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Abstract

A large-scale biogas upgrading plant using the CarboTech® technology with a treatment capacity of 1333 Nm? biogas per hour
was analyzed. Our scope of evaluation encompasses all technology steps that are necessary for upgrading biogas, i.e., both
pretreatment and biogas upgrade. A cradle-to-gate life-cycle and life-cycle cost assessment (LCA and LCCA) methodology was
used with the functional unit (FU) of 1 Nm® of biogas upgraded in order to ease comparison with other biogas upgrading
technologies. The calculation was made using the GaBi8 LCA software and databases of GaBi Professional, Construction
materials, Food&Feed, and the ecoinvent3. We applied the CML characterization model with all its mid-point indicators. The
mid-point indicators of the CML characterization model were aggregated after normalization by the CML2001 - Jan.2016
normalization factors. The normalized environmental impact was 541.74-10"'°/Nm® raw biogas. The highest environmental
impacts were the marine aquatic ecotoxicity potential (15.705 kg dichlorobenzene-equiv./Nm? raw biogas), the abiotic depletion
potential (1.037 MJ/Nm? raw biogas), and global warming potential (0.113 kg CO,-equiv./Nm® raw biogas). The unit production
cost of the PSA technology was 0.05-0.063 €/Nm® raw biogas. The most considerable source of expenses was the operational
cost from which 77% was spent on electricity. The initial investment, personal costs, and the reinvestment amounted to only 34%
of the total costs for the whole life cycle. Strategies to lower the environmental burden of the PSA technology are to use green
electricity and to optimize the size of the plant in order to reduce unnecessary material flows of building material and their indirect
energy use. This can also lower investment expenditures while automatization and remote control may spare personnel costs.
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Introduction important constituents of a sustainable energy mix in Europe

[3, 4]. Anaerobic digestion is a complex bio-chemical trans-

Renewable energy has a major role to play in combating cli-
mate change and establishing a more sustainable way of living
[1, 2]. Bioenergy, and the anaerobic digestion within it, are
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formation process mainly under anaerobic conditions done by
a mixture of aerobic and anaerobic microorganisms, such as
fermentative and methanogenic bacteria, and produces biogas
[5, 6]. Biogas, usually having a variable composition of CH,
and CO, 35-70% and 15-40%, respectively [4, 7], can be
used in versatile ways having less problems of use, such as
low energy density, emissions, and corrosion when upgraded,
and performs similar characteristics as natural gas [3, 4, 8, 9].

Between 2011 and 2017, biogas production in the EU in-
creased from 123,526 to 195,684 GWh [10]. Although the
majority of biogas is used for electricity (62%) and heat
(27%) production [5, 11], the amount of upgraded biogas
grew from 752 to 22,048 GWh [12]. This is almost a thirty-
fold growth that indicates a shift of the business model of
biogas plants, from electricity and heat production to
upgrading biogas to biomethane [3]. During the earlier devel-
opment of the biogas upgrading technology, water scrubbing
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(WS) and pressure swing adsorption (PSA) were the dominat-
ing technologies [4, 13]. Since then, a wider range of physical/
chemical technologies have become available on the market,
such as organic solvent or chemical scrubbing, cryogenic or
membrane separation, as well as physical and chemical ad-
sorption [4, 7, 13—15]. As these technologies offer also com-
petitive prices, the market situation has changed, and the pre-
vious domination of PSA and WS has diminished, leading to a
much more balanced situation [4].

Despite being the most widely used, reliable, and
established technology commercially available in multi-
ple scales where much experience is available [13, 16,
17], the PSA technology still has some drawbacks, e.g.,
it needs a two-stage process to remove CO, and H,S,
can have rather high methane slips and requires a high
pressure [13, 14, 16, 18], and, consequently, have a high
global warming potential (GWP) of 83.6-85.3 kg CO,-
equiv./100 Nm® biomethane [19]. On the other hand,
PSA is competitive in price (0.064—-0.13 €/Nm® biogas)
and cleaning level and can eliminate both oxygen and
ammonium together with CO, [13, 14, 18, 20]. Thus,
the PSA technology is very much suited for being a
basis for comparison for newly developed biogas
upgrading technologies.

Nonetheless, the development of new technologies for
biogas upgrading has not stopped, and the search for more
advanced technologies that allow the establishment of ef-
ficient and sustainable supply chains that could couple the
biogas system in the bio-based economy is currently of
utmost importance [21]. Life-cycle assessment (LCA) is a
valuable tool that is often used to analyze evolving tech-
nologies and their bottlenecks creating more sustainable
ways. Studies assessing sustainability of biogas upgrading
technologies are not just limited in number [4, 5, 7, 9, 19,
22-24], but they also differ in terms of the evaluated
technology, scope, applied data base, functional unit
(FU), and characterization model, which hinder compari-
son and further analysis. In addition, many studies con-
sider only major operational energy and material con-
sumption and base their calculations on literature or
modeling data. To the best of our knowledge, there are
no studies available in the literature that analyze a main-
stream biogas upgrading technology, such as pressure
swing adsorption (PSA) based on empirical data from a
functioning full-scale biogas upgrading plant. This study
addresses this knowledge gap and focuses on the life-
cycle assessment of the PSA technology using empirical
data from a functioning full-scale plant. The results ob-
tained from this assessment are therefore helpful to pro-
vide a reference system for comparison with other
technologies.

In the next sections, we describe our methodology of anal-
ysis and introduce the analyzed PSA plant. Finally, the results
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are presented and discussed, comparing them with the out-
comes of previously published studies.

Methods
Description of the PSA Biogas Upgrading Technology

The biogas upgrading plant, with a treatment capacity of
1333 Nm?® biogas per hour, i.e., 32,000 Nm’® biogas per day,
is located in Brandis, Saxony, Germany, and was built in 2013
using the CarboTech® technology.

The composition of input and output gases is given in
Table 1. The relatively low concentration of H,S is due to
the energy crop-based feedstock (59% maize silage, 10-15%
grass silage, 10-15% wholecrop cereal silage, 5—12% sugar
beet, and 1% cereal corn) that could allow to omit the bio-
based hydrogen sulfur removal. Due to the same reason, si-
loxane and ammonia were negligible too [14, 25-27]. The
biogas plant producing the biogas for the upgrading plant runs
between mesophilic (38 °C) and thermophilic (58 °C) condi-
tions due to a missing cooling capacity in the summer and has
a total feed-stock need of 52,000 t/a.

The size of the biogas upgrading plant was defined along
the renewable energy subsidy scheme given at that time (EEG
2012) that gave the highest subsidy (3.0 €ct/kWh of fed-in
thermal energy) to plants having a nominal capacity of
700 Nm’/h biomethane. This corresponds to a biogas input
of 1400 Nm?>/h [13].

Our scope of evaluation encompasses all technology steps
that are necessary for upgrading biogas. These steps are
grouped in two sections: pretreatment and biogas upgrading
(see also Fig. 1). The pretreatment step consists of H,S and
water removal; meanwhile the biogas upgrading phase cleans
the biogas from carbon dioxide, oxygen, and the rest of am-
monium. In the pretreatment phase, the biogas stream is first
led to the biotrickling filter to remove H,S (Bio-H,S removal).
Since H,S is irreversibly captured by the adsorbent material in
the PSA unit, H,S removal has to be placed before the PSA
step [13, 14, 16, 18, 28]. In the biotrickling filter, acrobic
bacteria decompose H,S, and to keep these bacteria in the

Table 1 Composition of biogas and upgraded biomethane
Input Output in Brandis
CH4, % 51.4-52.2 96
CO,, % 45-47 3.5
05, % 0.05 n.a.
H,0, % 1-2 n.a.
H,, ppm 72 n.a.
H,S, ppm 55 1
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Fig. 1 Process flow of the PSA biogas upgrade technology

reactor, an enlarged surface polyethylene carrier is placed in-
side the reactor (see Table S1 in the Supplementary material
for details). However, because of the very low concentration
of H,S in the input biogas at this PSA plant no sulfur sludge
was produced. Consequently, no discharge of sludge and no
extra input of alkali reagent, such as NaOH, were considered
for the biotrickling filter. In addition, by-passing the
biotrickling filter became a real alternative worth re-
examining.

The pretreatment process continues with the biogas transfer
directly from the biogas reactor or the biotrickling filter
through the first chiller. Then the biogas stream is compressed
and chilled again for further dehumidification (biogas dehu-
midification). The pretreatment ends with an activated carbon
filter where residues of H,S can be filtered out (C-H,S remov-
al) together with other possible contaminants such as silox-
anes, nitrogen, ammonium, and oxygen, if they are present in
the gas [4]. This is a secondary, so-called fine desulfurization
step to protect the next unit from contamination [13]. In the
upgrading phase, the dry and H,S-free biogas is led to the PSA
unit where CO, is temporally adsorbed to activated carbon in
order to separate it from methane (CO, removal), which is
then stored and transferred to the natural gas pipeline
(biomethane transfer). Next, the pressurized (at 6 bar) PSA
vessel is regenerated using vacuum (— 0.85 bar) to release
the carbon dioxide from the adsorbent (see the pressure

Y
A
A

Biogas upgrading

regime of PSA vessel in Fig. S5), along with a small fraction
of methane present in this gas. This gas mixture is called waste
gas and is burned with a flameless oxidation burner to avoid
methane emission from the plant. However, the majority of
environmental burdens, i.e., GWP and photochemical ozone
creation potential (POCP), are associated to the methane
losses being 3.5-4% of total methane treated [19, 23], and
the CarboTech® technology guarantees a methane slip less
than 2% [13]. In addition, in Germany a low level of CH,
leakage (max 0.2%) is a prerequisite for renewable energy
subsidy [20]. Based on the information provided by the oper-
ator of the biogas plant, we considered 0.2% methane emis-
sion to the air of the total methane treated in the PSA plant,
ie., 12,194 Nm® methane/year.

The flameless oxidation process is considered to be an
autothermic burning [13], so crediting recuperated heat for
heating the biogas plant was not possible. The steps of the
PSA technology are depicted in Fig. 1.

The electricity consumption of the PSA plant was recorded
only as a total for the whole plant, i.e., 2,568,985 kWh/year,
giving a mean specific electricity consumption of 0.22 kWh/
Nm? biogas. It was not possible to measure the electricity con-
sumption separately for every unit, and so it could not be divid-
ed among the different units within the PSA plant. Although it
can be assumed that compression and cooling of biogas togeth-
er consume the highest proportion of electricity [13].

@ Springer
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Beside the above listed main technological steps, supple-
mentary modules such as general infrastructure, instrument
air, cooling water, nitrogen provision, cold water, and electric-
ity were also considered. The inventory of these steps is given
in the Supplementary material (Table S1).

Description of the Assessment Methodology

The total life cycle of the PSA plant was set to 20 years.
Within this period, the plant can purify 32,000%365%20 Nm®
biogas, i.e., 233,600,000 Nm?, which is our reference flow.
From this amount of biogas, 127,020,000 Nm?® biomethane
can be produced that was calculated from the methane propor-
tion of raw and upgraded biogas (see in Table 1: 52.2/96). To
ease comparison with other biogas upgrading technologies,
the functional unit (FU) was set to 1 Nm® of biogas upgraded.
A cradle-to-gate life-cycle and life-cycle cost assessment
(LCA and LCCA) of the above described PSA biogas
upgrading plant were carried out.

The goal and scope, inventory development, and impact
assessment of the LCA were defined and accomplished ac-
cording to the ISO 14040:2006 standard, using GaBi8 LCA
software and the GaBi databases Professional, Construction
materials, Food&Feed, and the ecoinvent3 database. We used
the CML characterization model with all its mid-point indica-
tors. The results were divided by the references flow
(233,600,000 Nm® biogas treated/lifetime), i.c., the total bio-
gas treated per lifetime of the plants, to gain comparable re-
sults. The mid-point indicators of the CML characterization
model were aggregated after normalization by the CML2001 -
Jan.2016 normalization factors.

Data about the operating PSA plant in Brandis were col-
lected based on the planning documentation, shop drawings,
the commissioning documentation, and by visiting the plant.
The transformation of these data to the LCA inventory was
made by following the decision tree given in Fig. 2. When

’Is the process/equipmentavailable in the data bank? |

Yes No

only the weight of the major composition was possible to
define, e.g., steel or plastic, the manufacturing activity was
also accounted for, such as metal working or blow molding.
However, these data deteriorated the accuracy of the
calculation.

For the LCCA, the initial investment, reinvestment,
operation, personnel, and maintenance costs for the entire
life cycle of the PSA technology from planning and op-
erational data of the PSA biogas upgrading plant were
collected. The economic performance was assessed using
the LCC framework with a total life cycle of 20 years.
The cost of electricity was set to 0.17 €/kWh and the
personal cost 80,000 €/year. We used a discount rate of
2.7% [29] to calculate dynamic economic indicators,
such as capital expenditures (CAPEX), operational ex-
penditures (OPEX), present value (PV) [30], and unit
production cost (UPC).

The CAPEX was calculated using Eq. (1):

CAPEX = initial investment + Y Rlpiofitier + 2 RIpsa + > Rlcomp + 2RIy _pump
(1)

where:

Rlpiofiner  discounted reinvestment of biotrickling filter per
year

Rlpsa discounted reinvestment of PSA carbon filter and
pressure containers per year

Rlcomp discounted reinvestment of compressors per year

RI, pump discounted reinvestment of vacuum pumps per

year

The calculation of OPEX was made according to Eq. (2):

> MChiofitier + 2MCpsa + XMCeomp + XMCy_pump + 2 Cpower + 2 Cpersonal

OPEX = life span of plant
(2)

Ilnclude the unit process in the modell ’Can the unit process be purchased"‘

Yes

Buy the unit process

Growing inaccuracy

Assess the weight of the main materials

Fig. 2 Decision tree for dealing with data gaps in life cycle inventories
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where:

MCyiofier  discounted maintenance costs of biotrickling
filter per year

MCpga discounted maintenance costs of PSA carbon
filter and pressure containers per year

MComp discounted maintenance costs of compressors
per year

MC, pump discounted maintenance costs of vacuum pumps
per year

Cpower discounted power costs per year

Cpersonal discounted personal costs per year

The present value was discounted using the discount factor
as calculated in Eq. (3).

1
Discount factor = — (3)
1+1)
where:
i discount rate
t actual year when the cost emerged
PV was calculated according to Eq. (4).

1

PV =3C,- = CAPEX + OPEX - n 4)

(1+0)
where:

C, total cost per year
n  life span of facility

UPC was calculated by dividing PV by the reference flow,
i.e., the total amount of biogas cleaned during the lifetime of
the plant (233.6 million Nm?).

Results
Environmental Impacts of the PSA Technology

The PSA biogas upgrading plant has its highest environmental
impacts in marine aquatic ecotoxicity potential (MAETP),
abiotic depletion potential (ADP), and GWP, as given in
italics in Table 2. The main source of these impacts stems
from CH, leakage and electricity consumption (EU-28 elec-
tricity mix), while other sources have an impact of two or three
orders of magnitude less. In the electricity consumption, the
main impact flow for MAETP was the hydrogen fluoride
emission,1 for ADP it was hard coal, natural gas, and lignite
consumption, and for GWP, the CO, and N,O emission were
the major impact flows. When neglecting CH, leakage and

! Hydrogen fluoride is mainly used for manufacturing refrigerants. When
dissolved in water, it forms hydrofluoric acid that is used for pickling stainless
steel.

electricity consumption, the main reason for the high ADP is
the intensive use of hard coal for the activated carbon and the
crude oil for polypropylene production. In addition, stainless
steel production also consumes considerable amounts of coal
and crude oil. The high emissions of heavy metals and
NMVOC again from steel production resulted in a high hu-
man toxicity potential (HTP). The considerable MAETP is
induced also by steel manufacturing emitting hydrogen fluo-
ride and heavy metals.

It was also important to show which process step brings
about the highest environmental impacts. To calculate this, the
results of the different mid-point indicators were aggregated
using the normalization factors of CML2001 - Jan. 2016 char-
acterization model. The impact of electricity consumption is
great (Fig. 3), as it induces 67%, i.c., 335.98-10° '3, of the
associated environmental impacts. The second biggest envi-
ronmental impact is produced by the general infrastructure
(38.94:10 '%) and the third by CO, removal (35.25:10"%).
The 0.2% methane leakage is responsible only for 1% (5.69
107"%) of the normalized emissions. Other environmentally
intensive process steps are cold water, cooling water, and bio-
gas dehumidification. Each process step has either a consider-
able amount of concrete or steel built-in, or material needed
for operation, such as glycol for cooling water. These material
flows and their indirect energy flows create the environmental
impacts. Consequently, properly dimensioned machinery and
economical use of material for operation do not just save
money but also reduce environmental impacts. The option to
bypass the biotrickling filter would not bring about a huge
environmental impact saving potential.

Economic Impacts of the PSA Technology

The most considerable source of expenses was the operational
cost (11,314,549 €) from which 77% was spent on electricity.
In comparison, the initial investment (2,691,625 €), personal
costs (1,600,000 €), and the reinvestment (696,000 €) took
only 34% of the total costs for the whole life cycle (see
Fig. 4, and for details Table S2 in the Supplementary
material).

The discounted total capital expenditure (CAPEX) was
3,156,840 €, and the discounted average operational expendi-
ture (OPEX) amounted to 432,786 €/year. In total, for the
20 years of lifetime, OPEX makes nearly 77% of the total
costs. The unit production cost (UPC) was 0.05 €/Nm® biogas
treated. When personal costs were not considered, UPC
dropped to 0.045 €/Nm® biogas treated.

Discussion

Since the first LCA studies about biogas upgrading technolo-
gies were published just about a decade ago [5], there are not

@ Springer
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Table 2

Results of LCA using the CML2001- Jan.2016 characterization model

Mid-point indicators

Environmental impacts of PSA per Nm® biogas

CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.
CML2001 - Jan.

2016, abiotic depletion (ADP elements)

2016, abiotic depletion (ADP fossil)

2016, acidification potential (AP)

2016, eutrophication potential (EP)

2016, freshwater aquatic ecotoxicity pot. (FAETP inf.)
2016, global warming potential (GWP 100 years), excl biogenic carbon
2016, human toxicity potential (HTP inf.)

2016, marine aquatic ecotoxicity pot. (MAETP inf.)
2016, ozone layer depletion potential (ODP, steady state)
2016, photochem. ozone creation potential (POCP)
2016, terrestric ecotoxicity potential (TETP inf.)

0.022:107°
103,670.648-10°
27.801-107°
2.832:107°
177.855:10°°
11,290.846:10°°
2813.705-10°
1,570,555.624-10°
0.64410°°
2.184-107°
23.541-10°7°

so many studies available in this field. In addition, in the
literature, there is a great variety in the framework conditions
for life-cycle analysis which means different functional units
(e.g., 1 or 100 m> biogas or biomethane, 1 t CO, removed [5,
19, 23]), different length of life cycles (e.g., with or without
biogas production and biomethane injection into the grid),
different characterization models with different impact cate-
gories (e.g., ReCiPe, CML), and different databases (e.g.
ecoinvent or GaBi Professional). This high variety of frame-
work condition, of course, hinders the comparison of results.
In addition, many studies used data from the literature or col-
lected them via questionnaires [4, 13, 19, 23, 28] and provided
a too general description of the evaluated technologies, espe-
cially in studies that deal with the comparison of alternative
technologies. Consequently, the understanding of the

Fig.3 Normalized environmental
impact of the process steps with

electricity 33000

300.00
250.00
200.00

150.00

treated, 10

100.00

50.00

0.00

Normalized environmental impact, normalized value per Nm? biogas
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technology and the inventory (e.g., the source of CHy, SO,,
H,S, and CO, emissions) and the possibility of making a
thorough analysis of the consecutive technology steps identi-
fying hotspots is very much hampered. In particular, the meth-
ane slip is a highly important issue, because it may induce the
brunt of GWP. Studies in the literature report on a rather high
proportion between 1 and 4% [19, 23, 28], but do not discuss
how the waste gas flow is treated by the different technologies
because methane is not necessary discharged to the environ-
ment and had to be accounted as an emission. For example,
the PSA technology from CarboTech® uses burners to neu-
tralize the CH4 content of waste gas, and so methane slip
drops below 0.2%.

Despite the obstacles mentioned above, we tried to verify
our result and made a comparison of the data available in the

335.98
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10,88%

Fig. 4 Cost structure of the PSA plant

literature manly focusing on the electricity consumption and
GWP.

The fossil electricity demand of PSA biogas upgrading
plants in the literature was reported to be between 0.2 and
0.34 kWh/Nm?> biogas. Pertl et al. (2010) indicated an elec-
tricity consumption of 0.72 MJ/Nm® raw biogas (equals
0.2 kWh/Nm”) that is similar to the data (0.2-0.3 kWh/Nm?)
given by Hoyer et al. (2016), but Pertl et al. (2010) added an
energy demand for compression and drying of 0.62 MJ/Nm®
upgraded biogas, i.e., 0.097 kWh/Nm® raw biogas. In this
case, the total electricity demand for this technology was ca.
0.3 KWh/Nm® raw biogas. Florio et al. (2019) revealed a
slightly higher electricity consumption: 0.34 kWh/Nm® bio-
gas. Urban et al. (2009) reported referring to the technology
provider 0.25 kWh/Nm® raw biogas. Although Starr et al.
(2012) used a different FU (ton of CO, removed), the authors
indicated an electricity demand of 915 MJ/t of CO, removed,
which corresponds to 0.22 kWh/Nm?® raw biogas. Sun et al.
(2015) reported electricity consumption values from the liter-
ature between 0.23 and 0.3 kWh/Nm® raw biogas. In our case,
the electricity consumption of the total PSA plant was
0.22 kWh/Nm® raw biogas that is well in the range of the
electricity consumption given in the literature. The relatively
low value reflects the assumed high capacity (1333 Nm?>/ha)
of'the PSA plant. A 20% decrease in this capacity would raise
the electricity consumption to 0.27 kWh/Nm® raw biogas.

GWP of PSA technologies is indicated to be between 83.6
and 85.3 kg CO,-equiv./100 Nm® biomethane [19] which
equals to 0.472-0.482 kg CO,-equiv./Nm®> raw biogas.
These values are considerably higher than our result for
GWP (0.113 kg CO,-equiv./Nm? raw biogas), mainly because
our calculation considered solely 0.2% CH, leakage (see
“Description of the PSA Biogas Upgrading Technology”)
and had a lower electricity consumption. When considering
4% CH,4 leakage and an electricity consumption of 0.3 kWh/

® [nvestment
Reinvestment H2S removal, €/a

# Reinvestment PSA carbon filter, €/a

0,14%
1,22% Reinvestment PSA pressure containers, €/a
0,68% s Reinvestment compressors, €/a

%

,35% = Reinvestment vacuum pumps, €/a
0.20% Maint H2S |, €/
| |
0,68% aintenance removal, €/a

o 1,02% > Maintenance PSA carbon filter, €/a

2,72% i Maintenance PSA pressure containers, €/a

* Maintenance compressors, €/a
« Maintenance vacuum pumps, €/a
® Power costs, €/a

= Personnel costs, €/a

Nm? as given in Pertl et al. (2010), our model gains 0.475 kg
CO,-equiv./Nm® raw biogas. This value is much closer to the
results of Pertl et al. (2010) and more than fourfold of our
original result. This is depicted in Fig. 5. This comparison
justifies that considering solely electricity and methane leak-
age as sources of GWP, they cover more than 95% of the
greenhouse gas emissions form this technology.
Nevertheless, other important environmental impacts, such
as MAETP, are in this case neglected.

Since electricity is an important source of emissions, we
scrutinized how much difference a change in electricity mix
can produce. For this, we calculated the environmental impact
of the PSA technology when electricity would be produced
only from a mixture of wind and solar energy. In this case,
GWP drops from 0.113 to 0.031 kg CO,-equiv/Nm® biogas
treated which is a reduction of more than 70%. Concerning the
total environmental impact, it diminishes from 503.00-10"
t0276.36:10" "% per Nm® biogas treated which is a reduction of
45%. This switch of power supply would have a considerable
economic impact as well. When considering a market price of
0.0433 €/kWh for PV-power and 0.046 €/kWh for onshore
wind craft [31] and calculate an average renewable electricity
price of 0.045 €/kWh, the share of power costs shrinks from
59 to 28%.

The operation and maintenance costs of upgrading technol-
ogies reported in the literature are also very different ranging
from 0.47 to 6.7 €ct/kWh biogas [4], which equals to 0.0027—
0.39 €/Nm’ biogas, calculated with 5.83 kWh/Nm® energy
content. The upgrading cost of biomethane with the PSA tech-
nology was 6.5 €ct/kWh, i.e., 0.38 €/Nm3, for a factory with
600 m>/h capacity [4]. de Hullu et al. [32] report on total costs
between 0.13 and 0.44 €/Nm® where PSA has 0.25 €/Nm’.
Other sources report much lower costs of 1.4-2.3 €ct/kWh for
biogas upgrading [20], i.e., 0.08-0.13 €/Nm® biogas. Very
similar numbers to our results were reported by Urban et al.
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Fig.5 Comparison of own results 0,600

with the literature
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(2009) where both the CAPEX (1,840,800 €) and the OPEX
(539,100 €/a) of a PSA plant with a capacity of 1000 Nm® raw
biogas/h were close to our calculation, although in the litera-
ture maintenance was only assessed as 2% of investment.
Finally, Urban et al. (2009) calculated a total cost of 0.0647
€/Nm° raw biogas. Important was, however, that this literature
evaluated the same technology from CarboTech®. In compar-
ison, our results are still the most competitive: 0.05 €/Nm? raw
biogas. The reason for this is that we considered the maximal
possible capacity of the PSA treating 1333 Nm?/h biogas. If
this capacity drops by 20% to 1066 Nm?/h, which can easily
happen due to technical disturbance or bad feed-stock quali-
ties, the cost increases to 0.063 €/Nm® biogas treated.

Conclusion

Our study provides a detailed analysis of the PSA biogas
upgrading technology considering all relevant technology
steps. In our results, environmental impacts are much lower
than the values found in the literature. This is mainly due to
considerably lower specific electricity demands and meth-
ane leakage which was massively overestimated as an emis-
sion in the literature. Our results also reinforce the impor-
tance of electricity consumption and methane leakage of
this technology because both sources induce more than
95% of the GWP. Beside this, the main environmental im-
pacts are MAETP and ADP induced by the indirect electric-
ity used for producing material inputs, such as steel, plas-
tics, and activated carbon. Thus, the use of green electricity
mixes both at operation and production of input materials
can considerably (by 70%) decrease environmental bur-
dens, and substituting coal with renewable sources for acti-
vated carbon production may further decrease potential im-
pacts. The main environmental hotspots within the technol-
ogy beside electricity consumption are induced by the
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creation of the general infrastructure, the CO,-removal step,
and the cooling task, i.e., cold water and cooling aggregates.
The unit production cost of the PSA technology is
0.05 €/Nm® biogas treated, but its cost structure is bur-
dened by the use of electricity taking almost 60% of all
expenditures. Substantial expenses are spent on the ini-
tial investment (18%) and personnel costs (11%) too.
Despite our comprehensive analysis, our study has some
important limitations that could be addressed in the future:

*  Due to technical reasons, it was not possible to assign elec-
tricity consumption to the technology steps, and so their
specific environmental burden could not be calculated.

* The methane leakage of the analyzed PSA plant was only
estimated based on obligatory yearly inspections.

*  Although main infrastructural units were considered, small
parts, such as pipe connections, electric wires, and switches,
could not be included in the inventory. Consequently, the
environmental impact of the infrastructure could be larger.
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