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Abstract

CO; capture by amine scrubbing is a widely developed technology in its most advanced stage of
evolution. However, it has never been used to capture CO> from mobile sources. The present study
performs a thermo-economic analysis of an amine scrubbing CO; capture storage (CCS) system,
which takes for the amine regeneration process the waste heat from the exhaust gases of a
turbocharged natural gas internal combustion engine (mobile source). The selected engine for the
study is an M936G, widely used in freight and passenger transport. A primary and a tertiary amine
were chosen for the simulations. In order to reduce volume and increase autonomy, captured CO»
is stored as a liquid; therefore, a specific installation is planned. The system is hybridised with an
Organic Rankine Cycle (ORC) to reduce the energy penalty on the CCS system. Results show that
a CCS system operating with Monoethanolamine (MEA) at 30 wt% achieved a maximum CO»
capture rate of 66%, with a penalty over the power engine of only 10%. On the other hand, the
economic analysis showed that the CCS system with MEA and without ORC is 31.8% cheaper
than a hydrogen fuel cells bus and 26% cheaper than a battery-electric bus.

Keywords: CO; capture. Amine-scrubbing, internal combustion engines, Organic Rankine Cycle.
1. Introduction

Currently, the transport sector contributes 25% of total CO> emissions and is gradually migrating
towards electrification to reduce its CO2 footprint'. However, in freight and passenger transport,
battery electric vehicles (BEV) and fuel cell vehicles (FCV) can only be a supplement, but not an
alternative, to classic combustion engines?, due to short autonomies. This sector is expected to
continue operating with C-H chain fuels, and the challenge focuses on fuels such as natural gas or

synthetic natural gas. If, as in this last case, CHj4 is elaborated with a CO captured (in an onboard
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Internal combustion engine vehicle) as raw material and an energy surplus from renewable

sources, it could close the gap and drive the transport sector towards zero CO> emissions.

CCS is a potential technology for reducing CO2 emissions and sustainable energy production®*.
The CCS systems allow CO» to be separated from a gas stream before or after a combustion
process’. These technologies have mainly been applied in the heat and power generation sector
and industries, such as cement and steel production®. In particular, CO> capture technologies in
post-combustion have had significant advances in recent years. Whereby the use of these
technologies in the transport sector could be functional. Some authors suggest that amine

scrubbing, adsorption, and membranes could be adapted to operate on mobile sources’.

So far, the research about CCS systems in mobile sources has been focused on absorption and
adsorption. Engine-driven ships are the most favourable scenario for an absorption installation
because the internal combustion engine (ICE) operates almost at the same load condition in a
journey, which is quite like the operating conditions of a power plant. Ship-based carbon capture
(SBCC) research works have focused on amine scrubbing facilities. They have made economic
analyses and evaluated several amines in different proportions, CO» capture rates (CCR), and the

use of waste energy recovery systems.

For instance, Awoyomi et al.” studied the effect of exhaust gas recirculation (EGR) on an LNG-
fuelled ship. They obtained a CCR of 90% with a solvent of NH3 in a concentration of 4 wt% and

solvent flow close to 40 kg/s. Stec et al. "

evaluated in a diesel-fuelled ship an amine-scrubbing
facility under three atmospheric conditions (arctic, ISO, and tropical) using a solvent with
Monoethanolamine (MEA) at 30 wt%. The best results were found under tropical conditions with
values of CCR of 91.4%, 2.249 MW of heat duty, and a regeneration heat of 3.61 MJ/kgCO-.
Giiler and Ergin'!, in several LNG-fuelled ships, evaluated an amine-scrubbing facility with a
solvent concentration of 35 wt% of MEA. The average result of CCR obtained in their study was
33%. Ros et al.!? evaluated SBCC on 12 LNG-fuelled engines (8§ MW each) with a solvent of 30
wt% of MEA. The main results were a maximum CCR of 81% with an average price of 125
€/CO,ton (depending on the storage pressure of CO2). Luo and Wang'?3, in a diesel-fuelled ship of
10.8 MW with a waste energy recovery system (WERS), made an economic analysis of an amine-

scrubbing plant using MEA at 30 wt% as solvent. The results show a CCR of 73% and a CO»
capture price of 77.5 €/COzton without the WERS. With WERS, 90% of CCR is reached with a
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higher CO» capture price of 163 €/COxton. Feenstra et al.'* evaluated two solvents, MEA and
piperazine (PZ), for the CO; capture process on a 3 MW LNG-fuelled ship. The main conclusion
of their study is that the cost of CO2 capture is 120 €/CO2ton using MEA and 98 €/COxton using
PZ.

In contrast, in ICE vehicles (ICEv), their rapid accelerations and decelerations and changes in the
speed and load in the engine are the bottlenecks that do not allow the implementation of CCS
systems in this sector. The research works found in the literature have evaluated the energy
requirements of the CCS system and the kind most suitable sorbent or solvent. Sharma and
Maréchal'® elaborated an energy analysis of a CCS system by temperature swing adsorption (TSA)
on a diesel-fuelled engine of a truck. The main result obtained is that with a WERS taking the
thermal energy exhaust gases in advantage and with PPN-6-CH2-TETA as sorbent, the CCS
system does not have penalisation over the ICE with a CCR of 90%. Garcia and Llera® presented
an energy analysis of a CCS system with TSA operating with several sorbents. The CCS system
is hybridised with an organic Rankine cycle (ORC) to supply the utilities of the CCS system. The

main conclusion obtained is a 73% of CCR with MOF-74-Mg without penalisation over the engine.

Regarding absorption, Kumar et al.'®!” evaluated MEA, methyl diethanolamine (MDEA) and
blends with NH3 on a diesel-fuelled engine. The main result of these investigations is that MEA
has a CO; reduction overcome 90% in any engine load condition. However, these research works

do not show as is the CO2 capture unit and the operating parameters of this.

As shown above, CO; capture by absorption in ICEv has a few scientific developments, and this
study aims to broaden the knowledge of this field. This research paper presents the first thermo-
economic study of a CCS system onboard a natural gas (NG) fuelled vehicle operating in the entire
rpm operating range and under four engine load conditions. The CCS system proposed is subject
to a sensitivity analysis using a primary and tertiary amine with 30 wt% in the solvent. Evaluations
are carried out also with the hybridisation of an ORC that takes the exhaust gases’ thermal energy
to supply the amine-scrubbing and CO, compression utilities. The simulation of the different
processes was carried out in Aspen Plus. The feasibility analysis aims at answering the following
questions: 1) Is the intended heat integration of the exhaust gases with the CCS systems and ORC

thermally feasible? i1) What is the maximum CCR with the primary and tertiary amines? iii) How
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much is the purchase cost of a vehicle with a CCS system installed? vi) What is the power

penalisation of the CCS over the engine performance?
2. Methodology

The energy analysis of CO> capture on board an ICEv through amine scrubbing developed in this
research involves integrating three systems: the ICE (CO2 generator), the CCS system, and the
WERS. Ideally, the thermal energy required for CO> desorption should come from the exhaust
gases of the vehicle’s engine, and the electricity for the operation of the CCS system devices should
come from the engine and from the WERS, which in the case of this study will be an organic
Rankine cycle (ORC). After technical analysis, an economic analysis is performed. The evaluated
total capital expenditure (CAPEX) will be used to establish whether the hybridisation of these
three systems in an ICEv for CO; reduction is competitive with other CO, reduction technologies
available in the market. Each component and procedure developed in the simulations are described

below.

2.1.Engine selection and model

2.1.1. Engine selection

In the short and medium term, ICEvs will keep using carbon-based fuels while the transport sector
migrates completely towards electrification. Gaseous fuels such as natural gas (mainly CH4) will
be one of the best choices because of the high lower heating value (LHV) and short carbon chain
that produces less CO>'® !°. Under this basis, a heavy-duty turbocharged natural gas (NG) spark
ignition (SI) engine of reference M936G has been selected to run the simulations. This engine is
widely used in trucks and buses. The technical specifications of the engine are summarised in

Table 1.

Table 1. Technical specifications of the M936G engine®.

Architecture In-line 6-cylinder engine
Aspiration method Turbocharged with Aftercooler
Injection Multipoint

Valves per cylinder: 4

Bore [mm] 110

Stroke [mm] 135

Displacement volume [¢cm?] 7700

Compression ratio 17

Brake Power [kW] 222 at 1950 rpm

Torque [Nm] 1200 at 1600 rpm

2.1.2. Engine simulation
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The selected SI-ICE is simulated over AVL BOOST software to determine the pressure,
temperature, and concentration of the engine exhaust gases at the catalytic converter outlet. The
simulations were performed at four engine load conditions (25, 50, 75 and 100%) in the rotational
speed range of 1000 to 1900 rpm. The models used in the simulations are the Heywood, Patton,
and Nitschke model for the friction, the Woschni heat transfer model for the heat transfer in the
cylinders, and the Re-analogy for the heat transfer in the engine ducts. Finally, the air inlet is at

standard conditions. The main input parameters to run the simulations are listed in Table 2.

Table 2. Input parameters in AVL BOOST for the engine simulations

Variable Unit M936G
Firing Order NA 1,5,3,6,2,4
Star of combustion CAD -18
Combustion duration CAD 57
A/F ratio - Stoichiometric combustion [16.75]
Maximum boost pressure ratio - 2
Connecting Rod Length mm 250
Lower heating value NG?»-2>23 | MJ/kg 48351

2.1.3. Engine Model validation

The results of brake power (BP) and brake-specific fuel consumption (BSFC) obtained in the
simulations are validated with the values given by the manufacturer for these variables?’. As can
be seen in Table 3, the maximum error between the simulation and the manufacturer values is
6,63%. Therefore, the results obtained in the engine simulation present an appropriate behaviour,
considering that the pressure, temperature, concentration, and exhaust gases mass flow are close

to reality.

Table 3. Comparison engine results between the simulation and manufacturer chart

Engine load Real?” Simulation Error

[%] P "Bp [kW] | BSFC [¢/kWh] | BP [kW] | BSFC [gkWh] | BP [%] | BSFC [%]
1000 | 110,0 200,00 110,17 192,04 0.2% 4,0%

100% 1400 | 181,0 186,00 174,98 187,81 3.3% 1.0%
1600 | 204,0 188,00 197,27 188,33 3.3% 0.2%
1900 | 220,0 193,00 227,45 189,60 339% | 1,76%
1000 | 82,5 225,00 82,91 221,52 0,50% | 1,54%

759 1400 | 135,75 209,25 136 209,19 0.18% | 0,03%
1600 153 211,50 153,6 211,57 039% | -0,03%
1900 165 217,13 166,3 217,29 0,79% | -0,08%
1000 55 270,00 55,26 269,47 0,47% | 0,19%

0% 1400 | 90,5 251,10 96,5 246,57 6.63% | 1,80%
1600 102 253,80 104,36 253,61 231% | 0.07%
1900 110 260,55 112,45 260,77 223% | -0,09%
1000 | 275 416,00 27,42 421,00 029% | -1,20%

— 1400 | 4525 386,88 4526 387,11 0,02% | -0,06%
1600 51 391,04 50,69 391,21 0.61% | -0,04%
1900 55 401,44 54,01 401,36 1.80% | 0,02%




130
131

132
133
134
135
136

137
138
139

140
141
142
143
144
145
146
147
148

149

2.2. Model development of the amine-scrubbing and CO2 compression facilities

2.2.1. Amine selection

Amines are organic compounds used for CO> capture since the 1930s becoming an effective
method widely used in the industry for this purpose’*. They are usually diluted in water in
concentrations up to 30 wt%. Primary and secondary amines react with CO> to produce ammonium
carbamates through the formation and deprotonation of zwitterion, as described in reactions 1 and

2%,

R,R,NH + CO, > R,R,NH*COO~ (R1)
R,R,NH*COO~ + R,R,NH - R,R,NCOO™ + R,R,NHf  (R2)

Tertiary amine reaction does not form zwitterion. Tertiary amines produce an unstable carbamate,
and an additional reaction leads to the generation of bicarbonate ions (reaction 3). This reaction

increases theoretical CO» loading compared to primary and secondary amines?S.

RyR,R3N + H,0 + CO, - Ry,R,R;NHYHCO3 (R3)

According to the literature, primary amines require more regeneration energy than tertiary
amines?’. The reported value for MEA is 5 MJ/kgco2, while MDEA presents values of 2.8
MI/kgco> with stripper temperatures between 100 and 120 °C?8. A similar behaviour presents the
CO; loading capacity with values close to 0,6 molco2/molamine for amine primaries®® and 0.7
molcoz2/molamine for tertiary amines®’. Despite this, primary and secondary amines are mainly used
because carbamate formation exceeds those of bicarbonate. Several research works display that
reaction constant can vary from 47740 m*/s/kmol for DETA?! to 8400 m3/s/kmol for MEA(32)
and 11.15 m?/s/kmol for MDEA?*’. Table 4 shows the average regeneration heat values and the

main physical-chemical properties of the amines at a concentration of 30 wt%.

Table 4. Amine properties at 30wt% and 313 K.

Rate constant Absorption heat CO2 loading
Solvent reaction [m?/kmols] [kJ/kmolcoz] [molCO2/molamine | Reference
]

Ethanolamine (MEA) 8400 85.13 0.59 29,33
Diethanolamine (DEA) 1340 74.24 0.61 29,33,34
Triethylamine (TEA) 16.8 66.59 0.38 29,3334

Piperazine (Pz) 53700 80.58 0.91 35,36
Aminomethyl propanol (AMP) 21000 80.91 0.78 29,33,34

Methyl diethanolamine (MDEA) 11.5 52.51 0.74 30,37
Diethylenetriamine (DETA) 47000 89.48 1.414 38,39,40
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In the present research, a primary amine (MEA) and a tertiary amine (MDEA) have been selected
to compare the maximum CO> capture rate (CCR). Capture rates are expected to depend on the
variation of engine rotational speed and engine load conditions. The regeneration heat is obtained
employing equation 1, which relates to the heat given up by the exhaust gases in the stripper (see

Figure 1) and the CO> mass captured.

_ Qexhaust gases (1)

Qregeneration -
mCOZ —storage

2.2.2. CCS configuration

According to the literature, amine scrubbing has a great potential to be used as a technique of CO»
capture onboard ICEv’: Figure 1 displays the amine scrubbing facility and the CO> compress
process diagram. The exhaust gases from the ICE are used to heat the stripper and produce solvent
regeneration (1). The desorption temperature is set to 120 °C to avoid corrosion problems and high
solvent degradation. A pinch delta temperature of 10 °C is assumed, whereby the exhaust gases at
the stripper outlet are fixed to be 130 °C (2). After releasing heat in the ORC, the exhaust gases
are cooled down and dried to 40 °C before entering the bottom absorber (4). The lean solvent
enters at the top of the column (24). The countercurrent flows of solvent and exhaust gases react
in the absorber. The clean exhaust gas leaves the absorber at the top (5). Rich solvent leaves the
column at the bottom (18), and it is pumped to the heat exchanger (19), where the temperature is
raised to 87 °C before entering the top of the stripper (20). Lean solvent abandons at 101 °C and
then goes to the heat exchanger and thus transfers thermal energy to the rich solvent (21-22),
reducing its temperature to 84 °C. The lean solvent is cooled down until 40 °C in a cooler before
entering again in the absorber. Finally, the water content in CO flow is removed in the condenser,
and high purity CO2 gas flow goes to the compression stage (11). Table 5 summarised the
parameters assumed in the simulations for the devices in the amine-scrubbing and CO>

compression facilities.

Table 5. Parameters of the amine-scrubbing and CO2 compression devices assumed in the simulations

Device Parameter Value Reference
Stripper Operating temperature 120 °C 4
Absorber Operating temperature 40 °C 42
Pumps 1 and 2 Isentropic efficiency 0.55 43
CO2 Compressor Isentropic efficiency 0.65 43
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Figure 1. Amine-scrubbing and CO2 compression facilities diagram

2.2.3. CO2 compression stage

The CO: is stored as a liquid to reduce its volume. To achieve this condition, the CO> will be
compressed from 1 bar to 75 bar (11-12) with two cooling stages until it reaches 29 °C. In the first
cooling stage, the CO> releases heat to the ORC (12-13), and in the second stage, the CO> is cooled
with atmospheric air under standard conditions (13-14). Finally, the CO> is stored in a tank, as

seen in Figure 1.

2.3.0rganic cycle Rankine
2.3.1. Working fluid selection

Cyclopentane (CsHio) has been selected as a working fluid in the ORC. This working fluid (WF)
has had excellent results in previous ORC research on ICEs*. Also, it is thermally stable at
temperatures up to 350 °C*. Another extensive factor for its selection is that CsHio has a limited

environmental impact, low toxicity, and is non-corrosive*.

2.3.2. ORC configuration

The configuration of the ORC was made following the procedure developed by Fatigati et al.***’.

This procedure calculates the maximum inlet pressure in the expander using equation 2.
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Pinex = ZR(Tsar + ATsy) Ppmp,inByvBvotBew )
This equation relates the inlet condition in the expander and pump of the ORC through
dimensionless variables: By is the product of the volumetric efficiencies of the expander and
pump; Bvol 1s the ratio between the displacement volume of the pump and expander, and B, is the
ratio between the rotational speed of the pump and the expander. Maximum inlet pressure also
depends on the superheating temperature difference (aTs,) that increases with the engine load. The

rest of the parameters in equation 1 are summarised in Table 6.

Table 6. Parameter values for the calculation of the inlet pressure to the expander

Variable Value Unit
compressibility factor (Z) 0.73 NA
R 0.1186 kl/kg'K
Tsat at 25% of engine load (6.8 bar) 395.13 K
ATy at 25% engine load (6.8 bar) 0 K
ATy at 50% engine load (6.8 bar) 10 K
ATy at 75% engine load (6.8 bar) 23 K
ATy at 100% engine load (6.8 bar) 39 K
Ppump,in @t 1 bar (saturated liquid) 735,3 kg/m?
Nvolexp 0.4548 NA
T vol,pump 0.8 NA
Byw 0.36 NA
Bvot 0.548 NA
B 0.248 NA

For a pump inlet pressure of 1 bar, the maximum pressure obtained at the expander inlet is 9.05
bar. However, with the available heat in the exhaust gases after the stripper, the maximum
saturation pressure achieved for the ORC cannot overcome 6.8 bar, whose value is less than the
maximum allowed obtained with equation 2. So, the permeability value with 6.8 bar of expander

inlet is 0.013 kg/MPa/s, which is a suitable permeability value according to the literature *°.

With the values of low and high pressure found above, the ORC operation is under subcritical
conditions. As there are two sources of heat (from the exhaust gases (2-3) and from the CO> after
the compression process (12-13)), the ORC will have two evaporators (9-10-6). The pressure drop
value in the evaporators is 1.1 bar for each one, which is taken from the literature*’. Finally, the
ORC condenser cooling down the WF with air (7-8 and 16-17), whose pressure drop is 0,2 bar®’.
This kind of ORC is called basic ORC (BORC). Figure 2 displays the final configuration of the
ORC, and Table 7 shows the values of the pressures and parameters considered for each device in

the simulations.
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Figure 2. ORC layout used in the simulation

Table 7. Equipment conditions for ORC simulations

Equipment Parameter Unit Value State Fluid
ORC-C Inlet pressure bar 1.2 Vapour CsHio
Overall heat transfer coefficient’’ | W/m?K | 500 Condensation NA Air- CsHio
Inlet pressure bar 1 Saturated liquid
ORC-P Isentropic efficiency NA 0.55 NA Csto
Inlet pressure bar 9 Compressed liquid CsHio
ORC-H Overall heat transfer coefficient’? | W/m?K | 150  Liquid-Gas NA CSC%I;) )
Inlet pressure bar 7.9 Compressed liquid CsHio
70  Liquid-Gas
ORC-E Overall heat transfer coefficient’? | W/m?K | 3000 Phase change NA Cshio -
Exhaust gas
35 Gas-Gas
Inlet pressure bar 6.8 Vapour
ORC-X Isentropic efficiency NA 0.65 NA CsHuo

2.4. Simulation of the Hybridisation of the SI-ICE, CCS system and ORC

The amine scrubbing, CO2 compression and ORC facilities were designed and modelled in Aspen
plus. These systems have been integrated to use the residual heat in the exhaust gases in the
desorption process and power production. Thus, to supply the power demand of the auxiliaries

such as pumps and compressors considered in the simulations.

Figure 3 shows the hybridisation of the four systems mentioned above. Additional parameters are
taken into account for the simulations: (i) concentration of the amine in the solvent is set to 30
wt%, (i1) mass fraction of the exhaust gases after the colling down process is 17.9% CO2, 3% H>O
and 79.1% N2, and (ii1) the full line pressure of the amine-scrubbing facility is maintained between
1 and 1.1 bar. Table 8 summarises all pressure and temperature values for each set point in the

simulations. Since these parameters are established in the simulations, it proceeds to obtain the
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maximum CCR, the mass flow of solvent, WF, and cooling air, as well as the power and thermal

energy consumption of each device.
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Figure 3. layout of the CCS system hybridised with the ORC
Table 8. Thermal conditions of the fluids in the simulations
Point Fluid Quality Pressure (bar) Temperature (°C)
1,2,3 Exhaust gases (EG) 1 1.09 f(Engine load, rpm)
4 EG 1 1.09 40
5 EG 1 1.09 flabsorber process)
6 CsHio 1 6,8 >120
7 CsHio f(Engine load, rpm) 1.2 S(CsH 1o mass Flow)
8 CsHio 0 1 49
9 CsHio 0 9 49
10 CsHio Sflexhaust gases mass flow) 7.9 122
11 CO2 1 1 40
12 CO2 1 75 565
13 CO2 1 75 >120
14 CO2 0 75 293
15 Air 1 1 25
16 Air 1 1 S(CO2 mass flow)
17 Air 1 1 S(CsH o mass Flow)
18 Rich solvent 1 1 flabsorber process)
19 Rich solvent 1 1.1 flabsorber process)
20 Rich solvent 1 1.1 87
21 Lean solvent 1 1 118
22,2324 Lean solvent 1 1.1 flstripper process)
3. Results

3.1.Amine capture
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Figure 4 shows the CCRs obtained in the amine-scrubbing facility with the two amines selected at
partial engine load in the entire rpm range. There, it can be observed that the highest CCRs occur
at the lower engine load conditions and highest rpm, with values of 0.506 and 0.655 for MDEA
and MEA, respectively. The lowest values of the CCRs are presented, at high engine load and
lower rpm, with values of 0.226 for MDEA and 0.281 for MEA.

DMEA CCR MEA CCR
100 0,506 100 0,655
2 B 3 B
90 0,471 90 0,608
__ 85 __ 85
L 804 — 0,436 L 80 — 0,562
- 753 L0401 o o - 0,515
S 654 S 654
2 33 -0366 2 293 L 0,468
o 60 o 60
c 554 - 0,331 £ 557 0,421
2 293 ' 2 207 '
ERE - 0,296 w453 - 0,375
35 0,261 35 0,328
30 30
25 F——1——1"4 0,226 25 0,281
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
RPM RPM

Figure 4. CCRs for MEA and MDEA over the entire rpm range and at partial engine loads.
Comparing the two amines, the solvent with MEA captures 14.9% more than MDEA at its best

operating condition (25% engine load and 1900 rpm) and 5.5% more at the worst working
condition (100% engine load and 1000 rpm). The tendency with both amines is similar; they
present a high CCR at low engine loads and higher rpm and a lower CCR at high engine loads and
lower rpm. The reason is that the mass of CO2 captured and the heat duty are the same for every
engine load at a specific rotational speed (despite the increase in the exhaust gases’ mass flow
related to the engine load). These only increase with engine rotational speed and not with the

engine load.

The heat duty for each rpm was always set up at 25 % of engine load with the aim that the stripper
could operate in the other engine load conditions. For this reason, the heat duty in the stripper is
kept constant for both amines. Thus, the reaction rate constant controls the CO» capture. MEA has
a higher reaction rate coefficient than MDEA and can react with more CO2 in the absorber
resulting in a higher solvent mass flow and CCR than MDEA. Regeneration heat is directly
affected, as a lower mass of CO2 is captured for the same heat duty with MDEA, producing a

regeneration heat 33% higher than with MEA in the entire rpm range. This behaviour is because
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the CO2 mass captured and the heat duty increase with the same slope. Figures 5 and 6 show the

behaviours described above.
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CO2 mass flow captured [kg/h]
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Figure 5. Solvent mass flow and regeneration heat for loading conditions.
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Figure 6. Heat duty in stripper and CO2 mass capturer with the amine selected

3.2.0RC heat exchanger areas

Regeneration heat (MJ/kgCO,)

Heat duty [kW]
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In order to be sure that the ORC can operate under all engine rpm and load conditions, the areas
of the ORC and CO; compression system heat exchangers were obtained at the extreme points.
Maximum engine load and 1900 rpm for the condensers and minimum load condition and 1000
rpm for the areas of the evaporators were set. Table 9 shows the resulting areas in the simulations

with each solvent.

Table 9. Heat exchangers areas obtained in the simulations

Amine Heat exchanger | rpm | Engine load (%) | Exhaust gases mass flow (kg/h) | Area (m?) | Variation (m?)
Evaporator 1 1000 25 208,4 0.195 0.003
MEA Evaporator 2 1000 25 208,4 0.041 0.001
ORC condenser | 1900 100 754,7 0.361 0.0001
CO2 condenser | 1900 100 754,7 0.144 0.002
Evaporator 1 1000 25 208,4 0.143 0.004
MDEA Evaporator 2 1000 25 208,4 0.033 0.002
ORC condenser | 1900 100 754,7 0.284 0.001
CO2 condenser | 1900 100 754,7 0.109 0.003

As is shown in the previous results, the total heat exchanger area in the ORC is 0.741 m? with the
MEA solution and 0.509 m? with MDEA. This difference is since there is less WF mass flow in
the ORC with MDEA than MEA because there is less solvent in the amine-scrubbing facility. This
situation produces less demand for cooling, whereby the CCS system operating with MDEA

requires less air mass flow of cooling than with MEA. This behaviour can be seen in Figure 7.
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Figure 7. Working fluid and air mass flows in the ORC

3.3.Energy analysis
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The hybridisation of the ORC with the amine-scrubbing facility is done to further exploit the
thermal energy available in the exhaust gases after the solvent regeneration process. This
configuration tries to minimise the energy requirements of CO; storage, associated mainly with
CO; compression. Figure 8 shows that the ORC thermal efficiency reaches a maximum of 11% at
1900 rpm and 25% engine load and a minimum of 8.6% at 1000 rpm and full engine load. This
behaviour is the same with both solvents in the ORC, as it only depends on the available heat from

the exhaust gases after the stripper. Values agree with those reported in the literature for the

simulation of internal combustion engines operating with ORC 4323354,
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Figure 8. ORC efficiency over the entire engine rpm range and engine load conditions.
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Figure 9. Percentage of power penalised of the engine by the CCS system with and without ORC.

The penalisation power percentage on the engine performance is calculated by adding the power
ORC expander, the CO2> compression power and the powers of the ORC and CCS pumps and
dividing all this by the engine power (equation 3).

Power percentage — _WORC—X + I/i/ORC—P + WPumglp"' WPumpZ + WCOZ—compressor (3)

Figure 9 shows that the CCS system with MEA and working with the ORC has a penalisation on
the engine at its most critical point of 10.1%, while with MDEA, it is 8%. The difference is that
more CO> is captured with MEA, so more CO» compression power is required. However, the
simulations of the CCS system without ORC produce a penalisation on the engine power on
average 1.5% higher than the CCS system with ORC for both solvents. In contrast, at the lowest

point, the penalisation of the engine power is hardly noticeable.

3.4.Economic analysis

The economic analysis of the entire CCS is carried out with and without ORC for MEA and only
with ORC for MDEA. Devices costs are obtained through equations found in the la literature. The
total capital investment (CAPEX) is completed after including the direct and indirect costs. Table
10 shows the equations used to calculate the CAPEX of the CCS system with the unit of waste
heat recovery. The result is added to the value of an NG-fuelled bus, and they are compared with

other commercial buses with CO2 reduction technologies.
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Table 90. CO: capture equipment installation costs CAPEX

Process Equipment Cost equation Parameter (A) Ref.
Amine plant All equipment’s | 26.094x106(A/408)0.65 CO3 captured (t/h) 35,56
ORC-X 1.5(225+170A) Volume (m?) 57
ORC-P 900(A/300)0.25 Power (kW)
ORC-fan 900(A/300)0.25 Power (kW)
ORC ORC-CsHio tank 31.5+16A Volume (L) 58
ORC-Evaporator 190+310A Area (m?)
ORC-H 190+310A Area (m?)
ORC-C 190+310A Area (m?)
CO: storage Condenser 190+310A Area (m?) 38
system Compressor 267000(A/445)0,67 Power (kW) 9
CO2 tank 31.5+16A Volume (L) 38
Installing 8%A Own
1 o,
Direct cost Instrt;l;;eigftgatlon 55/00/?/% Amineplant+ORC+CO: storage system | criterion
Electric installing 1%A
. Engineering T%A Amineplant+ORC+CO: storage
Indirect cost Contingency 8%A spystem+ direct cost ¢ ”

[ ]Amine plant [ ORC [l CO, storage system [ Direct cost [ ] Indirect cost
13%

11,7%

12,5%

10,7%

MEA with ORC
Total 79.8 k€

Figure 10. Total CAPEX and percentage weight of each item included in the CAPEX

Figure 10 shows the percentage of the different items taken into account in the CAPEX and the
total investment of the CCS system. It can be seen that amine plant cost has a weight greater than
50% in the three cases, while the importance of the ORC cost over the total is between 9.5 and
10.7%, depending on the amine used in the amine plant. As mentioned above, this is due to the

size of the heat exchangers and compressor of CO».

The results show that with MEA, the CAPEX is 14.3 k€ higher than with MDEA. This difference
is because the CCS system with MEA has a higher CCR than MDEA, requiring larger devices,
which increases its cost. The CAPEX of the capture system without ORC using MEA is 14.1%
lower regarding the base case. To conclude about the economic viability of a bus with a CCS
system, a search of bus prices that using different CO> reduction technologies such as hydrogen

fuel cell buss (HFCB) and electric battery (EB) bus has been done. Table 11 shows the bus prices

found.

13%

11,7%

13%

11,7%

60,7%

12,6% 14,6% Q
9,5%
MDEA with ORC MEA without ORC
Total 65.5 k€ Total 68.5 k€
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Table 101. Purchase of passenger transport buses in euros

Technology or fuel | Value (k€) | Difference from the base case (%) | Reference
CNG 374.6 0,0 60,61
Diesel 342.9 8,5 61
HFCB 650 -73,5 62

EB 604 -61,2 03

CNG+CCS+ORC 454.4 -21,3 Own study

CNG+CCS 443.1 -18,3 Own Study

According to the bus prices shown in Table 11, diesel bus is still the best alternative when it comes
to the initial investment, as they are 8.5% cheaper than the base case. However, it is well known
that high pollutant emissions, mainly particulate matter and nitrogen oxide emissions, are the
Achilles heel of diesel buses. On the other hand, it is observed that the price of a bus with a CCS

is about 40 percentage points below that of hydrogen fuel cell and battery-electric buses.

From the obtained data, installing a capture system increases the cost of the CNG-fuelled bus by
18.3 to 21.3%. However, when the transport sector must pay for carbon Permits, the CCS in ICEv
and the fuel cell system will be the best choice for the conventional vehicle. Based on the above,
the fuel cell bus becomes more relevant because it does not emit CO». In the second place, it would
be the vehicle with a capture system as it would achieve a CO; reduction of up to 66%, making it
much more competitive than its conventional diesel counterpart. However, CCR is not enough to
reach a totally CO2-neutral system, unlike electric and hydrogen cell vehicles. Nevertheless, a bus
with a CCS system with a 1 m® storage tank at the conditions set out in this study could have
autonomy up to 600 km (calculated with fuel consumption of 0.68 kg/km®"), which is 2.4 times
longer than the current maximum range of commercial electric vehicles, which is 250 km on

average®.
Conclusions

A thermo-economic study of onboard CO; capture using amine scrubbing of a vehicle powered
by a spark-ignition turbocharged internal combustion engine operating on natural gas has been
carried out. According to the obtained results, the amine with the highest potential for CO, capture
is MEA, having a higher CO; capture rate than MDEA under the whole range of engine operating
conditions. However, the thermal integration of the exhaust gases with the CCS systems and ORC
is technically feasible only for the CCS system. Because the exhaust gases can cover the desorption
process of the CO; captured, but with the thermal energy reaming in the exhaust gases after the

stripper, the ORC cannot produce enough power to reduce the penalisation on the performance
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engine. Also, incorporating an ORC into the capture system does not offer a real benefit in terms
of energy and economy. On the contrary, it would add weight and volume to the bus, increasing

the vehicle’s operating and maintenance costs.

The present study provides a first approximation to the use of amines in onboard capture. It would
also be necessary to conduct detailed research on the reaction of amines with other pollutants in
the exhaust gases, absorber and stripper sizing, and engine operation problems due to the resistance

offered by the systems to the exhaust gases detrimental to engine performance.

Although this type of application in the transport sector is still in its initial research phase, the
thermo-economic results obtained in this research show that a CCS by amine scrubbing with MEA
and without ORC can become a competitive alternative to BEV and FCV, in particular in long
distances. These capture-equipped vehicles will bring the transport sector closer to meeting the

CO2 reduction targets set by the European Union.

Nomenclature
Basic ORC BORC | Internal combustion engine ICE
Battery electric vehicles BEV Lower heating value LHV
Brake power BP Methyldiethanolamine MDEA
Brake-specific fuel consumption BSFC | Monoethanolamine MEA
Capital expenditure CAPEX | Natural gas NG
CO2 capture rates CCR Organic Rankine cycle ORC
CO2 capture storage CCS Piperazine PZ
Compressibility factor Y4 Saturation temperature Tat
Density p Ship-based carbon capture SBCC
Exhaust gas recirculation EGR Spark ignition SI
Fuel cell vehicles FCV Superheating temperature difference ATgy
ICE vehicles ICEv Temperature swing adsorption TSA
Ideal gas constant R Waste energy recovery system WERS
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