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Many  process  schemes  have  been  proposed  in  literature  to  decrease  the  energy  demand  of  amine  based
carbon dioxide  processes.  These  process  schemes  are  generally  analysed  in terms  of energy  demand
savings  and  compared  to  a common  baseline  based  on  the  solvent  monoethanolamine  (MEA).  In this  work,
the application  of  one  of  these  process  schemes  (lean  vapour  compression  or  LVC)  has  been  evaluated
and optimised  based  on maximising  the  net  present  value  (NPV)  of the  process  scheme  savings  (including
capital  investment),  rather  than  minimising  energy  demand  in  the  form  of  equivalent  work.  Two  scenarios
have been  analysed.  In the first  scenario,  the capture  plant  was  fully  adapted  to  the  effect  of  LVC.  In  the
second  scenario,  LVC  is retrofitted  to a basic  capture  plant  design.  For  both  scenarios  the  net  present  value
echno-economic evaluation
inancial optimisation

(expressed  in  MD  )  of  the  process  scheme  over  the whole  plant  life  was calculated  as  a  function  of  the LVC
operating  conditions.  It  was  found  that  the  NPV  of the  LVC  process  scheme  is always  positive  and  attractive
from  a financial  point  of  view.  The  first  scenario  has been  identified  as  the  most  attractive  scenario  for  LVC
application.  Although  the  extent  of  the  savings  depends  on design  conditions  and  financial  assumptions,
this  approach  shows  that the  optimisation  based  on  minimising  equivalent  work  does  not  necessarily
match  the  optimisation  based  on  maximising  net  present  value.
. Introduction

Amine CO2 absorption systems are considered as the most suit-
ble technologies to capture carbon dioxide from flue gases in
he power sector. The reasons behind this technological choice
re, among others, the availability and reliability of the tech-
ology (already proven at smaller scale) and the possibility of
etrofitting existing power plants (Gibbins and Chalmers, 2011;

ang et al., 2011). One major hurdle in the implementation of
hese technologies at large scale is the cost of carbon dioxide
apture, which prevents utility companies from making the nec-
ssary investments. This cost varies per capture process and per
ower production process (Abu-Zahra et al., 2007; Davison and
hambimuthu, 2009; Finkenrath, 2011; Rubin et al., 2007). In the
ase of bituminous coal fired power plants, the cost of electricity
an increase from 46% to 77% (Finkenrath, 2011). The reduction
Please cite this article in press as: Sanchez Fernandez, E., e
an option for post-combustion CO2 capture: Net present va
http://dx.doi.org/10.1016/j.ijggc.2012.09.007

f this huge impact in electricity cost will be a condition for the
pplication of CO2 capture as a carbon abatement technology. In
rder to reduce costs, one of the main focuses of CO2 capture
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research is the reduction of its energy demand. There are two main
research lines to reduce energy demand: improvements in solvent
formulation or improvement in the capture process for an exist-
ing solvent formulation. This research is concerned with the latter
option.

There are different process schemes proposed in the literature to
decrease the operating costs of the CO2 capture process. Normally,
new process schemes are evaluated and compared to a con-
ventional amine scrubbing process based on monoethanolamine
(MEA), which has become a common baseline for capture pro-
cesses (Franco et al., 2010). These schemes can be classified in
three groups, depending on the type of modification introduced
with respect to the baseline (Le Moullec and Kanniche, 2010):

1. Operating modifications without addition of new unit operation
to the process.

2. Minor process modifications with limited number of new unit
operations added to the process.
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

3. Major process modifications. In this category fall the more
complex changes to the capture process, such as, intermediate
stripper heating (which requires full modification of the strip-
per), integration of stripper and compressor, etc.

dx.doi.org/10.1016/j.ijggc.2012.09.007
dx.doi.org/10.1016/j.ijggc.2012.09.007
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
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Nomenclature

LMTD logarithmic mean temperature difference (◦C)
LRHX lean-rich heat exchanger
LVC lean vapour compression
MEA  monoethanolamine
NPV net present value
Qr reboiler duty (GJth)
Wp work to drive process pumps (GJ)
Wbc work to drive plant blower and LVC compressor (GJ)
Weq equivalent work necessary to separate CO2 (GJ)
CF cash flow in a given project year (MD )
�TC difference in total equipment cost between the ref-

erence case (at 1.8 bar), which is 2.72 MD  and any
other given case

�Depreciation depreciation difference between the refer-
ence case and any other given case

Greek symbols
˛  Turbine power loss to reboiler duty ratio (−)

Subscripts
i i-th year in cash flow calculations
HEX heat exchangers
COMP compressor
VESSEL vessel
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additional vessel (V-02). The resulting vapour is compressed (K-02)
This work is focused on the second group and, more specifi-
ally on the LVC scheme. This scheme includes flashing the lean
ot stream that leaves the stripper in a conventional amine scrub-
ing process, re-compressing the vapour formed and re-injecting it
t the stripper’s base (definitions and description of a conventional
EA  process are further explained in the following sections in this

aper). This simple arrangement allows for partially recovering the
ensible heat of the hot lean stream in the form of latent heat and, it
s anticipated, that has potential to reduce energy demand without
ncreasing greatly process complexity.

There are various studies in the literature that have addressed
his process scheme and investigated its effect in capture perfor-

ance in various ways. Van Wagener and Rochelle (2011) included
ean vapour compression in their study on stripper configurations.
heir work is based on the minimisation of equivalent work in the
tripper and indicates the benefits of stripping at higher pressures
above 6 bar). However, their evaluation is only concerned with
he stripper optimisation and the absorber is left out of scope. Le

oullec and Kanniche (2010, 2011) have also investigated lean
apour compression in a technical evaluation of process options.
his study includes integration aspects with the host power plant
nd shows a reduction in plant efficiency penalty from 11.95%
penalty points) to 11.2% (penalty points) for LVC, which is the high-
st reduction given in their work when only minor modifications
o the process are considered. Nevertheless, extra investments
equired for the application of LVC to the conventional MEA pro-
ess are not taken into account in this study. The evaluation method
s only based on the minimisation of the plant efficiency penalty.
arimi et al. (2011) have also included this option in a techno-
conomic review of process capture options. In this work, LVC is
lso addressed and the authors conclude that it will reduce equiv-
lent work by 9.37% with respect to a standard MEA  plant at the
xpense of increasing capital investment by 2.78%. In this case, the
Please cite this article in press as: Sanchez Fernandez, E., e
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ptimal operating conditions of the LVC are initially found by min-
mizing energy demand and capital investments are considered in

 second stage for an energy optimized design.
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In this study, the effect of the application of LVC on a conven-
tional MEA  capture process has also been investigated. The focus in
this paper is on the design modifications, associated capital invest-
ments and optimisation of operating conditions. As opposed to the
studies above mentioned, the method applied here consists in opti-
mising process conditions based on financial analysis rather than
energy analysis.

The study is restricted to a conventional design of a MEA  plant
that could be easily implemented in relatively short term. There-
fore, high pressure desorption has been left outside of this paper’s
scope. Two  different scenarios are analysed: optimised design of
a standard MEA  plant with LVC and retrofit of LVC to an existing
standard MEA  plant.

For each scenario, operating conditions are evaluated and opti-
mised based on maximising the net present value (NPV) of the
process modification.

This paper is organised as follows. In Section 2, the methodology
is described. The reference capture process, LVC design boundary
conditions and modelling technique are addressed in this section.
Our findings, which include among others the financial benefit of
implementing LVC regardless the scenario considered, are summa-
rized in Section 3. For the two  scenarios considered, the energy
demand of the process and the net present value of the process,
are discussed and compared to other literature sources in Section
4. Finally, our conclusions are summarised in Section 5.

2. Methodology

2.1. Reference case plant description

The scenarios analysed in this work are compared to a refer-
ence case, in which a 30 %w/w MEA  solution is used to capture
90% of the CO2 present in a given flue gas stream. The reference
case, here referred to as a standard MEA  plant, is schematically
depicted in Fig. 1. The plant processes 254 kg/s of flue gas contain-
ing 13.75 mol% CO2. This stream is a split stream of the flue gas
generated by a 1070 MW Advanced Supercritical coal fired power
plant and is 250 MWe  equiv. (Huizeling and Weijde, 2011). The flue-
gas is fed to the absorber (C-01), where it is brought in contact with
the solvent, which flows downwards over a packed bed. In order to
minimise MEA  losses, the CO2 lean flue-gas is washed and cooled
in two washing beds at the top of the absorber. The resulting scrub-
bing liquid is cooled with cooling water in a separate cooler (E-05).
The CO2 rich solvent is pumped to the stripper (C-02) via a counter
current lean-rich heat exchanger (LRHX) (E-03). In the stripper, the
chemically bound CO2 is removed from the solvent in a packed
bed at the expense of reboiler heat. The reboiler (E-01) receives all
solvent leaving the bed and partially vaporizes the stream before
feeding it to the stripper sump. Most of the water in the CO2 stream
leaving the stripper is condensed (E-02) and fed to a washing sec-
tion at the top of the stripper. The lean liquid is pumped through
the lean-rich exchanger and cooled to 40 ◦C in a cooler (E-04) before
being sent back to the absorber.

2.2. Lean vapour compression (LVC): design boundaries and
scenarios

Application of LVC to the process described in the previous
section requires additional equipment. The new LVC lines are high-
lighted in Fig. 1. In this case, the hot lean solvent is flashed in an
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

to a pressure slightly higher than the stripper bottom pressure and
fed to the stripper base. Additional pump work is required for the
lean pump (P-01) to recover the pressure loss in the lean stream.

dx.doi.org/10.1016/j.ijggc.2012.09.007
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ig. 1. Standard MEA  plant with LVC. Main unit operations in LVC, which are flash ve
n  a standard MEA  process: flue gas blower (K-01), absorber (C-01), rich pump (P-
xchanger (E-03), cooler (E-04), and condenser drum (V-01).

The addition of the LVC has the following general implications
o the process operation:

The reboiler duty decreases due to the extra stripping vapour
coming from the LVC flash vessel.
Additional electricity is needed to drive the LVC compressor.
Condenser and LRHX duties decrease due to the loss of heat from
the lean stream.
The stripper needs to accommodate a slightly higher vapour flow
compared to that of the standard MEA  case.
Additional equipment is needed, such as a flash vessel, and com-
pressor and a pump.

Two different scenarios can be encountered if LVC is applied to
he standard MEA  plant: LVC is included in capture plant design or
VC is retrofitted to an existing capture plant.

In the first scenario, it is assumed that the decision of adding an
VC process modification is taken prior to investment. Therefore,
he design of the capture plant is affected by the process modifica-
ion. Design modifications are taken into account to calculate new
nvestment and process operating costs:

The stripper diameter might be increased to accommodate more
vapour flow without losing separation efficiency.
The heat transfer area might be decreased for both LRHX and
condenser when they are designed at a constant temperature
approach (pinch).
The LVC compressor is a turbo-compressor. It has a specific work-
ing range. Outside of this range the required duty will be high. The
LVC should be operated so, that the efficiency of the compressor
remains high.

In the second scenario, it is assumed that the LVC is retrofitted to
Please cite this article in press as: Sanchez Fernandez, E., e
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n existing plant or to an existing designed plant without any modi-
cations in the affected equipment. The LVC compressor can still be
esigned to operate at its optimal range. However, the heat trans-
er equipment shall not be modified and remains identical to the
V-02) and compressor (K-02), are highlighted. The rest of the equipment is included
an pump (P-01), stripper (C-02), reboiler (E-01), condenser (E-03), lean-rich heat

standard MEA  plant. This will result in relatively higher investment
costs for LRHX and condenser, compared with the first scenario.

Both scenarios are investigated in this study. The final pressure
in the flash vessel determines the savings in energy and, at the same
time, the capital investment. For both scenarios, the reboiler duty
and the LVC compressor and pump work have been calculated as a
function of flash vessel pressure. Moreover, the extra investment in
additional equipment has been estimated as a function of flash ves-
sel pressure. For the first scenario, design modifications to the heat
transfer equipment have been also analysed for different flashing
pressures in the flash vessel. Nevertheless, the effect on stripper
diameter was  not considered since the vapour stream generated
in the flash vessel is small at the stripper and flashing pressures
considered in this study.

2.3. Modelling

Simulations were performed with Aspen Plus® version 7.1.
The absorber is modelled with three equilibrium stages and
the stripper is modelled with 8 equilibrium stages. This simu-
lation method is an approximation to the phenomena that take
place in absorption with chemical reaction. It is based on the
minimum number of equilibrium stages, as derived from a pres-
sure – liquid loading plot. The accuracy and applicability of this
simulation scheme and its comparison to the rate-based sim-
ulation procedure has been already discussed in other papers
(Abu-Zahra, 2009). When the reboiler duty is the main param-
eter of interest, it was  found that the simulation results of this
approach are in good agreement with the results of the rate-based
approach.

The model parameters for both scenarios are listed in Table 1.
The CO2 capture percentage is maintained at 90% capture by manip-
ulation of the solvent flow. The lean and rich solvent CO2 loadings
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

are a result from the calculations.
CO2 recovery in the stripper is a design constraint added to

the stripper to control the loading of the lean stream leaving this
unit operation. It is defined as the ratio (mol basis) of the product

dx.doi.org/10.1016/j.ijggc.2012.09.007
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Table 1
List of parameters that are fixed for all simulations of the capture plant.

Parameter Value

CO2 capture percentage 90%
Solvent 30 wt%  MEA

Absorber
Feed temperature/pressure (flue gas and solvent) 40 ◦C/1.1 bar
Equilibrium stages absorption 3
Equilibrium stages washer 2 loops of 3 stages
Pressure drop 90 mbar

LVC compressor
Compression to 1.9 bar
Total efficiency compressor 77%

Flue gas composition
CO2 mol% 13.7
H2O mol% 12
N2 + Ar mol% 71
O2 mol% 3.3

Stripper
Rich solvent feed stage 3
Equilibrium stages stripping 6
Equilibrium stages wash 2
Pressure of stripper feed 4 bar
Pressure drop 100 mbar
Reboiler pressure 1.8 bar
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Table 2
Parameters for the economic evaluation of the different cases.

Parameter Value Reference

Installation factor 4 Peters et al. (2002)
Interest percentage 8% Franco et al. (2010)
Turbine power loss to reboiler

energy (MWe/MWth)
0.23 Bolland (2004)

Electricity (D /MWh)  50 Bergsma (2011)
Project life time (years) 25 Bergsma (2011)
Compressor life time 10 years Siemens (2010)
CO2 recovery in stripper 0.57
Condenser temperature 40 ◦C

treams to the feed streams for a specific component (CO2 in this
ase). The product stream in the present modelling case is only the
ean stream leaving the stripper. Feed streams are the rich stream
nd the re-compressed vapour entering the stripper.

The energy analysis is performed in equivalent work. The total
quivalent work for each simulation is calculated as follows:

eq =  ̨ · Qr + Wp + Wbc (1)

n the equation above, Qr is the estimated reboiler duty, Wp is
he estimated work for pumps and Wbc is the estimated work for
bsorber blower and LVC compressor. The term  ̨ accounts for the
oss of turbine power due to steam extraction for the reboiler. This
actor depends on the necessary steam quality. Since steam qual-
ty remains unchanged in this analysis, a constant value for  ̨ of
.23 has been assumed. This value was derived from power plant
nd capture plant integration studies by Bolland (2004) for the case
here the steam temperature for heating the stripper is in the range

f 120–150 ◦C. For the calculation of pump work pump efficiencies
f 85% have been assumed (including mechanical and drivers effi-
iency). This is in line with similar studies (Franco et al., 2010).
or compressor and blower, efficiencies of 77% have been assumed
Bergsma, 2011).

.4. Economic frame work and analysis

The costs and estimating methodology are directed toward
he “study-level” estimate with a nominal accuracy of ±30%. The
urpose of the study-level estimate is to compare the different sce-
arios to the reference case. The estimating procedure relies in the
alculation of the mass and energy balances of the different cases
as described in the previous section). The generated information is
sed in the calculation of main equipment design. Once mass and
nergy flows and main equipment data are available, equipment
ost is estimated.

There are different methods for cost estimation. The most accu-
Please cite this article in press as: Sanchez Fernandez, E., e
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ate procedure is to request budget quotes from different vendors,
pecific to the location and conditions of each case. This method
s unpractical when the number of cases is high. Instead, historical
ata from previous projects and/or vendor quotes can be used to
Flash vessel life time 25 years Peters et al. (2002)
Heat exchangers life time 20 years Peters et al. (2002)

estimate equipment cost specific to a given case. This latter option
requires the manipulation of cost data to account for differences in
scale, construction material, design pressure or time (Peters et al.,
2002). Finally, if no historic data points are available, cost data
can be also obtained from various models published in the liter-
ature (Abu-Zahra et al., 2007; Oexmann and Kather, 2009) or from
commercial software packages.

The approach followed in this work consists in the construc-
tion of an in-house model based on a combination of the above
mentioned options. At a first stage in model development, several
vendors were approached to give quotes for the scale, construc-
tion materials and design parameters estimated for the reference
case and the optimal case found for each scenario. These quotes
were included in a historical database to create significant ground
information. At a second stage of model development, different cor-
relations published in the literature and/or suggested by vendors
were used to fit the data. As a result of this fitting procedure, a set of
price correlations was  developed that allows for equipment price
estimation under a broad range of operating conditions.

All data in the historical database were manipulated in the fol-
lowing order: material correction, calibration to year 2010 by using
the Chemical Engineering Plant Cost Index and currency exchange
to Euro. Quotes were received during years 2009 and 2010. The
ones from 2009 were calibrated also to the year 2010. All quotes
were received in Euro.

The economic analysis is based on calculating the energy sav-
ings with respect to the standard MEA  plant and calculating the
extra investment costs or savings for each particular case. Results
are given in net present value (NPV) of the cash flows associated
with each case over the entire project life time. The cash flow rep-
resents the savings obtained as a function of the flash operating
pressure. They are estimated by calculating the difference in utility
cost and investment compared to the reference case, according to
the formulas:

NPV =
n∑

i=1

CFi

(1 + IR)i
(2)

CFi = �Energyi − �Depreciationi (3)

�Depreciationi = �TCHEX

20
+ �TCCOMP

10
+ �TCVESSEL

25
(4)

In the equations above, NPV is the net present value for a given case,
CFi is the cash flow in year i, n is the number of years in the project,
IR is the interest rate, �Energyi is the difference in utility costs (only
steam and electricity) between a given case and the reference case
for year i, �Depreciationi is the difference of the depreciated total
equipment costs between a given case and the reference case for
year i and DTCH, DTCC, DTCV, are the difference in total cost of heat
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

exchangers (E-01, E02, E-03), compressor (K-02) and vessel (V-01),
between a given case and the reference case respectively.

The parameters used in the calculation of NPV are listed in
Table 2. Linear depreciation over the whole equipment life time

dx.doi.org/10.1016/j.ijggc.2012.09.007
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turing CO2. Reduction is slightly higher in the case that the LVC
ig. 2. NPV of total savings, and energy savings against LVC pressure. Case 1: design
dapted to LVC operation.

as been used. Selecting the right value for equipment life time
hat corresponds to the estimated price is crucial in this analysis.

For the LVC compressor the most convenient equipment choice
s the Turbo – blower with a pressure ratio up to 2. Most ven-
ors consulted agreed that the life time of the turbo-blower is
ubstantially lower than the other pieces of equipment in this pro-
ess (Siemens, 2010). Equipment life time might be extended by
urchasing a more expensive compressor for which materials are
elected to extend the operating life of the equipment. This point
s often overlooked in conceptual designs of this type. In this work,
he life time of the relevant equipment was adjusted to the type of
quipment selected as shown in Eq. (4) and Table 2.

. Results

.1. Case 1: capture plant design adapted to LVC operation

In this scenario, the LRHX was modelled at a constant tem-
erature approach (i.e. constant LMTD). Several simulations were
onducted with varying LVC flash pressure. Table 3 shows a sum-
ary of the equipment duties affected by the LVC.
Due to the loss of latent heat in the lean stream leaving the strip-

er column, the temperature of the feed stream to this column
lso decreases. This phenomenon results in a reduction of con-
enser duty as the flash pressure decreases. The reduction can be as
igh as 44%. The reboiler duty also decreases with decreasing flash
ressures. Energy savings up to 18% can be achieved in the reboiler.
owever, when the extra pump and compressor work are consid-
red, the energy savings (expressed in total equivalent work) are
imited to 7.3%. Moreover, the duty required in the LRHX decreases
ignificantly with decreasing flash pressure. Based on the minimi-
ation of equivalent work, the optimal pressure in the flash vessel
s 1.1 bar. However, the changes in equipment duty also have an
ffect in the cost of equipment.

At each pressure, the investment costs have been estimated
sing the economic model described in Section 2.4. Table 4 lists
he estimated purchased equipment cost of the items considered
n this analysis.

Compared to the reference case, costs of the reboiler, LRHX and
ondenser decrease with decreasing flash pressure. This reduction
s explained by the lower duties of reboiler and condenser and
he loss of latent heat of the lean hot stream as shown in Table 3.
herefore, the heat transfer area of the mentioned heat exchange
quipment can be reduced resulting in lower costs. Obviously, the
ost for the LVC compressor, LVC pump and flash vessel increase
hen the flash pressure decreases due to higher pressure ratio for
Please cite this article in press as: Sanchez Fernandez, E., e
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ompression and pumping and higher vapour flow in the flash ves-
el. However, the cost of LVC equipment is compensated by the
ower costs of reboiler, condenser and LRHX at pressures below
Fig. 3. NPV of total savings, and energy savings against LVC pressure. Case 2: retrofit
of LVC to capture plant.

1.2 bar. Above that pressure, the cost of LVC equipment becomes
dominant.

The net present values (NPV) of the yearly savings due to the
application of LVC have been calculated according to the proce-
dure described in Section 2.4.  Results are tabulated in Table 5 and
depicted in Fig. 2.

Fig. 2 shows the variation of NPV with flash pressure. The dash
line represents the hypothetical case, where the investment in the
extra equipment is not included in the calculation of annual savings.
The solid line represents the actual case, where both investment
and energy are included in the calculation of total savings. From
the latter case, it can be concluded that the benefit of applying LVC
is maximal at a flash pressure of 1.2 bar. Below that pressure the
increase in energy savings is small compared to the increase in
equipment cost (mainly the compressor).

3.2. Case 2: LVC retrofitted to an existing plant

In this scenario, the LRHX, condenser and cooler were mod-
elled with constant heat transfer area and heat transfer coefficient
and equal to the values used in the simulation of the standard
MEA  plant. Again, several simulations were conducted with vary-
ing LVC flash pressures. Table 6 shows a summary of the equipment
duties, which are similar to the first scenario (Table 3). The differ-
ence in maintaining the heat exchange equipment design unaltered
(Table 6) or altered (Table 3) is not really appreciable in the
equipment duties. Nevertheless, this study predicts 0.5% lower
equivalent work for this scenario around the optimal pressure
(1.1 bar).

Regarding the investment costs (Table 7), condenser, reboiler
and LRHX remain unchanged and equal to the standard MEA  case.
However, extra investment cost needs to be added for the LVC com-
pressor and flash vessel, which is also similar to the cost calculated
in the previous scenario. Table 8 shows the NPV value for each flash
vessel pressure. The NPV results are also plotted in Fig. 3. Energy
costs are comparable between both scenarios (Case 1 and Case 2),
being the present scenario slightly more favourable. The invest-
ment costs are higher in this scenario, resulting in a lower final
NPV than in the previous one. Also in this case, the flash pressure
that minimizes the equivalent work is slightly lower than the one
that maximises the NPV.

4. Discussion

The results of this study show that the application of LVC in
both scenarios will reduce the equivalent work necessary for cap-
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

is retrofitted to the standard MEA  process (7.8% compared to the
standard MEA  plant) than in the case that the design of the plant is
adapted (7.3% compared to the standard MEA  plant).

dx.doi.org/10.1016/j.ijggc.2012.09.007
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Table 3
Overview of equipment duties and equivalent work as a function of LVC flash pressure. Case 1: design adapted to LVC. The total duty of equipment affected by the LVC
operation is shown. Equipment names are followed by the corresponding tag in Fig. 1.

Flash pressure
(bar)

Reboiler (E01)
(MWth)

Pump (P01)
(MWe)

Compressor (K02)
(MWe)

LRHX (E03)
(MWth)

Condenser (E02)
(MWth)

Equivalent work
(MJ/t CO2)

1.8 172 0.000 0.0 197 60 819.4
1.6  164 0.182 0.2 166 48 789.2
1.4  158 0.197 0.8 153 42 773.3
1.2  150 0.214 2.0 149 40 760.4
1.1  146 0.222 2.8 142 37 758.1
1.0  141 0.227 4.0 132 34 759.2

Table 4
Affected purchased equipment cost as a function of LVC flash pressure. Equipment names are followed by the corresponding tag in Fig. 1. Only significant changes in equipment
cost  are considered. Note that the numbers given in this table do not include installation cost. Installation costs are included when calculating depreciation.

Flash pressure
(bar)

Reboiler (E01)
(MD  )

Flash vessel (V02)
(MD  )

Compressor (K02)
(MD  )

LRHX (E03)
(MD )

Condenser (E02 and V01)
(MD  )

�(TCi)a

(MD )

1.8 1.30 0.00 0.0 1.11 0.31 0.00
1.6  1.25 0.11 0.1 0.79 0.25 −0.25
1.4  1.20 0.20 0.3 0.65 0.22 −0.20
1.2  1.14 0.32 0.6 0.61 0.21 0.20
1.1  1.11 0.39 1.0 0.54 0.2 0.47
1.0  1.07 0.47 1.4 0.44 0.18 0.86

a Total change in equipment cost: difference in total equipment cost between the reference case (at 1.8 bar), which is 2.72 MD and any other given case.

Table  5
Calculation of NPV as a function of flash pressure. Case1: design adapted to LVC. Yearly energy cost, energy savings, equipment depreciation difference and NPV for each
operating flash pressure.

Flash pressure
(bar)

Energy cost
(MD /y)

Energy savingsa

(MD /y)
Depreciation differenceb

(MD /y)
NPV of energy savingsc

(MD )
NPV of total savingsd

(MD  )

1.8 16.77 0.00 0.00 0.0 0.0
1.6  16.23 0.55 −0.04 5.9 6.3
1.4  15.84 0.93 0.00 9.9 9.9
1.2  15.58 1.19 0.15 12.7 11.1
1.1  15.54 1.24 0.27 13.2 10.3
1.0  15.54 1.24 0.44 13.2 8.5

a Difference in energy cost between the reference case (at 1.8 bar) and any other given case.
b Equipment depreciation difference calculated with Eq. (4).
c NPV calculated with Eq. (2) without taking into account the depreciation difference.
d NPV calculated with Eq. (2) taking into account energy savings and depreciation difference.

Table 6
Overview of equipment duties and equivalent work as a function of LVC flash pressure. Case 2: retrofit scenario. The total duty of equipment affected by the LVC  operation
is  shown. Equipment names are followed by the corresponding tag in Fig. 1.

Flash pressure
(bar)

Reboiler (E01)
(MWth)

Pump (P01)
(MWe)

Compressor (K02)
(MWe)

LRHX (E03)
(MWth)

Condenser (E02)
(MWth)

Equivalent work
(MJ/t CO2)

1.8 172 0.000 0.0 197 60 817.5
1.6  164 0.183 0.2 182 53 789.6
1.4  157 0.195 0.8 168 47 770.6
1.2  149 0.214 1.9 151 41 755.5
1.1  145 0.223 2.8 144 38 754.0

T
P
a
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1.0  141 0.228 3.9 

able 7
urchased equipment cost as a function of LVC flash pressure. Equipment names are follo
re  considered. Note that the numbers given in this table do not include installation cost.

Flash pressure
(bar)

Reboiler (E01)
(MD  )

Flash vessel (V02)
(MD )

Compressor (K0
(MD  )

1.8 1.30 0.00 0.00 

1.6  1.30 0.12 0.08 

1.4  1.30 0.21 0.25 

1.2  1.30 0.32 0.63 

1.1  1.30 0.39 0.97 

1.0  1.30 0.46 1.41 

a Total change in equipment cost: difference in total equipment cost between the refer
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

144 34 757.6

wed by the corresponding tag in Fig. 1. Only significant changes in equipment cost
 Installation costs are included when calculating depreciation.

2) LRHX (E03)
(MD  )

Condenser (E02 and V01)
(MD  )

�(TCi)a

(MD )

1.11 0.31 0.00
1.11 0.31 0.19
1.11 0.31 0.45
1.11 0.31 0.95
1.11 0.31 1.35
1.11 0.31 1.87

ence case (at 1.8 bar), which is 2.72 MD and any other given case.
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Table  8
Calculation of NPV as a function of flash pressure. Case 2: retrofit scenario. Yearly energy cost, energy savings, equipment depreciation difference and NPV for each operating
flash  pressure.

Flash pressure
(bar)

Energy cost
(MD /y)

Energy savingsa

(MD /y)
Depreciation differenceb

(MD /y)
NPV of energy savingsc

(MD )
NPV of total savingsd

(MD )

1.8 16.77 0.00 0.00 0.0 0.0
1.6  16.20 0.57 0.05 6.1 5.6
1.4  15.81 0.96 0.13 10.3 8.9
1.2  15.50 1.27 0.30 13.6 10.3
1.1  15.47 1.30 0.45 13.9 9.1
1.0  15.54 1.23 0.64 13.1 6.3

a Difference in energy cost between the reference case (at 1.8 bar) and any other given case.
b Equipment depreciation difference calculated with Eq. (4).
c NPV calculated with Eq. (2) without taking into account the depreciation difference.
d NPV calculated with Eq. (2) taking into account energy savings and depreciation difference.

Table 9
Energy savings of LVC as reported in other studies.

Reference Energy savingsa (%) �Pb (bar) Stripper pressure (bar)

Karimi et al. (2011) 8.39–9.36 0.85–0.9 2
Le  Moullec and Kanniche (2011) 7.78 1.25 2.5
This  work 7.3–7.8 0.6 1.8
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a Reduction in equivalent work taking a standard MEA  plant as basis.
b Difference between stripper pressure and LVC flash pressure.

Table 9 shows the comparison of these results to similar studies.
he energy savings are expressed in difference in equivalent work
etween the reference case (generally similar to the standard MEA
lant described in this work) and the LVC configuration. The results
f this study are in line with the finding of others. The difference
n numbers is related to the different conditions adopted for the
tripper.

The operating flash pressure that minimizes equivalent work is
.1 bar for both scenarios. If the reduction in energy was  the only
onsidered criterion for optimisation, the best scenario would be
he retrofit of LVC to the standard MEA  plant, because the reduction
n energy is more significant in this scenario. However, when the
rade-off between energy savings and additional capital investment
s taken into account, it is found that the optimal flash pressure is
.2 bar, which implies a pressure difference with the stripper of
.6 bar. Moreover, when the NPVs of total savings for both ana-

ysed scenarios are compared, the best result is achieved when the
lant design is adapted to the LVC addition. This example shows
he efficacy of this approach.

The differences between the two scenarios are small because
he stripper pressure was fixed to 1.8 bar. Therefore, there is small
ange of pressures to be considered in the optimisation. Never-
heless, higher differences can be expected when the difference
etween the operating pressure in the stripper and the flash ves-
el is increased. In that particular case, the approach followed in
his work will lead to a better optimisation of operating conditions
ather than the approach of minimising equivalent work.

Moreover, the turbine power loss ratio is a very important factor
n this type of analysis. For a very well integrated power plant the
urbine power loss ratio could be as low as 0.20 (MWe/MWth). This

eans that the energy savings will be contributing less to the NPV
alculated, while the cost of the compressor will remain identical.
his fact contributes to the disparity of the pressure that minimises
quivalent work and the one that maximises the NPV. In the case
f a poorly integrated power plant, this factor could be as high as
.24 (MWe/MWth). The energy becomes a more dominant factor
ontributing greatly to the NPV. For this situation, the pressure
Please cite this article in press as: Sanchez Fernandez, E., e
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hat minimises the equivalent work will approach the pressure that
inimises the NPV.
Besides the equivalent work and NPV minimisation, other

spects should be also addressed to better understand the LVC
benefits. One of these aspects is operability and possible LVC trip
(due to failure or maintenance).

When the LVC is turned off, the operation of reboiler, lean-rich
heat exchanger and condenser is affected. The resulting plant per-
formance depends on whether the plant design was adapted to
LVC operation (case described in Section 3.1) or the LVC was just
retrofitted to an existing plant (case described in Section 3.2). The
following analyses both scenarios.

In the case that plant design was adapted for LVC, the mean
temperature difference in the LRHX will rise upon LVC shut down
due to the higher energy in the lean stream. The reboiler duty also
increases. There will be more flow to the condenser, which will
increase its pressure drop, having an effect in the compression train.
When not counteracted by adjustment of the reboiler and con-
denser, shut-down of the LVC will lower the capture percentage
of the plant.

In the case that the LVC was  just retrofitted to the plant, oper-
ation returns to nominal values when the LVC is shut off. The
plant can be operated normally by increasing the steam sup-
ply to the reboiler and the cooling duty of the condenser and
lean liquid cooler. This makes a capture plant with retrofitted
LVC more flexible than the option where the plant is adapted
to the lower duties and gives and additional advantage to this
option.

5. Conclusions

In this work, the application of lean vapour compression to a
standard MEA  carbon capture plant was  investigated. The worked
focussed on the financial analysis of this process modification and it
can be used to make an informed decision on whether this process
modification should be added or not to a current situation.

Two  scenarios were analysed. In the first scenario, the design
of the capture plant was modified to accommodate the changes
in duties resulting from LVC application. In the second scenario,
the design was unchanged and the affected equipment was not
modified.
t al., Optimisation of lean vapour compression (LVC) as
lue maximisation. Int. J. Greenhouse Gas Control (2012),

Under the conditions investigated, it was found that LVC will
result in savings for both scenarios chosen for implementation.
The operating conditions were optimised based on the NPV of the
process design. It can also be concluded that the right choice of

dx.doi.org/10.1016/j.ijggc.2012.09.007
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perating pressure in the LVC maximises the NPV. Under the inves-
igated conditions, the optimal operating pressure is 1.2 bar for
oth scenarios. It was also found, that the optimisation of operating
onditions based only on energy analysis could lead to a different
esult.

Finally, the most attractive scenario from an economic point of
iew is the one where the capture plant is fully adapted. How-
ver, the retrofit scenario has other advantages, not quantified in
his financial analysis, such as the flexible shut down of the LVC
for maintenance or reparation). This can make this scenario more
ttractive from a reliability point of view.
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