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Abstract: This paper presents the theoretical screening of 23 low-cost deep eutectic solvents (DESs)
as absorbents for effective removal of the main impurities from biogas streams using a conductor-like
screening model for real solvents (COSMO-RS). Based on thermodynamic parameters, i.e., the activity
coefficient, excess enthalpy, and Henry’s constant, two DESs composed of choline chloride: urea in
a 1:2 molar ratio (ChCL:U 1:2), and choline chloride: oxalic acid in a 1:2 molar ratio (ChCl:OA 1:2)
were selected as the most effective absorbents. The o-profile and o-potential were used in order to
explain the mechanism of the absorptive removal of CO,, H,S, and siloxanes from a biogas stream.
In addition, an economic analysis was prepared to demonstrate the competitiveness of new DESs in
the sorbents market. The unit cost of 1 m> of pure bio-methane was estimated to be in the range of
0.35-0.37 EUR, which is comparable to currently used technologies.
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1. Introduction

Due to European Union (EU) energy policies to promote the utilization of renewable resources, there
has been a significant increase in biogas plants and the level of biogas production [1,2]. The number of
biogas plant installations and the amount of produced bio-methane in recent years is presented in detail
in Figure 1. Biogas can be produced by anaerobic digestion from different waste materials (i.e., manure
and food residue, wastewater sludge, or industrial by-products) or landfill gas. Biogas mainly consists
of methane (50-70%) and contaminants including carbon dioxide, water, nitrogen, oxygen, hydrogen
sulfide, ammonia, and numerous organic compounds (i.e., siloxanes) [3-5]. The presence of these
contaminants prevents the use of biogas as an alternative transport fuel or natural gas substitute. Among
the biogas impurities, carbon dioxide, hydrogen sulfide and siloxanes are the most problematic [6,7].

Carbon dioxide is present in high concentrations in biogas and it acts as a ballast; this significantly
reduces the quality of biogas because it reduces the caloric power of biogas in proportion to its
concentration. Biogas should contain more than 90% pure methane, depending on its further
application. During the biogas combustion process, hydrogen sulfide reacts with water, forming
sulfuric acid, which corrodes the surface in the combustion chamber [8], while the siloxanes are
converted into silicon dioxide (5iO;), which can be deposited into the cylinder, impeller, valves, piston
rings, liners, spark plugs, and turbochargers. Accumulation of hard deposits of SiO, reduces the life
span of the turbines and engine efficiency, which results in detonation in the combustion chambers
and an increase in the exhaust gas emissions due to unburned fuel. This also results in higher plant
maintenance costs. In addition, the presence of certain groups of trace compounds in biogas can cause
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the emission of toxic by-products into the atmosphere. The occurrence of these contaminants is a major
barrier to the use of biogas as a renewable energy source.
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Figure 1. Number of biogas plants and bio-methane production from 2012 to 2020 in the European
Union (bem—billion cubic meters; 2019* and 2020* are estimated values).

Currently, there are several technologies for removing CO,, H,S, and siloxanes from biogas
including adsorption, refrigeration with condensation, membrane technologies, biological methods,
and absorption [9-13]. Among these technologies, physical absorption is one of the most popular. This
process consists of transferring contaminants from a gas phase to an absorbent. Different types of
absorbents such as water, organic compounds, and oils are used [14-16]. However, there are a few
disadvantages associated with conventional organic absorbents, which can lead to equipment corrosion
and harmful effects on the environment. Therefore, in the past decade, ionic liquids (ILs) have been
proposed as a potential alternative for conventional absorbents for CO, [17-20] and H,S [17,21-23]
removal from different type of gas streams. Despite the attractive physicochemical properties of ILs (i.e.,
good thermal stability, non-volatile properties, and high absorption capacity [24,25]), they not found
practical industrial application due to their high viscosity, potential toxicity, high cost and complicated
synthesis processes [26]. Due to the limitations of both conventional solvents and ILs, alternative
solutions are still in demand. Nowadays, one of the most promising group of green absorbents is deep
eutectic solvents (DESs). DESs are synthesized by the direct mixing of two ingredients—hydrogen
bond acceptor (HBA) with a hydrogen bond donor (HBD). DES mixtures are characterized by a lower
melting point compared to the individual components [27]. In addition, DESs are characterized by
specific physicochemical properties such as their non-volatility, non-flammability, high absorption
capacity, non-toxic character, and high thermal stability [28,29]. A comparison of the properties of DES
with other absorbents is presented in Table 1.
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Table 1. Comparison of physicochemical properties of absorbents [28-37].
Properties Water Organic Amine ILs DESs
The synthesis No No l\s/;ﬁg::;ff Easy
Applicability Single function Single function Multifunction Multifunction
Tunability No No High High
. Tunable, but Tunable, but
Thermal stability Low Low generally high generally high
Higher than other
Boiling Points 100 °C 111-350 °C >250 °C solvents
(214-1774 °C)
Env1r9nmentally Yes No Not all Yes
friendly
Often increase -
Toxicity No Yes toxicity for aquatic Acceptabl.e toxicity
profiles
systems
Corrosive nature High High Low Low
Biodegradability Readily Readily Difficult Readily
Tunable, but Tunable, but
Density Low Medium generally higher generally lower
than other solvents than ILs
Tunable, but Tunable, but
Viscosity Low Medium generally higher generally lower
than other solvents than ILs
Generally lower
Surface tension High Low .than water and . Low
higher than organic
amine
Vapor pressure High High Low Low
Flammability No Yes No No
Nature Neutral Basic Basic/neutral/acid Basic/neutral/acid
Type of absorption Physical Chemical/Physical Physical Physical
Absorp.t on Medium Medium High High
capacity
Biodegradable Yes No Poor Yes
Cost Low Moderate High Low

Because of their unique properties, DESs are now successfully used as extractants [38—41] and
absorption solvents [42—46] for the purification of gas and liquid streams [46—-49]. Of the available
DESs, solvents composed of quaternary ammonium salts are considered to be the most promising
absorbents. DESs can also be synthesized from natural compounds, which makes them so-called
“green solvents” due to the lack of or very low toxicity and their biodegradability [50]. Due to the
high thermal stability of DESs, they can be regenerated repeatedly without loss of absorption capacity
and the regeneration step requires less energy compared to other popular absorbents. Hence, the use
of DESs as absorption solvents in the biogas upgrading process are considered as environmentally
friendly technologies for the production of green bio-energy.

The application of upgraded biogas for the production of energy is considered as one of the most
efficient methods for reducing greenhouse gas emissions to the atmosphere. For this reason, 23 deep
eutectic solvents composed of quaternary ammonium salts and low-cost organic components were
examined as potential absorbents for the removal of siloxanes, CO,, and H;S from a model biogas
stream. A conductor-like screening model for real solvents (COSMO-RS) was used for the pre-selection
of DESs. The selection of DESs with the highest dissolution potential for all impurities was made
on the basis of the activity coefficient, excess enthalpy, and Henry’s constant values. The absorption
mechanism for the removal of the main impurities (CO,, HS, siloxanes) was explained based on
o-profiles and o-potential analysis. In addition, an economic analysis of the biogas upgrading processes
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was prepared. To the best of our knowledge, this is the first economic analysis report dedicated to
biogas upgrading processes that use DESs.

2. Materials and Methods
2.1. Procedures

2.1.1. Computational Studies

In this investigation, COSMO-RS calculations were carried out using ADF COSMO-RS software
(SCM, Netherlands). The geometry optimization of all DESs were performed using the continuum
solvation COSMO model at the BVP86/TZVP level of theory. This level of theory was selected due to
proven high efficiency and low computational costs [51]. The list of 23 DESs is presented in Table 2.
The main thermodynamic parameters, i.e., the activity coefficient, excess enthalpy, and Henry’s constant
were calculated based on previous studies [52,53]. The parameters were determined for model biogas
composed of 64.9% of CHy, 31% of COy, 3% of H,O and 1.04 of H,S, and 0.02% of hexamethyldisiloxane
(L2), octamethyltrisiloxane (L3), and octamethylcyclotetrasiloxaan (D4), which represents the typical
composition of biogas from wastewater treatment plants and landfills [8,54].

Table 2. List of deep eutectic solvents (DESs) used for the conductor-like screening model for real
solvents (COSMO-RS) calculation.

No. HBA HBD HBA:HBD Molar Ratio Abbreviation
1 Choline chloride ethylene glycol 1:3 ChCLEG (1:3)
2 Choline chloride glycerol 1:3 ChClL:Gly (1:3)
3 Choline chloride levulinic acid 1:3 ChCl:Lev (1:3)
4 Choline chloride lactic acid 1:2 ChCIL:LA (1:2)
5 Choline chloride butyric acid 1:2 ChCl:Bu (1:2)
6 Choline chloride phenol 1:2 ChCL:Ph (1:2)
7 Choline chloride urea 1:2 ChCL:U (1:2)

8 Choline chloride diethylene glycol 1:2 ChCL:DEG (1:2)
9 Choline chloride oxalic acid 1:2 ChCLOA (1:2)
10 Choline chloride methacrylic acid 1:2 ChCI:MthA (1:2)
11 Choline chloride propylene glycol 1:2 ChCLPG (1:2)
12 Tetrabutylammonium chloride ethylene glycol 1:3 TBACLEG (1:3)
13 Tetrabutylammonium chloride glycerol 1:3 TBACLGly (1:3)
14 Tetrabutylammonium chloride levulinic acid 1:3 TBACI:Lev (1:3)
15 Tetrabutylammonium chloride lactic acid 1:2 TBACILLA (1:2)
16 Tetrabutylammonium chloride butyric acid 1:2 TBACIL:Bu (1:2)
17 Tetrabutylammonium chloride phenol 1:2 TBACLPh (1:2)
18 Tetrapropylammonium bromide ethylene glycol 1:3 TEABr:EG (1:3)
19 Tetrapropylammonium bromide glycerol 1:3 TEABr:Gly (1:3)
20 Tetrapropylammonium bromide levulinic acid 1:3 TEABr:Lev (1:3)
21 Tetrapropylammonium bromide lactic acid 1:2 TEABr:LA (1:2)
22 Tetrapropylammonium bromide butyric acid 1:2 TEABr:Bu (1:2)
23 Tetrapropylammonium bromide phenol 1:2 TBABr:Ph (1:2)

Henry’s constant (Kp) was applied to systems in thermodynamic equilibrium. The Ky links the
solubility of solute impurities (i) to its partial pressure above the mixture (p:,mp ). Kiy was calculated
using Equation (1).

1
Ky =

YiP;

vap

¢y

where y; is the infinite dilute activity coefficient of impurities (i), and pfﬂp is the vapor pressure of
impurities (7).
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The activity coefficient was calculated using Equation (2) and Equation (3).

In(y;) = T (2)

where ‘uf is the chemical potential of pure impurities (i), y{ is the chemical potential of impurities in
the liquid phase, T is the temperature (K), and the universal gas constant R = 8.314 J/mol.
The excess enthalpy of mixtures H® (kJ/mol) was calculated based on Gibbs-Helmholtz using

Equation (3).
AT)

E_ _q2
HE = T—&T 3)

where T is the temperature (K), and GE is the excess Gibbs free energy (kJ/mol).

2.1.2. Biogas Upgrading Technology Description

The scheme for the biogas upgrading technology described in this paper is presented in Figure 2.
The physicochemical properties of DESs are similar to the most commonly used absorbents (i.e., amine
or water), therefore, DESs can be applied in existing and currently used absorption installations.
In order to better compare the benefits of DESs application in the absorption process, the size of
the installations (absorption and desorption column, compressor, pump, blower, dryer, and heat
exchangers) and the process streams (inlet biogas stream 813 m3/h and inlet air stream 403 m3/h) was
adopted from previous studies [55,56].

Contaminated
guided gasis to
Dryer 2 Biomethane recovery units
Comp U
Absorber Stripper Cool
o
Blower1 fresh Heat
Biogas k3 ich clean
ric DES
Dryer1 DES
Blower 2
Pump 1 Air =) - Pump 2
HE .y —
Energy Energy

Figure 2. Scheme for the biogas upgrading technology [55,56].

In the first stage, biogas stream is introduced into Dryer 1. Then, the biogas is passed directly
to the heat exchanger, after which biogas is directed into the bottom part of the absorber (813 m?/h),
which operates at a temperature of 20 °C, and pressure of 100 kPa. The biogas stream is introduced at
the bottom of the absorber. The DES is introduced at the top of the column. The biogas and DES move
through a counter-flow scrubbing column. In the column, the biogas comes into contact with a DES to
dissolve the main impurities (L2, L3, D4, CO,, and H,S). This is a process of mass transfer of pollutants
from the biogas phase to the liquid DES phase. The upgraded bio-methane is downloaded from the
top of the absorber, drained again (Dryer 2), and compressed. The obtained renewable bio-methane
can be directly injected into the distribution gas grid at 700 kPa. The biogas purification system also
contains the stripper column, which is operated under a temperature of 115-125 °C and pressure of
140-170 kPa. Saturated DES from the absorption column is directed into the stripper column where
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DES is purged with an inlet air stream (403 m3/h). Most of the impurities (L2, L3, D4, CO,, and H;S)
are liberated into a concentrated air stream that exits at the top of the stripper column. The impurities
stream is directed to the H,S, CO,, L2, L3, and D4 recovery system. The regenerated DES is cooled and
returned to the absorber column.

2.1.3. Cost and Economic Analysis

The cost simulations included an estimation of the total annual cost (TAC) of the biogas upgrading
process. TAC included the annual capital investment cost (ACIC), and the annual operation and
maintenance cost (OC and MC).

The ACIC was estimated based on the method of Scholz et al. [57] according to Equation (4).

i(1+1)"

ACIC = TCIC——+-"—
(1+i)"-1

@)
where ACIC is the annual capital investment cost, TCIC is the total capital investment cost, i is the
interest rate (9%), and n is the depreciation period (15 years).

The TCIC was mainly estimated as the percentage value of the equipment cost (EC) [55]. The EC
was estimated by Guthrie’s method [58], according to Equation (5).

EC = PEC (fup + fuu = 1) (5)

where EC is the equipment cost, PEC is the bare purchased equipment cost, f;, the material and pressure
correction factor, and f;, is the module factor, which depends on the size equipment. The values of
fmp and f, were adopted according to the procedure proposed by Scholz et al. [57]. The EC of the
absorption column, stripper column, blowers, pumps, compressors, and heat exchangers was adopted
from other studies [56]. The list of basic parameters for maintenance and operation cost, which consist
of operating supply cost, research, and development (R&D) costs, personnel labor cost, utility costs
(i.e., electricity cost for heating and cooling, absorbent exchange cost) is presented in Table 3.

Table 3. Parameters for operation costs.

Parameter Units Costs Ref.
Electricity EUR/kWh 0.1 [59]
Heat EUR/kWh  0.046 [57]
Personnel EUR/h 38.88 [56]
Choline chloride EUR/t 4550 [60]
Urea EUR/ 218.4 [61]
Oxalic acid EUR/t 455 [62]

The last step of the cost analysis was the estimation of the risk and economic benefits of the
project. The financial assessment of the investment was carried out on the basis of the expected energy
production, and total costs of the plant. The unit cost (UC) of 1 m® biogas purification was calculated
according to Equation (6) [63].

(TEC) + ((TCIC *i) + TAC)

uc = 1PB (6)

where UC is the unit cost of 1 m® bio-methane, i is the interest rate (9%),  is the depreciation period
(15 years), APB is the annual production of bio-methane [m3], and TAC is the total annual cost.
The annual amount of cubic meters of upgraded biogas stream was determined according to
Equation (7).
APB = BF-% CHy- ML (7)
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where BF is the biogas flow, % CHj is the percentage of methane in biogas, and ML is the methane loss.
3. Results and Discussion

3.1. COSMO-RS Prediction—Pre-Selection of DESs

The preselection of DESs that are characterized by high solubility of siloxanes, H,S, CO,, H,O, and
CH,4 was made based on the Henry’s constants, activity coefficients, and excess enthalpy of mixtures
that were predicted according to the COSMO-RS method. Water was omitted in the calculations
because it was assumed to be removed before the biogas enters the absorption column. All parameters
were determined at 20 °C and 100 kPa. The calculation results are presented in Table 4.

The activity coefficient is a thermodynamic parameter that is associated with the affinity of
siloxanes, H,S, CO,, and CH,4 to DESs. This parameter indicates the differences in strength among
DESs and impurities, which are a result of the dominant interactions. Usually, the activity coefficient
values are given as In(1/y), hence these are rather negative (Table 4) [64]. The higher negative values
of logarithmic activity coefficients indicate greater solubility of siloxanes, H,S, and CO; in DESs.
The second main thermodynamic parameter is the excess enthalpy of mixtures (HF). HE is a sensitive
measure of the intermolecular interactions between DESs and impurities. The results of HF calculated
for all DES-impurities models are presented in Table 4. The DES, which is characterized by a higher
dissolution capacity of CO,, H;S, and siloxanes has lower values of HE (higher negative). The third
parameter is the Henry’s Law constant (Kp;). The Ky describes the ratio at the equilibrium of the
concentration of impurities in the gas phase to the concentration of impurities in the DES phase, and it
combines vapor pressure and solubility, which can be used to estimate the likelihood that a substance
will be exchanged between the gas phase and a DES. Lower Ky indicates a higher concentration of
impurities in the DES phase than in the gas phase.

ChCl:U (1:2) and ChCL:OA (1:2) showed lower values for all thermodynamic parameters, relative
to all impurities. Slightly higher values were obtained for the rest of the DESs composed of choline
chloride such as HBA. This indicates that this type of HBA in DES structures has a major influence
on absorption efficiency. This is in line with the conclusions obtained in previous studies [46]. This
can be caused by several factors, including HBA alkyl chain length, different charge density on the
ammonium, as well as asymmetry in ChCl ammonium with a hydroxyl group in the longest branch,
and theoretically, a type of counter-ion (CI~ or Br~). However, the obtained results indicate that this
type of counter-ion in HBA only has a slight effect on the ability of DESs to dissolve all impurities.
The use of DESs containing ChCl as HBA in the absorption process is preferred because they are
characterized by less viscosity compared to DESs composed of quaternary ammonium salts with long
alkyl chain length [65].

Principal components analysis (PCA) was used to obtain a better interpretation of all results (the
activity coefficient, excess enthalpy, and Henry’s constant). The PCA plot is presented in Figure 3.
The numbers on the diagram correspond to the DESs numbers in Table 4. The results indicate that
DESs can be divided into three groups. The first group is marked with a yellow circle and contains
two DESs (ChCl:U 1:2 and ChCl:0A 1:2) that have the greatest dissolution potential for all impurities.
The second group, marked with a green circle, includes DESs that have the potential to effectively
absorb siloxanes, but they have low CO, and H;S dissolution potential. These DESs may have potential
use for selective siloxane removal, but their solubility is insufficient in applications that require the
comprehensive removal of impurities from biogas. The last group includes DESs that have the lowest
absorption potential for all of the tested compounds.



Energies 2020, 13, 3379

8of19

Table 4. The logarithmic activity coefficient of siloxanes H,S, and CO, model at infinite dilution, excess enthalpy of mixtures and Henry’s constant of siloxanes
calculated by COSMO-RS at 20 °C and 101325 Pa.

Activity Coefficient

HE [KJ/mol]

Ky [mol/L atm]

No. DES L3 D4

L2 L3 D4 H,S CO, L2 L3 D4 H,S CO, L2 %103 %115 H,S CO,
[*10°]  [*10°]

1 ChCLEG (1:3) -5.28 —-6.81 —-6.57 -0.30 -1.09 —-5.58 -5.57 -5.57 —-5.62 -5.61 50.8 1.25 3.12 1.79 0.089
2 ChClL:Gly (1:3) —4.86 -6.30 -6.03 -0.08 -0.83 —5.63 —5.62 —5.62 —-5.68 —-5.66 76.2 222 5.67 1.80 0.093
3 ChCl:Lev (1:3) -3.68 -4.77 —4.42 0.16 -0.54 —-5.68 —-5.68 —-5.68 -5.73 -5.71 151.3 5.67 15.49 1.90 0.104
4 ChCLLA (1:2) —-5.49 =712 —-6.81 -0.39 -1.14 —7.45 —7.44 —7.44 —7.48 —7.46 33.0 0.74 1.95 1.36 0.070
5 ChCl:Bu (1:2) -3.13 —4.04 —-3.66 0.01 -0.54 -7.52 -7.51 ~7.52 —~7.53 -7.52 383.8 18.57 52.76 1.89 0.119
6 ChCl:Ph (1:2) -3.24 -4.19 -3.49 -0.14 —-0.63 =7.77 =7.77 ~7.82 -7.33 -7.76 366.3 17.29 69.11 1.59 0.107
7 ChCl:U (1:2) -8.11 -10.52  -10.22 -1.15 -2.05 -7.29 -7.28 -7.30 -7.32 -7.31 1.9 0.02 0.05 0.83 0.037
8 ChCL:DEG (1:2) -4.30 -5.57 -5.32 -0.11 -0.75 —7.65 —7.64 —~7.63 -7.69 —-7.67 97.5 3.17 7.94 1.49 0.086
9 ChCL:OA (1:2) -8.11 -10.55 -9.43 -1.01 -1.88 -8.09 —-8.08 -8.18 -8.12 -8.10 3.8 0.04 0.24 0.82 0.038
10 ChCL:MthA (1:2) -3.45 —4.45 -3.98 -0.07 -0.62 -7.50 -7.50 -7.51 —-7.52 -7.50 332.3 15.20 45.62 1.82 0.114
11 ChCL:PG (1:2) -3.96 -5.10 —4.80 -0.01 -0.66 =7.77 =7.77 -7.76 -7.81 =7.79 203.7 7.94 20.31 2.06 0.118
12 TBACLEG (1:3) -3.39 —4.36 —4.12 0.18 —-0.43 —4.13 —4.13 —4.13 —-5.62 =5.61 367.9 18.13 45.69 2.04 0.120
13 TBACl:Lev (1:3) -2.30 -2.97 —2.64 0.47 -0.09 —4.13 —4.13 -4.13 -5.73 =5.71 640.4 39.82 107.48 2.02 0.127
14 TBACLLA (1:2) -2.97 -3.83 -3.53 0.43 -0.11 -5.35 -5.35 -5.35 —-5.38 -5.35 601.2 36.54 98.86 1.96 0.125
15 TBACI:Bu (1:2) -1.42 -1.81 -1.49 0.38 -0.08 -5.49 -5.49 -5.50 -5.50 5.48 1413.2 109.25  293.16 2.10 0.146
16 TBACIL:Ph (1:2) -1.32 -1.69 -1.17 0.15 -0.18 -5.87 —-5.88 -5.91 —5.84 -5.82 1579.3 125.21 423.11 1.63 0.128
17 TBABr:EG (1:3) -3.46 —4.45 —4.18 0.12 —-0.44 -3.85 -3.85 -3.85 —-5.32 -5.30 334.4 16.01 41.41 1.90 0.118
18 TBABr:Gly (1:3) -3.28 -4.25 -3.95 0.21 -0.34 -3.67 -3.66 -3.66 -5.37 -5.36 321.7 15.68 41.48 1.77 0.112
19 TBABr:Lev (1:3) -2.35 -3.04 -2.70 0.41 -0.10 -3.85 -3.85 -3.85 -5.43 -5.42 593.7 36.09 98.92 1.89 0.125
20 TBABr:LA (1:2) -3.03 -3.92 -3.59 0.03 -0.50 -4.97 —4.53 —4.98 -5.00 —4.98 261.8 11.87 32.05 1.56 0.101
21 TBABr:Bu (1:2) -1.44 -1.84 -1.48 0.32 -0.08 -5.10 -5.10 —4.75 =511 -5.09 1386.6 106.58  295.07 1.97 0.145
22 TBABr:Ph (1:2) -1.32 -1.70 -1.10 0.13 -0.18 -5.43 —5.44 -5.48 -5.39 -5.38 1567.8 124.03  449.89 1.60 0.129
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Figure 3. Principal components analysis (PCA) plot of all thermodynamic data including the activity
coefficient, excess enthalpy and Henry’s constant.

Based on the obtained thermodynamic results, only the DESs that showed the greatest dissolution
potential for all impurities were adopted for further consideration (ChClL:U 1:2 and ChCl:OA 1:2). In
practice, most of the obtained results using COSMO-RS are slightly overestimated, and this fact was
more pronounced for temperatures far from room temperature. Due to the fact that all calculations
were made for 20 °C, it can be concluded that the obtained results are very reliable, because the
COSMO-RS model ensures acceptable accuracy (about 5%) with regard to experimental results [66,67].

3.2. Molecular Interactions

After geometric optimization, the absorption efficiency of DESs can be interpreted by molecular
interactions. The geometric optimized structures of DESs are presented in Figure 4. Based on
molecule-specific characteristics, the charge-related o-profiles and o-potential were successfully used
to interpret the complex molecular interactions, according to previous studies [68-70].

a) | b)

Figure 4. Optimized structures of (a) ChCl:OA (1:2), (b) ChCL:UA (1:2).
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3.2.1. o-Profiles

The o-profile is the most important molecule-specific property because it indicates the probability
distribution of the surface area of molecules that have charge density. The o-profiles of all contaminants
and DESs are presented in Figure 5. In the diagram, the range of surface area over charge density is
between —0.025 and 0.025 eA~2. This range can be divided into three segments, i.e., the non-polar
region (—0.0084 eA~2 < o < 0.0084 eA~2), the hydrogen bond acceptor (HBA) region (—0.025 eA™2 < &
<0.0084 eA~2), and the hydrogen bond donor region (HBD) (0.0084 eA=2 < 5 <0.025 eA2). The HBA
and HBD regions indicate the potential of the studied molecules to form strong hydrogen bonds.
The results indicate that the o-profile of ChCL:U (1:2) and ChCl:OA (1:2) almost overlap each other.
This means that both DESs have similar properties with regard to molecular interaction. In both DESs,
much larger peaks can be observed around negative values, compared to peaks around positive values,
which shows more presence of HBA than HBD. The peaks of all siloxanes assume a similar shape and
most of the areas are located in the non-polar area (—0.0084 eA2 < 0 <0.0084 eA2), and there are
small fragments of siloxane peaks in the HBD region. The opposite results can be observed for carbon
dioxide, which may be a hydrogen bond acceptor to a small extent. Similar small areas of hydrogen
sulfide peaks are found in the HBA and HBD parts. The o-profile results show that the siloxanes have
more negative activity coefficient values compared to CO, and H,S.

40
30 -
2 20; — ChCLOA (1:2)
B — ChCL:U (1:2)
10 - —— H2S
— CO2
| S,
J =
D4

-0.02  -0.01 0.00 0.01 0.02
T (ef A?)
Figure 5. o-profiles of ChCL:OA (1:2), ChCL:U (1:2), H,S, CO,, and siloxanes (L2, L3, D4).
3.2.2. o-Potential

The o-potential describes the affinity of the DESs to biogas impurities (CO,, H,S, L2, L3, D4)
(Figure 6). The o-potential diagram can also be divided into the same three fragments as in the o-profile.
The higher negative value of p(o) [kcal/molA] indicates stronger interaction between compounds.
On the other hand, the higher positive values of (o) suggest stronger repulsive interactions.
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Non-HBA Non-HBD

=~ 0.1
<
g / ChCLU (1:2)

0.0 - . =g — ChCLU (1:
= —— ChCLOA (1:2)
g CO,
/6 '01 g - HZS
= L2

D4
0,29 HBA HBD — L3

-0.02 -0.01 0.00 0.01 0.02
O potential

Figure 6. o-potential of ChCl:U (1:2), ChCL:OA (1:2), CO,, H,S, L2, L3, and D4.

The graphic results show that all contaminants of the model biogas have parabolic curves of
o-potential. The negative values of p(o) in the non-polar segment indicate the non-polar nature of CO,,
H,S, and siloxanes. The o-potential of ChCl:U (1:2) and ChCl:OA (1:2) show negative values in the
HBD, HBA, and non-polar region. This indicates that both DESs will tend to interact with hydrogen
bond acceptor and donor surfaces and nonpolar molecules. The positive values of o-potential in the
HBA and HBD region of all impurities suggest that electrostatic interactions are probably the main
driving force of the absorption process. In addition, the high negative value in the non-polar region of
the DESs suggests a strong affinity to all biogas impurities. In addition, the similar o-potential shape
of both DESs suggests similar dissolution capabilities for all of the impurities.

3.3. Economic Evaluation

The main factor that determines the success of an investment is the economic cost [71]. The capital
and running costs of biogas upgrading technology depend primarily on the size of the installation,
type of technology, type of installed devices (their number and power), degree of technological
advancement (degree of modernity and automation), system configuration, etc. Therefore, these
costs are a function of many factors. The described technology for biogas upgrading assumes that
the resulting bio-methane product will meet the quality standards of natural gas [72]. This enables
the bio-methane to be introduced into natural gas installations. This is very important from an
economic point of view because bio-methane does not require a specially dedicated infrastructure,
which increases investment costs.

In order to better compare the cost of applying DESs, the size of installations and process streams
were adopted from previous studies [55,56]. Based on an assumed biogas flow rate (813 m3/h),
estimated annual DESs consumption, and assumed biogas composition (CHy (64.9%; 31.0% CO»;
3.0% H,O; 1.04% H,S, and 0,02% of L2, L3, and D4 [8,54]) the amount of raw biogas (7.13 Mm3)
supplied for installation per year was calculated. In addition, methane losses of 5% during the
biogas upgrading process were assumed based on COSMO-RS theoretical calculations. The annual
bio-methane production was calculated as 4.27 Mm? per year. Based on the solubility of individual
biogas components in DESs, the saturation time of absorbents was calculated using the COSMO-RS
model (Table 5). In order to obtain reliable information about the cost of 1 m? of pure bio-methane, the
complete cost analysis including the total investment, operating, and maintenance costs was calculated.
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Table 5. List of individual impurities and their solubility in DESs.

Impurities Flow of Individual =~ Molar Mass of ChCLU (1:2) ChC:0A (1:2)
Type of Concentration Impurities Impurities Solubility Saturation Time Solubility ~ Saturation Time
Impurities
o 3 [mol/L [mol/L
[%] [m>/h] [g/mol] DES] [h] DES] [h]
CO, 31.0 252.03 44.01 11.53 12.89 11.49 12.84
L2 0.02 0.16 162.38 1.42 21.89 0.24 3.73
L3 0.02 0.16 236.53 0.99 20.76 0.10 2.01
D4 0.02 0.16 296.62 1.09 2451 0.14 3.12
H,S 1.04 8.46 34.10 32.93 1150.32 146.63 122.15

3.3.1. Investment Cost

The literature review indicated that the process scale of the biogas upgrading technology is the
most important factor in the total capital investment cost (TCIC) calculations [73,74].

In this study, an absorption capacity of 427 m3/h was obtained for the assumed flow rate of
raw biogas, absorption and desorption column dimensions, and 8600 operating hours per year
(Table 6). The assumed process parameters enabled the estimation of the individual equipment cost
(EC) according to Equation (6). The EC costs (Table 6) include EC for the upgrading biogas section but
do not include the biogas production sections. The values presented in Table 6 are average amounts
from previous works [55,56]. Nevertheless, to minimize the risk of overly optimistic calculations,
fluctuations in the market price of individual materials, i.e., steel and electronic components in the
years from 2015-2020 were included [75].

Table 6. Estimated costs of equipment of biogas upgrading technology.

Equipment Description Equipment Cost (EC) + SD [EUR]

42,000 + 3360

Blower Introduces biogas into the absorber

Absorber column Column diameter: 1 m

Stripper column

Centrifugal Pump
Heat Exchanger

Centrifugal Compressor

Dryer
Unlisted Equipment

Total equipment cost (TEC)

Column height: 15m

Column diameter: 1 m

Column height: 15m
Pump Power

Heat Exchanger
Compressor Power

Biogas water collection and disposal

50,000 + 4000

50,000 + 4000

46,000 + 3680
38,000 + 3040
36,000 + 2880
25,000 + 2000
300,000 + 24,000
587,000 + 46,960

SD—standard deviation.

A total EC cost estimate was necessary to calculate the total capital investment cost (TCIC). TCIC
was estimated mainly on the basis of the value of equipment cost (EC) [55]. In addition, statistical
data for absorption technologies and laboratory processes scaling data were used for the estimation
of the TCIC [55]. The general TCIC analysis for ChCl:U (1:2) and ChCL:OA (1:2) is presented in
Table 7. The calculated TCIC for absorption using DESs was in the range of 3,152,088-3,164,929 EUR.
The obtained TCIC is comparable to the TCIC of amine scrubber (3,166,000 EUR), pressure swing
adsorption (3,140,000 EUR), and membrane separation (3,033,000 EUR) calculated for installations
with a capacity of 500 m3/h bio-methane. A much lower TCIC was obtained for the water scrubber
(2,794,000 EUR) [76].
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Table 7. The general estimate the total capital investment cost (TCIC) for DES.

Cost + SD [EUR]

Parameter for ChClL:U (1:2)

Cost + SD [EUR]
for ChCIL:OA (1:2)

Direct Cost (DC)

Total equipment cost (TEC) 587,000 + 46,960

Installation instrumentation and control 610,480 + 48,838
Electrical and heat power 64,570 + 5166
Building and building services and equipment installation 381,550 + 30,524
Yard improvement 58,700 + 4696

410,900 + 32,872
2,113,200 + 169,056
Indirect Cost (IC)

External services
Total direct cost (TCD)

Engineering and construction site 434,380 + 34,750

Law cost 23,480 + 1878
Contractor’s fee 129,140 + 10,331
Incidents 258,280 + 20,662
Total indirect cost (TCI) 845,280 + 67,622
Other Cost (OQ)
Floating capital 126,792 + 10,143
DES batch 66,816 + 5345
Total other cost (TOC) 193,608 + 15,489

Total capital investment cost (TCIC) 3,152,088 + 252,167

587,000 + 46,960
610,480 + 48,838
69,950+ 5596
381,550 + 30,524
58,700 + 4696
410,900 + 32,872

2,118,580 + 169,486

434,380 + 34,750
23,480 + 1878
129,140 + 10,331
258,280 + 20,662
845,280 + 67,622

126,792 + 10,143
74,277 + 5942
201,069 + 16,086

3,164,929 + 253,194

SD—standard deviation.

3.3.2. Operation and Maintenance Cost

The annual fixed operating costs (FC) included the operation and maintenance cost (OC and MC)
of biogas upgrading plants. The OC and MC included the costs of maintenance, operating, labor, and
taxation, which are presented in Table 8. The cost of DESs was calculated for the scrubber volume

(2.35 m3), which was doubled in order to maintain the continuity of the process.

Table 8. General estimate of the operation cost (OC) and maintenance cost (MC) for DES.

Cost + SD [EUR]

Parameter of ChCl:U (1:2)

Cost + SD [EUR]
of ChCL:OA (1:2)

Fixed Cost (FC)

Regional taxes and insurance
Total fixed cost (TFC)

46,066 + 3685
46,066 + 3685

Direct Production Cost (DPC)

Maintenance (M)

Salary for the operator (1500 man-hour/year) (SO) (10 Personnel)

Supervision (S)

Operating materials

Changes in electricity cost in the laboratory
Total direct production cost (TDPC)

69,099 + 5528
58,320 + 4666
8748 + 700
10,365 + 830
20,425 + 1634

166,957 + 13,357

General Expenses (GE)

Administrative cost
Distribution, marketing and R&D cost
Total general Expenses (TGE)

DES Cost (DESC)

DES replacement cost

Depreciation expense

Total DES Cost (TDESC)

Total operation and maintenance cost (TOC and MC)

1313 + 105

39,710 + 3177

41,023 + 3282

334,080 + 26,726

3339 + 267

337,419 + 26,994
591,465 + 47,317

46,066 + 3685
46,066 + 3685

69,099 + 5528
58,320 + 4666
8748 + 700
10,365 + 830
20,425 + 1634
166,957 + 13,357

1313 + 105
39,710 + 3177
41,023 + 3282

445,662 + 35,653
339 + 267
449,001 + 35,920
703,047 + 56,244

SD—standard deviation.
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Due to the different absorption capacity of DES and regeneration cycles, the energy consumption
in the absorption processes was different. Based on previous studies, it was assumed that ChClL:U (1:2)
and ChCL:OA (1:2) can be regenerated 73 and 60 times, respectively, without loss of absorption capacity.
From an economic and industrial point of view, recycling and reuse of DES after the absorption process
is highly desirable because it reduces annual operating costs and the amount of waste. Numerous
regeneration cycles can be achieved due to highly reversible absorption, which mainly depends on
the structure and thermal stability of DESs. HBDs play the main role in the thermal stability of DESs,
which depends mainly on the weak intermolecular interaction. The decomposition temperature of
urea in ChCl:U is about 172.40 °C [77], while the decomposition temperature of oxalic acid in ChCL1:0A
is about 134.84 °C [78]. Both temperatures are higher than the temperature required for regeneration,
which is enough to ensure long absorption—desorption cycles. However, the ChCl:OA structure and its
lower decomposition temperature result in a slightly lower number of regeneration cycles. After a
number of regeneration cycles, DESs must be replaced to further ensure the high quality of bio-methane.
The other costs of OC and MC was estimated based on the literature [74,79] and using percentage
factors of TCIC. The costs in Table 8 (FC, DPC, GE) are averaged values for selected European Union
countries, i.e., Sweden, Germany, France, Norway, and Poland for which standard deviations have
been determined. The one-time cost of replacing the absorbent is 66,816 EUR and 74,277 EUR for
ChCl: U and ChCl: OA, respectively. Due to the 5-fold (ChCl: U) and 6-fold (ChCl: OA) exchange
of absorbents to ensure the high quality of bio-methane, the total cost of replacement is 334,080 and
445,662 EUR for ChCL:U and ChCIL:OA, respectively.

The total OC and MC cost for ChCl:OA (703,047 EUR) is comparable with amine scrubber (688,000
EUR) and membrane separation (662,000 EUR), while the total OC and MC cost for ChCl:U (591,465
EUR) is more comparable with water scrubber (513,000 EUR) and pressure swing adsorption (557,000
EUR) [76].

3.3.3. Economic Comparison of the Overall Biogas Upgrading Process

It is difficult to clearly estimate the costs of individual technologies due to the differences in the
cost of components, materials and utilities, and local conditions. Therefore, is important to consider the
total annual cost (TAC) of the biogas upgrading process, which was 982,510 + 78,601 EUR (ChClL:U) and
1,095,685 + 87,654 EUR (ChCl:OA) in the economic analysis. The TAC cost for ChCl:U was very similar
to the TAC for pressure swing adsorption (970,000 EUR), while the TAC obtained for ChCl:OA was
very similar to the TAC for amine scrubber (1,104,000 EUR) and membrane separation (1,061,000 EUR).
The lowest TAC is for the water scrubber (880,000 EUR). Based on the above calculations, the unit
cost of 1 m® of pure bio-methane was determined by means of Equation (4). The obtained unit cost
of 1 m? of bio-methane was 0.35 + 0.03 EUR/m? and 0.37 + 0.03 EUR/m? for the physical absorption
process using ChCl:U (1:2) and ChClL:0A (1:2), respectively. The unit cost for various biogas treatment
technologies can be ordered as follows: amine scrubber > membrane separation > ChCl:OA (1:2) >
ChClL:U (1:2) > PSA > water scrubbing [76] (Table 9). The values include the average standard deviation
(8%), which was adopted based on the above calculations. Table 9 contains only the total TAC and UC
values without standard deviations due to the lack of data from other studies. The main advantage of
the innovative method based on DES is the cost of biogas upgrading compared to the most commonly
used absorbents.
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Table 9. Comparison of economic analysis.

Purification Methods Total 1?;22; I Cost BioI-JI\I/}lettE;);::(ZIfJ o) Ref.

Amine scrubber 1,104,000 EUR 0.39 EUR/m? [56]

Membrane separation 1,061,000 EUR 0.38 EUR/m?> [56]
ChCl:OA scrubber 1,095,685 EUR 0.37 EUR/m® This study
ChCl.U scrubber 982,510 EUR 0.35 EUR/m° This study

PSA 970,000 EUR 0.35 EUR/m?> [56]

Water scrubbing 880,000 EUR 0.33 EUR/m? [56]

The application of traditional absorbents (water, amine), requires further biogas refinement
operations, which involves additional costs, while the use of DES ensures that high-quality bio-methane
is obtained in a one-step process. The obtained results indicate that biogas upgrading technology by
means of DESs is a competitive technology for all currently used methods in the industry.

4. Conclusions

The study presents low-cost deep eutectic solvents (DES) as potential new sorption materials
that enable one-step, effective biogas upgrading. This is a significant advantage compared to the
currently used sorbents that are dedicated to removing only selected groups of impurities, which
does not guarantee that the biogas will be of sufficient quality. The use of developed sorbents under
absorption conditions results in biogas with high-methane gas parameters that meet the parameters
for gas injected into the transmission network and transport fuel. In addition, the use of new sorbents
based on DESs are highly advantageous from an economic and ecological point of view because the
sorbents are synthesized from inexpensive, easily available materials that can be regenerated many
times without loss of absorption capacity.

In this study, 23 low-cost DESs composed of quaternary ammonium salts and organic components
were investigated. Based on the basic thermodynamic properties, i.e., the activity coefficient, excess
enthalpy, and Henry’s constant, two DESs (ChCl:U (1:2) and ChCL:OA (1:2)) were selected because
they showed the highest dissolution potential of the siloxanes, CO,, and H;S. The high affinity of both
DESs to all of the main biogas contaminations was confirmed by means of o-profiles and o-potential
analysis. It was shown that the electrostatic interactions between biogas impurities and DESs are the
main driving force of the absorption process. For the best DESs, economic analysis simulation was
conducted in order to evaluate and compare ChCl:U (1:2) and ChCl:OA (1:2) to each other and to
currently available industrial absorbents. The unit cost of DESs depend mainly on the DES structure,
which is responsible for its absorption capacity, and regeneration cycles. The unit cost of obtaining
1 m? of high-quality bio-methane using DESs absorption is comparable to the costs of currently used
technologies. However, the proposed biogas upgrading technology offers the possibility of removing
CO,, H;S, and siloxanes in one step. This is a significant advantage compared to other commonly used
technologies that only remove individual impurities. The obtained results show the great potential of
DESs to improve biogas to high-quality bio-methane with properties comparable to natural gas. Such
bio-methane could be injected into the natural gas network or used as an alternative to compressed
natural gas fuel. However, further experimental research is needed to confirm the obtained results.
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