzed.
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Since the standard DIN EN 16723-2:2017-10 states that hydrogen
concentration of up to 10 % vol. might be used for special gas motors, a
HSNG-10 (10 % vol. Hy) mixture was defined. Furthermore, HSNG-20
(20 % vol. Hy) and HSNG-30 (30 % vol. Hy) mixtures were incorpo-
rated. Since there are no standard for HSNG-mixtures, the limits have
been defined by the authors. The resulting composition of SNG and
HSNG is presented in Table 1.

2.2. Electricity

The energy supply costs are the most relevant input variable
regarding the cost of a PtX-product [26]. In this study, the following
electricity sources have been selected in order to be comparable with
results of Rahmat et al. [20]:

e Case 1 - Grid electricity for 2018 and estimations for 2030 and 2045
asin [14,20].

e Case 2 — Renewable German grid electricity as also implemented in
[20], with prices from the German day-ahead market using 2020
values and, guarantees of origin.

e Case 3 — Local production as also implemented in [20], with a
combination of a PV farm, wind turbines, storages and curtailment
for a constant Hy-production using the methodology as presented in
Raab et al. [27].

2.2.1. Renewable grid electricity 2020 (Case 2)

For the estimation of the renewable grid electricity price, the prices
are divided into the different components such as taxes, levies, distri-
bution-, electricity procurement price and others [28]. The year 2020
has been selected as a year with exceptional low electricity prices and
can be seen as a best case. Green electricity is ensured by guarantees of
origin, or power purchase agreement (PPA). Since these contracts are
usually confidential and differ a lot depending on the contractors, a
published surcharge for guarantees of origin has been used [29]. For the
scope of this investigation, the German electricity market is utilized as a
reference to estimate the electricity cost. The price components are
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divided in three main categories (Measurement and billing, Network
charges, Taxes and levies) following the analysis used by Grave et al.
[28]. Electricity procurement prices are defined as the purchase costs of
electricity, also encompassing the margins of the suppliers. To estimate
these prices, the average of the day-ahead-price for the year 2020 [30]
was used. Network charges are defined as the charges associated with
the transmission and distribution of electricity by the system operators.
Other state-regulated components are costs which are defined by energy
policy instruments or state revenue requirements. This component in-
cludes taxes and levies but also costs associated with meeting specified
quotas. For the calculation of levies and taxes the yearly electrical de-
mand plays a significant role in the specific cost of several of the levies or
taxes. Therefore, the electricity cost was calculated for an electrical
demand of 2,400 GWhg a’%, resulting from a full load operation of 8,000
h a! and an assumed power demand of 300 MW,,. The resulting elec-
tricity prices are listed in Table 2. More detailed values are shown in the

Table 2
Input values of evaluated cost cases.
Year Case Electricity H, CO, Reference
price cost cost
€2018 MWhg €201 €2018
1 kgfl tfl
2018 Case 1 min 55.72 4.74 68.95 [14]
max 89.60 6.43 73.13 [14]
2020  Case 2: 100 % 42.15 3.66  71.63%
RE-grid
Case 3: 100 % 42159 1051  71.63%
RE-Stotten
Case 3: 100 % 42.15Y 1144 71.63%
RE-Friesoythe
2030 Case 1 min 66.13 3.96 82.19 [14]
max 99.43 5.51 87.52 [14]
2045 Case 1 min 40.51 2.34 89.61 [14]
max 63.00 3.33 93.42 [14]

a) Assumed for electrical demand of the synthesis plant, not for electrolyzer or
CO,-extraction used.
b) Linearly interpolated from 2018 to 2030.

Table 1
Composition and properties of selected synthetic fuels and requirements of CNG according to DIN EN 16723-2:2017-10 [21] and DVGW G260 [22].
Properties DIN EN 16723-2 DVGW G260 SNG HSNG-10 HSNG-20 HSNG-30
(Gas 2H)
min. max. min. max.
Methane content % vol. — — - - 97.7 89.7 79.8 69.8
CO, content % vol. — 59 — 2.5 0.3 0.3 0.2 0.2
Oxygen content % vol. - 1 - 3% /0.001% 0 0 0 0
Hydrogen content % vol. - 2 - - 2 10 20 30
Mass LHV MJ kg’1 49.8 50.6 51.8 53.2
Mass LHV kWh kg ! 13.8 14.0 14.4 14.8
Density absolute at 15 °C kg m~3 - - 0.67? 0.927 0.67 9 0.629 0.569 0.509
Methane number ® — 70 — - - 96% 83w 719 619
Water dew point for p = 20 bar °C - -309 - - -30 -30 -30 -30
Water content mgm~> - - - 2009 /509 - - - -
Pressure bar - 20 © - - 20 20 20 20
Wobbe-Index (higher) MJ m—3 45.7 54.7 46.57 53.79 53.0° 51.99 50.6° 49.39

a) Calculated using Wartsila Corporation’s calculator [24].

b) According to the standard, only a small portion of the natural gas can have a methane number lower than 70.

¢) 5 % mol is max. CO, + N, + O, content.

d) Highest requirement in the standard selected.

e) Definition of CNG implies a pressure of 20,000 kPa.
f) Recalculated using 15 °C as reference temperature.
g) Maximal Operating Pressure (MOP) < 16 bar.

h) Maximal Operating Pressure (MOP) < 10 bar.

i) Maximal Operating Pressure (MOP) > 10 bar.

j) Selected to ensure the minimum gas density while maximizing the H, content. For the sake of simplicity, the sum of CO, and CO will be used for this specific

measurement.
k) Values have been calculated using ISO 6976 with [25].
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SI in Table S2.

2.2.2. Local renewable stand-alone electricity 2020 (Case 3)

For Case 3, the locations of Friesoythe (N53.03, E7.86) and Stotten
(N48.65, E9.86) are selected due to their attractive renewable energy
potential in Germany. Weather data from the German Weather Service
Climate Data Center [31] are used as input to determine the production
potential of renewable energy. The costs for electricity and hydrogen
from a PV farm and wind turbines are retrieved with the tool of Raab
et al. [27]. The costs for a utility scale PV farm and wind turbines are
taken from IRENA [32]. This way, an isolated location without grid
connections can be assessed. Electricity costs for all three cases are
presented in Table 2.

2.3. Hydrogen supply costs

Based on the three electricity cases, there are three hydrogen cases.
The hydrogen source from Case 1 is based on equal production shares
from proton exchange membrane electrolyzer (PEM), alkaline water
electrolyzer (AEL) and solid oxide electrolyzer cell (SOEC) as a generic
assumption and the underlying electricity price is the same as in the
electricity Case 1 as in [14]. Underlying electrolyzer efficiencies are
attached in the SI in Table S3. For the renewable energy cases (Case 2
and Case 3) the cheapest electrolyzer technology, AEL, is selected. Since
in Case 3 the renewable energy is fluctuating but the subsequent
methane process runs stead-state, hydrogen is produced and is either
feed to the synthesis plant or to a compressed hydrogen storage tank. If
there is less electricity available than needed, hydrogen from the tank is
used. Curtailment of the renewable energy is included, if the storage
tank is filled and electricity is still generated. For the size of the elec-
trolyzer and storage tank an optimization on lowest levelized cost of
hydrogen with perfect forecast has been developed and presented in
Raab et al. [27]. The technical and economic input data, i.e., efficiency
and investment costs, for the years 2018 and 2030 are taken from [14]
and linearly interpolated for the year 2020 in Case 2 and 3. Resulting
values are presented in Table 2.

2.4. Carbon dioxide supply costs

CO4, costs for Case 1 are taken from [14] and are listed in Table 2.
Since the selection of a CO-source depends on local availability and
regulations, a “generic COz-source” has been selected with average CO2-
costs. It represents a mixture of direct air capture (0 % - 10 %), and
ethanolamine-wash-extraction of the point sources cement plant (70 %
— 45 %), gas and steam power plant (15 % — 25 %) and waste incin-
eration plant (15 % — 20 %). The exact shares by year are reported in the
Slin Table S4. For the year 2020, the cost calculation methodology form
[14] is used with interpolated shares of CO,-sources. The renewable grid
electricity costs for the year 2020 are used the calculation of the COy
costs for Case 2 and Case 3.

2.5. Kinetic and thermodynamic models

The process models have been simulated in Aspen Plus® V14 with
the property method of Soave-Redlich- Kwong to account for real gas
behavior. In the following sections, the kinetic models are described.

2.5.1. Reaction kinetic models

The methanation process can be described by three chemical equa-
tions: The CO methanation eq. (1), the reverse water—gas shift eq. (2),
and the CO, methanation eq. (3). The latter is assumed as a linear
combination of eq. (1) and eq. (2) [5].

kJ
CO+ 3H, <> CH, +H,0AHy = _206ﬁ (€D)]
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CO;,+H, < CO+H,0AHy, = +41m£ol (2)
kJ
CO;, +4H, < CH4 +2H,0 AHy = —164— 3

mol

Ronsch et al. [5] present an overview of more than ten different estab-
lished methanation concepts, categorizing them by their maximum
temperature and development state. In their publication, the adiabatic
fixed bed reactors have the maximal technology readiness level (TRL)
TRLO. The other reactor types with lower TRL are: fixed bed reactors and
fluidized bed reactors with TRL7, i.e., system prototype demonstration
in an operational environment.

In this work, an adiabatic fixed bed reactor process and a cooled
multi-tubular fixed bed reactor process are investigated. For the former,
TREMP is selected since it is already available on a commercial level [5].
Furthermore, it is optimized for the production of overheated steam,
which can be used to generate electricity, making it highly efficient.
High energetic efficiency promises lower production cost, what shall be
confirmed and quantified within this study. The isothermal process, on
the other hand, focuses on keeping the temperatures in the reactor low,
thus, decreasing the danger of catalyst sintering. Since TREMP and the
isothermal process run with different catalysts, temperatures and pres-
sures, they are simulated with different kinetics.

2.5.1.1. TREMP. TREMP is simulated using the CO-methanation ki-
netics of Klose et al. [33] for a catalyst with 18 % mass nickel, as a
conservative approach for the MCR-2X catalyst (22 % mass nickel) used
in commercial applications [34]. Since the kinetics is developed for a
pressure range of 20 to 30 bar, it should be applicable within the
operation pressure of TREMP at about 27 bar [34]. To allow for the
simulation of the CO5 methanation, CO methanation kinetic is com-
plemented with the RWGS kinetics of Zhang et al. [35], updated by
Ronsch et al. [36]. The chosen reaction equations are shown in eq. (4) to
(7.

k1. xt0seKcK% ® Dcn, ® Prio ® Pco” @ P;bz <Kﬂ;m>

T'Meth,18 %Ni =

(1 +Kep23 + Kup%?)’ o)
_ kl,K'loseKCKIZ-I.p(Ojg ® DH,
(1 + KeplS + Kups)®

ko PHy *Pco,
LN . _ Py %Pcoy
Pay (Pco Pmy0 Ko

Twes = 5 )
<1 + Kcopco + Ku,pu, + Ken,Pen, + KHZ;TPZHZO>
E,
_ 10 n
ki = kj exp( 7RTG) 6)
AH,
K, = K%exp ( — RT;) 7

The index j equals 1 for CO-methanation and j = 2 for the reverse
water-gas shift reaction. The index n stands for the adsorbed species C,
H, CO, Hy, CHy4, and H30. The temperature-dependent constants Kygs
and Kjn, have been calculated according to Elnashaie et al. [37]. Un-
derlying parameters are listed in the SI'in Table S5 and in Figures S1 and
S2 of the SI, the validation of the kinetics for the Aspen Plus ® simulation
is included.

2.5.1.2. Isotherm process. The isothermal process is simulated with the
kinetics of Koschany et al. [23]. It can be used for a catalyst with 35 %
mass nickel with an operating temperature between 250 and 310 °C and
a pressure between 3 and 9 bar. In his dissertation, Koschany [38]
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evaluated different kinetic approaches according to his findings, the
Langmuir-Hinshelwood-Hougen-Watson model delivered the most
fitting results. Thus, it is implemented in the simulation, as for equations
(8) to (10).

2
p PcH,
0.5 0.5 Hy0 4
kl(oschany°pc0Z ® Dy, (1 2 )

PCOZsz Keq

®

TLHHW, Koschany =

2
(1 + Korrte + K,pfS + Kmup‘é&)
2

1 1
(Tref B ?G) ) ©

AH, (1 1
ko —eo( gt (7)) 1o

Here, T.4Trs is the reference temperature. Index n stands for the
adsorbed species OH, H; and for the mixture. The equilibrium constant,
Keg,Keq is calculated using equation (11) from Aparicio [39].

158.7kJ/mol>

E,
R

kKoschany = koexp <

RT an

K = 137~T’3‘9983xp(
The equilibrium constant of mixing, KnixKmix , is calculated using (12)
and the excess Gibbs free energy of mixing, AmixAmix -

A, (1 1
()

The kinetic parameters are attached in the SI in Table S6. Simulation
results have been shared with partners from industry and research
within the project BEniVer [40] and resemble best knowledge of all the
partners.

2.6. Simulation Description

Methanation is an exothermic process with high product concen-
tration at low temperatures but high reaction rates at high temperatures.
Therefore, temperature control is vital. If the temperature rises too high,
sintering of the catalyst and deactivation can take place, as described by
Champon et al. [41]. Too low temperatures require large reactors for the
low reaction rate. A technical and economical optimum has to be
selected. In this work, two approaches are compared. No by-product
formation is assumed as the catalysts are considered very selective.
Furthermore, no technical heat-losses are assumed, to be comparable
with the results of Rahmat et al. [20].

R2

removed at
20 % mol
Hp in
product
12 14

R2

HX4
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2.6.1. Adapted TREMP process

To make use of the waste-heat, Topsge presented the TREMP™.-
process [42]. It is a high-temperature adiabatic methanation process
with a nickel-based catalyst [43]. Consisting of three to four adiabatic
reactors, each one is running at lower temperatures as the previous one
and has inter-stage cooling. It is capable of producing synthetic natural
gas compatible with pipeline specifications and the process and catalysts
are commercially available [44]. As the first reactor runs at tempera-
tures of about 700 °C, heat can be recovered to produce steam for
electricity generation. For temperature control in the first reactor,
educts are diluted with products by a recycle. The catalyst (MCR-2X) can
withstand temperatures up to 800 °C [42]. Its lifetime is assumed to be
8,000 h as in Meylan et al. [45].

In this work, the TREMP™ process is altered by adding a fifth reactor
(polishing reactor), to ensure a maximum hydrogen content of 2 % in the
SNG, and by an additional water removal step at the end to keep the
water content under the dew point of —30 °C. Fig. 1 shows the flow
diagram for the adapted TREMP process including the necessary
changes.

The inlet pressure is set to 27.2 bar according to experimental values
of Harms et al. [34] and pressure drops are calculated the Ergun-
equation in Aspen Plus®. The temperature of the hydrogen and CO5
streams before entering the mixer (M1) are specified to reach a reactor
inlet temperature of 250 °C, which is in the range of the process set-up
[42]. The amount of recycled gas for R1 is set to not exceed an outlet-
temperature of 700 °C. High temperature steam is generated in HX3.
Water removal at the intercooling in between the reactors at flash (F1,
F2) moves the equilibrium concentration to the product-side. The inlet
temperatures of the reactors R2, R3 and R4 are adjusted to achieve a
maximum conversion rate and R5 to achieve the specified output con-
centration. The gas hourly space velocity (GHSV) of each stage is set to
reach equilibrium concentration close to the reactor end with 10 % over-
dimensioning to account for potential catalyst deactivation as in real
applications. The length of each reactor is set to 2 m and the diameter is
adapted according to the GHSV value. In a real plant, the sizes would
also be adapted according to supplier specifications. The catalyst has a
bed voidage of 0.3 and a particle density of 500 kg m . The reaction
rate in the first reactors is very high, as also in the experiments of Harms
et al. [34]. Therefore, the first reactors has been limited to a GHSV of
8,000 h™! even though reaction to equilibrium occurs in the first deci-
meters of the reactor. The reactors have been simulated in Aspen Plus®
with ‘Rplug’ without tubes. Heat integration has been done by a PINCH-
analysis. The chosen GHSV-values are attached in the SI in Table S8 for
different product hydrogen concentrations. In Table S16-519, the tem-
peratures and concentrations of the process streams are attached, as well
as the dimensions of each reactor.

R4 | Polishing reactor Water removal
removed at removed at |
30 % mol Hy in i 30 % mol H, in product and |

product and above above | PSA

19 24 | 28

Fig. 1. Flow diagram of adapted TREMP process for SNG and HSNG.
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2.6.2. Isothermal Process

The configuration of the isothermal process is presented in Fig. 2.

To run the reactors below 285 °C the hydrogen is feed by 60 % to the
first and 40 % to the second reactor, decreasing the reaction rate.
Additionally, the feed is diluted with steam to avoid carbon deposition
conditions and further decrease the rate of reaction. Furthermore, the
catalyst is mixed with an inert component of SiC particles with a mass
ratio of mgjc mige = 9, as in Koschany [38]. Intermediate water removal
in F1 reduces the presences of by-products. The reactors are simulated in
Aspen Plus® as ‘RPlug’ with co-current thermal fluid and a specific heat
transfer of 2,000 W m2K ™. The inlet temperature is set to 250 °C and
the flow of the thermal fluid is adjusted to reach a reactor outlet tem-
perature of 283 °C. The thermal fluid is water at 280 °C and a pressure of
70 bar boiling in the shell side of the reactor. The vapor fraction of the
water changes from 0 to 100 %. The reactors are simulated with tube
diameter of 0.02 m. The first two reactors (R1 and R2) have a length of
5 m, reactor R3 has 3 m length. The number of tubes is adjusted to reach
about equilibrium concentration at the outlet of each reactor. The
catalyst bed voidage is set to 0.4 and a particle density is 336 kgm™>
with catalyst diameter of 0.003 m and the shape factor of 1.

For HSNG-mixtures at HSNG-10 and above, a Hy-bypass is added. Its
flow is adjusted to reach the targeted concentrations presented in
Table 1. Additional water removal at the end of the process is added. It is
assumed in this publication, that the off-heat can be sold for district
heating, thus is generating a revenue.

The chosen GHSV-values are attached in the SI in Table S9. In
Tables S20 - 523, the temperatures and concentrations of the process
streams are attached.

2.7. Technical key performance indicators

Technical key performance indicators, eq. (13) — (17), are used, as
presented in Rahmat et al. [20].

n _ Z mSynfuel oLH VSynfuel
PtF Z Pel

The power-to fuel efficiency, np, includes the electrical energy flowing
into the system, P,;, and the product flow mgyns.;, and the lower heating
value of the product, LHVsype. Excluding the electrolyzer, the
hydrogen to fuel efficiency, #y,z, divides the energetic product output by
the mass flow of hydrogen m and its lower heating value, LHVy, eq.
(14).

13

_ Z mSynfuel o LH VSynfuel
M Ty, » LHV,

2

(14)

For further analysis, the exergetic efficiencies are calculated eq. (15)
to (17).

EHQO 01 02 03 12
P1 HX1 e HX4
CO, 04 05 06
HX2
08
09 10 "

H, bypass 01

H; bypass 02
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ESynfuel _ ESynfuel

— = - (15)
S"Eri  Enetgiectricity + Enet, Heat

Epr =

In the power-to-fuel exergetic efficiency (epr) the amount of exergy in
the synfuel ESynﬁ_lel is compared to the input exergies. Here, ENet,Elecm’ci[y; is
the net exergy flow into the system minus generated electricity and
ENet’Heat, the net heat flow into the system including the CO; extraction.
The power-to-X (epx) exergetic efficiency, eq. (16), further considers
that some of the wasted-exergy can be used ether as heat, EHeat,prod or in

by-products, > EB_y—produCt'

Ep
SPtX:Z P.l:

ZEF,i

ESynfuel + EHeat, prod + E EBy—product (16)

ENet, Electricity + ENet. Heat

Analogue to the 57, efficiency, the process-to-x (eprocess—to—x) €Xergetic
efficiency can be calculated, eq. (17), excluding the production of
hydrogen and the purification of CO, and instead using the exergetic
inflows of hydrogen EH2 and carbon-dioxide, Ec02~ Furthermore, the
electricity needed for the synthesis process, EElecmcit}@Plant, and generated

eleCtriCitY: EElecrricity‘generated are considered.

Z EProcess, Prod..i
Z EProcexx. Fuel, i

ESynfuel + EHeat. prod

Eprocess—to-X —

== - : - a7)
EHZ + E602 + EElectn‘city, Plant — EElectn'city‘ generated

2.8. Economic assessment

Based on the methodology of Peters et al. [46] and adaptions of
Albrecht et al. [47] and Maier et al. [48], a standard framework of as-
sumptions for the economic analysis of PtX processes for German pro-
duction was published by Heimann et al. [14] and is utilized in this
paper. Assumed temperatures and pressures of the environment, Hy, CO>
and water are attached in the SI in Table S7.

Labor costs were calculated using rules of thumb for labor hours
estimation [46]; assuming large equipment, highly automated and
estimating the number of production steps. Economic surcharge factors
are listed in the SI in Tables S10-S11, raw materials and utilities are
listed in Tables S12 and S13 and the calculated labor hours listed in
Table S14.

2.8.1. Net production costs

An adapted cost calculation methodology based on works of Peters
et al. [46] with adaptions by Albrecht et al. [47] is used. Methodology,
assumptions and cost factors are described more detailed in Heimann
et al. [14]. Net production costs (NPC) are calculated according to eq.

H,0 H,0 | HO HO

added at 10 % mol. H; in product and above

Fig. 2. Flow diagram of the isothermal methanation process for SNG and HSNG.
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(18).

(18)

NPC |: € :| _ ACC + Z OPEXdir + Z OPEXind + tigbor ® Cigbor
MWh;yy n:lsynfuel ® LHVyupel

The operational expenditures (OPEX) consist of direct and indirect OPEX
as in eq. (18). Direct OPEX are calculated using the energy costs and
costs of raw materials as presented in Table 2 and in the SI for auxiliary
materials in Table S12 and S13. The indirect OPEX are calculated with
the help of surcharge factors as in Peters et al. [46]. Annual capital costs
(ACC) are calculated as in eq. (19).

IRe (1+IR) IRoy)
1+IRY -1 (y-1)

ACC =FCI o ( (19)

Fixed capital investment (FCI) can be calculated using eq. (20).

10 12
FCI =) ECie (1 + > Feco J-) (1 + > Feco j> (20)
j=1

j=11

The interest rate (IR) of 5 % and the plant operating time (y) of 20 years
are assumed as in [14,20]. For equipment cost (EC;), see eq. (21)

CEPCI

EC; = fi(Si1,,Sik) ® (m

) ® M'material,i ® Fpressure.ifor i7 keN (21)

The Chemical Engineering Plant Cost Index (CEPCI) [49] is used to
account for inflation. Material and pressure factors Fuateriali; Fpressure;i are
included depending on the equipment cost function. EC for standard
equipment, e.g., flash drums, pumps, turbines, compressors, heat-
exchangers and blowers are estimated based on [46]. The cost for the
steam generator was taken from Hannula [50]. The steam cycle was
adopted from Hamelinck et al. [51] and the adiabatic fixed bed reactor
and multi-tubular bed reactors from Woods [52]. Materials are selected
by temperature as in [14], see Table S15. Heat exchanger sizes and
sources for cost functions are listed in the SI in Tables S24-S31. The
adiabatic plug-flow reactor for TREMP is calculated according to [52]
and made from nickel-alloy. Separators (flash) are calculated according
to Peters et al. [46] using stainless steel. The isothermal plug flow-
reactors R1, R2 are calculated using Woods [52] with steel 1.4401,
the isothermal R3 is calculated using [46] and the same material. Total
capital investment (TCI) is calculated using eq. (22) and a working
capital of 15 % [47].

FCI

Cl=—————— 22
¢ 1 — workingcapital (22)

60%
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3. Result and discussion

In the next chapters, the technical and economic analysis results are
presented.

3.1. Technical results

Fig. 3 shows the power-to-fuel-efficiencies at various Hy concentra-
tions for both process configurations and the HSNG-cases.

Under the given assumptions, npw is about 57 % for the SNG of
TREMP and about 45 % for the isothermal process. This small difference
is due to the generated electricity in TREMP which reduced the overall
amount of needed electrical power. Increasing the amount of hydrogen
in the synfuels, reduces the chemical conversion losses. For HSNG-30,
the efficiency is 83 % for TREMP and 56 % for the isothermal process.
There seems to be a linear dependency on of npr to the Hy content of the
final product which can be explained by the reduction of synthesis los-
ses. The efficiency 5, for SNG is identical for both processes at about
83 % for the SNG case which is the value of the theoretical efficiency and
about 85 % at HSNG-30. This is due to the comparison of only chemical
energy flows with no purges and identical target purities. A list of all KPI
is attached in Table S32 of the SI.

3.1.1. Exergy analysis

An overview over the exergy-streams of the SNG production is given
in the Sankey diagrams with input exergy flows set to 100 %, Fig. 4.

For TREMP the recycled electricity generated by the steam cycle is
included in the 100 % Input exergy. Therefore, the primary electrical
energy demand is lower. The highest share of exergy destruction is
caused by the electrolysis. Here about 30 % of its exergy input is
destroyed. The CO, capture process is substantially less efficient, with an
exergy destruction of 69 % of its input. However, the exergy input for
both methanation processes is composed of about 98 % exergy from
hydrogen and 2 % exergy from carbon dioxide, making the electricity
requirements of the synthesis processes negligible. In the synthesis about
5 % of exergy is destructed or lost for TREMP and 7 % in the isothermal
process.

Within the synthesis processes, only a small portion of the primary
exergy is lost as can be seen in the eprocess—10-x €xergetic efficiency. It is in
the range of 93 % (SNG) to 94 % (HSNG-30) for TREMP and of 89 %
(SNG) to 90 % (HSNG-30) for the isothermal process. For the whole
process including the electrolyzer and COs-extraction, the ep is about
57 % for TREMP and 55 % for the isothermal process, respectively, for
SNG. For HSNG-30 it reaches up to almost 58 % for TREMP and 56 % for
the isothermal process. This exergetic efficiency gives an insight into the

180
EWTREMP @ISO

175
.................. ™ .
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Fig. 3. Power-to-fuel-efficiency at different Hy-concentrations for TREMP and isothermal process. Linear interpolation added.
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Fig. 4. Sankey diagram of exergy flows for SNG.

primary exergy which can be used in the product. If waste-heat can be
sold, the exergetic efficiency, ep.x, increases up to about 60 % for TREMP
and the isothermal process with only slight changes for different Hy
concentration. The process performance can be assessed by €process—to—x»
which is about 91 % (SNG) to 92 % (HSNG-30) for TREMP and 90 % for
the isothermal processes. In all efficiencies, a linear dependency on the
products hydrogen content could be observed. A list of all KPI is attached
in Table S18 the SI.

3.2. Economic analysis

The production of SNG or HSNG-blends can only be competitive on
the market, the production costs are close to market prices or if other

400
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o
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B HA

benefits are corelated with the product. In the next chapters, the costs
are analyzed.

3.2.1. Fixed capital investment

The FCI for each product concentration is divided by the energy flow
of the product, based on its lower heating value. This allows for an
energy-based comparison. In Fig. 5 the specific FCI for both production
processes at different hydrogen concentrations is displayed.

Both processes are close together, so that the specific FCIs are within
each other’s the error margin. Nevertheless, there seems to be the trend
of a specific cost reduction at higher hydrogen concentrations for
TREMP whereas the specific FCI of the isothermal process change
hardly.

[T
i 1
D
100 §§\\ AN
. II l [
o — S— ———— L -]
TREMP Iso TREMP Iso TREMP Iso TREMP Iso
(Total: 280) (Total: 256)  (Total: 252) (Total: 253) | (Total: 244) (Total: 244) | (Total: 226) (Total: 235)
SNG HSNG-10 HSNG-20 HSNG-30
I Heat-exchanger = Steam Cycle B Compressor, Blower and Expander 11 Reactors M Rest FCI

Fig. 5. Composition of the product specific FCI for 5 tysh™*
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In TREMP, the heat integration contributes to about 41 % to the
specific FCI for the SNG-case and the steam cycle to about a third of the
specific FCL. This is due to the high temperatures at which the heat is
being transferred. For HSNG-30 the specific FCI is reductions by about
19 % compared to SNG. This is due to the reduction of the number of
reactors and smaller heat-exchangers. Specific FCIs of the steam cycles
change hardly with higher hydrogen concentrations in the final product
since the amount of heat which can be utilized rom HX3 is almost the
same in all processes. This is due to the fact, that the first reactor always
reaches the equilibrium at 700 °C. The specific FCI for the reactors re-
duces from SNG to HSNG-20 by about 37 %. For HSNG-30 the specific
reactor costs increase compared to HSNG-20 since reactor 3 (R3) has to
run at higher temperatures for the desired product specification.
Nevertheless, for HSNG-30 two heat exchangers and a flash separator
could be saved and the reactor is overcompensated. All changes are
within the error margin of the cost calculation methodology.

In the isothermal process, the highest share of specific FCI lays within
the tube bundle reactors which also function as heat exchangers. They
account for about 54 % as seen in Fig. 5.

In the isothermal process the specific investment for the compres-
sors, blower and expander are more than five times the value in com-
parison to TREMP. This is due to the higher number of compressors in
the isothermal process. Due to the volume reduction within the methane
production, the reactor sizes reduce only about 7 % in between SNG and
HSNG-30. This results in specific FCI of the reactors being about 12 %
lower at HSNG-30 in comparison to SNG production. Compressor-,
blower- and expander-FCIs are about 2 % lower and the remaining heat
exchangers at —9 %. Savings are within the margin of error of the
methodology.

3.2.2. Net production costs

The NPC of TREMP and isothermal process are depicted in Fig. 6.
There seems to be a linear dependency of the NPC on the hydrogen
concentration of the product corresponding to npg. The difference be-
tween TREMP and isothermal is at a magnitude of around 2.5 % in favor
of TREMP.
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Nevertheless, the chosen process has less influence on the NPC than
the charges an levies on the energy which are the difference between the
higher and lower electricity costs.

The main contributor to the production costs are hydrogen followed
by carbon dioxide. Costs of Hy and CO, are about 100 % of the NPC of
TREMP. The other costs and revenues even each other out under the
analyzed conditions. This means, that for this process under the given
conditions, only energy costs define the overall NPC. In the isothermal
process the costs of Hy and CO; account for about 98 % of the total NPC.
Here, the CAPEX has some influence on the products cost, since the
process is not as efficient. The minor role of the CAPEX underlines the
importance of optimized usage of excess heat. The presented results are
for the case of demand for heat in close proximity. An ideal solution for
each location has to be found individually. Fig. 7 indicates the NPC for
the analyzed cases in comparison with an e-methanol production [20]
and fossil counterparts (see also Table S33 of the SI).

For 2018 the NPC of SNG this is about 6 % to 11 % lower than in the
synthetic methanol production, presented by Rahmat et al. [20] and
close to Gorre et al. [15] for their calculation for 2017. Nevertheless,
Gorre et al. [15] did not specify the product quality.

The NPC for TREMP and the isothermal process are close, with
slightly higher NPC for the isothermal process. For Case 1, the net pro-
duction cost decrease for future years due to the assumed lower elec-
tricity prices, rising electrolyzer efficiencies and thus, lower Hj-costs.
The effect of the assumed rising CO-cost, is neglectable, since it has a
low share of the overall costs. In Case 2 with purchase agreements, the
NPC are less than half of the NPC for Case 3 locations without grid
connections. Here, effects of low electricity demand during the Covid19
pandemic in 2020 with exceptionally low electricity costs can be seen.
Nevertheless, the NPC are still about seven times more expensive than
market prices of fossil counterparts. On the contrary, in isolated loca-
tions, the effect of the additional costs for energy-storage, curtailment
and over-dimensioning of the electrolyzer can be seen with NPC about
three times higher than a production with assumed purchase agree-
ments. For comparison, the NPC for an e-methanol production under the
same conditions is between 3 % and 18 % higher than the NPC of

i
TREMP iso TREMP iso
HSNG-20 HSNG-30
I Rest CAPEX B Sum TREMP
H Steam Cycle ® Sum iso
M Steam sell

Fig. 6. NPCrrevp, NPCiso of SNG and HCNG mixtures, 2018. (4.74 €215 kgila, 68.95 €215 tao2)-
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Fig. 7. NPC of SNG for analyzed years with upper and lower costs. Comparison with market prices of natural gas® [53] and fossil methanol® [54]. a) Consumption
from 100 000 GJ to 999 999 GJ - band 14 [53]. b) Methanex European Posted Contract Price [54].

TREMP. In the methanol process, a purge is required to reduce the build-
up of inert gasses. The losses of Hy and CO5 contribute to the extra costs.
The easier separation of the gas SNG from its by-products in comparison
to methanol which needs to be separated in a multi-column rectification
might be an additional explanation. In Fig. 8 the NPC for a production in
2020 at different German locations is compared.

3.2.3. Sensitivity analysis

For better insight into these results, a sensitivity analysis is per-
formed considering the influence of hydrogen and carbon dioxide cost.
Fig. 9 and Fig. 10 show the sensitivity results for TREMP and the
isothermal process, respectively. For a comparison: the price of indus-
trial natural gas in Europe was 25.6 €3913 MWhilyy in 2018 [55]. Using a

i o
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CO, cost:  71.63 €505 t'
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£ H,cost:  10.51 €5 kg'!
A CO, cost:  71.63 €, t
”‘J\ TREMMNPC 395 €5, MWhLHV
isoNPC 398 €,5,5 MWh,

Fig. 8. Map: Case study of SNG production in Germany 2020.

10

similar heuristic approach as Rahmat et al. [20] the results are compared
to the natural gas price and categorized in three groups: Competitive

(below 150 % of the market price of the year 2018, i.e., 38.4 €30;8 MWhjgy

! marked in green), presumably competitive (below 250 % of the

market price, i.e., 96 €2018 MWhi}Hv, marked in yellow) and not
competitive (above 250 % of the market price, marked in red). These
limits have been set arbitrarily. The equivalent cost for the threshold of
38.4 €5015 MWhijky with hydrogen price of 1.35 €3013 kg‘l seems to not
be realistic yet.

Under the given circumstances and the relative production of elec-
tricity and energy for district heating, the NPC of the sensitivity study for
TREMP of the reported size can be approximated with the following
empirical equation (23).

€2018

kg

€2018

s onls]

NPCTREMP[ } =0.197-COz5t +36.141- Hmm[ }+0.939

(23)

Under the given circumstances and the relative production of sellable
steam, the NPC for the isothermal-process of the reported size can be
approximated with the empirical equation (24).

€2018 €2018 €2018
NPCiso [MWhLHV] ~0.19- comm[ } +36.131 Hmm[ e ] 14.262

(24)

In comparison to the methanol production, as presented in Rahmat et al.
[20], a sensitivity for the CO costs at a constant hydrogen cost is pre-
sented in Fig. 11 since there seems no difference in the sensitivity to-
wards the hydrogen cost between methanol and SNG production.

As indicated, the NPC of methanol is higher than those of the
methane processes for all hydrogen costs. The relatively high sensitivity
towards the CO; costs originates in the purge in the methanol process
and with that a slightly higher CO5 demand per unit of energy. There is
no purge in the analyzed SNG processes.

4. Energy decarbonization scenarios using SNG and HSNG

Despite the high cost of SNG or HSNG compared to fossil natural gas
or imported LNG, a market introduction might be worth to consider as
an option for increased energy security, independence and sustainability
while widely using existing infrastructure. SNG and HSNG can be
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Fig. 10. Sensitivity of NPCgng.iso- (Assumed process electricity cost 42 €305 MWhiiy).

produced with low climate impacts compared to the fossil counterparts
and could be introduced in an existing gas grid capable of transporting
and storing huge amounts of energy. The resilience of the highly inter-
connected natural gas grid could be used making the energy supply more
secure. Since transporting energy through the gas grid is about one tenth
of the cost of electricity transport [56], huge investment would be
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needed for direct electrification. Therefore, chemical energy carriers
will probably still play a role in future. Current EU strategy to focus
solely on hydrogen bears the risk of parallel structures of natural gas and
hydrogen or of insufficient supply to customers as projection suggest. In
German for instance, more than 160 TWh of industrial thermal energy
demand is further than 1 km away from the planned German Hj-core-
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Fig. 11. Sensitivity study of NPC for SNG and methanol [20] at 1 and 5.5 €3015 kgﬁé.

network, [57]. Furthermore, a large share of private customers rely on
natural gas for their heating. All of these customers have to be connected
to a new hydrogen grid or use other means of heating. Furthermore, it is
doubted by the European court of auditors, that proposed EU hydrogen
supply goal for 2030 could be reached [58]. In order not to wait until
there is enough Hy available and all the infrastructure is changed
completely, there might be a path where COs-emmision-savings can be
implemented fast and a change to 100 % renewables is possible. Uti-
lizing several energy sources and, probably, hydrogen-methane-blends
could foster a robust transition which is less susceptible to global
crisis. Using SNG and HSNG for industry, households and transport
applications allows for synergies, especially in the use of infrastructure
and usage of waste-heat. Adapting the gas grid and energy sources in
realistically planned single steps has a higher likelihood of success than a
complete switch in a short period of time. In the next section technical
feasibilities for methane-hydrogen blends and 100 % hydrogen are
presented.

4.1. Gas grid

While both the European and the German strategy for decarbon-
ization only considers electrification and hydrogen, it’s implementation
will cause the waste of enormous legacy infrastructure of 2 Mkm natural
gas distribution network in Europe which has an approximated invest-
ment of about 5 BN€ [59] and a storage capacity of about 1,700 TWh
[60]. Despite current discussion of the use of hydrogen, methane is still
advantageous for the transport and use in the industry.

4.1.1. Technical feasibility of the usage of HSNG in the gas grid

There already have been discussions on using the existing grid for
natural gas-hydrogen-blend [11]. In the SI in Table S34 key findings of
several publications considering the influence of hydrogen admixtures
on the gas grid and on customers is summarized.

As prove of concept of hydrogen-natural-gas-blends in the gas grid,
Netze BW, a German gas distribution system operator, tested the feed-in
of up to 30 % vol. Hy in the “Hydrogen Island Oehringen” project, from
2021 to the end of 2023 in Baden-Wiirttemberg. Initially, the company's
own operations center was supplied with 10 to 30 % hydrogen, which
was then fed into the grid to the end user. The appliance test showed that
all indoor appliances were suitable for mixed gas operation with up to
30 % Hy by volume. All gas appliances were suitable for up to 15 % vol.
Ha, some of which were classified capable up to 30 % vol. Hy. During the
project, 6 of 30 appliances, 20 %, were replaced for reasons of safety and
security which is significantly less than the replacement considering
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direct electrification. No failures due to Hy admixture occurred during
the feed-in phase which seems to prove the robustness of the gas grid
and its components [11]. For more information on specific components
see also DVGW e.V. [61].

4.1.2. Costs for the transformation of the gas infrastructure

The investment and changeover planning represents an important
step towards concretizing the transformation plans. Technical concepts
and resulting costs were examined in the DVGW project “Roadmap Gas
2050" [61], with a focus on the comparison of different variants for
Germany-wide transformation paths with different target values and
implementation speeds, as well as various subsequent projects both in
the field of research and in the context of services for network operators.

The costs for the transformation of the German gas grid are
approximately 9 % higher than those required for regular renewal due to
age and wear, considering a reduction in household gas connections to
67 % and network length to approximately 80 % by 2045. The greatest
need for adaptation is in the area of measurement technology and gas
pressure control [61]. Similar orders of magnitude are the result of
network operator-specific considerations. In general, most of the costs
are incurred for replacing the gas applications. For a blending scenario
of 20 % vol. Hy by 2035, the additional costs are about 31 billion €. For a
blending of 30 % vol. Hy by 2035, the additional costs are around 48
billion € which is close to the 56 billion € for a 100 % hydrogen grid
[61]. Adapting the gas grid with various blending options on the way to
conversion, tend to lead to slightly higher costs, as some components
such as meters or gas applications may have to be replaced several times.
A transition to 20 % vol. Hj in the gas grid or directly 100 % H; seem to
be the most economic solutions.

4.1.3. Regulatory framework

Converting gas networks is a complex process, especially in the lower
network levels, where the degree of meshing is higher and many cus-
tomers are connected. Lower hydrogen concentrations, especially < 20
% vol., tend to have less hurdles. All of the necessary steps are known
and are subject of current research as highlighted in the previous
chapters. Further analysis needs to be carried out. In each step, an
authorized expert must be involved in the assessment of the network
[62]. It is then necessary to define specific sub-networks for the
changeover, including the sequence and determination of the measures
required for this, including planning the adjustments to the network to
establish Hj readiness. The conversion requires a temporal disconnec-
tion of the network components and a definition of the conversion areas
depending on the available personnel in order to limit the supply
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disruption for customers.

The limits of the admixture of hydrogen to methane are defined by
the DVGW regulations, in particular G260 (gas quality) [22] and G 685
(gas billing) [63]. Blending within this limits does not require notifica-
tion or approval. Below 20 % vol. Hy admixture needs no permission if
the infrastructure is capable of handling the concentration. The capa-
bilities of the infrastructure has to be enquired about with the network
operators concerned if there is a request to feed in hydrogen.

A conversion to hydrogen must be notified to the relevant authorities
(113c EnWG [64]) and approval may also be required if significant
changes to the pipeline or grid take place. An admixture that exceeds the
limits of the currently valid DVGW regulations needs a framework to be
created.

4.1.4. Proposing a smooth transition from a natural gas supply towards
gradual H, and SNG inclusion

Given the limited hydrogen supply, technical economical and regu-
latory frameworks, a transition of the gas grid in two mayor steps might
be a good pathway for a de-fossilization of the gas grid. In Fig. 12 an idea
for a stepwise adaption of the gas grid is proposed.

By a mandatory admixture of 20 % vol. Hy to the gas grid by, for
instance, 2030, the CO5 emissions could immediately be reduced by
about 7 %. For Germany this required up to 314 TWh a™* Hy if no biogas
and SNG/HSNG where available and with a gas usage of 844 TWh as in
2024 [65]. Still, this exceeds the assumed German Hy demand by 2030
of about 130 TWh a’! [66]. This highlights once more the huge transi-
tion which has to take place. Going for 100 % hydrogen would require
significantly higher hydrogen supply. The step of admixing up to 20 %
vol. Hj to the gas grid could take place if the hydrogen supply is secured
which means about 100 GW electrolyzer capacity for Germany alone.
Further energy sources could be tapped by an increased use of upgraded
biogas to the limits which are sustainable. These could reach up to
116 TWH today and 113 TWh [67] by 2045 which is about 13 % of the
current German natural gas usage. Excess CO, could be utilized by the
production HSNG-20 to further reduce the need of natural gas. By 2032,
when the German Hy backbone is planned on being finished, local gas
grids can be converted to 100 % H if sufficient hydrogen is available.
Further reduction could be achieved by increasing efficiencies, direct
electrification and local heat networks. By 2045 this process of con-
verting local gas grids is finished. Probably there might be local use of
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biogas remaining or of HSNG or SNG for specialized applications. Using
this path, there is still the possibility for adaptions on the path toa 100 %
renewable gas grid and the network might have a higher resilience.

4.2. Application of synthetic natural gas and hydrogen-synthetic natural
gas in the transport sector

Changing the transport sector to renewables requires to increase the
use of electrified transport as it is the method with the highest efficiency.
This comes with a need of heavy investment in renewable power pro-
duction and charging infrastructure. Nevertheless, non-electric mobility
will sustain for many years and requires an additional decarbonization
strategy. Within the project MethQuest, a German methane demand of
100-140 TWh was predicted in different scenarios, mainly for trucks
and passenger cars, less for marine applications [13]. Taken the pro-
duction cost for data of Fig. 7 that would cause about 10.3 -19.3 Bn. €
for SNG and 9.9-18.8Bn. € for HSNG-30 in 2045, compared with
approximately 10.9 Bn. € for gasoline and 19.6 Bn. € for diesel in 2023
[68,69]. With 780 tank stations in Germany in 2023 and operation for
over 20 years, there is enough experience about the logistics and
applicability of CNG in transport [70]. However, despite the ecological
advantage of CNG compared to gasoline/diesel, even larger ecological
advantage for biomethane and the potential production of SNG with
renewables, the relevance of CNG in Germany was always negligible and
is further fading away. It is possible to retrofit gasoline cars to run on
SNG or HSNG-blends but only tax stimulation can force the limitation of
fossil gasoline and diesel consumption. The most energy-efficient and
therefore most affordable synfuel would be HCNG-30 in any calculation.
It could be applied in shipping and long-distance freight sector, for
ambulances and fire engines, construction vehicles and excavators. If
future fuels are made mainly from renewable electricity, HCNG-30 could
be the fuel of choice for all non-electric transport except current
aviation.

Within the project CombiFuel [71] an alternative HSNG production
method was proven. An application of plasma to reduce the carbon- and
nitrogen load of sewage, simultaneously producing methane and
hydrogen has been shown. After separating these gases from Ny and CO»,
the produced HSNG can be directly used as a renewable fuel. Currently,
there is a plant running and fueling the fleet of Graforce GmbH [72].
That shows, with sufficient political support and incentives, HCNG-30
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usage in transport might be developed using diverse feedstock sources,
as even biomethane could be mixed with hydrogen from renewable
electricity.

A detailed cost and benefit assessment require a detailed life cycle
analysis, of production, logistic and usage, the cleaner burning charac-
teristic in internal combustion engines as well as potential methane slip
on the entire supply chain and the usage. This exceeds the scope of this
article and could be the topic of a subsequent one later.

5. Summary and conclusions

SNG is the carbon-based PtX with the highest synthesis efficiency of
about 83 % (ny,). It has good storability, can be utilized in existing
infrastructure and is applicable for both the energy- and the transport
sector. Domestic production of SNG could support climate neutrality and
increase energy security and independence. The SNG product specifi-
cation of this publication could be used as well in the gas grid as in the
transport sector.

The comparison of a high- and a low temperature production process
shows a slightly higher np: (+1.6 %) for TREMP. In the base-year 2018,
the NPC for SNG is about 185 to 245 €5915 MWh'LlHV (TREMP) and almost
the same for the isothermal process at about 189 to 251 €991g MWhLle.
The higher exergetic efficiency in TREMP improves the usage of the
costly hydrogen, however slightly higher CAPEX and higher workforce
almost level this advantage out.

A case-studies using only locally sourced renewables with no grid
connection including a hydrogen storage, curtailment, dimensioning of
the electrolyzer, wind farm, photovoltaics, using the methodology of
Raab et al. [27], show much higher NPC. The calculated NPC for 2020
range between 429 €313 MWh'LlHV (TREMP) and 432 €5018 MWh'Lle
(iso) for Friesoythe and between 429 €591g MWhilyy (TREMP) and
398 €018 MWhi}HV (iso) for Stotten. In comparison a possible German
renewable electricity price with PPA at the exceptionally low day-
ahead prices of 2020 has been calculated, resulting in NPC of
147 €015 MWhilyy (TREMP) and 150 €395 MWhiky (iso), which is still
about seven times the fossil natural gas price of that year. A sensitivity
study suggested that with hydrogen costs less than 1.35 €3¢15 kg'}}z the
NPC of 150 % of the fossil natural gas might be reachable which seems
not realistic today. The CO; costs have a minor effect on the NPC as
they only account for about 8 % of the total NPC.

A NPC comparison of e-methanol production [20] suggests that
synthetic methanol might be about 3 % to 18 % more expensive than
SNG.

A further analysis for HSNG-blends up to 30 % Hy vol. shows a
simplified TREMP process with less reactors and a decrease of the spe-
cific FCI by 19 % for HSNG-30 compared to SNG. The specific FCI of the
isothermal process could be reduced less than 0.5 % as a bypass-
compressor has to be included. A 10 % vol. Hy increase can result in
about 0.4 % higher np;: for both processes and about an NPC reduction
of about 1.7 €3018 MWhi}iy (TREMP) and 1.6 €301s MWhiky (iso) for
minimal taxes and levies.

Allowing higher hydrogen shares in the gas grid could not only
simplify possible production processes but could also allow for stepwise
integration of hydrogen production capacities in a nationwide gas grid.
In the transport sector, HSNG could increase motor efficiency, improve
exhaust qualities and lower CO5 emissions. A sweet spot seems to be at
20 % vol. Hy where technical and economical expense for the adaption
of the gas grid and end-user appliances are comparably low.

6. Outlook

Of the synthetic carbon-based chemical energy carrier, methane and
methanol should be preferred for hard-to-abate sectors. The low
hydrogen concentration in current natural gas standards results in high
effort in the process configuration driving up SNG production costs.
Increasing the allowable hydrogen content in the gas grid and
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introducing HSNG into the transport sector in the near future could offer
positive effects on the sustainability of energy supply by limiting the
risks and costs while utilizing the existing infrastructure and user
applications.

Locally available renewable CO5 and local heat demand should be
considered for possible SNG production sites. An assessment on load
following capacity of TREMP and the isothermal process could be done
to improve cost calculations for fluctuating renewable energies. The use
of low-temperature heat of electrolyzers might be considered in future to
lower NPC.

To introduce the technology at large scale, several 300 MW elec-
trolyzers and synthesis plants would have to be built. Even though there
is a ramp up of large electrolyzer production capacities as reported by
the Hydrogen Council [73], the needed capacities seem currently hard to
achieve in the short run. Furthermore, the additional demand of
renewable energy, cables and electronics has to be met. Further analysis
of aspects related to society and politics should be carried out as well.
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