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Abstract
Biogas upgrading to produce biomethane is emerging as one of the distinguished
solutions to the current energy crisis and environmental challenges. Biogas upgraded
biomethane is gaining importance as fuel source and can be injected into the natural gas
grid. This necessitates the need for energy efficient upgrading technologies. Among the
upgrading technologies available, amine scrubbing is considered as a promising method
due to low operating pressure, high methane recovery rates and low power
consumptions. This paper presents an evaluation of amine scrubbing for biogas
upgrading using aqueous solution formulations of piperazine activated methyl
diethanolamine (MDEA) in Unisim software. The objective of this study was to coin
optimal operating conditions for biomethane production from raw biogas by considering
the technical, environmental and economic aspects. The performance of the process was
evaluated in terms of mole fraction of methane in biomethane, recovery rate of methane
and energy consumption by varying the operating parameters like absorber operating
pressure, number of stages of the absorber, flowrate of the solvent and piperazine
concentration in aqueous MDEA.

Keywords: Biogas upgrading; Biomethane; amine scrubbing; MDEA; Piperazine.

1. Introduction
The energy demand of the world is

drastically increasing and is anticipated
to increase by threefold in next thirty
years. In the context of current energy
crisis and rising energy demand the
need for technologies to produce and
exploit renewable energy is increasing.
[1] Biogas and biomethane is one such
promising choice of sustainable energy.
Biogas is produced by anaerobic
decomposition of organic matter like
manure, sludge, sewage, agricultural,
municipal and industrial waste. [2]
Biogas mainly consist of methane,
carbon dioxide and several trace gases.
The composition of these gases varies
based on the organic sources used for
producing biogas [1]. Commercial biogas
production in world has increased as it
can be used as a fuel or energy source
for combined heat and power cycle and
is expected to be doubled in coming
years. Biogas production is estimated to
increase from 14.5 GW (2012) to 29.5
GW (2022) [3].

Apart from Methane, all other
components present in biogas are
considered to be unwanted and treated
as impurities. Hence before deploying
biogas as a fuel or introducing biogas to
the energy grid these unwanted
impurities need to be removed as well
the calorific value of biogas need to be
upgraded [4]. The Lower Calorific Value
(LCV) of CH4 is 50.4 MJ/kg at standard
condition [5]. The calorific value of
biogas can be increased by increasing
the methane content of biogas. Biogas
treatment process involves two major
steps, first is the removal of unwanted
impurities and the second is upgrading
of biogas. Upgrading is the process of
removal of CO2 content from biogas and
increasing the calorific value of biogas.
The product obtained by upgrading is
Biomethane and is composed of CH4 (95-
99 %) and CO2 (1-5%), with no traces of
other impurities [3]. The dominant
technologies for biogas upgrading by
CO2 removal can be broadly categorized
as sorption and separation process. The
sorption process mainly involves
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physical absorption by water scrubbing,
organic solvents, chemical absorption by
amine solution, Pressure swing
adsorption. Various process employed
for biogas upgrading via separation are
membrane separation and cryogenic
separation process [5]. Most of these
methods require removal of impurities
especially H2S [4].
Another technology that is being

investigated is gas hydrate-based
upgrading, Clathrate hydrate technology
is a feasible and promising alternative
for biogas upgrading [6]. Gas hydrates-
based system suffers from high energy
demand and high greenhouse emissions.
Further research and testing are to be
done before successful implementation
of this technology [7]. Recently, biogas
upgrading based on bio electrochemical
system (BES), hydrogen mediated exsitu
and insitu CH4 enhancement are also
being explored [8]. Use of microbial
electrochemical separation cell that
upgrades biogas as well as treat waste
water were also reported [9]. More
exploration in terms of enhancing mass
transfer, developing a suitable reactor
configuration and microbial dynamics is
required [10]. Cryogenic carbon capture
is another emerging technology that is
offering high CO2 recovery and high
purity of both methane.[11]. Drawback
of cryogenic technology is high energy
consumption and more research
focusing on this aspect is being carried
out. Also, possibility of combining the
cryogenic technology with other
technology like adsorption. Absorption,
membrane and hydrate system are also
being explored. Among these
combinations membrane technology
shows promising results with reduced
energy consumption and methane purity
[12].

Out of all these technologies,
upgrading biogas by scrubbing with
amine is the most used method.
Selection of solvent is one of the most
important steps in amine absorption of
CO2 and solvent selection is finalized by
the difference in solubility between
methane and CO2 in that particular
solvent. The commonly used amines for
CO2 scrubbing are monoethanolamine
(MEA), methyl diethanolamine (MDEA),
diethanolamine (DEA), diglycolamine

(DGA), piperazine (PZ) and
triethanolamine (TEA) [13]. Scrubbing of
biogas with diglycolamine can generate
biomethane with 91% methane and 99%
CO2 removal from biogas. It is also
reported that by using biomethane from
diglycolamine scrubbing as fuel a 95 %
reduction in emissions can be achieved
[14]. A modified absorption scheme
using water and
diethanolamine (DEA) shows better
performance compared to conventional
process [15]. Pellegrini et al. studied how
the upgrading cost is influenced by
biogas from different sources and also
compared the performance of water
scrubbing and MDEA scrubbing for the
same. MDEA scrubbing was found to be
more profitable compared to water
scrubbing. All the feedstocks studied
gave positive profitability and biogas
from landfill which had lesser amount of
CO2 showed better performance [16].

The efficiency of different amines and
their aqueous blends in biogas
upgrading were also investigated by
various researchers. Aqueous MDEA was
found to be economical and efficient
compared to MDEA/MEA blends. The
regeneration energy of MDEA was found
to be 0.94 kJ/Nm3BM/h compared to
MDEA/MEA blend which had a
regeneration energy of 1.43 kJ/Nm3BM/h
[17] Sepulveda et al. investigated the
applicability of MEA (primary amine),
DEA (secondary amine) and MDEA
(tertiary amine) for upgrading the biogas
generated by landfill. The results
highlight that amines can produce
significant enrichment of biogas. The
methane content was found to increase
from 57.3% to 90% and MEA was found
to produce the largest increase in
methane concentration of 90.37 % [18].
A comparative study of performance of
AMP and MEA for simulated biogas
showed larger absorption capacity for
AMP when compared to MEA and the
regeneration energy was 80% lesser for
AMP when compared to MEA [19]. Study
on effectiveness of EDA and piperazine
dissolved in ethanol for biogas upgrading
reports that the regeneration energy for
EDA piperazine mixture was found to be
less than MEA solution by 25.6 % and
20.5 % respectively. The CO2 absorption
rate of diamine ethanol solution was
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doubled compared to EDA water solution
and absorption rate of piperazine
ethanol was only slightly enhanced [20].

Though MDEA has very low reaction
rate for CO2 it is known for lesser rate of
degradation and corrosion. The reaction
rate of piperazine is very high with CO2.
So, by blending piperazine to MDEA.
Blends of MDEA and piperazine is
reported to have very high absorption
capacity compared to MEA or MDEA [21].
As per the reports of Khan etal MDEA/PZ
ratio of 35/15 wt % is considered as the
most suitable amine ratio to attain
maximum separation at minimum
energy consumption. A reboiler duty of
3.235 MJ/kgCO2 was reported for etal
MDEA/PZ ratio of 35/15 wt %. They have
also investigated different process
modifications like cold solvent split, rich
vapour compression and combination of
both for energy minimization. [22]. The
objective of this paper is to evaluate the
performance of MDEA piperazine
absorption system in terms of mole
fraction of methane in biomethane,
recovery rate of methane and energy
consumption by varying the operating
parameters like absorber pressure,
flowrate of the solvent, number of stages
in the absorber and piperazine
concentration in aqueous MDEA. The
operating conditions were evaluated
considering 95% methane purity and
methane recovery over 96%. The
absorption process was modelled and
simulated in Unisim Design Suite R480.

2. Methodology
2.1 Biogas Source and Absorbent
Biogas obtained from swine manure is
used as feed for the process. The
composition of the biogas is given in
Table 1 [15]. The absorbents used here
is aqueous solution of piperazine
activated MDEA.

Table 1. Biogas Composition [15]
Components Values in Mole

fraction
Methane 0.6

Carbon Dioxide 0.24
Hydrogen Sulfide 3000 ppm

Water 0.056
Nitrogen 0.02
Oxygen 0.001

2.2 Process Description and
Modelling

This study is developed in Unisim
process simulation software. The
flowsheet of activated MDEA based
process is given in Fig 1. It consists of
mainly two columns- absorber and
stripper, pumps, compressors, heat
exchangers and flash vessels. The
biogas stream after single stage
compression and cooling enters the
absorption column from bottom of the
absorber. The absorbent solution enters
the absorption column at the top.
Methane rich product (BIOMETHANE)
leaves the absorber column from the top.
The CO2 absorbed solvent (SOLVENT
OUT) leaving the absorber at the bottom
of the column is then directed to a flash
separator for separating the solvent and
released gas (RBIOGAS). The rich solvent
(SOLVENT F) is then directed to a pump
where the pressure is raised. The solvent
is preheated before entering the
stripping column. This is mainly done to
reduce the external energy dependency.
In the stripper, CO2 and other impurities
are stripped off from the solvent and the
lean solvent (LEAN AMINE) leaving the
stripper is redirected to enter the
absorption column.

Fig.1. Process Flowsheet for activated MDEA based
process developed in UNISIM platform

The thermodynamics property
estimation is governed by the DBR
amine package available in Unisim
Design Suite [21]. A base model was
developed to simulate the process of
absorption and stripping process using
specified set of solution composition and
operating condition. Conditions of
operation of the base model are
summarised in Table 2. More than 100
simulations at different operating
conditions where performed to arrive at
the base model conditions. Further,
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these parameters were varied to study
the effect of various parameter on CH4
mole fraction in biomethane. Methane
recovery (equation 1) and reboiler duty.

Methane Recovery
Methane Recovery =

BCH4
FCH4

× 100 % (1)

Where
���5 (kmol/hr - flowrate (molar) of
methane in biomethane stream
���5 (kmol/hr) - flowrate (molar) of
methane in biogas stream[15].

Table 2. Operating Conditions for Base model
simulation [15]

Stream/ Equipment Process Parameters
Biogas Flow rate: 1000 kmol/h

Temperature: 300C
Pressure : 100 kPa

Solvent Flow rate: 16,000 kmol/h
MDEA concentration: 35
wt %
Piperazine concentration :
5 wt%
Pressure: 200 kPa
Temperature: 350_C

Absorber Pressure: 190 kPa
No. of stages :15

Stripper Condenser Pressure: 186
kPa
Reboiler Pressure: 210
kPa
No. of stages :15

3.Results and Discussions
This section illustrates and discusses the
results obtained by simulating the model
at varied operating condition.

3.1 Influence of absorber pressure
The effect of absorber pressure

on methane recovery, mole fraction of
methane and reboiler duty was studied
by varying the absorber pressure from
100 kpa to 200 kpa using 5% piperazine
and 35% MDEA solution. The solvent
flowrate and biogas flowrate were
maintained at 16000 kmole/hr and 1000
kmole/hr respectively. The results of
methane mole fraction and reboiler heat
duty are illustrated in Fig. 2.

Fig. 2 Influence of Absorber Pressure on mole
fraction of CH4 in biomethane and Reboiler duty

It can be noted that the methane
content of biomethane increased as the
pressure of the absorber is increased.
This happens as the amount of absorbed
CO2 in the solvent solution increases at
higher pressures which makes the mole
fraction of methane in biomethane high
as per Henry’s Law. Effect of absorber
pressure on methane recovery and CO2
removal efficiency is illustrated in Fig 3.
The removal efficiency of CO2 is
increases as the pressure is increased
and hence increasing the methane
content in biomethane. Recovery of
methane is not much effected by the
increase in pressure. The value
decreased from 99.96 % to 99.92.
Reboiler duty was also not much
effected by increase in pressure.

Fig.3. Influence of absorber pressure on Methane
recovery and CO2 removal efficiency

3.2 Influence of solvent circulation rate

The solvent circulation rate was
varied from 10,000 kmol/hr to 20,000
kmol/hr to study the influence of solvent
circulation rate on mole fraction of
methane in biomethane, methane
recovery rate and reboiler heat duty. An
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absorber pressure of 190 kPa was
maintained and the solvent
concentration was maintained as 5%
piperazine and 35% MDEA solution.
Biogas flowrate was maintained at 1000
kmol/hr The results obtained is
illustrated in Fig 4.

Fig 4. Influence of Solvent flowrate on mole fraction
of CH4 in biomethane and Reboiler duty

There was very slight increase in the
mole fraction of methane from 0.947 to
0.951 as the flowrate was varied from
10,000 kmol/hr to 20,000 kmol/hr.
Whereas the reboiler duty increased
drastically from 5 MJ/ kg CO2 to 10.82 MJ/
kg CO2. As the flowrate increases the
CO2 absorption increases as can be seen
from Fig 5. And hence the methane
content in the biomethane is increasing.
Due to the increase in circulation rate of
solvent, quantity of solvent to be
handled by the stripper is increasing
which increases the regeneration energy
requirement and thus the reboiler duty is
increased. There is not much variation in
methane recovery %. It decreased from
99.95 to 99.90 %, this can be attributed
to the fact that as the solvent quantity is
increased there is chance that some
methane is getting dissolved in the
solvent.

Fig 5. Influence of solvent flowrate on Methane
recovery and CO2 removal efficiency

3.3 Influence of piperazine concentration
The piperazine concentration was

varied from 1% to 7%, maintaining the
amine and water weight % of the solvent
at 40 % and 60 % respectively. The
absorber was maintained at a pressure
of 190 kPa, solvent and biogas flowrate
at 16,000 kmol/hr and 1000 kmol/hr
respectively. The influence of methane
content in biomethane and reboiler duty
is illustrated in Fig 6. The mole fraction
of methane in biomethane increased
from 0.932 to 0.952 when the piperazine
concentration was varied from 0.01 to
0.07. This is because piperazine has very
high absorption for CO2 and on
increasing the concentration of
piperazine the CO2 absorption increases
(Fig 7) and hence the methane content
in biomethane. From 0.01 to 0.05 there
is a drastic increase in methane mole
fraction from 0.92 to 0.95 after that the
increase is not much pronounced.

Fig .6. Influence of piperazine concentration on
mole fraction of CH4 in biomethane and Reboiler

duty

The reboiler duty increases from 7.71
MJ/kg CO2 to 10.37 MJ/kg CO2. Pure
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MDEA requires less heat for regeneration,
when piperazine is added more CO2 is
absorbed (Fig 8) and more heat is
required to regenerate the solvent.
Piperazine concentration has almost no
effect on methane recovery. It remains
constant at 99.93 % throughout and CO2
removal increases drastically from 87.74
% to 99.67 % as piperazine has very
high absorption rates for CO2.

Fig 7. Influence of piperazine concentration on
Methane recovery and CO2 removal efficiency

3.4 Influence of number of stages in
absorber

To study the influence of increase
in number of stages in the absorber on
methane content of biomethane,
methane recovery and reboiler duty. The
number of stages in absorber was varied
from 7 to 15. The absorber was
maintained at a pressure of 190 kPa,
flowrate of the solvent was maintained
at 16,000 kmol/hr and the solvent
concentration was kept at 5% piperazine
and 35% MDEA solution. The results
obtained at illustrated in Fig 8.

Fig 8. Influence of number of stages on mole
fraction of CH4 in biomethane and Reboiler duty

The mole fraction of methane in
biomethane increases from 0.92 to 0.95
and the reboiler heat duty decreased
from 9.68 MJ/kg CO2 to 8.74 MJ/kg CO2 as
the number of stages increases. On
increasing stages in absorber the CO2
absorption increased from 86.93 % to
99.28 % (Fig 9) and hence the mole
fraction of methane in biomethane also
increases. The recovery of methane
remains constant at 99.93% when the
number of stages is varied as there is no
methane loss with increase in number of
stages.

Fig 9. Influence of No. of stages of the absorber on
Methane recovery and CO2 removal efficiency

4. Conclusion
Amine based sorption process is an
effective technology to upgrade biogas
to biomethane by removal of CO2 and
enhancing the methane content. One of
the key challenges encountered in
amine-based sorption process is the
selection of suitable amine solvent and
reducing the energy consumption. In the
present study the use of activated MDEA
in upgrading the biogas to biomethane is
investigated.
Addition of piperazine increases the
absorption efficiency from 87.74 % to
99.67 %. When piperazine is added the
reaction becomes mass transfer
controlled rather than reaction
dominated process. The piperazine
concentration of 5 wt% was found to be
ideal to achieve the methane mole
fraction of 0.95, increasing wt % of
piperazine beyond 5 % did not produce
any pronounced results. Hence,
piperazine concentration of 5% was
chosen as the optimal. Increasing the
pressure of the absorber increased the
mole fraction of methane in biomethane
from 0.93 to 0.95. The reboiler duty was



https://doi.org/10.36375/prepare_u.iiche.a364

7

found to increased drastically from 5 MJ/
kg CO2 to 10.82 MJ/ kg CO2 when the
flowrate was increased. The reboiler heat
duty decreased from 9.68 MJ/kg CO2 to
8.74 MJ/kg CO2 and CO2 absorption
increased from 86.93 % to 99.28 % as
the number of stages is varied. It can be
concluded that piperazine activated
MDEA is promising solvent for biogas
upgrading. Further optimisation is to be
performed to obtain the optimised
operating conditions to achieve
maximum enrichment at minimum
energy consumption.

References

(1) Adnan, A. I.; Ong, M. Y.;
Nomanbhay, S.; WChew, K.; Show,
P. L.Technologies for Biogas
Upgrading to Biomethane: A
Review, Bioengineering. 2019, 6,
92 1-23.

(2) Gamba,S.;Pellegrini,L.A; Lange,S.
Energy Analysis of Different
Municipal Sewage Sludge-
Derived Biogas Upgrading
Techniques, Chemical
Engineering Transactions ,2014,
37 ,829-834.

(3) Kvist, T.; Aryal,N. Methane loss
from commercially operating
biogas plant, Waste Management.
2019, 87 , 295-300.

(4) Angelidakia, I.; Treua,
L.;Tsapekosa, P.; Luoc, G.;
Campanarob,S.; Wenzeld, H.;
Kougiasa, P. G. Biogas upgrading
and utilization: Current status and
perspectives, Biotechnology
Advances. 2018, 9734-9750.

(5) Struk, M.; Kushkevych, I.;
Vítezova, M.: Biogas upgrading
methods: recent advancements
and emerging technologies,
Reviews in Environmental Science
and Bio/Technology 2022, 19,
651–671.

(6) Castellani, B.; Morini, E.;
Bonamente, E.; Rossi, F.
Experimental investigation and
energy considerations on hydrate
based biogas upgrading with CO2
valorization, Biomass and
Bioenergy,2017, 105,364-372.

(7) Moghaddam, E. A.; Larsolle, A.;
Tidaker ,P.; Nordberg, A. Gas
Hydrates as a Means for Biogas
and Biomethane Distribution,
Frontiers in Energy Research.
2021, 9,1-11.

(8) Aryal, N.; Zhang, Y.; Bajracharya,
S.; Pant, D.; Chen, X. Microbial
electrochemical approaches of
carbon dioxide utilization for
biogas upgrading,
Chemosphere,2021, 132843,1-15

(9) Kokkoli, A.; Zhang, Y.; Angelidaki,
I. Microbial electrochemical
separation of CO2 for biogas
upgrading, Bioresource
Technology. 2017, S0960-
8524 ,1-29.

(10) Aryal, N.; Kvist, T.;
Ammam, F.; Pant, D.; Ottosen, L.
An overview of microbial biogas
enrichment, Bioresource
Technology.2018, 264 , 359-369.

(11) Palma, C F.; Cann, D.;
Udemu, C. Review of Cryogenic
Carbon Capture Innovations and
Their Potential Applications,
Journal of Carbon research.2021,
7,58, 1-28.

(12) Moreno, F.M.B.L.; Gallego,
M.; Vega, F.; Navarrete, B.
Chapter 7 - Cryogenic techniques:
an innovative approach for biogas
upgrading, Emerging
Technologies and Biological
Systems for Biogas Upgrading.
2021 159-186.

(13) Abdeen, F. R. H.; Mel, M.;
Jami, M.S.; Ihsan, S.I.; Ismail, A. F.
A review of chemical absorption
of carbon dioxide for biogas
upgrading, Chinese Journal of
Chemical Engineering. 2016, 24,
6, 693-702.

(14) Cavaignac,R .S.; Ferreira,
N .L.; Guardani, R. Techno-
economic and environmental
process evaluation of biogas
upgrading via amine scrubbing,
Renewable Energy,2021, 171,
868-880.

(15) Worawimut,C.;Vivanpatara
kij,S.;Watanapa,A; Wiyarat.;
Assabumrungrat,S; Performance



https://doi.org/10.36375/prepare_u.iiche.a364

8

evaluation of biogas upgrading
systems from swine farm to
biomethane production for
renewable hydrogen source,
International Journal of Hydrogen
Energy.2019, 44,23135 – 23148.

(16) Pellegrinia, L. A.; De
Guido, G.; Consonni,S.;
Bortoluzzi,G.; Gatti, M. From
Biogas to Biomethane: How the
Biogas Source Influences the
Purification Costs , Chemical
Engineering Transactions. 2015,
43, 409-414.

(17) Capraa, F.; Fettarappa, F.;
Maglia,F.; MGatti, Martelli, E.
Biogas upgrading by amine
scrubbing: solvent comparison
between MDEA and MDEA/MEA
blend, Energy Procedia.
2018,148 , 970–977.

(18) Sepúlveda ,G .;Jaimes, L.E.;
Pacheco,L.; Díaz,C A. Simulation
of a biogas cleaning process
using different amines, Revista
Facultad de Ingeniería (Rev. Fac.
Ing.).2018, 27, 47,51-60.

(19) Park, Y.C.; Lee, J S.; Moon,
J.H.; Min, B. M.; Shim,D.M.;
Sung,H.J. Performance
comparison of aqueous MEA and
AMP solutions for biogas
upgrading, Korean J. Chem. Eng.
2017,34,3, 921-927.

(20) Tao,M.; Gao,J.; Zhang,P.;
Zhang,W.; Liu,Q.; He,Y.; Shi,Y.
Biogas upgrading by capturing
CO2 into nonaqueous phase-
changing diamine solutions,
Energy & Fuels, 2017,31,6 ,6298–
6304.

(21) Ibrahim, A. Y.; Ashour ,F.H.;
Ghallab ,A.O.; Ali ,M. Effects of
piperazine on carbon dioxide
removal from natural gas using
aqueous methyl diethanol amine,
Journal of Natural Gas Science
and Engineering.2014, 21,894-
899.

(22) Khan, B.A.; Ullah, A.;
Saleem,M.W.; Khan, A. N.; Faiq,
M.;Haris, M. Energy Minimization
in Piperazine Promoted MDEA-
Based CO2 Capture Process,

Sustainability.2021, 12, 20 ,8524,
1-13.


