The
University
a Of

o =

e Sheffield.

This is a repository copy of Impact of stream impurities on compressor power
requirements for COZ2 pipeline transportation.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/108140/

Version: Accepted Version

Article:

Martynov, S.B., Daud, N.K., Mahgerefteh, H. et al. (2 more authors) (2016) Impact of
stream impurities on compressor power requirements for CO2 pipeline transportation.
International Journal of Greenhouse Gas Control. ISSN 1750-5836

https://doi.org/10.1016/j.ijggc.2016.08.010

Article available under the terms of the CC-BY-NC-ND licence
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

I mpact of stream impurities on compressor power requirementsfor
CO, pipelinetransportation

SB. Martynov, N.K. Daud, H. Mahgerefteh* , S. BroWand R.T.J. Porter
Department of Chemical Engineering, University College London, London WC1E7JE

%Current address: Department of Chemical and Biological Engineering, University of
Sheffield, Mappin Street, SIIDUK

*Corresponding author emaii-mahgerefteh@ucl.ac.pk

Abstract

The economic viability of Carbon Capture and Sequestration (CCS) as a means of
mitigating CO, emissions is significantly dependent on the minimisation of costs
associated with the compression and transportation of the cag@edThis paper
describes the development and application of a rigorous thermodynamictoncat®pute

and compare power requirements for various multistage compression strategies for CO
streams containing typical impurities originating from various capture technologies
associated with industrial and power emission sectors. The compression options examined
include conventional multistage integrally geared centrifugal compressors, supersonic
shockwave compressors and multistage compression combined with subcritical
liquefaction and pumping. The study shows that for all the compression options examined
the compression power reduces with the increase in the purity @Chstream, while the
inter-stage cooling duty is predicted to be significantly higher than the compression power
demand. ForCO, streams carrying less than 5% impurities, multistage compression
combined with liquefaction and subsequent pumping fcand2 bar pressure can offer
higher efficiency than conventional gas-phase compressionthé case of a
raw/dehumidified oxy-fuel C@stream ofta 85% purity, subcritical liquefaction at 62 bar

pressure is shown to increase the cooling dutyad®0% as compared to puG..
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1. Introduction

Carbon Capture and Sequestration (CCS) is a promising technology for mitigating the

impact of anthropogenic GCGemissions from manufacturing industries and fossil fuel

power generation on the global climgte (Metz et al., R005). An integral part of the CCS

chain involves the transportation of the captured, G® geological storage sites.
Long-distance transportation of the large quantities of the cap@dan be most
efficiently achieved in the dense phase using pipelines at pressures typically above 86 bar
(McCoy and Rubin, 2008). Given the relatively low pressui@®@f at the point of capture

capture [(Pei et al., 20[4), its pipeline transportation requires additional upstream

compression to reach the desired pressure.

It is estimated that the power demand@®, compression can make up td 8% to the
cost of the electricity generated (Moore, et al.,, 2007). Therefore, the development of
efficient schemes for the compression and conditioning of [@@iOr to its transportation,

and integration of these schemes within CCS is an important practical issue, attracting

increasing attention (see for example, Ludke, 2004; Romeo et al.[| 2009; Aspelynd and
Jordal, ZOOH, Witkowski and Majkut, 2012; Moore et al., 2011).

In recent years, several types of industrial compressors, inclndiimng multiple-train and

and integrally-geared centrifugal compressors currently employed in the natural gas
processing industry, as well as novel two-stage supersonic and low-pressure axial
compressors, have been considered for compression p§t@ams in CCS (Moore and
Nored, 2008; IEAGHG, 2011). Particular analysis of conventional gas-phase
multi-stage compression technology based on centrifugal compressors has shown that its
efficiency can be increasdxy usinga higher number of compression stages, combining

compression with liquefaction and pumping, and applying liquefaction at lower
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temperatures (IEAGHG, 2011). Comparing power consumptiorcentrifugal and
supersonic compression of high-purity £8reams from post-combustion capture has
shown that| (Witkowski and Majkut, 2012; Witkowski et al. 2Q13)the relatively low

efficiency of supersonic shock-wave compressors can be compensated by utilising the
compression heat in other processes in the plant, e.g., for regeneration of amine solutions or
or preheating the boiler water. Pei et al. (2014) have performed analysis of waste heat
recovery inCO, compression using an organic Rankine cycle, showing that the shockwave

shockwave 2-stage compression consumes less energy than 7-stage -centrifugal

compression with intercooling.

While the above studies have primarifgcused on the development of suitable
compression strategies for high-purity £®has also been recognised tG&k streams in

CCS inevitably carry some amount of impurities, whose nature and concentrations
depend on the emission source and capture technology applied. In particular, combustion
of coal and bio-mass derived fuels are expected to produge s€€ams carrying
relatively large amount of impurities as compared to the natural gas fired plants. These
impurities are expected to reduce the effective storage capacity of the resenalscand
affect the physical properties and vapour-liquid phase equilibrium oCMestream,
directly impacting the design of compression equipment and thep{®line transport

(Goos et al.,, 2011). As such, several studies have attempted to quantify the effect of
non-condensable gases on QOmpression. In particular, Li et al (2009) have concluded
that power demand in single-stage gas-phase compression increases with the
concentration of i Hp, O, and Ar found in my-fuel derived CQ. Similar conclusions

have been made by Aspelund and Jordal (2007) who examined the variation in nitrogen

content in a mixture on the compression power demand in direct gas-phase compression.

In order to minimise the compression costs associated with the presence of impurities in
the CO, stream, several studies have focused on optimisingCte separation and
purification processes. In particular, Calado (2012) perforneedmodel-based
optimisation of the operation of compression trains for pre-combu§ionstreams,

considering the pressure and temperature constraints imposed on the system due to
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material considerations and dehydration process requirements. Posch and Haider (2012)
modelled the double-flash separation and distillation-type compression-purification
systems for oxy-fuel derived GGtreams captured in coal- and gas-fired power plants
and compared the systems’ power requirements with those employing conventional
compression without purification. The study showed that using distillation ediow
achieving CQ stream purity ota 99.99%; much higher than in double-flash separation

(ca96%), butat a cost of significant increasea(30%) in the compression power duty.

While existing CQ separation technologies are capable of producing high-purity CO
these technologies can be energy demanding, hence the cost of purification should be
balanced against the costs of transportation and storage of impurel€Wisser et al
(2008) have recommended that non-condensable gases, sughras A, which are not

toxic and do not pose the risk of corrosion for the pipeline/ storage tank steel, can form up
to 5% of the transported GGstream, while not compromising the safety of pipeline
transportation. At the same time, in the case of relatively small gd@ssion sources,
compression and transportation of low-gr&e, carrying more than 5% of impurities,

may be required prior to its further purification. However, to date, the compression

requirements for industrial low-grad¥0, streams have not been systematically assessed.

In this paper, a rigorous thermodynamic model is developed and applied to compute and
compare power consumption requirements for various multistage compression strategies
including inter-stage cooling for impui@O, streams typical of CCS operations. The
range and concentration of the typical impurities originating from various da@ture
technologies, as well as the relevant pressure and temperature conditions for the capture
processes, are summarised in Section 2. Section 3 presentSOtheompression
strategies evaluated in the study. Section 4 describes the thermodynamic model applied
for calculating the power consumption for multi-stage compression. This is followed by
presentation and discussion of the resultSection 5. Conclusions and recommendations

for future work are presented in Section 6.
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2. Industrial grade CO, streams

As mentioned in the introduction, G@aptured from coal and biomass fired plants is
expected to contain larger amount of impurities as compared to gas-fired plants. This
section provides a brief overview of the impurities found irp 8@eams originating from

coal combustion technologies. Table 1 provides a listing and typical concentrations of
main fluid components found in GOstreams capturedin post-combustion,
pre-combustion and oxy-fuel processes. Given that the thermodynamic stateCéd,the
stream leaving the capture process is expected to have direct impact on the design and
operation of the compression unit, conditions of,C&pture are briefly described for the

three capture technologies following Porter et al. (2015).

2.1 Post-combustion capture

In post-combustion capture processCGO; is separated from flue gas originating from
air-fired combustion. Traditionally, amine-based absorption systems operating at close to
ambient conditionsca 1.5 bar andta 40 °C (IEAGHG, 2011)] are used to capture the
CO, from the flue gas, which typically contains only 5-15% @®,, with the remaining

major components being 2ON,, Ar, HO, CO, NOx and SO, (Table 1). Using
amine-based solvents G©@an be purified to above 99% v/v. Due to its relatively high
purity, the impact of impurities on thermodynamic properties of post-combuSthn
streams is often neglected (Witkowski et al, 2013

2.2 Pre-combustion capture

In pre-combustion capture, coal is partially oxidised to produce syngas containing CO
which is then converted in a gas-shift reaction ta @@l H. CO, is next removed in an
absorption process. After capture, the pre-combustion stream typically cara&i8s%

viv COy, up to 1% v/v of N, H,, CO, CH,, H,O and Ar, and ppm level of acid gases
(SO, and HS) (Table 1). In contrast to the post-combustion process, which starts from
near-atmospheric pressure, in pre-combustion capture the flashing is achieved at
pressures around 4.8 11.5 bar (IEA, 2011), whilst the Selexol absorption system
operates at pressures from 20 to 130 bar (Oakey et al., 2010).
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2.3 Oxy-fuel combustion capture

Among several capture processes, oxy-fuel combustion is considered as one of the most
promising options which enables capturing the vast majority of ff@n coal-fired

power plants and can be retrofitted to the existing fleet of modern pulverised coal-fired
power plants (Tigges et al., 2009). In the oxy-fuel capture, the fuel is burned in a mixture

of purified oxygen and recycled flue gas from the boiler containing mainkya@@®water

vapour |[(Kownatzki and Kather, 20[11). As a result, the oxy-fuel flue gas contains

relatively high amounts of oxygen and water. Other major impurities inclaagad Ar.

Before dehumidification, th€€O, concentration in oxy-fuel flue gas is around 70%.
Water scrubbing is commonly achieved at ambient pressure to condense water vapour
and remove traces of ash. Similar to pre-combustion capture, further purification of
oxy-fuel derivedCQO, is performed in a sequence of steps at progressively increasing
pressures. Removal of some reactive and soluble gases suchy andSECI can be
achieved at pressures below 15 bar (White et al., 2006). At this stage, the incregsing CO
stream has puritgf ca 75-85 % v/v (see Table JL Also, the ‘sour compression’ process
proposed by Air Products allows reducing the removat 8@ NQ impurities (Allam

et al, 2005). To further reduce the amount of non-condensable components (such as O
N, and Ar) and achieve CGQpurity of over 95 % v/v, flash-evaporation and distillation

are applied at pressuretca 15-30 bar (Dillon et al., 2005; White et al., 2006, Besong et
al., 2013.

3. CO, compression technology options

In practice, the choice and design of compressors is tailored to the conditions and scale of
the CQ capture and transpo Several types of multistage compression technologies
utilising various types of compressors have recently been considered for CO
compression. Table 2 summarises the three main technology options recommended for
compression of high-purity GQWitkowski et al, 2013), which are in turn considered in

the present study. The main features are briefly described below.
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3.1 Option A: Centrifugal compressors

Option A isa conventional choice for CQzompression in the power generation industry

Aspelund, 201D). Given that the pressure ratio in a single-step centrifugal compressor is

limited to 1.7-2 : 1l (Pei et al., 20[L4), reaching pressurea ®50 bar requires using either

integrally-geared or centrifugal compressors or trains of single-stage compressors,
combined with the inter-stage cooling. Current designs of integrally-geared compressors
use 8 to 10 stages to achieve pressures up to 150-200 bar (IEA GHG, 2011). In a recent
study by Witkowski et al (2013), eight-stage centrifugal compressors were considered for

compression of post-combustion £€€ream from 1.5 to 151 bar.

3.2 Option B: Super sonic shockwave compression

Option B, supersonic shockwave compressism, novel technology uniquely suited for
compression of large volumes of g@ffering compression efficiencies of more than 80%
Kidd and Miller, 2010). This option uses high pressure rat@4,0-12:1 per stage, and

has more compact design and lower capital cost as compared to traditional centrifugal
compression (option A). As an additional benefit, it provides the high discharge
temperature ofa 279°C, which can be utilised, for example for pre-heat of feed-water

the boiler or regenerating amine solutions in post-combustion capture applications

Witkowski et al., 201B). Recently, both two-stage and single-stage shock-wave

compressors have been designed for processing of large amounts;oh GILS
applications (Baldwin, 2009).

3.3 Option C: Compression combined with liquefaction and pumping

In compression combined with liquefaction and pumping, gas-phase centrifugal
compressors are applied to raise the @r@ssure to an intermediate level, at which point,

the CO, stream is liquefied and then puetpto a final pressure suitable for pipeline
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transportation. The underlying premise of the liquefaction approach is that liquid pumps

require significantly less power to raise pressure and are considerably less expensive than

gas compressolls (Duan et al., 2013). As such, liquefying and pumping at lower pressures

could reduce the overall power demand for compregsion (Pei et al|, 2014).

In practice, since at high pressures the boiling point of the pusés@®se to the ambient
temperature (at 62 bar the g@aturation temperature is &3, where applicable,
conventional water cooling systems can be easily applied to liquefyB®&pPending on the
cooling water temperature, using pumps to build up the fluid pressure from 62 to 150 bar
allows saving ofca 10-20 % of the compression duty in conventional gas-phase
compression (Aspelund, 20[10; Witkowski and Majkut, 2012).

4. Methodology

4.1 Thermodynamic analysis

In the present study thermodynamic analysis method is applied to quantify the power
consumption in multi-stage compression. The compression process is modelled as a
sequence of idealised isentropic compression and isobaric cooling steps, ultimately
converting the gas-phase g€6tream to the final dense-phase state ready for pipeline

transportation.

The total power required for N-stage compression is given by:

Wy =G> j(d—pJ W

i=1 ncompi pn P
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where, G and p are respectively the mass flowrate and the densit@@f stream,

while p", p’" and 7., are respectively the inlet and outlet pressures and isentropic

efficiency of the i -th stage. The subscrigdenotes isentropic compression.

Using the first law of thermodynamicsdh=Tds+% and assuming isentropic
Yo
compression, equation (1) may be written
N
comp Z ( out m) (2)

i=1 17 compi

where h*"" and h" are enthalpies of the stream at the suctinf &nd dischargedut)

of the i-th compression stage.

The total cooling duty associated with removing the heat of compression and possibly
liquefying the CQ stream is given by:

N

coo =G Z (I'-]io—L::.t - hiin ) (3)

i=2

In the present study the compression power and cooling duty are calculated as specific
values per tonne o£O, captured,as commonly considered when estimating ‘costs of
CO, avoided (Rubin et al., 2003). The corresponding specific compression power and

cooling duty are defined as:

W, 1 M. & 1 -
Wcom Comp m out_ in (4)
P Geor  Pecor Moz iz—llncompi (h " )
N .
qcool = QCOOI = m Z (hio—Lit - him) (5)

Geoe  Pcor Meo i=2
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where G.,, and ¢.,, are respectively the mass flowrate and mole fraction o CO
component in a mixture, whilevi , and M_,, are molecular weights of the mixture

and CQ respectively.

In order to estimate the power demand associated with cooling of thet@@m, the
approach is adapted based on calculating the work in an ideal compression refrigeration

cycle moving the heat from a coolant evaporation temperalyreo a condensation

temperature, T, (Jobson, 2014):

Ocoo Tcon — Tev
Wcool = I ( < ] (6)
ncool T

ev

were 7., is the efficiency of refrigeration process. In the present study, the coolant
evaporation temperaturd,, is set to be 5°C less than the COstream cooling

temperature, while the condensation temperatiitg,,, is assumed to be 38.

4.2 Properties of CO, mixtureswith impurities

In the present study to determine pertinent,Q®@ixture properties required for

calculation of the fluid enthalpies in equations (1) to (5), the Peng-Robinson Equation of

State (PR EoS) (Peng and Robinson, 1976) along with the appropriate mixing rulegs (Zhao
and Li, 2014ﬂ, Sandler, 1909, Ya and Sadus, R000) is employed.

In particular, to determine the fluid enthalpy, h, and temperature at a given pressure and

entropy, s, pressure-entropy flash calculations are performed by solving simultaneously

the following two equatiom(Sandler, 199P):
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e ) 1 daa)) ZRT +(1+/2)ph,
h=h"° +RT(Z 1)+2\/2_bC{T( T j aca}lnLRﬂ(l_\/E)pb} 7)

C

o pb 1 d(aa) ZRT+(1+J§)pr
- RIn| z- = | 8
T n( RT]+2\/2_bC dT n{ZRTJr(l—\/E)pr ©

where, I’ and § are respectively the fluid enthalpy and entropy in ideal gas state. a
and R are the fluid-specific parameters; @and T are respectively the fluid critical

pressure and temperaturg.= % is the fluid compressibility.

yo,

~—"

is defined as:

The derivative d(aca
dT

2
d@a) _ 457247 [ @)
dT P \TT,

C

In the present study, the above fluid properties are calculated using PR EoS implemented
in REFPROP v.9.1 (Lemmon et al., 2013).

5. Results and discussion

The impurities present in th€0O, stream diretdy impact the fluid phase thereby
constraining the operating envelops of the compression and pumping. units
Accordingly, the VLE behaviour for the typical industrial-grade,G®eams captured in
post-combustion, pre-combustion and oxy-fuel capture processes as presented in Table 1
are examined first. Following this, the thermodynamic conditions matching the fluid
phase requirements for the compression, liquefaction and pumping of variousQayrity
streams are determined and the correspgnthiermodynamic compression paths are

constructed. This is then preceded by evaluation of the power requirements for multistage
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compression of theCO, streams to a dense-phase state suitable for the pipeline

transportation and storage.

5.1 VLE of impure CO, streams

To illustrate the variations in the phase equilibria o, G@eams of various purities, the
liquid-vapour phase boundary is calculated for the mixture compositions from Table 1
using the PR Eo0S. Figure 1 shows the pressure-temperature phase diagram with the
saturation line for pure CQand the bubble-point and dew-point lines for the var©Os
mixtures. As can be seen from Figure 1, the small amount of impurities imG@ires
produced in post-combustioBO, and distillation-grade oxy-fuel stream (99.3% v/v
purity) has very little impact on the bubble-point and dew-point curves, which remain
close to the saturation curve for pure £Qotably, relatively small amount of hydrogen

in the pre-combustion GGCstream (1.5% v/v) has nearly as strong impact on the phase
equilibrium as that for 3.2% v/v of volatiles {NO, and Ar) in oxy-fuel double-flash
stream. In the case of raw oxy-fuel mixtures, which carry relatively large amounts of
impurities (15% v/v), the bubble-point and dew-point pressures are remarkably different
from the vapour pressure of pure £@s can be seen from Table 1, the bubble-point
temperature of post-combustion £€ream at 62 bar is ca 2@, which reduces in the
presence of impurities. In particular, the bubble-point temperature for the oxy-fuel
derived 85% v/v C@purity isca— 55.4°C, which is much lower than that for the other
CO;, streams (Table 1).

As the presence of impurities in oxy-fu@D, stream shifts the VLE boundaries to higher
pressures, it can be expected that higher pipeline operating pressures will be required to
maintain theCO; in the dense phase. Also, the changes in the bubble point caused by the
presence of impurities would affect the operating conditions for Sb®@am liquefaction

and pumping. As such, the knowledge of the VLE for@i@& stream is prerequisite for

the design of compression strategies and should be considered when deciding on the

compressor operating conditions as discussed in the following.
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5.2 Multistage compression of CO, streams containing impurities

In the following, the impact of£O, impurities on the power demand for multistage
compression is determined based for relevant pressure and temperature conditions and
prescribed number of stages for the differed types of compressors presented in Table 2.
Given relatively little impact of impurities on properties of post-combustion and
distillation-grade oxy-fuel C®streams carrying less than 15% v/v of impurities, these
two streams are not considered further in the study, where the focus is made on the 96.7%
v/iv and 85% v/v CQ purity oxy-fuel streams and GOnixture from pre-combustion

capture.

Following Witkowski et al., (2013) th€O, stream temperature entering the compressor

is set at 38°C, which is higher than the cri-condentherm temperatur€©4-rich
mixtures, ensuring the gaseous state of the fluid. Furthermore, following Witkowski and
Majkut (2012), it is assumed that each compression stage is followed by inter-stage
cooling bringing theCO, stream back to 38C. It is also assumed that the £&ream

leaves the compression unit at 151 bar andG@8xcept when combining compression

with liquefaction and pumping as in the option C, as will be explained later). As
discussed in Section 2, the oxy-fuel and pre-combudfi@a capture become most
efficient at elevated pressures around 10-20 bar, wisiciichieved by coupling the
compression and purification processes. Since this coupling complicates the analysis of
the impact of impurities on compression, the present study is focused on the
high-pressure compression phase starting from an intermediate pressure of 15 bar, which
is chosen from the operating pressure range of oxy-fuel and pre-combustion capture

technologies.

For the purpose of the present study, the pressure ratios for the individual stages of
compression of the impure GOstreams is chosen based on the previous
recommendations for the high-purity €QWVitkowski et al, 2013). In particular, for
multi-stage centrifugal compressors (option A), the pressure ratio is set tb, Wih8e

for the supersonic shock-wave compressors (option B), the pressure ratio is chosen to be

DOI: 10.1016/j.ijggc.2016.08.010



10:1. In the case of multi-stage compression (option C), following the strategy employed
by Witkowski et al (2013), a 2-stage centrifugal compressor is utilised to raise the
pressure in the gas stream from 15 to 62 bar, which is followed by subsequent
liquefaction and pumping to 151 bar. As mentioned in Section 3.3, the advantage of the
above compression strategy stems from the fact that using pismgseaper than
operating compressors. However, in order to benefit from this advantage, the liquefaction
should be achieved without significant rise in capital and operating costs. Also, in order
to avoid formation of dry ice in a condensing gas, its temperature should remain above
the triple point temperature of fluid, which in case of pure, ®-56.6 °C. Table 2
shows that for all the Cstreams considered the liquefaction can be performed at 62 bar
pressure and temperatures abe¥6.6°C. As such, in the present study the liquefaction

iIs assumed to be performed at 62 bar pressure which is only slightly above 60 bar

pressure recommended for high-purity £OVitkowski and Majkut, 2013| Aspelungd,
2010).

Figures 2, 3 and 4 respectively represent the fluid pressure-enthalpy p-h diagrams
showing compression paths for the different compressor types A, B and C (Table 2)
based on the above pressure ratios, inlet/outlet conditions andCiOprstreams
representative of the various capture technologies. The latter include 96.7% v/v and 85%
viv CO, purity oxy-fuel streams, pre-combustion stream carrying 98.07% v/v gf&20

pure CQ, which practically represents high-grade post-combustion and distillation-grade
CO, (Table 1).

Figure 2 a for pure CQprovides a reference for analysis of compression of impure CO
streams in Figures 2 b, ¢ and d. Returning to Figure 2 &C@e-h compression path
corresponds to the 4-stage compression from the inl¥ 28d 15 bar (point 0) to 38

and 151 bar final state (point 4). During each compression stage (& 2 -3, etc) at

the constant pressure ratio of 1T8&he exit fluid temperature reachea 90 °C. This
temperature is then reduced to “€8in isobaric cooling processes {1-2-2’, 3-3’, etc)

before entry into the next compressor stage.
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Figures 2 b-d show the phase diagrams and the fluid p-h compression paths for the three
CO, mixture streams representative of the various capture technologies (Table 1). In each
case, the 4 stage compression starts from 15 bar af€.38 practice, the 4-stage
compression is performed using either a spgcidesigred high-pressure integrally
geared compressor, or using the more conventional, though less compact, train of 4

single-stage compressors (IEAGHG, 2011).

Figures 3 a-d present the fluid phase boundaries and the corresponding p-h paths for the
supersonic shock-wave compression of pure, (Fgure 3 a) and the various €O
mixtures (Figures 3 b-d). In all the cases the inlet temperature and pressure aestaken
38 °C and 15 bar witha pressure ratio of 10 resultingin the final delivery pressure of

151 bar. Inter-cooling at each stage reduces the compressed fluid temperatuca from
279°C back to the feed temperature of°88 As discussed previously by Witkowski et al
(2013), the shock-wave compressors consume more power than conventional centrifugal
compressors, but offer more compact design, have lower capital cost and generate
compression heat of sufficient quality to be utilised elsewhere in the plant.

Figures 4 a-d show the corresponding data as in Figures 3 a-d but for multistage
compression with pumping following liquefaction of t¥, at subcritical pressures
(option C, Table 2)As shown in Figure 4 a for pure GGhe feed is first compressed in

2 stages (0-2) from 1.5 bar to 62 bar, followed by isobaric liquefaction),(&s@thermal
pumping to 151 bar (23") and heating back to the inlet temperature JiC383-4).
Similarly, in Figures 4 b-d, the three-stage compression of impure oxy-fuel and
pre-combustion streams from 15 bar (0-12) is followed by liquefaction (2-2,

pumping (2-3°) and heating (34).

5.3 Compression power requirements

Figure 5 shows the compression power demands, the inter-stage cooling duties and the
cooling power demands per tonne of C€ptured, calculated using equations (4), (5)

and (6) respectively, for the cases presented in Figures 2 - 4. Following the study by
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Witkowski et al. (2013), the compressor efficiengget to 0.8, while the cooling system
efficiency is set to 0.6 (Jobson, 2014.). To account for high pressures,ti@ams in
pre-combustion and oxy-fuel capture (as discussed in Section 2), the analysis is
performed for the high-pressure compression phase starting from 15 barhd 38

Figure 5 a shows theariation of thecalculated compression power demands for the
different compressors against th€@O, purity. The corresponding cooling duty
requirements are presented in Figure 5 b, while Figures 5 ¢ shows the estimated power

demands for the cooling system operation.

As can be seen from Figures 5 a and b, the presence of impurities in thetr€mn
affects both the compression power and the inter-stage cooling duty. In agreement with
previous studies (Witkowski et al, 2013; IEAGHG 2011), the power demand for
compression of pure GQusing supersonic compressors (option B) is estimated ta be
50% higher than that for the centrifugal compression (option A). On the other hand using
liquefaction and pumping (option C) reduces the compression power demaad B

when compared to multi-stage centrifugal compressors (option A).

Also, the results in Figure 5 a show nearly equal power demands for compression of the
double-flash 96.7% v/v purity oxy-fuel and the 98.07% v/v purity pre-combustion
streams. This can be attributed to the fact that the pre-comb@@ipstream contains

1.5 % v/v of hydrogen (Table 1), which is relatively small compared to 3.2% v/v of
volatiles(N2, O, and Ar) found in oxy-fuel double-flash stream, but has stronger effect on
the physical properties of the fluid, particularly the density and, hence, the compression

power.

Remarkably, the results in Figure 5 indicate that multistage compression is characterised
by a large cooling duty. In particular, when using compression options A, B and C to
compress C@ streams carrying less thata 5% (v/v) of impurities, the inter-stage
cooling duty is predicted to b= 3, 2 and 4 times bigger than the compression power (cf

the data in Figures 5 a and b). This primarily can be attributed to non-ideal behaviour of
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the CQ fluid and significant decrease in the fluid enthalpy with pressure, impacting the

compression power and cooling duty in equations (4) and (5).

In the case of dehumidified oxy-fuel stream of 85% (v/v) purity, the cooling duty
becomes particularly large, reachimg 134 kWh/tCQ, which can be attributed to
relatively low temperature (-58°C) considered for liquefaction of the 85% (v/v) purity
oxy-fuel CQ stream. Possible strategies for removing such large amounts of heat from
the CQ compression, may include optimising the heat integration between the CO

compression and other processes in the CCS plant.

The relatively large cooling duty in comparison with the compression power can be
primarily attributed to a fact that at pressures alav&5 bar the enthalpy of gas-phase

CO, depends not only on temperature but becomes a strong function of pressure. As a
result, the enthalpy increase in isentropic compression becomes less than the enthalpy
decrease in the subsequent cooling to the original temperature. The latter can be
illustrated by e.g. Figure 3 a, where the enthalpy changes in the compression (0-1) and
cooling (14°) processes can be compared directly. It is important to note that actual
power demand for operating the cooling system is not equivalent to the cooling duty and
may be significantly reduced by integrating the cooling system operation with other
processes in the CCS capture and, €@@ission plant. Figures 5 ¢ shows the estimates of
power consumptions for operation of the cooling system as part of multistage
compression process. From comparison of the data in Figure 5 a and 5c it can be seen that
the cooling system is expected to consume less than ca 7% of power spend on
compression in options A and B, while using compression option C (compression
combined with liquefaction and pumping) results in significant increase in the cooling
system power demand, which reacbha$0% and 250% of the compression power when

applied to oxy-fuel double-flash and the oxy-fuel dehumidified CO2 streams respectively.

While the minimum acceptable levels of impurities are dictated by specific transportation
and storage conditions, the cost of grification should be traded off against the costs

of compression, transportation and storage of impurgd®am. The results in Figure 5
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a and c provide estimates for the power demand in compression per tonne of CO
avoided, which is relevant for analysis of the relative costs of mitigation of CO

emissions (Rubin, Rao and Chen, 2003).

Additionally, the relative changes in the compression power demand and cooling duties

associated with the presence of impurities in, &@eams, are calculated as:

CO2

Wcomp - Wcomp
Wy = — 2™ 5™ 1 0 (10)
comp
_ 4CO2
&:Icom — qCOOI CO(Z:]COOI . 100)/0 (11)

cool

where w and g, are respectively the specific compression power and cooling

comp

co2
cool

duty of impure CQ streams, whilewS% and q

comp

are those corresponding to the

pure CQ.

Figures 6 a and b show respectively the relative chadges,, and dw,,,, calculated

cool?
using equations (10) and (11) based on the data presented in Figure 50k gteeans

of various purity. As can be seen from Figure 6 a, the compression power generally
increases with the decrease in L£Qurity. This can be explained by the fact that
compression power (see equation (2)) is inversely proportional to the fluid density which
progressively decreases with the increase in the amount of the impurities. In the case of
oxy-fuel stream carrying 85% v/v impurities, the multistage compression (Figuye 6 a
demandsa 12-30% more power than compression of pure.@&@markably, the impact

of CQO, stream purity on the intercooling duty (Figure ¥ ib non-monotonic. In
particular, when using compression options A and B, the impact of impurities on the
cooling duty becomes notable only for the oxy-fuel,G@®eam of 85% purity, where the
cooling is reduced by less thaa 2% when compared to the pure £ the case of the
compression option C, the cooling duty is slightly increased ¢hy5%) for

pre-combustion and oxy-fuel double-flash streams, and becomes 5326 larger than
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for the pure C@when applied to oxy-fuel dehumidified G&tream.The latter increase

in the cooling duty can be attributed to the decrease in the bubble point temperature of the
CO, mixture with the impurities as discussed earlier and as can be seen from the data in
Table 1.

6. Conclusions and recommendations

The results of a thermodynamic analysis performed for determining the power
requirements for the compression 60, streams for pipeline transportation and
subsequent geological sequestration were presented. The stt&éams considered
included those captured from oxy-fuel and pre-combustion coal-fired power.plants
Several industrial compression schemes as previously recommended for high-purity CO
streams captured ia post-combustion plant (Witkowski et al., 2013) were considered.
The three strategies examined included gas-phase compression using multistage
centrifugal compressors, multistage compression of g@®followed by liquefaction and
pumping, and gas-phase compression using supersonic shock-wave two-stage and
single-stage compressors. Given the relatively high pressures,dt@@ms captured in
oxy-fuel and pre-combustion processes, the analysis was performed for the high-pressure

compression phase startiagl5 bar.

It was found that for oxy-fuel and pre-combustion,&@eams of purity higher thara

96%, the compression power for the three compression strategies examined was not
significantly affected by the presence of impurities. In case of the oxy-fuel stream with
85% CO, purity, the compression power requirement for the three compression schemes
considered was found to increasedayl2-30% more than that for the compression of
pure CQ.

The power demand for operating the inter-stage coolers is estimated to be relatively small
in comparison with the compression power demand (lessdaai®) when using the

centrifugal and shock-wave compressors. However, when using compression combined
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with liquefaction and pumping, the cooling system operation can take up about 50% of
the compression power when applied to the oxy-fuel double-flash and pre-combustion
CO, streams, and becomes nearly 2.5 times higher than the compression power demand
when applied to an oxy-fuel dehumidified stream of 85% Q@ity.

The relatively high estimated power demand for the operation of the compressor cooling
system can be attributed to large cooling duties for the liquefaction of impuse CO
streams. In particular, the cooling duty was shown to increase by up to 50% when

compressing oxy-fuel CQwith 85% v/v purity as compared to that for pure,CO

Remarkably, foICO, streams of higher than 95 v/v purity, compression combined with
liquefaction and pumping can result in as muchcasl5% increase in efficiency as
compared to conventional centrifugal compression. The liquefaction can be achieved at
subcritical pressures around 62 bar using conventional water cooling systems at
temperatures in the range 10 to €D At the same time, the study shows that operating
such a system becomes less feasible for lower gr@&@® streams due to incomplete
liquefaction of the C@stream. In particular, given the low bubble-point temperatures of
oxy-fuel streams ofta 85% CO, purity, liquefaction at 62 bar would require using
coolant temperatures as low &4.5°C which would not be economically viable. This
temperature may be increased by applyp@y liquefaction at higher pressures, however,

to determine the optimal conditions for the liquefaction, the trade-off between the costs

for operating compressors and cooling/pumping system should be carefully considered.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Boundaries of VLE region in pressure-temperature pl
diagram for pure Cg& pre-combustion, post-combustion a
oxy-fuel streams (85 and 96.7 % \BO,) calculated using PF
EoS.

Phase envelope boundaries and thermodynamic paths fc
‘option A’ compression of pure CG{a), oxy-fuelCO, of 85 %
viv purity (b), oxy-fuel CO, of 96.70 % v/v purity (c), an

pre-combustior€O, stream (d).

Phase envelope boundaries and thermodynamic paths fc
‘option B’ compression of pure CQa), oxy-fuelCO, of 85 %
viv purity (b), oxy-fuel CO, of 96.70 % v/v purity (c), an

pre-combustion C@stream (d).

Phase envelope boundaries and thermodynamic paths fc
‘option C* compression of pure G{da), oxy-fuel CO, of 85 %
viv purity (b), oxy-fuel CO, of 96.70 % v/v purity (c), an

pre-combustion C@stream (d).

Power consumption in multistage compression (options A, B
C) of pure CQ and theCO, mixtures of various purity (Table).1
(a) — compression duty, (b) inter-stage cooling duty, (¢}

cooling power demand.

The relative variation in the compression power (a)
inter-stage cooling duty (b) caused by the presence of impu
in the CO, streams (options A, B and C).
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Table captions

Table 1 Average compositions ofcO, mixtures capturedin oxy-fuel,

pre-combustion and post-combustion technologies (Porter 4
2015).

Table 2 Multistage compression options.
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Table 1:

; Oxy-fgle l T b Pre- Post-
Raw Double Distillation . .
dehumidified flashind’ combustio combustiof
CO, (% Vviv) 85.0 96.78 99.30 98.07 99.8

0, (% VIv) 4.70 1.20 0.40 - 0.015

N2 (% Vv/v) 5.80 1.60 0.20 0.02 }O 045
Ar (% vIv) 4.47 0.40 0.10 0.018 '
NO.(ppm)) 100 150 33 - 20

SO, (ppm) 50 36 37 700 10
SOs(ppm) 20 - - - -
H20(ppm) 100 - - 150 100

CO (ppm) 50 - - 1300 10

H2S (ppm,) - - - 1700 -

Hz (ppmy) - - - 15000 -
CHa(ppm) - - - 110 -
Bubble-point

temperature®C) -54.5 14.8 23 16 23

at 62 bar

Sources: [a] (Kather and Kownatzki, 2011), [b] (Pipitone and Bolland,[2009),
[c] (EC-2011), [d (Kather et al, 2013).

Table 2;

Option

Type of compression machines

Multi-stage centrifugal compressors

Single- or two-stage supersonic shock-wave compressc

Multi-stage centrifugal compressors combined with the

liquefaction and pumping units
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