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h i g h l i g h t s

� The process performances with four absorbents for biogas upgrading were compared.
� The economic evaluation for biogas upgrading using ILs was performed.
� The industrial data from biogas upgrading plants was collected.
� Simulation results of IL technique were compared with data from commercial facilities.
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a b s t r a c t

The process of biogas upgrading with ionic liquids, i.e. pure 1-butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([bmim][Tf2N]), aqueous choline chloride/urea (ChCl/Urea), and aqueous 1-allyl-3-
methyl imidazole formate ([Amim][HCOO]), was simulated in Aspen Plus and compared with the conven-
tional water scrubbing upgrading technique. The comparisons of the performances on the amount of
recirculated solvents and energy usage show the following order: aqueous [Amim][HCOO] < aqueous
ChCl/Urea < [bmim][Tf2N] < water. Six different co-digestion plants (anaerobic digestion, AD, plants)
were surveyed to acquire data for comparison. The selected plants had different raw biogas production
capacities and produced gas with differing methane content. The data confirmed the simulation results
that the type of substrate and the configuration of AD process are two factors affecting energy usage,
investment cost, as well as operation and maintenance costs for the subsequent biogas upgrading. In
addition, the simulation indicated that the energy usage of the ionic liquid-based upgrading was lower
than that of the conventional upgrading techniques in Scandinavian AD plants. The estimated cost includ-
ing investment, operation and maintenance for the ionic liquid technology showed to be lower than that
for the water scrubbing upgrading process.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Energy security and climate change concerns have resulted in
increased attention towards renewable energy. Biogas is a promis-
ing renewable energy alternative due to the flexibility of anaerobic
digestion (AD) where a spectrum of organic substrates (such as

manure, sewage sludge, energy crops, the organic fractions of
household and industrial waste) can be used [1,2]. In Sweden, it
has been estimated that the greenhouse gas (GHG) savings can
be up to 80–90% if biogas is used as vehicle fuel or for replacing
natural gas by injection into the gas grid [3]. Consequentially, the
biogas production in the European Union has steadily increased
over the past years [4].

Biogas consists mainly of methane and carbon dioxide, with
small amounts of hydrogen sulfide, water, hydrogen, nitrogen
and oxygen. The methane content in AD-produced biogas ranges
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between 50 and 70% [4] and consequentially need to be upgraded
to at least 97%, according to the Swedish regulations, SS
155438:2015 [5], in order to be used as vehicle fuel or be injected
to the gas-grid. Similarly, there is ongoing standardization work
within the EU regarding biomethane for transport applications
and injection to natural gas pipelines [4].

To upgrade biogas, CO2 separation from raw biogas is a main
step. Different technologies have been developed, such as water
scrubbing, membrane separation and chemical absorption [6–11].
High pressure water scrubbing is used to separate CO2 based on
physical absorption. This technology has been developed, imple-
mented and commercialized in several European countries [12].
The main deficiency of this technology is the low absorption capac-
ity of CO2, resulting in large amount of water [13]. In membrane
separation, the multi-stage membranes are always necessary in
order to achieve high degree of separation, which increases the
manufacture and capital cost [14]. In the chemical absorption,
the amine-based solvents are widely used, while the amine tech-
nology is energy-intensive with the deficiencies of volatility,
degradation, and corrosion of amine [15]. Due to the drawbacks
of these technologies, it is necessary to explore new technologies
for biogas upgrading.

Ionic liquids (ILs) have received much attention for CO2 separa-
tion since Blanchard et al. [16] reported the high CO2 solubility in
IL in 1999. ILs have shown a great potential to be used as a solvent
for biogas upgrading due to the high CO2 solubility/selectivity, low
energy requirement for solvent regeneration and other unique
properties (e.g. negligible vapour pressure). Bidart et al. [17] inves-
tigated biogas upgrading using common and functionalized ILs and
concluded that the advantage of ILs is the low volatility and chem-
ical stability, which facilitate biogas upgrading. Zhang et al. [18]
studied the thermodynamic and mass-transfer properties of ILs
and recommended 50 wt% [bmim][NO3] + 50 wt% polyethylene
glycol dimethyl ethers mixture as solvents for biogas upgrading.
Suggestions on developing new ILs to further enhance selectivity
and absorption capacity were provided. Xu et al. [13] found that
the energy usage of conventional IL technology for biogas upgrad-
ing is similar to that for water scrubbing but much lower than that
for aqueous monoethanolamine (MEA) scrubbing.

In our previous work [19], the conceptual processes for biogas
upgrading using three imidazolium-based ILs were simulated,
and the simulation shows that the energy usage for [bmim][Tf2N]
scrubbing is the lowest. Meanwhile, novel ILs have been studied
in our research group. 1-allyl-3-methyl imidazole formate
([Amim][HCOO]) was synthesized as a tailored sorbent for CO2 sep-
aration [20], and aqueous choline chloride/urea (ChCl/Urea) was
studied as a novel eutectic IL-based solvent to separate CO2

because of low price and environmentally benign [21]. However,
how these solvents compare to each other and to conventional
upgrading technologies for biogas upgrading in respect to energy
efficiency and cost have not yet been studied.

The operation of biogas upgrading depends on the composition
and flow rate of raw biogas. Under industrial conditions, the com-
position and gas flow rates vary significantly between plants [4]. To
assess the performance of upgrading process, it is preferable to
have industrial data as the input of the simulation and as bench-
marking data to compare the simulation results. The type of data
that is needed and how to calculate key parameters (e.g. energy
usage, production cost) are important parameters for this compar-
ison. However, comparison of simulation results and data from
commercial biogas upgrading facilities are to our knowledge lack-
ing in the literature.

In this work, the properties of four absorbents (water, [bmim]
[Tf2N], aqueous ChCl/Urea, and aqueous [Amim][HCOO]) were
compared, and the process simulations on biogas upgrading with
these four absorbents were performed. The energy usage of

aqueous [Amim][HCOO] scrubbing was further investigated via
sensitivity analysis with the input from Swedish and Norwegian
industrial biogas processes and an economic evaluation was con-
ducted. The results were compared to industrial data from differ-
ent biogas upgrading processes.

2. Methodology

2.1. Absorbents and properties

The properties of four absorbents mentioned above were com-
pared before conducting process simulation. Based on our prelim-
inary investigation [22], it is found that [bmim][Tf2N] is the most
promising IL with the lowest energy demand among the investi-
gated conventional imidazolium-based ILs. The investigation
shows that the aqueous ChCl/Urea with 50 wt% ChCl/Urea is the
recommended solvent for biogas upgrading [21]. The aqueous
[Amim][HCOO] with 90 wt% [Amim][HCOO] was chosen for the
further study considering the viscosity [20]. Therefore, H2O, (50%
ChCl/Urea + H2O), (90%[Amim][HCOO] + H2O) and [bmim][Tf2N]
were chosen as absorbents to be studied in this work.

In our previous work [19–21], the database of thermophysical
properties for [bmim][Tf2N] [19], dry/aqueous ChCl/Urea [21],
and dry/aqueous [Amim][HCOO] [20] was implemented in Aspen
Plus based on the consistent experimental data. The binary interac-
tion parameters of Non-Random Two-Liquid (NRTL) model
describing the properties in the liquid phase for CO2-IL, CH4-IL
and IL-H2O and the parameters describing the Henry’s constant
in IL for CO2 and CH4 were obtained from the fitting of the exper-
imental data and implemented into Aspen Plus. The details of these
parameters are listed in the supporting information. The compar-
ison of these predicted results using Aspen Plus with the available
experimental data had also been conducted in our previous work
[19–21]. It showed that the predicted values are reliable.

In this work, the properties including density, viscosity and CO2

loading of four absorbents were obtained by using the property
analysis model in Aspen Plus and compared with each other. For
the gas selectively, the flash mode based on NRTL-RK (Non-
Random Two-Liquid - Redlich–Kwong) model was used to calcu-
late the mole fractions of CH4 and CO2 in the liquid phase (i.e.
xCH4, xCO2) with the parameters of RK (Redlich–Kwong) taken from
Aspen databank. The expression of selectivity is shown in Eq. (1).

s ¼ xCO2=xCH4

� �
T;P ð1Þ

2.2. Process description

AD is an effective method to produce CH4 from organic sub-
strates [23,24]. The substrate used for digestion is collected and
pretreated in order to increase the process efficiency. The pre-
treated substrate is entered into the fermentation tank to generate
raw biogas. The composition of raw biogas, with respect to CH4

concentration, and the gas flow rate are dependent on the type
and amount of substrate and the configuration of the anaerobic
digestion process, e.g. the retention time in the digester. The raw
biogas is further upgraded in order to increase the energy content
by removing CO2 and other impurities. The upgraded biogas with
>97% CH4 is termed as biomethane, and it can be used as vehicle
fuel or further converted to industrial chemicals.

The conceptual process to upgrade biogas with ILs has been
described in our previous work [19,21]. As shown in Fig. 1, it con-
sists of the absorber for CO2 absorption, flash tank to decrease
methane loss and the desorber for solvent regeneration tank. The
raw biogas is compressed and injected into the bottom of the
absorber, and the liquid solvent is sprayed from the top of the
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