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Kurzfassung

Können E-Kraftstoffe die Erzeugungslücke 
bei den erneuerbaren Energien 
schließen? Ein Rückblick.

Eine große Herausforderung bei den Dekarbo-
nisierungsbemühungen der Regierungen welt-
weit besteht darin, die hohe Verfügbarkeit von 
elektrischer Energie in Zeiten der Nichtverfüg-
barkeit erneuerbarer Energien aufrechtzuer-
halten. Eine Option, die derzeit diskutiert wird, 
ist die Nutzung von überschüssiger Energie aus 
erneuerbaren Energien zur Erzeugung und 
Speicherung von E-Kraftstoffen. In diesem Bei-
trag wird die Verfügbarkeit von überschüssiger 
erneuerbarer Energie am Beispiel Deutschlands 
unter Berücksichtigung Redispatch und Spit-
zenkappung diskutiert. Der Strombedarf zur 
Herstellung der E-Kraftstoffe, die Produktions-
prozesse von E-Wasserstoff, E-Methan, E-Me-
thanol oder E-Ammoniak sowie eine Kosten-
schätzung einschließlich einer Hochrechnung 
der Kosten bis 2030 werden als Ergebnis mehre-
rer Studien detailliert dargestellt. Die physika-
lischen Eigenschaften der Kraftstoffe werden 
aufgelistet, die sich aus verschiedenen Quellen 
ergeben. Schließlich wird auf der Grundlage der 
Gesamtkosten der Prozesse und ihrer Effizienz 
die mögliche zukünftige Speicherung und Nut-
zung von überschüssiger erneuerbarer Energie 
als Brennstoff zur Sicherung der Stromversor-
gung bei Dunkelflaute diskutiert. Darüber hin-
aus werden ihr Potenzial bei der Sektorkopp-
lung zur Dekarbonisierung des Industrie- und 
Transportsektors sowie die Auswirkungen auf 
den Betrieb von modernen Erzeugungstechno-
logien wie Gasturbinen und Verbrennungsmo-
toren skizziert. l

A major challenge in the decarbonization ef-
forts of governments across the world is to 
maintain the high availability of electric 
power during times of renewables unavaila-
bility. One option currently under discussion 
is to use renewable excess power to generate 
and store e-fuels. In this paper, the availabil-
ity of excess renewables power at the example 
of Germany is discussed considering re-dis-
patches and Tip Capping. The power demand 
to produce e-fuels, the production processes 
of e-hydrogen, e-methane, e-methanol or e-
ammonia as well as a cost estimation includ-
ing a projection of the costs to 2030 will be 
detailed out as a result and summary of sev-
eral studies. The physical properties of the 
fuels are listed resulting from several sources. 
Finally, based on the total cost of the process-
es and their efficiency, the possible future 
storage and use of excess renewable power as 
a fuel to secure power supply during dark 
doldrums is discussed. In addition, their po-
tential in sector coupling to decarbonization 
the industry and transportation sectors as 
well as the impact on operation of current 
generation technologies like gas turbines and 
reciprocating internal combustion engines 
are outlined.

Introduction

In the recent years the development of re-
newable generated power has steadily 
been increased mainly by strong growth of 
on- and off-shore wind and photovoltaics. 
This resulted in an increasing effort for the 
grid operators on Transmission System Op-
erator- (TSO) and Distribution System 
Operator-level (DSO) for frequency and 
voltage stabilization. In addition, legisla-
tion has decided for an additional, deeper 
step to decarbonization the power sector. 
The effect of the new market challenges 
will be discussed at the example of Germa-
ny. The balancing of generation and con-
sumption will require an extension of the 
grid as described in the current but also in 
future grid development plans [1]. Never-
theless, looking into the mid- and long-
term targets, a deep decarbonization of the 
power sector is decided and will be ensured 
by an increasing CO2-tax from 10 €/tCO2 to 
35 €/tCO2 between 2021 and 2025 in Ger-
many. In 2026 the certificates will be trad-
ed in the price range between 35 €/tCO2 
and 60 €/tCO2 [2]. Beyond 2026, CO2 

emissions will be limited with a decreasing 
volume year per year. The prices will be 
generated on the market within the lower 
and upper limits given by the politics to 
achieve environmental protection goals. 

As renewable generated power is not al-
ways available, storage technologies must 
be implemented into the grid environment 
for the power sector but also as an element 
of sector coupling to decarbonize industry 
and transportation sectors. Residual load 
but also seasonal storage and power avail-
ability during dark doldrums must be en-
sured in the future grid. One path will 
clearly be the use of excess (renewable gen-
erated) power to produce e-fuels for long 
term storage and usage. Potential e-fuels 
like e-hydrogen, e-methane, e-methanol or 
e-ammonia are currently in discussion 
which could be used in standard thermal 
generation equipment like Gas Turbines 
(GTs) or Reciprocating Internal Combus-
tion Engines (RICE).

Even as of today, the increasing share of 
renewable produced power based on wind 
and photovoltaics in the momentary power 
and averaged power mix require from the 
TSOs and DSOs a high effort to keep the 
power system balanced. In the years 2013 
to 2017, the costs and capacity utilized for 
re-dispatch and balancing management 
have heavily increased. In 2017 the Tip 
Capping, the cut-off of up to 3 % of renew-
able generation to protect the transmission 
grid from overloading, has been intro-
duced to limit the cost for re-dispatch. Both 
is illustrated in F i g u r e  1 . The impact of 
Tip Capping can be seen in the 12-month 
moving average net capacity of the nega-
tive re-dispatch in the bottom part of the 
graph.

In the years 2017, 2018 and 2019 the re-
dispatch balanced the grid by 3.56 TWh, 
1.65 TWh and -0.61 TWh as excess power 
[2] while 4.27 TWh, 4.71 TWh, 5.15 TWh 
have been capped by Tip Capping since the 
introduction. This results in a potentially 
available excess power of 7.83 TWh, 
6.36 TWh and 4.54 TWh which would be 
available for production of synthetic, stor-
able fuels for times of dark doldrums and to 
enable deep decarbonization as of today. A 
further expansion of renewable generation 
capacity and Power-to-X capacities would 
allow a sufficient generation of e-fuels for 
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generation, fuel generation for transporta-
tion or for the use in other sectors.

Production of synthetic fuels and 
energy intensity

The production processes for e-fuels are 
standard processes known and optimized 
for long times already. Hydrogen for exam-
ple is produced via electrolysis of clean 
(demineralized) water where basically wa-
ter molecules are split into their substitu-
ents hydrogen and oxygen by applying an 
electric potential at electrodes. The under-
lying details might get rather complex for 
latest generation of high efficient electroly-
sis equipment where two main methods 
are commonly available: PEM (proton ex-
change membrane) and alkaline electroly-
sis (AEC). Hydrogen is an important and 
expensive feedstock for the production 
process of the other e-fuels. Synthetic 
methane, with molecules consisting of one 
carbon bound to four hydrogen atoms, is 
produced following the Sabatier process 
using CO2 as source for carbon. The neces-
sary CO2 can be used as captured form 
other processes or directly captured out of 
the air. The production of methanol is sim-
ilar but first transforming CO2 into CO be-
fore letting it catalytically react with two 
H2 molecules. Ammonia finally is produced 
by reaction of hydrogen with nitrogen via 

the Haber Bosch process. The nitrogen ex-
tracted from the air by state-of-the-art cry-
ogenic air separation systems.
Comparing the energy intensity of produc-
tion of the various fuels reveals interesting 
insights. The assumptions about the pro-
cess steps and their conversion efficiencies 
are taken from C. Hank et. al. [4]. Follow-
ing these assumptions, the total energy 
consumption to produce synthetic fuels is 
listed in Ta b l e  1 .
For hydrogen and methane, the figures 
show values to produce the gaseous state 
only and with subsequent liquefaction for 
comparison purposes. The liquid state is 
key for efficient transportation although, 
especially in the case of hydrogen, the re-
quired energy for liquefaction is significant 
(about 8 kWh/kg). Contrary, the energy 
needed to liquify methane is almost 16 
times lower. 
The required energy to produce methane, 
methanol and ammonia is almost identical. 
Nevertheless, the processes to produce the 
fuels are quite different, but they all need 
hydrogen to be produced first as feedstock. 
Hydrogen, especially if used as a pure, 
compressed storage fuel, turns out to be 
the best alternative amongst the e-fuels 
considering the power demand necessary 
for production. But even if liquified, the to-
tal energy required is still lower than for 
the other e-fuels. For re-electrification of 

hydrogen, gas turbines of any size can be 
upgraded to use blends with natural gas 
with manageable efforts and cost. Other 
technologies for re-electrification like fuel 
cells are not yet available in sizes significant 
for power grids or face significant techno-
logical challenges. The high NET efficien-
cies of gas turbines in combined cycle mode 
up to 60 % and above are of high impor-
tance when it comes to use high cost fuels.
Nevertheless, for some applications it 
seems very advantageous to process hydro-
gen to other fuels. Methane for example 
can be used like common natural gas and a 
large infrastructure around natural gas al-
ready exists. Using e-methane will require 
to avoid gas leaks across the whole chain as 
CO2 is captured from the atmosphere and 
the >25 times higher Green House Gas 
(GHG) impact of methane might again 
drive the greenhouse effect. Assuming no 
methane leakage, the overall process could 
be classified as CO2 neutral. Common gas 
power plants could transition to use of syn-
thetic produced methane without any ef-
forts. Ammonia is currently a hot candidate 
for use as marine fuel with the potential to 
replace high polluting heavy fuel oil. For 
larger use ammonia requires proper cau-
tion because it is very toxic. Further, as car-
bon neutral fuel, it does not produce CO2 or 
CO during combustion but NOx emissions.

Physical properties of different 
fuels and the impact of their use in 
combustion technologies

The physical properties of hydrogen, meth-
ane, methanol and ammonia are listed in 
Ta b l e  2  in comparison to common hydro-
carbon-based fuels like methane and die-
sel. These properties highly depend on ref-
erence conditions like temperature and 
pressure but also on the reference used so 
the collection of values from various sourc-
es should be used indicatively only.
Where methane as the main constituent of 
natural gas and diesel as a standard back-
up fuel are well known and commonly used 
in GTs and RICEs, e-hydrogen, e-methanol 
or e-ammonia require special attention.
To achieve deep decarbonization, carbon-
neutral or carbon-free generation must be 
differentiated in fuel specific production 
and combustion processes. Carbon con-
taining fuels like methane or methanol can 
at a maximum be carbon neutral. CO2 tak-
en out of the atmosphere or captured dur-
ing other processes (e.g. anaerobic diges-
tion) can be turned into fuels using renew-
able excess power. In case the carbon- 
neutral produced fuel is combusted nearly 
completely like in GTs, the entire cycle can 
be classified carbon-neutral while RICE 
still emit a significant amount of incom-
plete combusted fuel referred to as “meth-
ane slip”. In dual fuel RICE engines whose 
ignition mechanism relates also on com-
pression, a small fraction of diesel must al-
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Fig. 1.  Overview about re-dispatch measures in Germany [3]. Top graph: monthly cumulation of 
power increase and reduction-measures; bottom graph: monthly difference as excess  
power available for long term storage.

Tab. 1.  Energy consumption for production of synthetic fuels.

Methane/
Natural 

gas

Liquified 
Natural 

gas

Hydrogen Liquified 
hydrogen

Methanol Ammonia

Electricity required  
[kWhel/kg] 28.7 29.2 53.5 60.3 11.4 10.8

Electricity required  
[kWhel/MJ] 0.57 0.58 0.45 0.5 0.57 0.57

Total efficiency  
re-electrification* 29 % 29 % 37 % 33 % 29 % 29 %

*) Assumes re-electrification in a combined cycle gas turbine power plant with an overall net cycle efficiency  
    of 60 % for all fuels.
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ways be used to provide a pilot flame, even 
when operating on gaseous fuels. As meth-
ane is a much more potent greenhouse gas 
than carbon dioxide, even the use of car-
bon neutral fuels cannot be considered as 
carbon neutral in RICE unless proper ex-
haust gas treatment measures are installed.
The use of carbon-free fuels like hydrogen 
or ammonia would be categorized as car-
bon free in the power production process if 
no pilot fuel must be used for combustion 
and the fuel production process also does 
not account for CO2 emissions.
Every type of e-fuels come along with its 
own challenges and opportunities for the 
use within GTs or RICEs.

e-methane
The use of e-methane is like the use of nat-
ural gas as of today for GTs and RICEs. To 
produce 1 MJ calorific value of e-methane, 
0.57 kWh of renewable power is required 
based on calculations using comparable 
data published by C. Hank et al. [4]. The 
values might differ depending on the de-
tailed technology used and assumptions on 
future developments if projections are giv-
en. Based on these assumptions, green 
methane with a heating value of about 
8.0 PJ could have been produced in 2019 
considering the power taken of the grid by 
negative re-dispatch or Tip Capping in or-
der to use them for re-electrification or 
other sector coupling measures.

e-hydrogen
Compared to diesel and methane, the Low-
er Heating Value (LHV) per kg hydrogen is 
very high. Nevertheless, considering the 
low density of hydrogen, the volume flows 
into the combustion chamber must be 
much higher than using natural gas or 
methane. This has can easily be considered 
is GTs with minor modifications, but as 
RICE have a fixed engine stroke displace-
ment, they will have to be de-rated beyond 

a critical hydrogen content of the fuel gas. 
As the auto-ignition temperature of hydro-
gen is quite high, diesel will be required as 
pilot flame in most self-igniting RICE de-
signs. So even using a carbon free fuel, the 
operation cannot be categorized as carbon 
neutral. The very low ignition energy com-
bined with the very low quenching gap of 
Hydrogen results in the risk of an uncon-
trolled auto ignition. The high laminar 
burning velocity brings high speed engines 
in favor while larger engines commonly 
used for power generation are typically me-
dium or even low speed engines which can-
not profit from this physical property. Spe-
cial attention must be taken to prevent 
from hydrogen induced embrittlement of 
the high strength components of the en-
gines like valves, valve seats or piston rings. 
In GTs, up to significant hydrogen content, 
only minor modifications will have to be 
made considering the high diffusivity of 
hydrogen. Beyond that, modifications of 
the burners may become necessary to re-
flect the high volume flows and different 
flame properties, but no changes to gas 
generator or the downstream turbine are 
required. These modifications are mainly 
driven to limit the formation of NOx in Dry 
Low Emission (DLE) technology. First 
large-scale power plant projects with an H2 
content of 60 % hydrogen are in develop-
ment already [5].
To produce 1 MJ calorific value of e-hydro-
gen, 0.45 kWh of renewable power is re-
quired based on calculations using compa-
rable data published by C. Hank et. al. [4] 
and the values might differ depending on 
the detailed technology. Based on these as-
sumptions’ green hydrogen with a heating 
value of about 10.1 PJ could have been pro-
duced in 2019 considering the power tak-
en  of the grid by negative re-dispatch or 
Tip Capping in order to use them for re-
electrification or other sector coupling 
measures.

e-methanol
As an alternative to hydrogen also metha-
nol is in discussion as an alternative renew-
able produced e-fuel. It’s main use in the 
future might be a carbon neutral additive 
to diesel to reduce the CO2-emissions of the 
currently most important back-up fuel in 
the power generation sector. With a power 
demand of 0.57 kWh/MJ heating value it 
provides a storage conversion rate in the 
same range as methane but as a liquid fuel 
it can be easily transported and stored so 
the main use might be in transportation, 
chemical feedstock or back-up power sup-
ply. A heating value of about 8.0 PJ of e-
methanol could have been produced in 
2019 considering the power taken of the 
grid by negative re-dispatch or Tip Capping 
in order to use them for re-electrification or 
other sector coupling measures. This is in 
the range of 0,1 % of Germanys demand of 
diesel in 2017 [6].

e-ammonia
As a potential carbon-free fuel, e-ammonia 
has the potential for deep decarbonization 
as well. It is easy to transport and store and 
is currently produced according to the en-
ergy intense, but well-established Haber-
Bosch-synthesis. Unfortunately, it causes 
the highest amount of CO2 emissions from 
all feedstocks in the chemical industry [7]. 
As e-ammonia is one of the most important 
feedstocks for the fertilizer industry and 
about 50 % the food production relies on 
the production [8], and the ease of hand-
ling favors ammonia as an alternative fuel 
also for ship propulsion, the future use as 
fuel for power generation might be limited.
The low adiabatic flame temperature and 
high ignition energy required creates some 
challenges for the combustion of e-ammo-
nia. In GTs new burners might need to be 
introduced [9]. The ignition in RICE will 
probably require diesel or other fuels as a 
pilot flame or combustion promoter. The 
share of the necessary combustion promot-
er and e-ammonia as fuel varies with the 
load so especially in part load challenges in 
balancing the different fuels to optimum 
shares will need to be overcome. However, 
also the low burning velocity will limit the 
usage of RICE for full load operation. In ad-
dition, the risk of increased NOx emissions 
might contradict to todays’ and future 
emission legislation. As ammonia is poi-
sonous and harmful to the environment, an 
“ammonia slip” similar to the methane slip 
in RICE must be avoided.
To produce 1 MJ calorific value of e-ammo-
nia, 0.57 kWh of renewable power is re-
quired based on calculations using compa-
rable data published by C. Hank et. al. [4]. 
A heating value of about 8.0 PJ of e-ammo-
nia could have been produced in 2019 con-
sidering the power taken of the grid by 
negative re-dispatch or Tip Capping in or-
der to use them for re-electrification or 
other sector coupling measures. This is in 

Tab. 2.  Comparison of physical parameters of current and future, synthetic fuels.

Properties Methane Hydrogen Methanol Ammonia Diesel

Formula CH4 H2 CH3OH NH3 CnH1.8n 
(C8-C20)

Density [kg/m3] 0.716 0.090 0.792* 0.609 0.846*

Lower heating value [MJ/m3] 35.8 10.8 15.8 13.6 36.0

Lower heating value [MJ/kg] 50.0 120.0 19.9 18.9 42.6

Adiabatic flame temperature [°C] 1,914 2,207 2,222 1,800 2,327

Auto ignition temperature [K] 873 858 706 924 530

Min. ignition energy [mJ] 0.28 0.02 0.14 680 20

Flammability limits [vol % in air] 5 to 15 4 to 75 6.7 to 36 16 to 25 0.7 to 5

Stochiometric air fuel ratio/mass 9.5 34.3 6.4 6.1 14.5

Limits of flammability 
(equivalence ratio)

10.4 0.1 to 7.1 N/A N/A N/A

Laminar burning velocity [m/s] 0.38 2.9 0.5 0.12 0.13

Quenching gap in NTP air [cm] 0.7 0.064 0.66 0.699 N/A

Diffusivity in air [cm2/s] 0.21 0.63 N/A N/A N/A

*in [kg/l]
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the range of 0.5 % of Germanys demand of 
residual fuel oil for ship propulsion in 2017 
[6].

Economic evaluation of e-fuels for 
seasonal storage

How economic is the production of syn-
thetic fuels currently? Answering this ques-
tion requires a comparison of the following 
2 cases: 

 – emission free production using only 
“green” power, but considering the cost-
of-energy of such green power, mainly 
solar or wind

 – emission free production (like in case 1) 
but only utilizing excess power that, oth-
erwise, would have been curtailed. Basi-
cally, power cost would be zero or only 
cover transmission cost

Anticipating the result of such studies, the 
production cost of synthetic fuels of above-
mentioned cases are way more expensive 
and energy intensive compared to tradi-
tional production methods like Steam 
Methane Reforming for hydrogen produc-
tion. Also, future projections in which pro-
cess matureness and large-scale produc-
tion of synthetic fuels are assumed, foresee 
still high cost of energy, at least 2 times 
higher than traditional fuels. Economies 
switching to carbon neutral energy forms 
will face significant disadvantages when 
competing against traditional fossil-fuels 
relying economies. Mechanisms to pare 
this difference could be e.g. a CO2 tax on 
the carbon footprint of goods, but this shall 
not be discussed further in this paper.
The total production and transportation 
cost of some synthetic fuels will be dis-
cussed based on an analysis carried out by 
Siemens Energy [10] (F i g u r e  2 ).

Hydrogen is currently growing fast in popu- 
larity amongst ecological activists as well 

as power producers. In general, high fuel 
cost always negatively affect power pro-
jects. A brief summary on hydrogen prices 
shall be given. Several publications consi-
dering different boundary conditions of 
the production of hydrogen like region, 
type of renewables and their shares, and 
their associated cost vary as well. Projec-
tions are given for the year 2030 for which, 
assuming the total production quantity of 
hydrogen massively increases, scaling ef-
fects would reduce the hydrogen produc-
tion costs. Altogether the projections based 
on scenario 1 suggest prices of 2,700 to 
4,500 €/ton hydrogen in 2030, considering 
the levelized cost of production incl. capex 
and opex, power price of renewables and 
transportation. Averaging gives 3,600 €/
ton (equals 3.6 €/kg) or 110 €/MWh in case 
we assume that 1 ton of hydrogen has an 
energy content of 33 MWh/t which is 
equivalent to 120 MJ/kg (LHV). Compar-
ing 110 €/MWh for hydrogen with today’s 
natural gas price of 25 €/MWh (Europe), 
and assuming no major increase in gas 
price up to 2030, a large gap in fuel cost 
between natural gas and hydrogen exists. 
The increasing tax for CO2 emissions, with 
currently at about 25 €/t in Germany, can 
be considered as an adder to fuel cost. This 
makes gas more expensive compared to 
CO2 free hydrogen. To balance both fuels to 
the same cost level a CO2 tax of 400 to 
450 €/t would be required in scenario 1. A 
tax on this level would be highly unrealistic 
and is far off the plans from at least the 
German government [2].

Scenario 2 would reduce the cost of hydro-
gen. Reducing the cost of power by using 
“free of charge” excess renewable power 
would reduce the total levelized cost of 
production down to 60 €/MWh which is 
way closer to natural gas. Under these con-
ditions a CO2 tax of around 170 €/t would 
bring cost to the same level of natural gas. 

Considering that even today we have CO2 
taxes around 120 €/t in Sweden, at least 
this is not a completely unimaginable sce-
nario. In addition, an economic cost evalu-
ation will be necessary to identify the best 
locations for hydrogen production. Loca-
tions of hydrogen production close to the 
consumer would reduce the expensive ef-
fort of transporting hydrogen but on the 
other side a facility close to the renewable 
power production would avoid major in-
vestments in the transmission and distribu-
tion grids by using the gas grid for trans-
portation of fuel. 
Once available in large amounts, it would 
have to be evaluated whether the decar-
bonizing potential of hydrogen wouldn’t be 
higher if used in another sector, e.g. the 
steel industry. Steel production is extreme-
ly CO2 intensive and accommodates for 
around 7 % of global CO2 emissions. Using 
hydrogen as a reduction element instead of 
coal dust to decrease emissions here could 
be even more effective than in the power 
sector from environmental point of view. 
Nevertheless, this technology still lacks in-
dustrial large-scale validation. Tests are 
currently being conducted by many steel 
producers e.g. Thyssenkrupp Steel in Duis-
burg, Germany.

Summary

The global trend towards deep decarboniza-
tion with an increasing share of renewable 
power generation drives the power produc-
ers and grid operators not only to produce 
the power instantaneously when required 
as in the past, but also to produce excess re-
newable power. This can ensure a reliable 
and carbon neutral (or even free) power 
supply also during times of dark doldrums. 
Several energy storage fuels like e-methane, 
e-hydrogen, e-methanol and e-ammonia, 
are currently under investigation. 

€/MWhth  e-hydrogen            e-methanol              e-methane              e-ammonia 

Germany
Electricity
(wind, mix
onshore,
offshore)

Imports 
from 
best sites
abroad 1)

Electricity
(renewables)

Benchmark
Prices (EU)
2019-2020

Production of green e-H2 and e-H2-based
products at best sites abroad provides a 
significant cost advantage compared to 
Germany

i)   e-hydrogen, electrolysis and use of Wind-/PV electricity
ii)   e-methanol: green hydrogen and use of unavoidable CO2 of 
     industrial origin
iii)  e-methane, similar to e-methanol
iv)  e-ammonia, green hydrogen and Haber Bosch synthesis 

Remarks:
1)  Best sites PV, Wind w/o transportation & distribution costs to the EU 
2)   Prices for delivery to Europe, Methanex European Posted Contract 
     Price (MEPCP), 02/2020
3)  Production costs based on Steam Methane Reforming (SMR)–H2
     costs, feedstock natural gas with gas price 5,5-7 €/GJ, 
     no CO2 penalties
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Fig. 2.  Production costs of “green” e-fuels in Germany, compared to best sites abroad. Future values are extrapolations based on scaling effects and 
technological improvements.
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E-hydrogen is the easiest fuel to produce 
and, while storage and transportation cre-
ate some challenges, it can be used as pure 
fuel or mixed-up with methane. State of 
the art gas turbines can already today han-
dle up to 60 % of hydrogen blended in nat-
ural gas in DLE mode and up to 100 % in 
Wet Low Emissions (WLE) or diffusion 
flame combustion technologies. RICE com-
bustion technology requires significant de-
velopment on major components and, be-
yond about 38 % hydrogen content, a large 
power de-rate. E-methane synthetization 
requires hydrogen production first, and the 
process is less efficient. On the other hand, 
downstream technologies like gas pipe-
lines, power plants, heaters, most of the 
natural gas infrastructure, can remain as 
they are. The effort to produce e-methanol 
is similar to e-methane, but the fuel can be 
added to liquid fuels and act as green back-
up fuel for use in GTs and RICE. The pro-
duction of e-ammonia requires air captured 
nitrogen with a power demand like the 
other e-fuels using hydrogen as feedstock. 
The combustion of ammonia as a carbon 
free fuel would bring the advantage of zero 
CO2 emissions but comes with the risk of 
increased NOx output. As ammonia is cur-
rently used as a feedstock for the chemical 
and fertilizer industry and, given its high 
potential to decarbonization the transpor-
tation sector (mainly marine), the future 
use for power generation might be very lim-
ited in the near to mid-term future. Consid-
ering the production processes, cost of pro-
duction and potential for carbon free gen-
eration, hydrogen seems to be the easiest 
fuel to further decarbonization the power 
sector. All major original equipment manu-
facturers of gas turbines have committed, 
although with slightly different timelines, 
to continuously develop the ability to use 
hydrogen fuel blends with a hydrogen con-
tent of up to 100 %. This commitment was 

agreed within the EU-turbines organization 
in January 2019 [11].
To conclude the initial question, “can e-fu-
els close the renewables power gap?” Yes, 
they can under certain conditions. The 
technological hurdles are low, but higher 
cost compared to traditional power genera-
tion have to be partially compensated. Re-
gulators and politics must create an envi-
ronment where investments in Power-to-X 
technologies get financially feasible. This 
might be done via carbon taxes, feasible in-
centives for carbon emission reduction 
measures in power generation or other 
measures to shift the focus towards the pro-
duction of e-fuels and utilize the whole po-
tential of renewable power generation. To-
days investment decisions for residual load 
generation sites should also take the prop-
erties of future fuels mixes in the gas grids 
into account to prevent from potentially 
stranded assets requiring further high in-
vestments to stay online. Nevertheless, e-
fuels will not only significantly sustain and 
decarbonize the power sector using the sea-
sonal storage capacities, their additional 
potential to decarbonize transportation, 
industry and other sectors in the mid to 
long-term must be considered as well.
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