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ABSTRACT

Power-to-Fuel technologies are important for
reducing fossil fuel consumption in the transport sector.
Carbon dioxide (CO,;) from biogas and hydrogen (H3)
production from wind electrolysis provide convenient
components for the synthesis of methanol. This study
evaluates the environmental performance of a novel
Power-to-Fuel (PTF) system, in which methanol is
produced at a biogas production plant. A Life Cycle
Assessment is carried out considering five feasible
process routes in order to identify the one that delivers
greater environmental benefits. The proposed system is
also compared to a system of conventional methanol
production. Results show improvements in most impact
categories, which make it interesting from the
environmental point of view.
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HT Human toxicity

LCA Life cycle assessment

LCI Life cycle inventory

LCIA Life cycle impact assessment
LHV Lower heating value

ODP Stratospheric ozone depletion
PEM Polymer electrolyte membrane
POF Photochemical ozone formation
PtF Power-to-Fuel

Symbols

n Energy efficiency

NOMENCLATURE

Abbreviations

AP Acidification potential
CHP Combined heat and power
EP Eutrophication potential
FC Freshwater consumption
FD Fossil depletion

FLH Full load hours

GHG Greenhouse gas

1. INTRODUCTION

The European Union’s (EU) goal of reducing its
greenhouse gas (GHG) emissions by 2050 by 80-95%
relative to 1990 levels requires innovative concepts to
achieve the transformation to a low-carbon economy
[1]. One possible way to do it can be replacing fossil-
based fuels and chemicals, such as methanol, by the
same materials produced with renewable resources.
The often named Power-to-Fuel (PtF) technologies (also
known as Power-to-Liquid) or e-fuels combine H, from
renewable energies via electrolysis with recycled CO;
from industry or agriculture to produce liquid fuels [2].
Such concepts have a high potential to support the
German energy transition by using less fossil resources
[3].

Methanol, e.g., is conventionally produced from
natural gas, based on synthetic gas from steam
reforming of natural gas (NG) and H,. In the light of
climate change, the CO,-based direct methanol
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synthesis has increasingly gained scientific interest
throughout recent years [4, 5]. Biogas from anaerobic
digestion can constitute a source of CO, being
underused nowadays as it is mostly released into the
atmosphere. The potential of CO, captured by biogas
upgrading plants in Germany is estimated at 1.5 Mt [5].
This could yield 1.1 Mt of methanol, assuming that
there are no constraints in H; availability. This roughly
corresponds to the overall methanol production in
Germany in 2016 [6].

Life cycle assessment (LCA) is a widely used method
for the analysis of the environmental performance of
complex production systems. It allows comparing
technological alternatives and identifying those
processes to be improved further [7]. There are various
LCA case studies on synthetic fuel production [8-11] and
biogas upgrading [12-15]. The latter quantify GHG
savings due to reduced emissions and the substitution
of chemical fertilizers [16]. Although CO, capture and
utilization plays a role in some LCAs [13, 17], it does so
in different contexts, e.g., for the production of H; or
methane (CH.). Besides, none of the studies consider
CO, from anaerobic digestion for the production of
synthetic fuels such as methanol.

In order to fill this gap, this study assesses small-
scale methanol production which includes biogas
upgrading on a farm site and uses wind power for H,
production. The ultimate objective of the study is to
assess the energy and environmental performances of
the proposed system; while evaluating the influence of
model assumptions on co-product environmental
credits. Finally, the system is compared to the average
fossil-based methanol production process.

2. MATERIAL AND METHODS

The methodology applied in this study is explained
in detail in Eggemann et al. [18] and, thus, will only be
summarized in the remainder of this chapter. It is
carried out in accordance with the 1ISO 14040 and 14044
[19] and made up of the following phases:

2.1 Goal and scope

The objective is to measure environmental impacts
from six different scenarios of a PtF system from cradle
to gate. The system boundaries enclose all production
steps towards 1kg of methanol, which is the final
product, and also defined as the functional unit (FU).

2.2 System description

The system described has been designed as
proposed by Decker et al. [20] and is based on

Eggemann et al. [18]. It is composed of the following
sub-systems: a) a dairy cow farm with biogas
production corresponding to the small manure plants
widely found in Germany which use manure in large
amounts, b) a CO; capturing unit using biogas upgrading
technology and a CO, storage for buffering, c¢)a
combined heat and power (CHP) unit for the energetic
utilization of the CH,4, d) a wind turbine and electrolyzer
(PEM) for H, supply and e) a methanol production plant
with an H, storage. The system boundary is set at the
farm gate, assuming close proximity of the wind turbine
for simplification (Fig 1).
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Fig 1 System boundary

The system, designed for the pilot scale, has a
potential annual methanol production of 2125t
assuming 8500 full load hours (FLH) and corresponding
to 137.5 kW v (lower heating value). It has an energy
efficiency of 36% based on the individual energy
efficiency rates shown in Tab 1. Due to data availability
constraints, capital goods are not included.

Tab 1 Energy efficiency of the multiple production steps as in
Eggemann et al. [18]

COz re- Methanol
covery synthesis
plant plant

Biogas plant  Electro-
(incl. CHP) lyzer

1 sub-

system  065[211 070[22]  0.9223]  0.85[24]

Using the ‘system expansion’ approach, co-product
credit is included in the system which generates
‘avoided processes’. In this case, power and heat from
the CHP unit and the methanol production and nitrogen
(N) fertilizer from digestate are obtained together with
the FU. Further details can be found in Eggemann et al.
[18].

The assessment considers six different scenarios
which mostly have the same system boundary and FU
as the first one. However, they vary in terms of the
choice of the avoided processes, based on potential use
options for the co-products. The last scenario refers to
conventional methanol production where the system
boundaries enclose the methanol production process
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and heat, electricity and NG production. The FU with
1 kg of methanol remains the same.
The scenarios are as follows:

1) Base — as described in this section above; N from
digestate is used as substitute for average
ammonium nitrate production in the EU; surplus
thermal energy replaces heat production from the
average mix in the EU and surplus electricity is sold
to the grid; hence replacing electricity from the
average German production mix.

2) Urea - includes the credit for replacing urea
production instead of ammonium nitrate to be
applied as fertilizer.

3) Grid mix — H; produced with electricity from
German grid mix instead of wind power.

4) Wind - electricity production from the CHP
substitutes offshore wind power for simulating a
future electricity mix with renewables.

5) Coal — CHP electricity replaces coal-based (lignite)
electricity for conventional simulation.

6) Conventional — reference process of conventional
methanol synthesis via steam reforming of NG

2.3 Life cycle inventory (LCl)

In this chapter, all emissions and material flows per
FU are collected with respect to the different scenarios
described in section 2.2. The GaBi ts software was used
to model the processes mostly using data from the
Ecoinvent 3.5 database [25]. Other data sources, as well
as the main assumptions are based on Eggemann et al.
[18] and only presented in a nutshell.

The farm corresponds to a small-manure plant with
a capacity of 75 kW. It uses feedstock which is made up
of residues from dairy farming, namely 80% manure and
20% grain shreds from feed production. The
composition of biogas is measured at 53% CHa, 46% CO,
and 1% oxygen. For reasons of simplicity, other
components were neglected such as N,O, H,, H,0 and
NH; which can leak during the digestion process.
However, due to partly open digestate storage at the
farm, NH; emissions according to EMEP/EEA [26] and
methane emissions (1 kg/MWh) were included in the
inventory. An N content of ammonium nitrate of 34%
and of urea of 46% were considered [27, 28] which are
substituted by the content of elemental N in the
digestate. This means that for 1 kg of N in digestate,
2.94 kg of ammonium nitrate or 2.17 kg of urea must be
produced.

No losses are assumed during the PSA process,
simulating an ideal process. Furthermore, it is not
accounted for the trace gases and other components of

the flue gases. The total CO; is used in the methanol
production process while the O, emits into the air. It
should be noted that the biogas plant, as it is, produces
a slight excess in the system of about 1 kg of CO,, thus,
a storage facility should be considered to guarantee a
constant methanol production.

The methanol synthesis occurs in an iso-thermal
reactor with 1.37 kg CO; per kg methanol according to
Billig et al. [5]. The thermal discharge from this process
is used to substitute heat production. A 133 kWin,nv
methanol synthesis plant demands 34.25 kg/h CO; and
4.7 kg/h H,. The H, amount corresponds to 158 kWi tav.
A wind turbine capacity of 1.2 MW and that of an
electrolyzer of 960 kW are assumed for the H;
production. Further assumptions are explained in
Eggemann et al. [18]. Conventional methanol synthesis
excludes the production of some inputs, e.g. aluminum
and copper oxide, because only very small amounts are
used, hence, generating small impacts. Furthermore,
the scenario assumes imported NG from Russia.

2.4 Life cycle inventory assessment (LCIA)

The environmental impacts, arising from the LCI,
are calculated using the ReCiPe 2016 method. Results
refer to the midpoint level from the hierarchist
perspective. The chosen impact categories are as
follows: “Climate change (excl. biogenic carbon) with a
100-year time horizon (GHG), [..] eutrophication
potential (freshwater and marine) (EP), acidification
potential (terrestrial) (AP), fossil depletion (FD),
photochemical ozone formation (POF), human toxicity
(HT) and stratospheric ozone depletion (ODP)”, p.7 in
[18].

3. RESULTS AND DISCUSSION

Results for the selected impact categories and
scenarios are summarized in Tab 2. All of the scenarios,
but the Grid mix and Conventional scenarios, deliver
mainly negative emissions, i.e. savings; which means
that co-product environmental credits offset overall
emissions. The other two only show positive emissions
in all categories, i.e. environmental burdens, except for
ODP for Grid mix.

CO; eq. savings of -5.41 kg are achieved for Coal,
closely followed by Base with -4.22 kg. Urea notes
savings of -3.64 kg and Wind of -2.83 kg. Conventional
and Grid mix, on the other hand, note GHG emissions of
0.74 kg CO; eq. and 1.6 kg CO; eq., respectively, accoun-
ting for increases by 114.8% and 127.5% with respect to
the Base scenario. The overall emissions in Conventional
appear to be reasonable compared to Otto [29], who
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mentions emissions for the conventional methanol
production process from NG of 0.51 kg CO..

Base performs better than Urea, which indicates
that the process of urea production causes more
emissions than the production of ammonium nitrate.
Especially, when considering that conventionally
produced urea even contains a higher share of N than
ammonium nitrate, thus, requiring a lower amount of
urea for the same amount of N.

Tab 2 Results of the LCIA for the different scenarios as

mentioned in section 2.2

Grid Conven
Base Urea mix Wind Coal -tional
GHG [ke ;550 3640 1600 -2830 -5410 0735
CO: eq.]
:2 ][kg ol 5841 0820 1370 -0312 -1.060  0.789
frpeshwater 2.026- -1.97E- 6.46E- 2.73E- -6.20E-  9.66E-
03 03 03 06 03 05
[kg P eq.]
EP marine -158E- -1.36E- 4.03E- -2.50E- -4.17E-  6.16E-
[ke N eq.] 04 04 04 05 04 06
AP [kg SO, 833E-  101E- 3.55E-  1.48E- 122  1.68E-
eq.] 03 02 02 02 02 03
HT (ke L4~ ;044 1619 6724 0078 -5825 0123
DB eq.]
POF ke .77 0180 018 0181 0177  0.002
NOx eq.]
gFDgn € ) 06E- -1.01E- -170E- -197E- -2.04E-  1.49E-
oy 05 06 05 05 05 07

The contribution that each sub-stage makes to the
total climate change impact is shown in Fig 2. The
results show that assumptions on the credits from
thermal energy are not relevant when comparing the
scenarios. The largest contributions for all scenarios are
made by the biogas production and the heat and power
co-generation of the CHP unit, e.g., for Base with 42.2%
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Fig 2 Climate change impact for the first five scenarios [the x-
axis describes the different scenarios; the y-axis is in units of
kg CO2 eq.]

and 43.7%, respectively. Fertilizer savings with approx.
2% for the scenarios Base, Grid mix, Wind and Coal and
only 0.6% for Urea are marginal but make a small
difference according to the chosen avoided process. The
use of the electricity from the German mix instead of
wind power accounts for 12.8% of GHG emissions in the
Grid mix scenario. This shows the importance of
obtaining H, from renewable sources. Therefore, wind
energy was chosen for H, production for the other
scenarios.

When comparing Base with Wind and Coal, Wind
performs worse and Coal better than Base. Coal notes
the greatest GHG emission savings, as the electricity,
which is replaced by power from the CHP, is coal-based
and therefore has higher emissions. Wind still notes
savings, although they are rather small. The electricity
credit plays a part in the outcome, contributing 4.5% to
the system in Base, 0.1% in Wind and 8% in Coal. The
Conventional scenario is not included in Fig 2, as the
processes are different from the rest. Nevertheless, the
sub-stage, which accounts for the highest emissions, is
heat production with 66% due to the high heat demand
of the methanol production process.

Savings in EP, FD can be achieved for all scenarios
but Grid mix and Conventional. The only burdens by all
scenarios occur for the impact categories of AP and
POF, and HT for some. The impacts for the proposed
system range for AP from 7.85E-03 to 8.79E-03 kg SO,
eq. and for POF from 1.77E-01 to 1.79E-01 kg NOx eq.
The main contribution to the HT savings of -2.04 kg 1,4-
DB eq. in Base is made by the replaced electricity with
56%. In Coal, these savings are even greater, where
replaced electricity, as the main contributor, accounts
for 69% of the savings.

In general, the avoided processes have an impact on
the entire system. Without them, the system does not
account for savings. The proposed system shows
relatively low impacts for all sub-systems but the biogas
production and the CHP wunit. In particular, the
generated electricity achieves the highest share in the
contribution to most categories. If electricity from wind
is replaced by electricity from the grid mix, the system
performs poorly. Another benefit by the system, apart
from its flexibility, is that the carbon in the system is
biogenic, coming from animal feces and vegetable
resources, and not from fossil sources. Therefore, if
compared to conventional methanol production, the
system achieves high emission savings, using internal
heat and electricity production instead of the offered
German mix.
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4. CONCLUSIONS

The study assessed a novel PtF system for a small-
scale, local biogas plant with respect to different
scenarios. The scenarios of the comprehensive LCA
show that the system can achieve environmental
benefits, especially, when compared to the
conventional system. However, the environmental
performance of such an integrated system with multiple
co-products is subject to the modeling choices in the
application of the LCA methodology. These should try to
represent the actual situation in the geographical and
temporal context in which the system is going to be
applied. The application of a consequential LCA
perspective is recommended for including the
economy-wide environmental implications of successive
market substitution effects due to multiple co-product
generation. Similarly, the scale of production may alter
the results from the comparative assessment, since
impacts do not vary in a linear fashion; hence the
importance of assessing upscaling.

In conclusion, the system under study, with the
assumption of using renewable energies, can make a
contribution to a low-carbon economy, especially when
considering the fact that conventional methanol
production could be replaced by it. The aspect that the
CO, originates from biogenic and not from fossil sources
is another advantage.

The novel system can further be modified or
expanded by applying different electrolyzer
technologies or CO; recovery methods and including the
production of capital goods. The conventional system
can be expanded including more inputs and losses from
NG transport, causing increased relative savings by the
proposed system. The economic performance of the
system is equally important in determining its overall
sustainability and driving investment decisions. This will
be investigated by means of a techno-economic
analysis.
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