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ABSTRACT

The objective of this paper is to present a single equation format for quantifying the net carbon
balance (NCB) in the evaluation of CO2 capture technologies, and to discuss the benefits of this
approach. The equation must take into account indirect emissions, especially the contributions
from utility generation systems (heating, cooling and electricity), making use of efficiency values
and emission factors. The idea is to synthesize, in a single expression, the quantification of the
environmental footprint of a technology, in a practical way so that it could be used as an efficient
metric in technical evaluation studies, or as objective function/constraint in optimization problems.
It also facilitates demonstrating the relationship between capture efficiency and environmental
performance, as well as the contribution of each term to total emissions, and to compare different
technologies in terms of time, location and available energy sources. To illustrate the application
of the proposed NCB formulation, two processes were compared in two different scenarios: post-
combustion and pre-combustion capture with MEA absorption, in a Base Case formulated with
literature premises and an NCB Zero Case meaning carbon neutrality. A process simulator — Aspen
HYSYS - was used to solve the mass and energy balances associated with each process, providing
the necessary information for NCB calculation, whose parameters were obtained from the tech-
nical literature and were discussed in relation to their importance to the proposed analysis.

Keywords: Carbon Dioxide, Process Design, Modelling and Simulations, Energy Efficiency, Environment, Emis-

sions

INTRODUCTION

In recent years, studies assessing the technical and
economic feasibility of carbon capture technologies have
become increasingly common, meeting industrial and
government demand for emissions mitigation and energy
transition solutions. Among these studies, optimization
works can be identified. However, most studies focus
solely on maximizing carbon capture efficiency, occa-
sionally taking into account energy consumption, but not
the associated emissions. Therefore, the environmental
impact reduction associated with these solutions be-
comes questionable.

For a more realistic technology assessment, it is
necessary to consider indirect emissions related to en-
ergy generation in the carbon capture technologies (not
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to mention fugitive emissions), which can be very signif-
icant. Therefore, in this work, we propose that technolo-
gies should be evaluated and optimized in terms of their
Net Carbon Balance (NCB), defined, for example, accord-
ing to Equation 1:

NCB=fe,h'ZZ_:"'fé‘z,c'ch+fé‘3,e'2%_wCOZ,cap (1)

where: g is the thermal energy consumed for heating, in
MJ per year; gc is the thermal energy removed by cooling,
in MJ per year; ge is the electric energy balance between
what is consumed by pumps, blowers and compressors,
and what is eventually recovered with turbines, in MJ per
year; nn is the efficiency associated with heating utilities
generation (e.g, steam generation in a boiler); ne is the
efficiency associated with electricity consumption (i.e.,
conversion between electricity and shaft work); fe, » is an
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Figure 1. Flowsheet of the carbon capture process simulated in this work: MEA absorption.

emission factor relative to heating utilities utilization (e.g.,
fuel combustion for steam generation in a boiler), in
Mtons of CO2. per MJ; fe, ¢ is an emission factor relative
to cooling utilities pumping and regeneration (e.g, elec-
tricity consumption in the fan of a water refrigeration
tower), in Mtons of CO2e per MJ; fe, e is an emission factor
relative to electricity utilization (e.g., a regional emission
factor, depending on the energy matrix), in Mtons of CO2e
per MJ; and wcoz, cop is the amount of CO. captured, in
Mtons per year.

The emission factors, as well as typical efficiency
values, can easily be obtained from official technical re-
ports and scientific literature. The amount of heat and
electricity consumed in a carbon capture technology can
be obtained through process simulation, along with a
good estimation of its CO2 capture potential. Defined this
way, negative values for NCB indicate a real emissions
mitigation scenario, while positive values indicate that
emissions are not being effectively reduced, which com-
promises the environmental meaning of the proposed so-
lution.

In this work, to illustrate the use of NCB in evaluating
carbon capture technologies, two processes were com-
pared: carbon capture from a typical post-combustion
stream (flue gas); and carbon capture from a typical pre-
combustion stream (hydrogen production process by bi-
omass gasification, after water-gas shift), both using
MEA absorption. These streams differ in terms of flow
rate, temperature, pressure and composition, especially
the COz content. The processes were simulated in Aspen
HYSYS, from where the mass and energy information re-
quired for NCB calculation was obtained.

METHODOLOGY

Emission Sources

To exemplify the use of the NCB formalism as a met-
ric of evaluation of different carbon capture technologies,
we selected two well-established processes: MEA ab-
sorption, applied to a post-combustion CO, emission
source and to a pre-combustion CO2 emission source.
Young et al. / LAPSE:2026.0236

As a good representative of a post-combustion
source, the flue gas stream from the study by Moghad-
dam et al. [1] was chosen. The authors performed an op-
timization study of the MEA (monoethanolamine) absorp-
tion process based on process simulation and response
surface methodology, and it was also the basis for the
simulations performed in this work. This article was se-
lected because it is a recent process simulation study,
and the reported flue gas stream has a low CO2 concen-
tration, which is not only typical of post-combustion
sources - in contrast to pre-combustion sources —, but
also interesting for the analysis proposed in this work,
about capture efficiency, energy demand, etc. Also, as a
simplification, contaminants were not simulated, which is
welcome because they would hinder the simulation and
not contribute to the discussions that were intended to
be made.

For the selection of a pre-combustion source, we
performed a brief literature review on hydrogen produc-
tion processes from lignocellulosic biomass, a topic of in-
terest for our research group. In these processes, a re-
sidual biomass is usually gasified, generating syngas
(mainly composed by H2 and CO, but also containing wa-
ter and contaminants, such as CHs, CO2, H2S and partic-
ulates). The syngas stream then follows though some
cleaning stages and undergo water-gas shift (WGS) for
the production of more Hz2 and CO.. The CO2 must be re-
moved, and that is where the carbon capture technolo-
gies can be applied. The search was restricted to process
simulation studies published in the last five years, and
that presented a high level of detail (temperature, pres-
sure, flow rate and composition) on the desired process
stream. The thing is that the stream composition, espe-
cially the CO2 content, can vary greatly depending on the
feedstock processed, the gasification conditions and the
subsequent steps, being usually higher, though, than that
found in post-combustion sources.

Three articles called our attention: Meramo-Hurtado
et al. [2] simulated the gasification of a mixture of rice
and cassava waste. The produced syngas followed
through the mentioned processing stages up to the CO2
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removal step, where a membrane technology was evalu-
ated. Shamsi et al. [3] presented a steam reforming pro-
cess aimed at removing the tars generated in the gasifi-
cation of lignocellulosic biomass, increasing H2 produc-
tion and improving energy efficiency compared to the
conventional process. The process was simulated with a
pressure swing adsorption (PSA) unit, followed by MEA-
PZ (monoethanolamine-piperazine) absorption. Finally,
Cook and Hagen [4] simulated hydrogen production from
different mixes of woody biomass, in a process fashion
that also combined gasification and reforming. The re-
moval of CO2 was done with PSA. Comparing the process
streams right after WGS in these three studies, that from
Shamsi et al.’s study was the one that we considered the
best representative of such streams and was the one se-
lected for this study.

Table 1 presents the two emission sources used as
examples in the present work, which can be considered
typical post-combustion and pre-combustion sources.
As can be seen, the post-combustion source (flue gas) is
available at a higher temperature and lower pressure
than the pre-combustion source (post-WGS syngas).
Considering the conditioning steps required before ab-
sorption, these different conditions would typically imply
different demands in terms of heating/cooling, and in-
put/output of electric energy for pressurization/depres-
surization. All of thatis accounted for in the NCB equation
proposed in this work. In addition, the mole fraction of
CO: is ten times higher in the pre-combustion source,
which makes the absorption process easier, conse-
quently demanding less energy and implying lower indi-
rect emissions, as will be shown.

Table 1: CO; emission sources evaluated in this work.

Stream Post-Comb. Pre-Comb. [3]
[11

Temp. (°C) 100.00 25.00
Pressure (bar) 1.00 12.00
Flow rate (kg/hr) 273654.06 27411.22
Mole fraction

CO2 0.0232 0.2740
H20 0.1019 0.0030
N2 0.8749 0.3130
H2 0.0000 0.4100

An interesting fact — which also helps to justify the
choice for the selected references [1, 3] —is that the flow
rate of the post-combustion stream is around 10 times
higher than the flow rate of the pre-combustion stream,
making the flow rates of captured CO: of the same order.

Process Simulations

The process simulations were performed in the As-
pen HYSYS® software, utilizing the Acid Gas — Chemical
Solvents thermodynamic package, which employs the
Young et al. / LAPSE:2026.0236

Electrolyte NRTL (Non-Random Two-Liquid) activity co-
efficient model for the liquid phase and the Peng-Robin-
son equation of state for the vapor phase. In all the cases,
the solvent used for CO2 absorption was an aqueous so-
lution of MEA at 30% by mass.

Process description

The process flowsheet is illustrated in Figure 1. In
the literature, the temperature range in the feed stream
of the absorption column is generally cited as being in the
range of 40 °C to 60 °C. In this work, the temperature
was set at 40 °C. To ensure the gas stream from the
emission source met the temperature and pressure con-
ditions of the absorber inlet, a turbine or compressor (K-
101) and a heater or cooler (E-103) were positioned up-
stream of the absorption column. The solvent stream en-
tering at the top of the column contains a small amount
of CO2, asitis arecycle stream. The solvent flow rate was
adjusted so that the capture ratio, defined as the mass of
MEA used per mass of CO2 captured, met the specifica-
tion (see the definition of the Base Case scenario in the
next section).

The absorption column was specified to operate at
3 bar in the post-combustion scenarios and 2 bar in the
pre-combustion scenarios, with plastic Mellapak™ 250X
packing. The number of stages was determined as the
minimum required for the desired robustness (avoiding
non-convergence problems), resulting in 80 theoretical
stages for the post-combustion scenarios and 30 theo-
retical stages for the pre-combustion scenarios. The col-
umns were sized by the simulation software, but the size
of the columns was not subject of analysis in this work
(of course, for a rigorous techno-economic evaluation,
alternative designs should be assessed; for example, a
very high column could be partitioned in two columns).

After absorption, the CO.-rich solvent exiting the
bottom passes through a flash vessel (V-101), used to re-
move traces of nitrogen present and to adjust the pres-
sure before the regeneration column (T-101). Next, the
stream passes through an integration heat exchanger (E-
101), which raises its temperature. The inlet temperature
to the regeneration column was defined based on the es-
tablished heat integration, aiming to recover most of the
heat available in the bottom product stream.

In the regeneration column, reflux ratio and reboiler
duty were adjusted so that the heat ratio, defined as the
heat supplied per mole of CO2 captured, met the specifi-
cation (see the definition of the Base Case scenario in the
next section). The column was specified to operate at 1
bar, with total reflux condenser. Once again, the number
of stages was determined as the minimum required for
the desired robustness, resulting in 75 theoretical stages
for the post-combustion scenarios and 40 theoretical
stages for the pre-combustion scenarios.

After regeneration, the solvent passes through the
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Table 2: Stream properties, Base Case, post-combustion process.

GasT3,P2 Clean Gas
Temperature (°C) 40.00 39.14
Pressure (bar) 3.00 3.00
Flow rate (kmol/hr) 9212.43 8947.61
Mole fraction
CO2 0.0252 0.0010
MEA 0.0000 0.0000
H20 0.0252 0.0212
N2 0.9497 0.9777
H2 0.0000 0.0000

Lean MEA Rich MEA Regenerated C02
T2,P2 MEAT1
40.00 100.00 102.10 40.16
3.00 1.00 1.00 1.00
16000.00 16264.52 16024.71 239.81
0.0208 0.0342 0.0208 0.9243
0.1101 0.1083 0.1099 0.0000
0.8691 0.8575 0.8692 0.0752
0.0000 0.0000 0.0000 0.0005
0.0000 0.0000 0.0000 0.0000

heat integration exchanger again, where it is cooled, then
follows to a pump (P-100) for pressure adjustment and
subsequently to a cooler (E-102) for temperature reduc-
tion. The final step to enable solvent recycling is the
make-up of water and MEA (MIX-100), compensating for
eventual losses. The solvent then returns to the top of
the absorption column, closing the cycle.

Simulated scenarios

Two scenarios were simulated for both the post-
combustion and pre-combustion processes: a Base Case
scenario and an NCB Zero scenario, which consists in
configurations for which NCB equals zero.

The Base Case was defined by establishing three
well-accepted procedural premises for carbon capture
by MEA absorption: capture efficiency of at least 90% in
relation to the amount of CO: present in the absorption
column inlet stream; capture ratio of up to 10
kgMEA/kgCO2; heat ratio of approximately 200
kJ/moICO: in the regeneration column. In general, to
meet these criteria, the following variables were manipu-
lated: the solvent flow rate at the inlet of the absorption
column, the reflux ratio and the reboiler duty of the re-
generation column. Although a formal optimization study
is not the objective of this work, optimizations performed
informally by the authors in terms of NCB demonstrated
that the values presented by most of the analyzed pa-
rameters were sufficiently close to their optimal values.
The stream properties for the Base Case scenarios of the
post-combustion and pre-combustion processes can be
seen in Tables 2 and 4, respectively.

The NCB Zero scenario was achieved by means of
manual modifications of the manipulated variables. The
reason for bringing the NCB Zero Case into this analysis
was to identify the system's equilibrium point in terms of
carbon neutrality, in order to demonstrate the potential
of the proposed carbon balance formulation to correlate
process performance parameters with the actual carbon
footprint of the evaluated technologies. The stream

Young et al. / LAPSE:2026.0236

properties for the Base Case scenarios of the post-com-
bustion and pre-combustion processes can be seen in
Tables 5 and 6, respectively.

Carbon Balance Analysis

All the parameter values necessary for solving
Equation 1 are presented in Table 3, with the appropriate
references. It is worth mentioning that the value adopted
for the emission factor related to heating utilities utiliza-
tion (fe,n) is compatible with the use of natural gas as fuel,
while the emission factor for electric energy utilization (fe,
e) corresponds to the value published by the Brazilian
Ministry of Science, Technology and Innovation (MCTI)
for 2023.

Table 3: Parameters for NCB calculation.

Parameter Value Ref.
Steam boiler efficiency (nn) 0.90 [5]
Pump efficiency (ne, pump) 0.75 [6]
Turb./Comp. efficiency (ne, vc) 0.85 [7]
Fan efficiency (ne, ref) 0.90 [8]

5.59x10°%  [9]
1.07x10% [10]

Heating emission factor (fe, n)?

Electricity emission factor (fe,e)?
Water specific heat (Cprzo)® 418 [11]
Water density (pHz0)° 1000 [11]
Water temp. variation (AT)¢ 10 [12]

aEmission factors given in kgCO:/kJ.
bkJ/kg.oC.

ckg/m3.

dOC.

The total thermal energy consumed in the heating
stages was calculated as the sum of the duties of the re-
generation column’s (T-101) reboiler and E-103, when it
is a heater. The total thermal energy removed in the cool-
ing stages was calculated as the sum of duties of the re-
generation column’s condenser, the cooler (E-102) and E-
103, when it is a cooler. All these duties can be obtained
directly from the process simulator.

The total electric energy consumed or generated in
the CO:2 absorption process was obtained from the sum
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Table 4: Stream properties, Base Case, pre-combustion process.

GasT3,P2 Clean Gas
Temperature (°C) 40.00 40.30
Pressure (bar) 2.00 2.00
Flow rate (kmol/hr) 1263.00 959.40
Mole fraction
CO2 0.2739 0.0148
MEA 0.0000 0.0000
H20 0.0030 0.0334
N2 0.3130 0.4120
H2 0.4101 0.5397

Lean MEA Rich MEA Regenerated CO:
T2,P2 MEAT1
40.00 80.00 101.70 32.80
2.00 1.00 1.00 1.00
13002.30 13305.70 12955.80 349.90
0.0250 0.0494 0.0251 0.9493
0.1115 0.1090 0.1119 0.0000
0.8634 0.8416 0.8630 0.0504
0.0000 0.0000 0.0000 0.0001
0.0000 0.0000 0.0000 0.0002

of the energy contributions of the pump (P-100) and the
turbine or compressor (K-101), whose power ratings can
be obtained directly from the process simulator. It is im-
portant to note that the turbine reduces net electricity
consumption, as it generates energy. Therefore, its con-
tribution must be considered with a negative sign in the
summation, representing an energy gain rather than a
cost. The possibility of harnessing energy from pressur-
ized streams is a characteristic of pre-combustion
streams, which can make a difference in certain cases.

The electric energy consumption related to the
cooling water plant can be calculated according to Equa-
tion 2 [8]:

Eref _ Frower-2.432x10™4 (2)
Nref

where: Er is the heat exchanged in the water refrigera-
tion tower, in GJ/hr; Fiower is the flow rate of water in the
refrigeration tower, in m3/hr; and nrs is the efficiency of
the refrigeration tower fan.

The water flow rate in the refrigeration tower, in
turn, can be calculated according to Equation 3:

24c
Frower = Cpm20-AT.pH20 (3)
where: Cphzo is the specific heat of water at constant
pressure, in kJ/kg.°C; AT is the temperature variation of
the cooling water in the tower, in °C; and pxzo is the den-
sity of water, in kg/m3.

The cold utility contribution to NCB can then be cal-
culated by multiplying Eres by the electricity emission fac-
tor (fe, e), subsequently correcting it to kJ/hr as shown in
Equation 4:

f;?,c'zqc =fé’e,Erefx106 (4)

As formulated, NCB should ideally be negative, and
the lower its value, the better the environmental perfor-
mance of the process, in absolute terms of CO2 emission
abatement. However, in order to compare different pro-
cesses, especially CO2 capture technologies applied to

Young et al. / LAPSE:2026.0236

emission streams with very different flow rates and com-
positions, or solutions obtained for the same capture
technology that exhibit different capture efficiencies, it is
convenient to define a Net Carbon Ratio (NCR):

NCB

NCR = (5)

Wco2,cap
In this work, it allows a fairer comparison of the re-
sults for the Base Case scenarios.

RESULTS AND DISCUSSION

Base Case

The stream properties for the Base Case scenarios
of the post-combustion and pre-combustion processes
are presented in Tables 2 and 4, respectively, and the re-
sults for the main process parameters can be seenin Ta-
ble 7. Comparatively, the post-combustion scenario re-
quired a higher MEA-to-CO:2 capture ratio to achieve an
equivalent performance, which is expected due to the
much lower CO2 content in the emission source (leading
to thermodynamic and mass transfer limitations). Besides
that, the need for more solvent has direct impact on the
heat ratio in the reboiler of the regeneration column,
since more solvent must be evaporated.

This result can be translated in terms of NCB (and
NCR): both processes can be considered effective be-
cause they contribute to a net abatement of CO, as indi-
cated by the negative sign of NCB. However, the pre-
combustion capture process is more effective than the
post-combustion process, since it allows twice the rela-
tive abatement (NCR of -0.62) of the post-combustion
process (NCR of -0.29). In other words, 71% of the cap-
tured CO: were offset by indirect emissions in the post-
combustion process, while only 38% were offset in the
pre-combustion process. It is important to emphasize
that these processes were not optimized and are being
presented in this paper only to illustrate the methodol-

ogy.

Syst Control Trans 5:274-281 (2026) 278



Table 5: Stream properties, NCB Zero Case, post-combustion process.

Gas T3, P2 Clean Gas Lean MEA Rich MEA Regenerated C02
T2,P2 MEAT1
Temperature (°C) 40.00 39.15 40.00 100.00 103.70 68.73
Pressure (bar) 3.00 3.00 3.00 1.00 1.00 1.00
Flow rate (kmol/hr) 9212.43 8929.63 16250.00 16532.51 16206.37 326.14
Mole fraction
CO2 0.0252 0.0004 0.0343 0.0475 0.0343 0.7027
MEA 0.0000 0.0000 0.1645 0.1617 0.1649 0.0000
H20 0.0252 0.0199 0.8012 0.7908 0.8007 0.2970
N2 0.9497 0.9797 0.0000 0.0000 0.0000 0.0004
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Table 6: Stream properties, NCB Zero Case, pre-combustion process.
Gas T3, P2 Clean Gas Lean MEA Rich MEA Regenerated c02
T2,P2 MEAT1
Temperature (°C) 40.00 40.30 40.00 80.00 100.30 94.80
Pressure (bar) 2.00 2.00 2.00 1.00 1.00 1.00
Flow rate (kmol/hr) 1263.00 952.54 10414.13 10724.48 8629.03 2095.45
Mole fraction
CO: 0.2739 0.0085 0.0180 0.0490 0.0217 0.1612
MEA 0.0000 0.0000 0.1178 0.1144 0.1422 0.0000
H20 0.0030 0.0328 0.8642 0.8366 0.8361 0.8387
N2 0.3130 0.4150 0.0000 0.0000 0.0000 0.0000
H2 0.4101 0.5437 0.0000 0.0000 0.0000 0.0000
90% and 95% of the total indirect CO2 emissions, respec-
20000 tively. It means that the environmental effectiveness of
Electricity these carbon capture processes could be greatly en-
15000 Cooling utilities hanced with the use of lower emission energy sources -
= Heating utilities eventually renewable energy — for heating, which would
g‘v 10000 Captured CO: reduce the value of fe n. This information is not new, but
% 5000 the advantage of using the proposed NCB formulation in
=4 this analysis is that it can be directly inferred from the
Q 0 equation, which synthesizes, in the emission factors, the
: results of sustainability analyses performed elsewhere.
ﬁ -5000 Electricity consumption accounts for less than 10%
9; 10000 of the indirect emissions in the post-combustion MEA ab-
@] sorption process, because the inlet stream must only be
-15000 pressurized from 1 to 3 bar. In the pre-combustion pro-
cess, its contribution is even negative, because inlet
~20000 Post-Comb. Pre-Comb. Post-Comb. Pre-Comb. stream depress.urization frgm 1? to 2 par can bg used to
Base Case Base Case NCB Zero NCB Zero generate electricity (there is an implicit assumption here,

Figure 2. NCB breakdown.

It is also interesting to look at the relative contribu-
tions of each energy type to the net carbon balance,
which can be done with Figure 2. The reboiler duty cor-
responds to 99% of the energy demand for heating in the
post-combustion process, and 95% in the pre-combus-
tion process. As a consequence of the use of natural gas
for vapor generation in the boiler, it accounts for around
Young et al. / LAPSE:2026.0236

that this electricity would be useful elsewhere in the
plant, since it is more than what is needed in the carbon
capture process itself). In this regard, two comments
must be done: first, the relative importance of this term
can be higher for technologies that require significant
pressure increases, such as membrane separation, for
example; second, it strongly depends on the environ-
mental footprint of electricity generation, translated in fe,
e (the Brazilian electric energy matrix, used as a basis for
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Table 7: Result comparison.

Indicators

CO2 recovery (%)

Capture ratio (kgMEA/kgCO>)
Heat ratio (kJ/molCOz)

Process Parameters

CO:z flow rate in inlet gas (kmol/hr)

CO: flow rate in stripping outlet (kmol/hr)

Energy consumed in the reboiler (T-101) (kJ/hr)
Energy consumed in the heater (E-102) (kJ/hr)
Energy consumed in the heater (E-103) (kJ/hr)
Total thermal energy consumed for heating (kJ/hr)
Energy removed in the condenser (T-101) (kJ/hr)
Energy removed in the cooler (E-102) (kJ/hr)
Energy removed in the cooler (E-103) (kJ/hr)
Total thermal energy removed for cooling (kJ/hr)
Energy consumed in the pump (P-100) (kJ/hr)
Energy consumed in the compressor (K-101) (kJ/hr)
Energy removed in the turbine (K-101) (kJ/hr)
Total electric energy consumed/removed (kJ/hr)
Make-up water consumption (kmol/hr)

Make-up MEA consumption (kmol/hr)

Carbon Balance
NCB (kgCO2/hr)
NCR

Post-Comb. Pre-Comb. Post-Comb. Pre-Comb.
Base Case Base Case NCB Zero NCB Zero
95.58 96.02 98.82 97.66
10.99 6.07 16.23 5.04
460.18 259.60 663.10 696.79
231.91 345.94 231.91 345.94
221.66 332.16 229.17 337.83
1.02E+08 8.62E+07 1.52E+08 2.35E+08
6.11E+05 - - -
- 4.48E+06 - 4.48E+06
1.03E+08 9.07E+07 1.52E+08 2.40E+08
9.35E+07 3.26E+07 1.21E+08 1.12E+08
- 5.17E+07 1.78E+07 4.18E+07
1.05E+08 - 1.05E+08 -
1.98E+08 8.43E+07 2.43E+08 1.54E+08
9.55E+04 3.97E+04 1.06E+05 2.82E+04
5.25E+07 - 5.25E+07 -
- 3.78E+06 - 3.78E+06
5.26E+07 3.74E+06 5.26E+07 3.75E+06
22.20 48.00 38.86 1786.00
0.12 - 0.18 -
-2801.51 -9015.79 ~0 ~0
-0.2872 -0.6167 - -

this analysis, is much cleaner than the ones in US or
China, for example). It shows that the proposed NCB for-
mulation is an efficient way to compare different loca-
tions for carbon capture technologies too. The moment
in time can also be evaluated, since national and interna-
tional agencies are constantly updating these emission
factors.

NCB Zero

The stream properties for the NCB Zero scenarios of
the post-combustion and pre-combustion processes are
presented in Table 5 and 6, respectively, and the results
for the main process parameters can be seen in Table 7.
Since the Base Case scenarios for both processes were
effective in mitigating net CO2 emissions (negative values
of NCB), the equilibrium point would occur under more
demanding conditions, for example for obtaining higher
CO2 recoveries, as can be seen in the tables. It would be
achieved, in MEA absorption systems, with higher heat
ratios in the reboiler of the regeneration column.

Young et al. / LAPSE:2026.0236
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As a consequence of the increased energy con-
sumption for heating, more fuel must be burned, resulting
in higher indirect emissions. In this context, 100% of the
CO2 recovered in the capture process is emitted in the
same plant, nullifying the environmental benefits of car-
bon capture. This is an easy way to demonstrate that
higher CO2 recovery rates do not necessarily result in
lower net emissions, and that indirect emissions must al-
ways be taken into account in the evaluation of carbon
capture technologies.

The single equation format proposed for NCB,
therefore, presents great potential not only for use as an
objective function, but also as a constraint in optimization
problems, particularly when other environmental or eco-
nomic aspects are being considered. It is important to
point out that this format is not unchangeable: other
terms, such as fugitive emissions, could be added, and
the emission factors could be recalculated in a dedicated
work through the formulation of inventories (life cycle as-
sessment). It is convenient, however, to have a simple
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and straightforward way to quantify the net carbon bal-
ance. This is the contribution of this paper to the tech-
nical and scientific literature.

CONCLUSION

In this paper, we propose a single equation format
for NCB calculation, accounting for direct and indirect
CO:2 emissions associated with the evaluated technolo-
gies. It can be easily adapted, however, to account for
fugitive emissions, as well as emissions throughout the
entire life cycle of the analyzed processes or products.
For example, it is worth noting that the proposed equa-
tion only considers operating carbon emissions, but does
not consider emissions related to building the capture
plant itself. It could be accounted for, if the user wishes.

With this formulation, it was possible to easily
demonstrate that higher capture efficiencies do not nec-
essarily correspond to maximum emission mitigation sce-
narios. Indeed, lower emissions are associated with lower
energy consumption, which will depend on the type of
stream (composition, condition) being treated, and, in
this context, the CO2 content in the emission source is a
relevant parameter. However, better than simply ac-
counting for energy consumption is directly assessing
the associated emissions, since emission factors are
readily available and can be used to evaluate different
technologies in terms of time, location and available en-
ergy sources.

In next works, we plan to show how the NCB formal-
ism can be applied in optimization studies, serving as a
successful, quantitative, non-subjective, objective func-
tion and/or constraint.
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