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HIGHLIGHTS

e Thermal study for dimensioning the CCS-ORC system operating in HD-ICEV.

o Techno-economic assessment of a novel CCS-ORC system for operation in HD-ICEV.
o CAC less than 35 €/tCO; for a carbon capture rate of 100 %.

e CCS-ORC system would be profitable with a CO, tax above of 80 €/tCO..

ARTICLE INFO ABSTRACT
Keywords: The transport sector is a major energy-intensive and significant contributor to CO, emissions. With heavy-duty
Carbon capture and storage internal combustion engine vehicles (HD-ICEVs) set to remain a primary mode of transport for goods and pas-

Temperature swing adsorption
Organic Rankine Cycle
Decarbonisation

Transport sector

sengers, the European Union plans to implement CO2 emission rights starting in 2027 to address this issue. To
mitigate CO, emissions, on-board carbon capture technologies can be an innovative solution, but a compre-
hensive analysis from several perspectives must be carried out. To tackle the existing knowledge gap on this
subject, this paper presents the techno-economic assessment of a CO5 capture and storage system hybridised with
an organic Rankine cycle (CCS-ORC) integrated into an HD-ICEV whose technical ability has been previously
demonstrated. In this paper, the capture installation based on temperature swing adsorption is designed for two
engines with different displacement volumes, at varying carbon capture rates (CCR), and using three different
sorbents. The size of the thermal devices is estimated as the determinant factor for the required space and the
installation costs. The results show that the heat exchangers can achieve a minimum area density of 100 m?/m°,
while the most significant temperature swing adsorption device obtained is scarcely 0.26 m>. The carbon
abatement cost (CAC) obtained for the CCS-ORC system is less than 35 €/tCO2 at 100 % of CCR, and with an
engine size greater than 18 and 21 L, the CAC of the CCS-ORC system is zero at 100 and 70 % of CCR,
respectively. Furthermore, with a CO, emissions right price above 71 €/tCO, the projected payback of the initial
investment of the CCS-ORC system is achieved in the lifespan of the HD-ICEV for all sorbents evaluated at 100 %
of CCR.

sector, notably in ships and heavy-duty road vehicles. This heightened
interest is primarily driven by the fact that this sector alone is
accountable for generating 7.98 Gt of CO in 2022. constituting 23 % of
the global CO; emissions for this year [2].

Nonetheless, developing an on-board CCS system for vehicles in road
freight transport propelled by internal combustion engines (ICE) con-
fronts numerous challenges. These include the necessity for adaptability
to diverse engine operations, encompassing variations in engine load
(EL) and rpm. Moreover, such a system must meet stringent criteria; it

1. Introduction

As the world addresses the pressing challenge of climate change,
finding innovative solutions to reduce carbon emissions has become
forefront. For this reason, in recent years, much research has been
conducted to tackle this problem in several intensive energy sectors [1].
One of the sectors where great interest has been aroused in the devel-
opment of carbon capture and storage (CCS) systems is the transport
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Abbreviations

[} Area density

B Baffles

CAPEX Capital expenditure

CAC Carbon abatement cost

CCS Carbon Capture and Storage
CCR Carbon Capture rate

of Clearance between tubes
Neom Combustion efficiency

CNG Compressed natural gas

h Convection heat transfer coefficient

HE-CO,-C COj cooling heat exchanger
CO5-con CO, condenser
COz-com CO;, compressor

CsHio Cyclopentane

f Darcy friction factor
p Density

Sp Diagonal pitch

D Diameter

Vg Displacement volume
U Dynamic viscosity

EB Electric batteries

Neng Engine efficiency

EL Engine load

D, Equivalent diameter
EG Exhaust gases
HE-EG1 Exhaust gas cooling heat exchanger 1

HE-EG2 Exhaust gas cooling heat exchanger 2
Fr Froude number
HD-ICEV Heavy-duty internal combustion engine vehicles

HFCB Hydrogen fuel cell batteries
ICE Internal Combustion Engine
Ja Jacob number

hye Latent heat of vaporization

SL Longitudinal pitch

LHV Lower Heating Value

m Mass flow

NPV Net present value

qs Nucleate boiling heat

Nu Nusselt number

ORC-C  ORC condenser

ORC-E  ORC evaporator

ORC-H ORC heater

ORC-P  ORC pump

ORC-X  ORC expander

ORC Organic Rankine Cycle

U Overall heat coefficient
PP Power penalty

Pr Prandtl number

R Radius

Re Reynolds number

Tsar Saturation temperature
Sc Schmidt number

p Specific heat

Gsy Surface-fluid combination
X Liquid surface tension
TSA Temperature Swing Adsorption
K Thermal conductivity

T Time

St Transverse pitch

P, Tube pitch

X Vapour mass fraction
WHTC  World Harmonized Transient Cycle
Subscripts

i Inner or inlet

l Liquid

o Outlet

s Property evaluated at surface temperature
v Vapour

should be practical, efficient, and reliable, and it must be seamlessly
integrated into existing vehicles with minimal impact on their usable
volume. Above all, the effects of its operation on the engine's perfor-
mance should be as minimal as possible. Furthermore, any investment in
a CCS system must demonstrate economic viability for vehicle owners, i.
e., the additional investment incurred through system installation
should have a payback at least over the vehicle's lifespan.

In this regard, numerous researchers have been developing innova-
tive research works on this topic. Consequently, significant progress is
being made in the concept design of CCS systems operating in heavy-
duty internal combustion engine vehicles (HD-ICEV). These initial ap-
proaches have introduced well-established technologies, such as amine
scrubbing [3,4], temperature, pressure, or vacuum swing adsorption
(TSA, PSA, and VSA), for on-board CO5 capture [5]. Moreover, specific
research endeavours have implanted auxiliary systems primarily to
offset the power demand in CO5 compression, such as organic Rankine
cycles (ORC) that take advantage of the waste heat in the exhaust gases
[6,7]. From these research works, different configurations of the CCS
system have been obtained [5,8], the performance of the CCS system
operating with various sorbents has been evaluated. It has been deter-
mined that the operation of the CCS system at a carbon capture rate
(CCR) of 100 % requires an average less than 10 % of the power pro-
duced by the engine [9]. However, in the literature, no study has per-
formed an in-depth techno-economic analysis of a CCS system operating
in an HD-ICEV.

In this sense and in pursuit of advancing the continuous development

of this technology, this research carries out the first techno-economic
assessment of a CCS system operating in an HD-ICEV. The techno-
economic evaluation is based on the energy assessment results from a
previous investigation of a CCS system with an integrated ORC (CCS-
ORC system onwards) capable of operating under different load and rpm
conditions of heavy-duty engines [9]. The conceptual design is mainly
based on knowing in detail the configuration of the heat exchangers
(number of tubes and lengths and arrangement). Subsequently, the
compaction of these exchangers is calculated, which must satisfy the
heat transfer parameters found in the simulations done in the previous
study.

The initial variable calculated in the techno-economic assessment of
the CCS-ORC system is the capital expenditure (CAPEX), which is then
compared with other zero-emission technologies available in heavy-
duty vehicles, such as hydrogen fuel cell batteries (HFCB) and electric
batteries (EB). Subsequently, the operational expenditures (OPEX), the
income obtained by avoiding paying the CO, emission tax, the profits
and the carbon abatement cost (CAC) by introducing a CCS-ORC in an
HD-ICEV system are obtained. Finally, with these results, a sensitivity
analysis is carried out to determine the suitable value of the COy emis-
sions rights and the engine size so that the CCS system investment re-
covers as soon as possible. The key indicators for this study are the CCR
(100 and 70 %), the kind of sorbent (PPN-6-CH2-DETA, MOF-74-Mg and
activated carbon) and the engine size (engine volume displacement).
The outcomes of this research endeavour are vital to continue closing
the knowledge gap about CCS systems operating in HD-ICEV, thereby
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advancing technologies conducive to achieving complete decarbon-
ization of the transport sector in the medium term.

2. Methodology

The procedures described in this section show the steps for obtaining
the conceptual design and economic assessment of an innovative CCS-
ORC system designed to operate on-board a natural gas-fuelled HD-
ICEV. The methodology begins with selecting the vehicles, followed by a
comprehensive description of the CCS-ORC system, heat exchanger
sizing, and design of the TSA device and concludes with economic
considerations.

2.1. Vehicle selection

The vehicles selected for the present research are the Citaro bus and
the IVECO Daily VAN, whose engines are the M936G and the F1C,
respectively. Both engines are turbocharged natural gas internal com-
bustion engines. The simulation of engine performance and emissions
parameters was conducted using the AVL software. The outcomes of
these simulations, along with the technical specifications of the engines,
are presented herein [8].

2.2. Description of CCS-ORC system and assessment conditions

Fig. 1 depicts the schematic representation of the CCS-ORC system
proposed. The system comprises four distinct zones. The first one is
dedicated to the processes of adsorption and desorption of CO3 through
a temperature swing of the sorbent (TSA). In this zone, the exhaust gases'
waste heat is harnessed to heat the sorbent and desorb CO,. The second
zone encompasses the ORC, which takes the remaining waste heat from
the exhaust gases to generate power. This power is then utilized to meet
the energy demands of the CO, compression. The ORC comprises three
heat exchangers (condenser, heater and evaporator), a pump, an
expander, and a tank. The working fluid in the ORC is cyclopentane
(CsHip), which was chosen due to its outstanding performance in prior
research on ORC in ICE [10,11]. The third zone involves conditioning
exhaust gases by cooling them until dry, consisting of two heat ex-
changers and a cyclone. The final section is focused on CO; storage and
encompasses two heat exchangers, a CO2 compressor and a CO; tank for
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its storage. All zones are cooling with air that is supplied by a fan.

The energy analysis of the proposed CCS-ORC system was carried out
with three different sorbents: PPN-6-CH5-DETA (PPN onward), MOF-74-
Mg (MOF onwards), activated carbon (AC onward), and two CCR 70 and
100 %. The results of the energy analysis are available in a prior study
[9], which serves as the foundation for the techno-economic assessment
presented in this paper. On that basis, the CCRs are kept, as well as the
sorbents, which have a low adsorption heat is low [12], that is imper-
ative for this application. Additionally, PPN and MOF exhibit high CO4
loadings and COy/N> selectivity compared to AC, which has lower COy/
Ny selectivity and CO loadings [13]. This allows for a comprehensive
mapping of the evaluated variables and enables the extrapolation of
results to other sorbents whose range of selectivity and CO5 loadings are
in the range of the evaluated sorbents.

2.3. Heat exchanger sizing

As shown in Fig. 1. the CCS-ORC system features seven heat ex-
changers, the areas of which were determined through energy modelling
conducted in ASPEN-+ [9]. However, a detailed design process is
imperative to validate the results obtained in ASPEN+ and, in this way,
ascertain the heat exchangers' cost. The assumptions for the calculations
include: i) heat exchangers operating in cross-flow, ii) consideration of
fully developed fluids, iii) the heat exchangers operating in steady-state
conditions, iv) The fluids' inlet and outlet temperatures and mass flows
of each fluid in the heat exchanger are taken at maximum power and
engine load (see values for each heat exchanger, sorbent and engine in
Appendixes A, B and C) and v) states' properties are calculated with the
pressure and temperature averages at the inlet and outlet of each heat
exchanger.

First, the Reynolds number for each fluid is obtained using Eq. 1.
Once the flow regime for each fluid is determined, appropriate corre-
lations are chosen to calculate the Nusselt number. Zukauskas' correla-
tions for external convection in a flow cross-tube bank heat exchanger
with staggered tube arrangement are employed for the shell side. The
disposition of pipes is illustrated in Fig. 2. Table 1 outlines the correla-
tions for each heat exchanger and the corresponding operating fluid
(Egs. 2 and 3).
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Fig. 1. CCS-ORC system schematic layout.
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Fig. 2. Staggered disposal tube in the heat exchangers.

Within the annular section, the choice of correlation for Nusselt
number computation is contingent upon the nature of the fluid process
(heating, cooling, or condensing) and the fluid regime, which, in all
instances, is turbulent. Table 2 delineates the selected correlation for
each heat exchanger calculation (Eqs. 4 and 5). In each instance, a
verification process was conducted to ensure that the constraints asso-
ciated with each correlation were satisfied. Finally, for all cases
enumerated in Table 2. the convection heat transfer coefficient (h) is
obtained utilizing Eq. 6.

Nk

"=

(6)

The evaporative process of CsHjo conducted within the ORC evap-
orator (ORE-E) exhibits a significantly elevated Reynolds number. The
correlation identified in the literature to fit this condition is presented in
Eq. 7 [17]. As delineated in the said equation, h is contingent upon the
stratification parameter, f(Fr), whose value is the unity for vertical tubes
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and horizontal tubes with Fr > 0.04 [18], as is applicable in the present
case. The surface-fluid combination (G; p) also influences h; the value of
this latter oscillates between 1 and 2 for copper pipes and various re-
frigerants [17]. Consequently, a value of 1.5 for the current procedure is
taken. Also, h is contingent upon the mean vapour mass fraction (X),
computed using Eq. 8. The value of x taken is half the length of a pipe in
the heat exchanger. The nucleate boiling heat (gs) also affects the
behaviour of h, which is determined through the correlation established
by Rohsenow (Eq. 9) [19]. In this equation, the coefficients Cyr and the
exponent n rely upon the surface and fluid combination, with assigned
values of 0.0154 and 1.7, respectively, corresponding to the n-penta-
ne-copper polished configuration [20]. Finally, the hg, is calculated with
Eq. 4 with the fluid properties evaluated with the CsHjo saturation
temperature.

0.1
heva = | 0.6683 <Z—CSH1°") X101 = X) £ (Fr)
CsHyp,v
0.7
A _
+1058( 2% | (1-%)°%G,; | hy, @
Mcs ey, g
X = M (8)
mCsHlohfg
05 3
8(Pcsnot — Pestgw) AT,
s = h 55110 510 9
qs = Hesmy g > } (CsfPr? 9

In contrast, the CO4 liquefaction process in the CO5 condenser (CO»-
Con) exhibits a low Reynolds number. In response to this, a correlation
found in the literature allows calculation h directly (Eq. 10) [21], where
the latent heat of vaporization (hg) is modified as is shown in Eq. 11.

ot (Peons — Peoss)kco, g |
R, = 0.555 €0,.1\Pco,1 — Pco,v)Kco, 1 Mg Re < 35000 10)
’ Hco,1(Tco, ou — Ts)D
, 3c ,I(T — T )
Mo =l + =g — an

The determination of the overall heat transfer coefficient (U) is
achieved through the application of Eq. 12; for this, it is used a fouling

Table 1
Correlation to obtain the Nusselt number in the shell side.
Heat exchanger Fluid Nusselt Correlation Restriction source
ORC-H CO,
ORC-E EG
ORC-C Air Sy 0.2 pr\ 025 0.7 < Pr < 500
HE-CO,-C Air Nu =0.35 <§> Re®6pro% (ﬁ) (2) 1000 < Re < 2x10°
s
HE-EG1 Air (4
HE-EG2 Air
. s\ %2 pr\%® 0.7 < Pr < 500
CO,-C A —0. oT 0.8p,036 [ £T
»-Con ir Nu = 0.031 (SL) Re%8pr0 or. (3) 25108 < Re < 2x10°

Table 2
Correlation to obtain the Nusselt number in the annular section.
Heat exchanger Process Fluid Nusselt Correlation Constraints Source
ORC-H Heating CsHio f/8(Re — 1000)Pr @ 0.5 < Pr < 2000 [15]
HE-CO,-C CO, T (1+12.7(f/8%5(Pr23 — 1)) 3000 < Re < 5X10°
HE-EG1 Cooling FG
HE-EG2 FG
0.07 <Ja<0.34
ORC-C Condensing CsHig Nu = 0.85Re, %' Re;*45Ja~0125¢ 045 (5) 07<8<22 [16]

Re > 35000
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factor is outside and inside in the heat exchanger of 4 x 10™% and 2 x

10~* mZK/W, corresponding to air and working fluid values [22],

respectively. The heat of each heat exchanger is calculated using Eq. 13

where the ATy, is the mean temperature logarithm.

U= ! (12)
i+ 27rLR; +n (7) + 2ar,LR, + -1

roho

Q = UAATy, 13)

Finally, the area density (p) is determined. This variable represents
the relation between the required area and volume of the heat exchanger
to contain the tube arrangement. The determination of heat exchanger
size encompasses design variables such as the number, diameter, and
length of tubes for each heat exchanger and sorbent operating in the CCS-
ORC system. Additionally, the calculation includes a restriction in the
tube length; this must not exceed 0.6 and 0.5 m for the heat exchangers of
the CCS-ORC system that will be integrated into vehicles equipped with
M936G and F1C engines, respectively. All these calculations are con-
ducted in EES software, in which the U values for each heat exchanger
must be a maximum variation of +2 % with the results obtained in [9].

2.4. Design of the TSA device

Due to the lack of information about the cost of devices that carry out
the TSA process in CO capture, the design procedure of a TSA device is
presented in this research, thereby facilitating the estimation of its
manufacturing cost. The TSA device adopts a configuration reminiscent
of a shell-and-tube heat exchanger. The bed sorbent is situated within
the tubes, and the hot exhaust gases or the air-cooling flow in the shell
(depending on the process developed). Fig. 3 shows a cross-sectional
representation of the TSA device.

The sizing of the device begins with determining the maximum
radius of the sorbent bed, whose geometry is cylindrical. A transient
state heat transfer mathematical model is employed to achieve this. The
model is made in the radial direction to simplify it (Eq. 14) and situated
at the outlet of the bed sorbent due to it knowing the exhaust gases
temperature at this point, which is the lowest temperature achieved in
the desorption process (Table 3), so if the centre of the sorbent is ob-
tained the desorption temperature required (150 °C [12]) it is guaran-
teed that of sorbent bet have this or even exceeded the desired
temperature within a specified timeframe.

The boundary conditions governing the resolution of this equation
involve a specular image at the centre (Eq. 15) and a convection
boundary condition at the surface (Eq. 16). Finally, the initial condition
stipulated is a sorbent temperature of 25 °C. The discretization of these
equations is explained in Appendix D.

Hot exhaust gases

Cold and dry
exhaust gases

Fig. 3. Cross-sectional view of TSA device.
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Table 3
Sorbent properties and temperature conditions used in the heat transfer math-
ematical model.

Engine F1C M9I36G F1C M936G F1C M936G
Sorbents AC MOF PPN
T; at 25 % EL [°C] 428.55 481.25 428.55 481.25 428.55 481.25
T, at 25 % EL and
100 CCR [°C] 221.85 275.53 260.33 313.85 222.02 275.70
T, at 25 % EL and
70 CCR [°C] 285.01 338.42 311.57 364.85 285.13 338.53
cp [J/kgK] [12] 1062 985 896
k [W/mK] 0.36 [23] 0.52 [24] 0.3 [25]
CO; loading
[kgco2/kgsorl
[12] 0.132 0.278 0.235
p [kg/m®] [12] 1140 812.88 805
k(o oT JaT
k(99T _ e oT a4
r\or or ot
ok T T 15)
oz~ Porgr
oT(r,t .
—k ¢(3t, ) = h(Tinf — T(r,t)) (16)

The heat transfer model assumes constant thermal conductivity and
specific heat for the sorbent. Moreover, the density employed is half of
each sorbent's crystallographic density. The Nusselt number is computed
by following the procedure outlined in section 2.3 but utilizing Eqs. 17,
18, 19 and 20, which are used for a shell-tube heat exchanger on the
shell side [26]. Ultimately, the h value is determined using Eq. 6.

_ DgaiCB
A= —p 17)
P2 — 0.257d,”
D, = 4(P* - 0.257d,) 18)
nd,
DemEG
_ 1
Re A 19)
_ 08~ 0.14
Nu = 0.027Re*®Pr3(u/u,,) (20)

As delineated in these equations, the ‘h’ coefficient is contingent
upon several parameters, including the distance between baffles in the
shell (B), the clearance between tubes (C), the tube pitch (Py, the
equivalent diameter (D,), and the mass flow rate of exhaust gases. To
facilitate these computations and determine the viscosities and Prandtl
numbers, the values of mass flow and temperature are selected at the
critical operational condition of the engine, specifically at the lowest
rpm and engine load. The exhaust gas mass flow at those points is 66.9
kg/h for the F1C engine and 208.4 kg/h for the M936G engine, while the
corresponding temperature values are detailed in Table 3.

The sorbent mass is calculated based on the CO, mass flow at the
average operational points of the engines within the World Harmonized
Transient Cycle (WHTC) [27]. Precisely, these points correspond to
1300 rpm for the M936G engine and 2000 rpm for the F1C engine, both
at 25 % of the engine load. The corresponding CO, mass flow values are
44.96 kg/h for the M936G engine and 22.29 kg/h for the F1C engine.
Fig. 4 illustrates the step-by-step calculation process. Based on the ac-
quired results, the TSA device's geometry is obtained, and its surface
area is taken for the TSA device's cost as if it were a heat exchanger. This
process is conducted for each condition of the CCR and sorbent.
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Device cost
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Fig. 4. Flowchart for calculation of the TSA device cost

2.5. Economical assessment

The economic analysis aims to determine the capital expenditure
(CAPEX) of the CCS-ORC system. In this sense, the CAPEX is the sum of
the costs of all components of the CCS-ORC system and the sum of direct
and indirect costs (Eq. 21). The direct cost is associated with the
installation, instrumentation, piping, and electric installation, and their
value is a percentage of the sum of all equipment [28]. Subsequently, the
indirect costs, which encompass engineering and contingency costs, are
also computed as a percentage of the cumulative expenses incurred by

all devices and direct costs [29].

CAPEX = Z COStEquipment + E COStdirect + Z COStindirect (21)

Device costs are obtained through correlations, depending on key
variables governing their operation or geometric parameters. In the case
of the compressor, expander, pump and fan, the primary variable is the
power consumed or produced. In the case of heat exchangers, the heat
exchanger area is the primary variable, and in the case of tanks, the
function is the tank volume. The correlations utilized to ascertain the
CAPEX of the CCS-ORC system are delineated in Table 4, and each

Table 4
CAPEX cost correlations and parameters.

Process Equipment Cost correlation Parameter (A) Ref.

TSA TSA-Device 3397A086 Area (m?) [30-32]
ORC-expander 10{2 2476-+1.4965log1o (A)+0.1618[logio(4)|* } Volume (m>) [33]
ORC-pump 900(A/300)%% Power (kW)

Waste heat recovery (ORC) ORC-CsHjq tank 31.5 + 16A Volume 2(L)
ORC-Evaporator 190 + 310A Area (m®)
ORC-heater 190 + 310A Area (m?) [34]
ORC-condenser 190 + 310A Area (m?)
HE-EG1 190 + 310A Area (m?)

- HE-EG2 190 + 310A Area (m?)

Exhaust gases condition (EGC) Cyclone 1776.22A Volume (m?) [35]
Fan 900(A/300)*-% Power (kW) [34]
Condenser 190 + 310A Area (m?) :

CO, storage system (CSS) Compressor 267,000(A/445)%-%7 Power (kW) [36]
CO, tank 31.5 + 16A Volume (L) [34]
Installing 8 %A

1 0,

Direct cost Ir}st.rumentatlon 5 %A TSA + ORC+EGC + CSS [37]
Piping 1.5 %A
Electric installing 1 %A

Indirect cost Engineering 7 %A TSA + ORC+EGC + CSS + direct cost [38,39]
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Table 5
OPEX cost correlations and parameters.
Concept Cost correlation Parameters A, B, C, D, E, F Ref.
and G
Sorbent 2 %A for PPN and  Total CAPEX Own
renovation MOF and 1 %A criterion
for AC
Power penalty (kW), CNG
cost (€/kg), hour operation,
In(cnl"enassuei f;zln 3.6ABCD operation days, LHV (kJ/kg), Sr‘iht,:rion
P EFG Combustion efficiency,
engine efficiency
O&M 1 %A Total CAPEX [38,39]

device's parameter A is obtained from the simulations performed in the
energy analysis [9].

Operating Expenditure (OPEX) constitutes the ongoing costs the
CCS-ORC system incurs. The variables considered for the OPEX in this
research are maintenance, sorbent renovation cost, and increased engine
fuel consumption resulting from CCS-ORC system operation, as sum-
marized in Table 5. The calculation of the latter is contingent upon the
compressed natural gas (CNG) price, which is 1.017€/kg (average con-
sumer price in Spain in March of 2024 tax included) [40,41], the power
penalty over the engine provoked by the CCS-ORC system (PP), lower
heating value (LHV), whose value is 48,351 kJ/kg [42], and the com-
bustion and engine efficiencies of the average operational points of the
engines within the WHTC. It also assumes vehicle operation of 350 days
and 16 h per day. The values of all of these variables are listed in
Appendix E.

3. CCS-ORC system concept design

The following subsections present the outcomes obtained based on
the methodology previously outlined concerning the sizing of the heat
exchangers, the design of the TSA device, and the calculation of the
CAPEX and OPEX of the CCS-ORC system. These findings provide new
insights into the sizing of a CCS-ORC system and techno-economic
considerations of integrating this system in an HD-ICEV.

Table 6

B, number and length of tubes for the heat exchangers operating in the CCS-ORC

system in the M936G engine.
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3.1. Heat exchanger sizing

Tables 6 and 7 list the results of the number and length of tubes and
for each heat exchanger, sorbent operating in the CCS-ORC system, and
engine. These results are obtained by selecting two diameters of com-
mercial copper tubes, 20 and 15 mm, intended for the heat exchangers of
the CCS-ORC system that will be integrated into vehicles equipped with
M936G and F1C engines, respectively.

These tables show that all heat exchangers' length restrictions were
met. Consequently, many tubes are accommodated in the heat exchangers
with more required area (HE-EG1. HE-EG2. ORC-C, ORC-E). As Fig. 5
shows, the lower the distance Sj, the greater the fluid speed and, there-
fore, the U value; this also allows greater compaction of the tubes and an
increase in the f§ value. On the other hand, the heat exchangers of the CCS-
ORC system operating with the F1C engine generally have a higher p than
their counterpart, the M936G engine. This behaviour is caused by the
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Fig. 5. f and U variation with the S, distance in the heat exchanger
arrangement

Equipment  Number of tubes Tube length [m] p [m?/m%]

100 CCR 70 CCR 100 CCR 70 CCR 100 CCR 70 CCR

PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF
ORC-H 36 25 0.320 0.349 0.332 0.364 0.398 0.372 104.0 97.7 102.2 100.6
ORC-E 256 256 0.472 0.446 0.477 0.508 0.494 0.508 124.5 123.7 124.5 1249 124.5 124.6
ORC-C 375 372 420 450 480 0.584 0.598 0.592 0.585 0.591 0.593 107.0 99.3 125.2 115.2 106.9
HE-CO,-C 28 36 16 25 0.543 0.463 0.498 0.425 0.466 0.424 97.2 93.5 97.9 97.3
CO,-Con 66 81 70 64 0.593 0.519 0.577 0.453 0.486 0.465 92.4 90.2 88.8 90.2 88.7 93.1
HE-EG1 675 510 480 496 0.597 0.597 0.598 0.585 0.596 0.589 126.6 114.6 116.0 102.3 109.4 132.7
HE-EG2 300 360 276 276 315 0.594 0.600 0.576 0.587 0.591 0.585 91.0 93.5 102.0 94.8 98.6 111.2

Table 7
B, number and length of tubes for the heat exchangers operating in the CCS-ORC system in the F1C engine.

Equipment Number of tubes Tube length [m] B [m%/m3]

100 CCR 70 CCR 100 CCR 70 CCR 100 CCR 70 CCR

PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF
ORC-H 25 15 16 0.329 0.352 0.335 0.425 0.436 0.407 134.9 134.6 125.7 125.9 126.1
ORC-E 176 169 187 196 0.484 0.475 0.456 0.462 0.451 0.463 167.2 164.7 166.9 166.4 166.4 167.2
ORC-C 338 330 372 380 418 0.497 0.483 0.477 0.494 0.499 0.485 105 109 110.9 105.1 105.1 106.3
HE-CO,-C 25 24* 0.423 0.465 0.423 0.385 0.423 0.384 101.6 100.2 141.4 145.1 141.4
CO,-Con 64 49 0.431 0.459 0.441 0.414 0.444 0.424 98.1 96.2 99.36 100.1 102.7 104.1
HE-EG1 570 540 570 420 400 408 0.497 0.5 0.495 0.496 0.499 0.500 152.1 139.9 139.5 103.8 101.2 104.3
HE-EG2 276 260 300 240 250 260 0.492 0.489 0.487 0.487 0.460 0.499 109.2 110.3 107.9 1249 126 121.7

* Calculated with a diameter of 12 mm.
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lower mass flows of the substances that interact in the heat exchangers,
which allows greater compaction of the tube bank arrangement and,
therefore, an increase in the Reynolds number that allows compliance
with the values of U, triggering higher values for B in the F1C engine.

It is important to note that the heat exchangers in the proposed CCS-
ORC system's compaction level, with p values close to 100 m%/m?, is
significant, as observed in [9]. However, there is still a considerable
margin for improvement through a detailed design of heat exchangers,
as these values are 4 times below the p value of compact heat exchange
with phase change and 7 times below the p value of compact heat ex-
changers without phase change [43].

3.2. TSA device design

The transient state heat transfer mathematical model indicates that a
duration of 180 s is suitable for the sorbent bed to attain the desired
temperature at its centre. This short period of sorbent heating is due to
the high temperature and velocity of the exhaust gases within the TSA
device, which enhances the heat transfer parameters (Re, h), conse-
quently diminishing the sorbent's heating time. This finding aligns with
experimental results documented in the literature [44]. This time also
allows a decrease in sorbent mass, therefore reducing the cost of the TSA
device operation.

Tables 8 and 9 show the sizing obtained for the TSA device corre-
sponding to each sorbent. As can be seen there, the TSA device attains its
smallest size with the MOF sorbent, mainly because the MOF sorbent
necessitates a lesser quantity of sorbent to capture an equivalent amount
of COy compared to the other sorbents. Moreover, the MOF sorbent has

Table 8
Sizing of the TSA device operating in the CCS-ORC system at 100 % of CCR.
Variable M936G F1C
AC MOF PPN AC MOF PPN
Sorbent mass [kg] 17.03 8.09 9.56 8.44 4.01 4.73
Tube diameter [m] 0.078 0.122 0.09 0.046 0.09 0.062
Sor‘F)ent bed 0.074 0.118 0.086 0.042 0.086 0.058
diameter [m]
So[rssm bedlength ¢ o 1.62 4.08 1069 151 4.45
Tube length [m] 1 1 1 1 1 1
Number of tubes 7 2 5 11 2 5
h [W/m?K] 126.8 114.9 109.9 65.69 60.87 63.58
Re number 25,465 36,949 25,462 6337 12,967 8851
Shell diameter[m] 0.2496 0.2562 0.288 0.2024 0.189 0.1953
Heat transfer area 0.77 1.41 1.59 0.57 0.97
[m?]
Table 9
Sizing of the TSA device operating in the CCS-ORC system at 70 % of CCR.
Variable M9I36G F1C
AC MOF PPN AC MOF PPN
Sorbent mass [kg] 11.92 5.66 6.69 5.91 2.81 3.31

Tube diameter [m] ~ 0.092 0.142 0.106 0.064 0.114 0.082
Sorbent bed

diameter [m] 0.088 0.138 0.102 0.06 0.11 0.078
Sorbent bed length

[m] 3.44 0.83 2.03 3.67 0.65 1.72
Tube length [m] 0.90 0.90 0.90 0.70 0.70 0.70
Number of tubes 4 1 3 6 1 3
h [W/m?K] 148.1 178.7 141.8 61.32 75.72 62.33
Re number 36,321 77,594 41,056 8385 22,016 11,665
Shell diameter[m] 0.2392 0.1704 0.2438 0.2048 0.1368 0.1886
Heat fransferarea ) 4 0.9 084 025 04

[m?]
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higher thermal conductivity when contrasted with the PPN and AC
sorbents, facilitating the MOF sorbent in reaching the required desorp-
tion temperature more expeditiously. Consequently, the TSA device
incorporating the MOF sorbent can accommodate a greater sorbent mass
and, due to this, needs fewer tubes than the other TSA devices operating
with the other sorbents.

4. Tecno-economic assessment
4.1. CAPEX

Tables 10 and 11 show the values of parameter A, costs associated
with individual devices, and the direct and indirect costs of CAPEX. As
observed in these tables, no discernible impact exists on the CAPEX
between different sorbents. Specifically, the CAPEX for the CCS-ORC
system within the M936G engine at 100 % of CCR averages 68.17 k€,
decreasing to 57.73 k€ at a 70 % CCR, denoting a reduction of 15.3 %.
Similarly, in the F1C engine, the CAPEX at 100 % CCR stands at 39.92
k€, decreasing to 33.01 k€ at 70 % CCR, indicating a 17.3 % cost
reduction. Notably, the disparity between sorbents at 100 % of CCR does
not exceed 3.99 k€; at 70 % CCR, it remains within 2.7 k€ for both
engines.

Fig. 6. shows the percentage weight in the CAPEX of each subsystem.
The CSS system exerts the most significant influence on the CAPEX,
constituting approximately 30 % of the initial investment, followed by
the ORC system, which accounts for roughly 20 % of the initial invest-
ment at 100 % CCR. Notably, at 70 % CCR, an expected phenomenon
unfolds: the CSS system reduces its weight over the total CAPEX while
the ORC system increases its weight. This shift is attributed to the fact
that it requires more robust equipment due to the high power production
in this condition. Fig. 6 also shows that the TSA system with the MOF
sorbent, for any engine and CCR, exhibits a weight in the CAPEX that is
40 % lower than with PPN and 60 % lower than with AC. However, the
CAPEX of the ORC and EGC subsystems is higher with MOF compared to
other sorbents. This, akin to the abovementioned observation, is
attributed to the requirement for more robust equipment in MOF oper-
ation than other sorbents. The CCS subsystem in the M936G engine is
directly correlated with the compression pressure of the compressor;
hence, it manifests the following behaviour for this subsystem: PPN <
AC < MOF. Nonetheless, MOF operation presents a higher value in the
F1C engine at 100 % CCR due to the cumulative cost of heat exchangers
and the compressor exceeding that of its AC operation counterpart.

The CAPEX obtained for the CCS-ORC systems is added to the initial
purchase price of a CNG vehicle, allowing the increase in the initial
purchase value of CNG vehicles that incorporate CCS-ORC systems to be
calculated. The initial purchase values taken (baseline) are a bus of 75
m? and 19 t that uses the M936G engine [45] and a VAN of 5.2 t and 12
m® that uses the FI1C engine [46]. Subsequently, these values are
compared with other vehicles utilizing zero CO5 emissions technologies,
such as electric battery (EB) vehicles and those equipped with hydrogen-
fuel-cell batteries (HFCB), as is shown in Table 12.

As can be seen in Table 12. vehicles that use zero-emission tech-
nologies are 61 % and 73 % more expensive than CNG vehicles without
the CCS-ORC system (baseline). However, the CNG bus with the CCS-
ORC system incorporated experiences only an increase of 18.2 % in its
initial price for a 100 % CCR and 15.4 % for a 70 % CCR. On the other
hand, installing the CCS-ORC system would increase its price to almost
double the base case in the case of the VAN. The VAN with 100 % CCR
turns out to be 33.2 % more expensive, and with 70 % CCR, it is 21.7 %
more expensive than the EB VAN. These findings indicate that the initial
cost is manageable for an owner in the case of the bus. Nevertheless, for
smaller vehicles, the initial cost would not be feasible.

4.2. OPEX

Table 13 shows the OPEX results obtained for the four case studies. A
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Table 10
CAPEX results of the CCS-ORC system operating in the M936G engine.
Process Equipment Parameter [A] Cost [ke€]
100 CCR 70 CCR 100 CCR 70 CCR
PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC
TSA TSA-Device 1.41 0.77 1.72 0.9 0.4 1.04 4.56 2.71 5.42 3.10 1.54 3.51
ORC-expander 12.45 13.81 12.6 14.38 15.55 14.52 4.93 5.54 4.99 5.80 6.33 5.86
ORC-pump 1.08 1.13 1 1.17 1.24 1.18 0.22 0.22 0.22 0.23 0.23 0.23
Waste heat recovery (ORC) ORC-CsHjp tank 0.01 0.01 0.01 0.01 0.01 0.01 0.19 0.19 0.19 0.19 0.19 0.19
i ORC-Evaporator 7.59 7.66 7.17 8.16 8.17 7.95 2.54 2.56 2.41 2.72 2.72 2.65
ORC-heater 0.72 0.75 0.79 0.57 0.59 0.63 0.41 0.42 0.43 0.37 0.37 0.39
ORC-condenser 13.77 15.61 13.97 16.53 17.9 16.71 4.46 5.03 4.52 5.31 5.74 5.37
FG1 25.3 25.37 24.23 18.74 18.36 17.99 8.03 8.05 7.7 6.00 5.88 5.77
Exhaus gases condition FG2 11.2 13.02 11.31 10.18 11.58 10.25 3.66 4.23 3.7 3.35 3.78 3.37
§ Cyclone 0.3 0.3 0.3 0.21 0.21 0.21 0.53 0.53 0.53 0.37 0.37 0.37
Fan 0.99 0.7 1.05 1.282 0.834 1.35 0.22 0.2 0.22 0.23 0.21 0.23
Condenser 2.46 2.54 2.64 1.82 1.87 1.96 0.95 0.98 1.01 0.75 0.77 0.80
€O, storage system Cooling 0.95 0.75 1.05 0.67 0.67 0.73 0.48 0.42 0.52 0.40 0.40 0.42
2 ge sy Compressor 17.93 18.33 21.76 12.7 13.03 15.28 11.64 11.86 13.65 8.78 8.96 10.21
CO,, tank 0.47 0.47 0.47 0.33 0.33 0.33 7.58 7.55 7.55 5.31 5.31 5.31
Installing 4.03 4.04 4.24 3.43 3.42 3.57
. Instrumentation 2.52 2.53 2.65 2.15 2.14 2.23
Direct cost Piping 50.43 50.50 53.06 42.91 42.81 44.68 0.76 0.76 08 0.64 0.64 0.67
Electric installing 0.5 0.51 0.53 0.43 0.43 0.45
. Engineering 4.08 4.08 4.29 3.47 3.46 3.61
Indirect cost Contingency 58.24 58.33 61.28 50.72 50.65 52.90 466 4.67 49 3.96 3.06 413

Total CAPEX

66.95 67.08 70.47 56.99 56.86 59.35

Table 11
CAPEX results of the CCS-ORC system operating in the F1C engine.
Process Equipment Parameter [A] Cost [ke€]
100 CCR 70 CCR 100 CCR 70 CCR
PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC

TSA TSA-Device 0.97 0.57 1.59 0.54 0.25 0.84 3.31 2.09 5.06 2.00 1.03 2.92
ORC-expander 7.22 7.89 7.20 8.17 8.73 8.28 2.59 2.88 2.58 3.01 3.25 3.06
ORC-pump 0.61 0.69 0.59 0.70 0.73 0.66 0.19 0.20 0.19 0.20 0.20 0.19
ORC-CsHj tank 0.01 0.01 0.01 0.01 0.01 0.01 0.19 0.19 0.19 0.19 0.19 0.19
Waste heat recovery (ORC) ORC-Evaporator  4.01 402 379 427 427 416 1.43 1.44 1.36 1.51 1.51 1.48
ORC-heater 0.39 0.39 0.42 0.30 0.31 0.33 0.31 0.31 0.32 0.28 0.29 0.29
ORC-condenser 7.92 8.36 7.51 8.84 9.56 8.93 2.65 2.78 2.52 2.93 3.15 2.96
FG1 13.34 13.30 12.72 9.81 9.61 9.41 4.33 4.31 4.13 3.23 3.17 3.11
Exhaust gases condition (EGC) FG2 6.40 6.88 5.99 5.38 6.12 5.42 217 2.32 2.05 1.86 2.09 1.87
§ Cyclone 0.15 0.15 0.15 0.11 0.11 0.11 0.27 0.27 0.27 0.19 0.19 0.19
Fan 0.46 0.32 0.48 0.31 0.23 0.32 0.18 0.16 0.18 0.16 0.15 0.16
Condenser 1.30 1.33 1.38 0.96 0.98 1.02 0.59 0.60 0.62 0.49 0.49 0.51
CO, storage system (CSS) Cooling 0.50 0.50 0.55 0.35 0.35 0.38 0.35 0.35 0.36 0.30 0.30 0.31
2 ge sy Compressor 9.71 9.92 11.78 6.88 7.03 8.34 7.04 7.17 8.25 5.31 5.40 6.22
CO, tank 0.24 0.24 0.24 0.17 0.17 0.17 3.81 3.81 3.81 2.67 2.67 2.67
Installing 2.35 2.31 2.55 1.95 1.93 2.09
. Instrumentation 1.47 1.44 1.59 1.22 1.20 1.31
Direct cost Piping 29.40 28.88 31.89 24.33 24.09 26.13 0.44 0.43 0.48 0.36 0.36 0.39
Electric installing 0.29 0.29 0.32 0.24 0.24 0.26
. Engineering 2.38 2.34 2.58 1.97 1.95 2.11
Indirect cost Contingency 34 33.4 36.8 28.88 28.57 31.07 279 2.67 2.05 295 2.3 041

Total CAPEX

39.05 38.36 42.35 32.31 32.00 34.71

vehicle yearly operation of 350 days and 16 h per day is considered. The
OPEX of the CCS-ORS system calculated for the M936G engine, at 100 %
of CCR, is on average 10.91 k€ and 4.4 k€ for 70 % of CCR, and the F1C
engine is 6.05 and 2.24 k€ for 100 and 70 % of CCR, respectively.
Likewise, it is observed that although the AC has a 50 % lower sorbent
renewal cost in the OPEX calculation because it is a commercial mate-
rial, the operating expenses of the CCS-ORC system obtained in the two
engines with AC are, on average, 27 % and 43 % higher than 100 % and
70 % CCR, respectively, compared to the OPEX values obtained with
MOF. This behaviour is due to the greater penalty that the CCS-ORC
system exerts on engines with AC operation, which increases fuel
consumption.

4.3. Payback analysis

As observed in the results found, the initial cost of installing a CCS-
ORC system operating in a vehicle with an M936G engine is between
15 and 18 % (depending on the capture rate), and in a vehicle with an
F1C engine, the cost of the vehicle increases to almost double.
Furthermore, both vehicles' average annual operational expenses are 15
and 7 % of the initial CCS-ORC system cost for 100 and 70 % CCR,
respectively. These results suggest that integrating a CCS-ORC system
into heavy-duty vehicles may lack economic feasibility unless accom-
panying benefits or exemptions from avoiding emissions-related taxes
exist. Hence, this section will undertake an economic assessment as an
entry point from 2027. when a package of stricter rules comes into force
to reduce transport sector emissions through a specialized emission
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Fig. 6. CAPEX percentage by sub-system in the CCS-ORC system.

trading system often referred to as ‘ETS2’ [54]. In this, the European

Table 12 Union established the charge for CO2 emission rights to the transport
CAPEX including the initial purchase of the vehicle. sector with an initial value of 45 €/tCO5 [54,55]. This will increase the
Vehicle Technology Purchase Difference Reference cost of goods transported if the transport sector does not have a broader
[ke€] from baseline range of technologies to reduce its CO, emissions by that date.
(%] The initial analysis will determine the payback time for a CCS-ORC
CNG 374.6 0.0 [47,48] system integrated into a heavy-duty vehicle. Initially, the annual CO,
HFCB 650 —73.5 [49] emissions avoided for each engine are obtained utilizing the data pro-
Bus witha M936G  EB 604 —61.2 (501 vided in section 2.4. This data is multiplied by the established price of the
engine (or CNG + CCS- Own co o iohts: thereb he i is obtained f h
similar Vand  ORCat100% 442, _18.2 " o emission rights; thereby, 't e income is o tained for each case.
useful space of of CCR study Table 14 shows the values obtained from the income and the annual net
75 m> CNG + CCS- Own profit, which is the difference between the OPEX and the income. Finally,
ORCat70 % of  432.3 -154 Study the payback time of the CCS-ORC system is determined by calculating the
2;2 40 0.0 (51] net present value (NPV) using Eq. 22. In this calculation, i represents the
VAN with a FI1C EB 60 50.0 [52,53] interest rate, set at 4 %, t denotes the number of years, and n signifies a
eng‘;ﬁe (Zr CNG + CCS- own heavy transport vehicle's lifespan, typically 10 years, according to the
0 B . . . .
similar V) and ngcccill{ 100 % 79.9 99.8 study literature [56]. Fig. 7 provides the result obtained for the NPV.
useful space of
3 CNG + CCS- " Profits
12m ORCat70 % of 73 —825 gtwg NPV =" A+ i)tt — CAPEX (22)
CCR udy =0
Table 13
OPEX for the CCS-ORC systems.
Concept M936G F1C
100 CCR 70 CCR 100 CCR 70 CCR
PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC
Sorbent renovation [k€/year] 1.34 1.34 0.70 0.85 0.85 0.59 0.59 0.58 0.42 0.48 0.48 0.35
Fuel consumption increase [k€/year] 8.39 7.51 11.40 2.53 2.01 4.63 4.69 4.18 6.49 1.16 0.86 2.42
O&M [k€/year] 0.67 0.67 0.7 0.57 0.57 0.59 0.39 0.38 0.38 0.32 0.32 0.35
Total OPEX [ke/year] 10.40 9.52 12.81 3.95 3.43 5.82 5.66 5.14 7.33 1.97 1.66 3.11

10
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Table 14
Incomes and Profits obtained for integrating a CCS-ORC system in a heavy-duty vehicle.
M936G F1C
Concept 100 70 100 70
PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC
OPEX [k€/year] 10.40 9.52 12.81 3.95 3.43 5.82 5.66 5.14 7.33 1.97 1.66 3.11
Income [k€/year] 11.33 7.93 5.67 3.97
Profits [k€/year] 0.93 1.81 —1.48 3.98 4.50 2.11 0.01 0.53 —1.66 2.00 2.31 0.86
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Fig. 7. NPV calculated at 10 years of CCS-ORC system for the whole sorbent,
CCR and engines.

The values obtained from the payback time indicate that the capital
expenditures (CAPEX, see Tables 10 and 11) fails to be recouped with
any sorbent and with any under CCR conditions over the vehicles' useful
lifespan. Notably, even with the AC in both engines and at 100 % of CCR,
a reduction in CAPEX is not achieved. This behaviour is attributed to the
fact that, under this CCR condition in both motors, no profits are ob-
tained with the AC, but, on the contrary, additional expenses are
incurred for the operation of the CCS-ORC system.

Conversely, with the other two sorbents at 100 % CCR, a partial
recovery of the initial investment is achieved. Specifically, with MOF,
the recovery percentages stand at 22 and 64 % at 100 and 70 % CCR,
respectively, in the M936G engine, and 11 and 59 % at 100 and 70 %
CCR, respectively, in the F1C engine. Employing PPN yields recovery
percentages of 11 % and 57 % at 100 % and 70 % CCR, respectively, for
the M936G engine and 50 % at 70 % CCR for the F1C engine.

As evidenced in the data previously shown, there is a more signifi-
cant recovery on the initial investment of the CCS-ORC system in the
M936G engine, especially at 70 % CCR, due to the lower initial invest-
ment and the more significant amount of CO; captured, which translates
into a higher annual benefit compared to the operation of the CCS-ORC
system in the vehicle with an F1C engine.

Despite not achieving the recovery of the investment within the
established lifespan vehicle period, it is relevant to note that the carbon
abatement costs (CAC) (calculated using Eq. 23) obtained for the CCS-
ORC systems proposed in this research, operating at 100 % CCR, vary
from 19.4 €/tCO, with MOF up to 33.9 €/tCO, with AC in the vehicle
equipped with the M936G engine, and from 26.2 €/tCO5 with MOF to
46.8 €/tCO4 in the vehicle with the F1C engine, as shown in Fig. 8. These
values are below those observed in other industries, such as glass and
steel, whose CCS costs range between 50 and 350 €/tCO2 [57,58]. As
expected, Fig. 8 shows a decrease in CAC with the CCR reduction due to

11

Fig. 8. CAC calculated of CCS-ORC system for the whole sorbent, CCR
and engines.

the CCS-ORC system's lower CAPEX. Furthermore, a higher CAC is seen
in both CCRs in the vehicle equipped with the F1C engine, which is
attributed to the lower benefit obtained from the CCS-ORC system
operating in this vehicle.

CAPEX
CAC — Hepan — Profits

€O,
Year ayoided

(23)

5. Sensitivity analysis

This section introduces two sensitivity analyses. The first seeks to
establish the appropriate price of the CO, emissions tax to achieve the
payback on the initial investment within the operational lifespan of a
heavy-duty work vehicle (10 years). The second aims to identify the
engine size (by varying the engine displacement volume) that achieves a
CAC of zero. This latter analysis is made in the same period, and the
price of the CO, emission tax remains fixed at 45 €/tCO,.

Fig. 9 shows the results of the first analysis. It discloses that, to
achieve a 10-year payback on investment with a CCR of 100 %, the
required CO emission rights prices are 70.6. 74.4 and 85.4 €/tCO3 for
the MOF sorbents, PPN and AC, respectively, in the M936G engine and
the F1C engine, the value of the tax with MOF, PPN and AC must be 78.3.
83.8 and 99.7 €/tCO, respectively. On the other hand, by reducing the
CCR to 70 %, a decrease is observed in the required value of the CO5 tax
to achieve the payback of the initial investment in the established
period. Compared to the 100 % CCR scenario, this reduction amounts to
10 and 15 €/tCO5 for all three sorbents in the M936G and F1C engines,
respectively. Notably, the analysis indicates that smaller vehicles
necessitate higher CO5 tax payments to achieve the desired return on
investment within the designated timeframe.



A. Garcia-Mariaca and E. Llera-Sastresa

M936G: —#— PPN —®— MOF —A— AC-F1C: —v— PPN

Applied Energy 376 (2024) 124167

MOF AC

60
40
20

.

NPV [k€]

NPV [K€]

20
40
60
50

60 70 80 90
CO, tax [€/tCO,)]
(@)

40 50 60 70 80 90
CO, tax [€/CO,]

(b)

Fig. 9. Payback sensitivity analysis: a) 100 CCR and b) 70 CCR.
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Fig. 10. CAC sensitivity analysis for engine size.

Fig. 10 reveals that achieving a CAC of zero or less at 100 %, CCR
requires an engine with a displacement volume (V) greater than 20 L
with AC and 22 L with MOF and PPN. This specific finding is attributed to
the steeper negative slope of the CAC of the CCS-ORC system between the
F1C and M936G engines with AC. On the other hand, when moving to the
CCR of 70 %, it is observed that the CAC of zero or less is obtained with a
Vg of 18 L with MOF, 19 L with PPN and 21 L with AC. Although AC
exhibits a higher negative slope in the latter scenario compared to other
sorbents, this result aligns more closely with the trend observed in the
preceding findings. Finally, regardless of the CCR rate, it is evident that a
CCS-ORC system could yield a CAC of zero in engines with high V.

6. Conclusions

The present work constitutes the first sizing and techno-economic
analysis of a CCS-ORC integrated into a heavy-duty vehicle. The CCS-
ORC takes advantage of the waste heat in the exhaust gases to perform
the TSA stages. Additionally, it integrates an ORC cycle to supply the
power demand of the CO5 compression stage. This is evaluated with two
CCRs and three sorbents in two engines with different engine volume
displacements. The heat exchangers and TSA device required for the
correct operation of the CCS-ORC system are sizing, searching for the
maximum compaction possible. A techno-economic analysis is con-
ducted to determine the initial expenses of an HD-ICEV with an inte-
grated CCS-ORC system and the operational cost of the latter. Finally, the
economic feasibility of this integration, under the scenario when the

12

transport sector must pay for the CO, emissions rights, is evaluated.

The outcomes of the concept design conducted in the present
research show that the volumes found for the TSA device, whose highest
value is scarcely 0.26 m®, and the achieved compaction levels in the heat
exchangers of the CCS-ORC system suggest that the CCS-ORC system can
be installed in an HD-ICEV with minimal impact on the useful space.
Nevertheless, in future research endeavours, a detailed design of the
heat exchangers could achieve higher p values. This improvement would
enhance the compaction of the CCS-ORC system, facilitating its inte-
gration into the HD-ICEV. Although, this does not mean a reduction in
the cost since it is calculated with the heat exchanger area.

On the other hand, the CAPEX results show that the increase in the
initial investment of a large vehicle with an integrated CCS-ORC system
is barely higher than the baseline vehicle. Conversely, it is much lower
than the initial investment for other zero-emissions technologies. It
should be noted that the techno-economic analyses indicate that inte-
grating a CCS-ORC system in a vehicle with a small engine is not
feasible.

Although the NPV in the lifespan of a heavy-duty vehicle is far from
zero, values between 19 and 47 €/tCO, of carbon abatement cost at 100
% CCR are obtained, which are low compared to other industries. So, the
transport sector could incur this investment if it aims to meet the CO»
reduction objectives established by the European Union for the year
2050. The payback of the initial investment can even be achieved with a
CO,, tax greater than 65 €/tCO». The captured CO5 could even be sold as
raw material for producing e-fuels, which would compensate for the
vehicle's operating cost and provide additional income that would in-
crease the benefits obtained by integrating a CCS-ORC system. The
captured CO; is also prevented from being stored underground, thus
giving the CO; a productive value.

To sum up, this study shows that integrating the CCS-ORC system in
vehicles used in heavy-duty transport is promising from the CO» miti-
gation perspective and a medium-term economic point of view. The
proposed integration avoids the increase of CO; in the atmosphere
provoked by the transport sector and provides CO2 as raw material for
manufacturing e-fuels. For this reason, future endeavours should
encompass studies about life cycle assessments to determine the envi-
ronmental and social impacts and experimental studies to validate the
CCS-ORC system under actual conditions. In this way, the knowledge
gap is closed, and thus, contributes to the development of a novel
application that allows complete decarbonization of this energy-
intensive sector.
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Appendix A. Appendix

Area, temperature, pressure and mass flows of each heat exchanger with the CCS-ORC system operating with PPN.

Engine  CCR  Heat Area Min_HF Tin_HF Tout HF min cr [kg/  Tincr Tout cr Pin nr Pout HF Pin_cr Pout_cr
exchanger [m?] [kg/h] [°C] [°C] h] [°C] [°C] [bar] [bar] [bar] [bar]
ORC-H 0.72 104.60 573.87 119.49 527.52 50.93 99.49 75 75 24.9 229
ORC-E 7.59 681.48 421.73 119.49 527.52 99.49 184.15 1.09 1.09 22.9 20.9
ORC-C 13.77 527.52 121.02 48.87 43,529.61 30.00 35.99 1.5 1 1 1
M936G 100 HE-CO,-C 0.95 104.60 150.00 39.23 43,529.61 35.99 36.23 1 1 1 1
CO,-Con 2.46 104.60 119.49 29.30 43,529.61 25.00 25.58 75 75 1 1
HE-EG1 25.30 681.48 119.49 39.23 43,529.61 36.23 41.05 1 1 1 1
HE-EG2 11.20 681.48 39.23 30.00 43,529.61 25.58 26.31 1 1 1 1
ORC-H 0.57 73.53 581.23 102.28 617.26 50.93 82.47 75 75 24.9 22.9
ORC-E 8.16 681.48 483.01 102.47 617.26 82.47 184.15 1.09 1.09 22.9 20.9
ORC-C 16.53 617.26 121.07 48.87 32,357.23 30.00 39.42 1.5 1 1 1
M936G 70 HE-CO,-C 0.67 73.53 150.00 42.70 32,357.23 39.42 39.65 1 1 1 1
CO,-Con 1.82 73.53 102.28 29.30 32,357.23 25.00 25.50 75 75 1 1
HE-EG1 18.74 477.04 102.47 42.65 32,357.23 39.65 43.55 1 1 1 1
HE-EG2 10.18 477.04 42.65 30.00 32,357.23 25.50 26.52 1 1 1 1
ORC-H 0.39 42.49 573.36 79.39 203.44 38.80 95.97 75 75 24.9 22.9
ORC-E 4.01 276.75 408.58 115.97 203.44 95.97 184.15 1.09 1.09 22.9 20.9
ORC-C 7.92 203.44 121.05 36.76 17,615.38 30.00 35.98 1.5 1 1 1
F1C 100 HE-CO,-C 0.50 42.49 150.00 38.98 17,615.38 35.98 36.22 1 1 1 1
CO,-Con 1.30 42.49 79.39 29.30 17,615.38 25.00 25.46 75 75 1 1
HE-EG1 13.34 276.75 115.97 39.22 17,615.38 36.22 41.00 1 1 1 1
HE-EG2 6.40 276.75 39.22 30.00 17,615.38 25.46 26.29 1 1 1 1
ORC-H 0.30 29.83 580.19 72.21 239.41 40.53 76.58 75 75 24.9 22.9
ORC-E 4.27 276.75 470.12 96.58 239.41 76.58 184.15 1.09 1.09 22.9 20.9
ORC-C 8.84 239.41 121.03 38.48 13,162.36 30.00 39.36 1.5 1 1 1
F1C 70 HE-CO,-C 0.35 29.83 150.00 42.36 13,162.36 39.36 39.58 1 1 1 1
CO»-Con 0.96 29.83 72.21 29.30 13,162.36 25.00 25.41 75 75 1 1
HE-EG1 9.81 193.73 96.58 42.58 13,162.36 39.58 43.38 1 1 1 1
HE-EG2 5.38 193.73 42.58 30.00 13,162.36 25.41 26.53 1 1 1 1

Appendix B. Appendix

Area, temperature, pressure and mass flows of each heat exchanger with the CCS-ORC system operating with MOF.

Engine  CCR  Heat Area Min_HF Tin HF Tout HF nin cr [kg/  Tincr Tout_cF Pin HF Pout HF Pin_cr Pout_cr
exchanger [m?] [kg/h] [°C] [°C] h] [°C] [°C] [bar] [bar] [bar] [bar]
ORC-H 0.75 104.99 584.02 116.12 591.17 50.93 96.11 77.9 77.9 24.9 229
ORC-E 7.66 681.48 458.93 116.13 591.17 96.11 184.15 1.09 1.09 22.9 20.9
ORC-C 15.61 591.17 121.02 48.87 38,743.25 30.00 37.54 1.5 1 1 1
M9I36G 100 HE-CO,-C 0.95 104.99 150.00 40.80 38,743.25 37.54 37.81 1 1 1 1
CO,-Con 2.54 104.99 116.12 29.30 38,743.25 25.00 25.66 77.9 77.9 1 1
HE-EG1 25.37 681.48 116.13 40.81 38,743.25 37.81 42.97 1 1 1 1
HE-EG2 13.02 681.48 40.81 30.00 38,743.25 25.66 26.66 1 1 1 1
ORC-H 0.59 73.67 591.15 101.33 659.74 50.93 81.33 77.9 77.9 24.9 229
ORC-E 8.17 681.48 508.67 101.33 659.74 81.33 184.15 1.09 1.09 22.9 20.9
ORC-C 17.90 659.74 121.02 48.87 29,315.32 30.00 41.12 1.5 1 1 1
M936G 70 HE-CO,-C 0.67 73.67 150.00 44.35 29,315.32 41.12 41.36 1 1 1 1
CO,-Con 1.87 73.67 101.33 29.30 29,315.32 25.00 25.56 77.9 77.9 1 1
HE-EG1 18.36 477.04 101.33 44.36 29,315.32 41.36 45.42 1 1 1 1
HE-EG2 11.58 477.04 44.36 30.00 29,315.32 25.56 26.91 1 1 1 1
F1C 100 ORC-H 0.39 42.64 603.38 78.40 229.23 40.49 92.90 77.9 77.9 24.9 22.9

(continued on next page)
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(continued)

Engine  CCR  Heat Area Min_HE Tin 1P Tout HF mincr [kg/  Tincr Tout.CF Pin_HF Pout HF Pin_cr Pout cF
exchanger [m?] [kg/h] [°C] [°C] h] [°C] [°C] [bar] [bar] [bar] [bar]
ORC-E 4.02 276.75 445.94 112.90 229.23 92.90 184.15 1.09 1.09 22.9 20.9
ORC-C 8.36 229.23 121.03 38.44 15,659.74 30.00 37.53 1.5 1 1 1
HE-CO,-C 0.50 42.64 150.00 40.53 15,659.74 37.53 37.80 1 1 1 1
CO,-Con 1.33 42.64 78.40 29.30 15,659.74 25.00 25.52 77.9 77.9 1 1
HE-EG1 13.30 276.75 112.90 40.81 15,659.74 37.80 42.93 1 1 1 1
HE-EG2 6.88 276.75 40.81 30.00 15,659.74 25.52 26.64 1 1 1 1
ORC-H 0.31 29.92 590.55 71.49 256.24 40.64 75.40 77.9 77.9 24.9 22.9
ORC-E 4.27 276.75 495.89 95.40 256.24 75.40 184.15 1.09 1.09 22.9 20.9
ORC-C 9.56 256.24 121.04 38.59 11,909.73 30.00 41.06 1.5 1 1 1

F1C 70 HE-CO,-C 0.35 29.92 150.00 44.06 11,909.73 41.06 41.31 1 1 1 1
CO5-Con 0.98 29.92 71.49 29.30 11,909.73 25.00 25.46 77.9 77.9 1 1
HE-EG1 9.61 193.73 95.40 44.31 11,909.73 41.31 45.27 1 1 1 1
HE-EG2 6.12 193.73 44.31 30.00 11,909.73 25.46 26.91 1 1 1 1

Appendix C. Appendix

Area, temperature, pressure and mass flows of each heat exchanger with the CCS-ORC system operating with AC.

Engine  CCR  Heat Area Min_HE Tin HF Tout HF min cr [kg/  Tincr Tout cF Pin HF Pout HF Pin_cr Pout cr
exchanger [m?] [kg/h] [°C] [°C] h] [°C] [°C] [bar] [bar] [bar] [bar]
ORC-H 0.79 113.81 625.81 127.79 535.11 50.93 107.78 85.73 85.73 249 229
ORC-E 7.17 681.48 421.58 127.91 535.11 107.78 184.15 1.09 1.09 229 20.9
ORC-C 13.97 535.11 121.02 48.87 44,269.95 30.00 35.97 1.5 1 1 1
M936G 100 HE-CO,-C 1.05 113.81 150.00 39.24 44,269.95 35.97 36.24 1 1 1 1
CO,-Con 2.64 113.81 127.79 29.30 44,269.95 25.00 25.65 85.73 85.73 1 1
HE-EG1 24.23 681.48 127.91 39.24 44,269.95 36.24 41.12 1 1 1 1
HE-EG2 11.31 681.48 39.24 30.00 44,269.95 25.65 26.37 1 1 1 1
ORC-H 0.63 79.90 633.15 108.01 623.90 50.93 88.02 85.73 85.73 249 229
ORC-E 7.95 681.48 482.90 108.02 623.90 88.02 184.15 1.09 1.09 22.9 20.9
ORC-C 16.71 623.90 121.02 48.87 32,794.40 30.00 39.40 1.5 1 1 1
M9I36G 70 HE-CO,-C 0.73 79.90 149.98 42.65 32,794.40 39.40 39.64 1 1 1 1
CO2-Con 1.96 79.90 108.01 29.30 32,794.40 25.00 25.55 85.73 85.73 1 1
HE-EG1 17.99 477.04 108.02 42.64 32,794.40 39.64 43.58 1 1 1 1
HE-EG2 10.25 477.04 42.64 30.00 32,794.40 25.55 26.57 1 1 1 1
ORC-H 0.42 46.22 625.21 87.26 206.70 40.30 106.17 85.73 85.73 249 229
ORC-E 3.79 276.75 408.42 126.17 206.70 106.17 184.15 1.09 1.09 22.9 20.9
ORC-C 7.51 206.70 121.05 38.26 17,843.54 30.00 35.96 1.5 1 1 1
F1C 100 HE-CO,-C 0.55 46.22 150.00 38.96 17,843.54 35.96 36.23 1 1 1 1
CO,-Con 1.38 46.22 87.26 29.30 17,843.54 25.00 25.52 85.73 85.73 1 1
HE-EG1 12.72 276.75 126.17 39.23 17,843.54 36.23 41.13 1 1 1 1
HE-EG2 5.99 276.75 39.23 30.00 17,843.54 25.52 26.34 1 1 1 1
ORC-H 0.33 32.45 632.61 71.79 242.05 40.57 83.19 85.73 85.73 24.9 22.9
ORC-E 4.16 276.75 470.00 103.19 242.05 83.19 184.15 1.09 1.09 22.9 20.9
ORC-C 8.93 242.05 121.04 38.52 13,247.07 30.00 39.40 1.5 1 1 1
F1C 70 HE-CO,-C 0.38 32.45 150.00 42.40 13,247.07 39.40 39.64 1 1 1 1
CO5-Con 1.02 32.45 71.79 29.30 13,247.07 25.00 25.43 85.73 85.73 1 1
HE-EG1 9.41 193.73 103.19 42.64 13,247.07 39.64 43.53 1 1 1 1
HE-EG2 5.42 193.73 42.64 30 13,247.07 25.43 26.55 1 1 1 1

Appendix D. Appendix

Discretization of the mathematical model used in the design of the TSA device:
Central nodes

(T 2T (T Ty -
Ar? i 2Ar? At
Atr =0 Eq. 14 is indeterminate, therefore the 'Hopital's rule must be applied, obtaining:
o°T oT
ZkW = pCpE
This latter equation is discretized by taking the mirror image and isolated boundary, obtaining the following discretization:
T — T L
T TSR

On the surface
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Combustion and engine efficiencies at 1300 rpm and 25 of EL for the M936G engine and at 2000 rpm and 25 of EL for the F1C engine.

Engine

Engine efficiency () [%]
Combustion efficiency (77,,,) [%]

M936G F1C
20.65 17.05
98.71 98.14
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