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A generic exergy targeting tool for gas separation processes is developed, which is applicable to any defined 

boundary conditions for incoming feed gas as well as delivered separation products. Whereas targeting tools in 

the literature so far are mostly simplified and limited to post-combustion related cases and isothermal and isobaric 

conditions, the present approach is based on a rigorous exergy methodology, which enables exergy targeting for 

a broad spectrum of boundary conditions. 

Understanding the causes behind thermodynamic losses throughout the process is a prerequisite for improving 

energy efficiency. In this respect, exergy analysis provides a powerful tool, which enables the identification and 

quantification of irreversibilities and thereby exergy losses. The methodology is used to show that common 

separation processes can be attributed with negative minimum separation work, since a corresponding reversible 

separation process would yield an exergy output in addition to providing the specified product streams. 

CO 2 capture involves considerable energy demand caused by the various processing steps. The exergy balance 

of a CO 2 capture process can in turn be applied to determine the exergy efficiency for each sub-process as well 

as for the overall process. Exergy efficiency criteria can be formulated in different ways, and in the present work 

it will be evaluated primarily against the minimum theoretical exergy requirement, that is, the performance 

theoretically achievable for a reversible process. 

Through a quantitative example based on published literature on CO 2 separation from syngas, it is shown that 

a process may still require a substantial amount of exergy input despite having a negative minimum separation 

work, which in turn results in a negative exergy efficiency. A relation between sub-system exergy efficiency and 

overall system exergy efficiency is derived on a general basis. For the numerical example of CO 2 capture from 

syngas, the derived relation shows consistency and is able to reproduce the total process efficiency also when 

one of the sub-processes, CO 2 separation, has a negative exergy efficiency. Exergy efficiency results are finally 

compared with corresponding results based on a well-established rational exergy efficiency. 

Despite different values and even signs for the separation sub-process efficiency, it is still shown that there 

are no contradictions between the two efficiency criteria when used consistently, since they give identical total 

exergy efficiency when applied to the control volume of the combined CO 2 separation and compression process, 

and since identical results are obtained also when expressing the total exergy efficiency as a linear combination 

of the two sub-process efficiencies, one of which has a negative sign. 
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. Background and motivation 

CO 2 capture processes are generally causing considerable energy de-

and that is related to most or all of the involved processing steps.

uch steps include CO 2 separation and enrichment, drying and simi-

ar conditioning processes, compression and liquefaction. CO 2 enrich-

ent and separation from flue gas, synthesis gas, tail gas or natural

as, and the conditioning to viable transport and storage conditions are
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nherently parasitic, thus contributing to, amongst others, energy-driven

perational expenditures and thereby affecting the economy of CO 2 cap-

ure, whether this is intended for utilisation (CCU), permanent storage

CCS) or enhanced oil recovery (EOR). In the pursuit of improved and

ess parasitic CO 2 capture processes, it is of utmost importance to better

nderstand the efficiency of capture processes and technologies, as well

s the causes of inherent thermodynamic losses for different technolo-

ies. This insight can in turn reveal further improvement potentials, as
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Fig. 1. Examples of capture conditions for natural and industrial CO 2 sources characterised by CO 2 molar fraction (horizontal axis) and CO 2 partial pressure (vertical 

axis). The plot is based on ( Berstad et al., 2013 ) and amended with additional relevant examples. 
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countered 
ell as identify limitations and barriers associated with a given techno-

ogical solution. 

Exergy analysis provides a powerful tool as a means for identifying

nd quantifying the thermodynamic losses, referred to as irreversibili-

ies, on every level of a CO 2 capture process. Losses can be quantified

ndividually for each component, locally for any defined sub-process

ontrol volume, as well as globally for the total process from feed to

roducts. Furthermore, the performance can be formulated in different

ays on the basis of various criteria for exergy efficiency. A fundamen-

al approach in this respect is to relate the actual exergetic performance

nd irreversibilities of a process to what is theoretically achievable for

 loss-free, reversible process. 

CO 2 can in principle be captured from a multitude of natural and

ndustrial/anthropogenic sources. Within this scope, the potential CO 2 

apture conditions vary in a very broad sense. CO 2 capture conditions

an be characterised by multiple intensive and extensive properties such

s gas flowrate, temperature, pressure and chemical composition. Pres-

ure level and chemical composition are two central properties in this

espect, which can be used to calculate the CO 2 partial pressure in a

as stream. CO 2 partial pressure is a characterising property of high im-

ortance, and arguably the main property of interest when it comes to

orting and ranking the different CO 2 capture conditions found amongst

he multitude of potential sources. 

In the world of industrial research and development, CO 2 capture is

argeted for a wide range of sources, from ambient air with an extremely

ow CO 2 partial pressure through Direct Air Capture (DAC) ( Erans et al.,

022 ), to CO 2 -rich, high-pressure synthesis gas from natural gas reform-

ng ( Oh et al., 2022 ) or coal gasification ( Jordal et al., 2015 ). Across this

pan of capture conditions the CO 2 partial pressure and thus the avail-

ble driving force for CO 2 separation varies by as much as five orders

f magnitude, from around 0.4 mbar in the case of DAC to multiples

f 10 bar in the case of synthesis gas derived from coal gasification

 Berstad et al., 2013 ). Given these extreme differences as well as the

ealisation that each separation technology has inherent limitations and

an perform efficiently only within certain ranges of CO 2 capture condi-

ions, different technologies and solutions are required to cover the full

pectrum of potential CO 2 sources ( Berstad et al., 2013 ). 

A diagram covering a considerable portion of the CO 2 capture spec-

rum is provided in Fig. 1 . The plot shows several data points, each rep-

esenting the capture conditions for a CO 2 -containing gas in form of the
2 
haracterising CO 2 molar fraction and CO 2 partial pressure. In addition,

ertain isobars for total pressure between 1 atm and 150 bar are plot-

ed, including 5.2 bar, which is the approximate triple point pressure

or pure CO 2 , and which has relevance to separation processes utilising

hase change such as CO 2 liquefaction or CO 2 anti-sublimation. In ad-

ition to source conditions, a handful of typical CO 2 pipeline transport

onditions are plotted in the top right corner of the chart. 

In addition to the plot providing an overview of capture conditions,

nother aspect is that qualitatively, the distance between the locations

f any given CO 2 capture condition and the final transport condition can

e interpreted as the difficulty or expected energy intensity of CO 2 sepa-

ation and CO 2 compression combined. Capture conditions for DAC and

ther highly diluted CO 2 -containing flue gases are located towards the

ottom left corner and are those farthest away from pipeline transport

onditions in the chart. These are generally encumbered with higher en-

rgy demands for CO 2 capture and compression than what is the case

or high-pressure and high-concentration sources located closer to the

ransport state. In the following, this qualitative assessment will be de-

eloped into a strictly quantitative one by analysing capture and trans-

ort conditions through rigorous exergy analysis. 

The goals of the present work are to apply rigorous exergy analysis

n order to: 

• Obtain a quantification method for the minimum theoretical exergy

required to achieve separation of a CO 2 -containing process stream

into desired separation products, valid for any chosen states 
• Obtain an analytical relation between the exergy efficiency of sub-

processes and the total exergy efficiency for CO 2 capture processes,

where the exergy efficiency is defined as the ratio between theoret-

ical and actual exergy requirement 

These methods and the complementary results that will be produced

or relevant examples, will contribute to new insights, showing e.g. that:

• CO 2 separation sub-processes can in certain instances be attributed

negative values for the minimum theoretical exergy requirement, as

well as negative exergy efficiency 
• The developed relation between the exergy efficiencies of the sub-

process and that of the overall CO 2 separation and compression pro-

cess is consistent, even when a negative sub-process efficiency is en-
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Fig. 2. Black box representation of CO 2 separation at isobaric and isothermal conditions and subsequent CO 2 compression. 
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. Literature review of exergy calculations for isothermal and 

sobaric separation processes based on ideal gas assumptions 

.1. Targeting minimum theoretical separation work 

The minimum theoretical separation work or minimum exergy re-

uirements for separation is obtained when all processes are considered

eversible. This minimum work has been derived for CO 2 capture under

ertain conditions in the published literature. It should be noted that the

ain focus in the literature is on isobaric and isothermal CO 2 separa-

ion in the sense that the respective temperatures and pressures of the

ncoming feed stream ( T 1 , p 1 ) and outgoing product streams ( T 2 , p 2 and

 3 , p 3 ) are assumed to be equal as indicated in Fig. 2 , while the com-

osition vectors ( x 1 , x 2 , x 3 ) and molar flows ( Ṅ 1 , Ṅ 2 , Ṅ 3 ) are the only

roperties undergoing changes. This assumption can be reasonable as

ong as atmospheric or near-atmospheric pressure levels are considered,

hat is, conditions applicable to primarily post-combustion CO 2 capture

nd DAC. 

These assumptions (constant temperature, constant pressure and

deal gas) allow for simplifications in the analytical derivation of the

eversible separation work or exergy requirement Ẇrev,sep. of a CO 2 sep-

ration unit. Thermomechanical exergy terms for the feed and product

treams balance each other, rendering chemical exergy as the only im-

acting terms. Moreover, since there are no net chemical reactions and

here is otherwise a conservation of mass for each chemical component,

he reversible separation work can be expressed as: 

̇
 𝑟𝑒𝑣,𝑠𝑒𝑝. = �̄� 𝑇 0 

[ 

�̇� 2 
∑
𝑗 

𝑥 2 ,𝑗 ln 𝑥 2 ,𝑗 + �̇� 3 
∑
𝑗 

𝑥 3 ,𝑗 ln 𝑥 3 ,𝑗 − �̇� 1 
∑
𝑗 

𝑥 1 ,𝑗 ln 𝑥 1 ,𝑗 

] 

(1) 

here the product stream flowrates ( Ṅ 2 , Ṅ 3 ) and chemical compositions

 x 2 = [ x 2,1 , x 2,2 , …, x 2 , j ], x 3 = [ x 3,1 , x 3,2 , …, x 3 , j ]) of each product

tream is a function of the specified feed flowrate ( Ṅ 1 ), feed composition

 x 1 = [ x 1,1 , x 1,2 , …, x 1 , j ]) and split ratio of each component (1, …, j ) in
he black-box separation process. 

The expression may be further condensed by compounding all dilu-

nts (components other than CO 2 ) and assuming a binary ideal gas mix-

ure made up of CO 2 and the complementary “non-CO 2 ” components.

nother common approximation is to consider the captured CO 2 stream

s pure ( Herzog et al., 2009 ), which eliminates the mixing term for the

O 2 product stream from the expression since ln x 3, CO2 = 0 and ev-

ry other value for x 3, j = 0. The absolute term for Ẇrev,sep. in Eq. (1) is

ommonly scaled with the flowrate of captured CO 2 (equals Ṅ 3 ·x 3, CO2 )

o that the minimum separation work is expressed in specific terms, e.g.

J/mol CO 2 . In addition to different options for expressing Eq. (1) , there

re also different ways to derive and arrive at this result. 
3 
Wilcox (2012) derived the expression for minimum separation work

ased on the Gibbs free energy change between the feed stream and

he two product streams. Underlying assumptions were constant tem-

erature, constant total pressure and ideal gas behaviour. The same

utline based on Gibbs free energy was made by Zhao et al. (2017) .

ochedo and Szklo (2013) applied the same ideal gas-based relation

or estimating the minimum work of separation (MWS) for absorption-

ased capture processes, given isothermal conditions. A second method,

ased on the Peng–Robinson equation of state, was also applied as a

enchmark for the ideal gas model, but no further details on the exergy

ethodology were provided. Herzog et al. (2009) declared the same re-

ation for the ideal work of separation in a rough minimum work calcu-

ation. Nord and Bolland (2020) showed different approaches to arrive

t the same relation, for instance by considering the reversible work for

ompressing diluted gas components from their initial partial pressure,

s also found in the theory of chemical exergy of mixtures outlined by

otas (1995) , and combining this with the chemical exergy balance of

he black box separation process. 

.2. Quantifying the exergy efficiency of separation with minimum 

heoretical separation work as benchmark 

.2.1. Exergy efficiency definition 
A commonly agreed expression for quantifying the exergetic perfor-

ance of a post-combustion CO 2 separation process with isobaric and

sothermal boundary conditions, is the ratio between minimum theo-

etical separation work, expressed from Eq. (1) , and actual separation

ork: 

 = 

�̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ. 

�̇� 𝑖𝑛, 𝑎𝑐𝑡. 

(2)

In more general terms, since many processes have a combined exergy

nput in terms of both mechanical power and thermal energy, the terms

or work or power can be replaced by exergy to represent the various

orms of exergy input to the process. Hence, the symbol for power or

ate of work Ẇ used in Eq. (1) can be substituted by the rate of exergy

as done in Eq. (2) . 

.2.2. Exergy efficiency of chemical solvent-based post-combustion CO 2 

eparation 
Nord and Bolland (2020) provided a numerical example for cap-

uring 85% of CO 2 from a flue gas containing 14 mol% CO 2 .

 Monoethanolamine (MEA) process with a specific reboiler duty

f 4 MJ th /kg CO2 and a specific auxiliary power requirement of

.04 MJ p /kg CO2 was assumed as energy input. The resulting stand-alone

xergy efficiency for an isobaric separation process was assessed to be
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Fig. 3. Generic control volume for a reversible gas separation process. 
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3–14%, whereby the exergy input from auxiliary steam was estimated

rom a heat-to-power conversion factor, based on the alternative use of

team in turbines. 1 

Amrollahi et al. (2011) assessed the exergy efficiency of a chemical

olvent unit capturing 90% of CO 2 from gas turbine exhaust containing

.8 mol% CO 2 . With a specific reboiler duty of 3.86 MJ th /kg CO2 , the

esulting exergy efficiency was calculated to be 21.2%. The overall ex-

rgy efficiency for the separation and compression processes combined

as 31.6%. For more advanced configurations of the capture unit, the

tand-alone exergy efficiency could be increased to 25.0%, and the over-

ll exergy efficiency for separation and compression correspondingly to

5.6% ( Amrollahi et al., 2011 ). 

Edwards et al. (2015) have assessed the typical stand-alone exergy ef-

ciency of CO 2 capture processes by amine absorption to be around 20%

ased on process data from ( Rochelle et al., 2011 ). Cao et al. (2017) con-

ucted an exergy analysis of a chemical looping air separation (CLAS)

GCC plant with post-combustion CO 2 capture using MEA as chemical

olvent. The exergy efficiency of the CO 2 capture and compression unit

s reported to be 28.7%, but the applied definition of exergy efficiency

s not corresponding to Eq. (2) , rather as the ratio of total exergy out-

ut and input to the sub-process control volume. Other works in the

iterature have estimated the exergy losses/irreversibilities for CO 2 cap-

ure units ( Ertesvåg et al., 2005 ; Geuzebroek et al., 2004 ; Feyzi et al.,

017 ), but they have not assessed the capture unit stand-alone exergy

fficiency. 

. Method: outline and implementation of a generic exergy 

argeting tool for general boundary conditions 

The simplified approach to obtain minimum separation work for a

eversible separation process, as given by Eq. (1) , has strict limitations

nd validity ranges. To further develop the methodology to cater for

ny chosen boundary conditions, the basis for a generic exergy targeting

ramework is presented. The purpose is to enable reversible targets for

ny pressure level, temperature level, chemical composition and phase

or any given separation. The model is entirely based on freely defined

tream conditions and can be implemented in simulation software using

ny chosen thermophysical fluid property model. As will be illustrated

ater in Section 5 , this targeting approach is necessary for enabling the

valuation of exergetic performance of common CO 2 separation tech-

ologies for which there are substantial changes in e.g. pressure level

etween feed and products. 

The steady-state exergy balance of an open control volume (CV) with

ny number of streams crossing the boundaries, can be expressed as

ollows ( Kotas, 1995 ): 

 = − �̇� cv + 

∑
𝑖, in 

�̇� 𝑖 ̄𝑒 𝑖 − 

∑
𝑗, out 

�̇� 𝑗 ̄𝑒 𝑗 + 

∑
𝑟 

�̇� 𝑟 

( 

1 − 

𝑇 0 
𝑇 𝑟 

) 

− �̇� cv (3)

here the term Ẇcv is the exergy transfer rate in the form of work cross-

ng the boundary (negative sign for work entering the control volume),

 CV is the rate of irreversibility in the control volume and �̇� 𝑟 are indi-

idual heat flows (positive sign for heat entering the control volume)

ccurring at temperature level T r . The factor (1 – T 0 / T r ) denotes the

imensionless exergetic temperature of heat flow �̇� 𝑟 . Ṅ i and Ṅ j are the

ndividual inlet and outlet molar flowrates while the terms ēi and ēj de-

ote the molar exergy for each flow of matter, which can be further

ecomposed into: 

̄ = 𝑒 tm + 𝑒 ch + 𝑒 kin + 𝑒 pot (4)

or the present purpose, the change in molar kinetic exergy ēkin and

otential exergy ēpot are negligible and considered to be at substantially
1 The exergy efficiency will drop to around 11 % if the Eq. (2 ) criterion is 

pplied, whereby the thermomechanical exergy transferred from steam conden- 

ation is considered as exergy input instead of the alternative steam turbine 

utput. 

p

e

4 
ower orders of magnitude compared to thermomechanical exergy ētm 

nd chemical exergy ēch . Molar thermomechanical exergy is defined as:

̄ tm = ℎ̄ − ̄ℎ 0 − 𝑇 0 
(
�̄� − ̄𝑠 0 

)
(5)

here ̄ℎ 0 and s ̄0 denote the molar enthalpy and entropy at ambient con-

itions, that is, at ambient temperature T 0 and ambient pressure p 0 . In
his work T 0 is generally set to 288 K, with the exeption of certain nu-

erical examples using 298 K in Sections 3.1 , 3.2 and 5.7 , while p 0 
s always equal to 1.013 bar. Chemical exergy for a multicomponent

tream of matter on a molar basis can be expressed as ( Voldsund et al.,

014 ): 

̄ ch mix = 

∑
𝑗 

𝑥 𝑗 ̄𝑒 
ch 
𝑗 
+ ̄ℎ 0 − 

∑
𝑗 

𝑥 𝑗 ℎ̄ 𝑗, 0 − 𝑇 0 

( 

�̄� 0 − 

∑
𝑗 

𝑥 𝑗 ̄𝑠 𝑗, 0 

) 

(6)

here x j is the molar fraction of component j, ēj 
ch is the molar chemical

xergy of component j and ℎ̄ 𝑗, 0 and s ̄j ,0 are the molar properties for en-

halpy and entropy, respectively, at ambient conditions for component

 in pure form. 

In separation processes with no net chemical transformations 2 and

hus a conservation not only of mass but also the number of molecules

or each single component, the flowrate for each single chemical com-

onent balances. Consequently, the amount of chemical exergy for each

omponent in pure form also balances and the first term on the right-

and side of Eq. (6) can therefore be eliminated from the exergy balance.

Fig. 3 illustrates a reversible CO 2 separation process where a feed

tream enters at molar flowrate Ṅ 1 , thermodynamic state 1 ( p 1 , T 1 ) and

ith composition vector x 1 . In the black box for the separation process,

his feed stream is split into two product streams: a CO 2 -depleted prod-

ct at thermodynamic state 2 with properties Ṅ 2 , p 2 , T 2 and x 2 and a

O 2 product with properties Ṅ 3 , p 3 , T 3 and x 3 . No other process streams

re assumed to enter or leave the boundaries, although the model may

e extended to any number of product streams, as well as feed streams

f required. Assuming reversible separation, while using arrows rather

han sign convention where work produced by the system in the control

olume is positive, the expression for minimum theoretical separation

ork can be expressed as: 

̇
 min = �̇� 2 

(
𝑒 tm 2 + 𝑒 ch 2 

)
+ �̇� 3 

(
𝑒 tm 3 + 𝑒 ch 3 

)
− �̇� 1 

(
𝑒 tm 1 + 𝑒 ch 1 

)
(7)

Eq. (7) can be modified by scaling the minimum theoretical sepa-

ation work with the molar flowrate of the captured/separated CO 2 in

rder to obtain an expression for specific work requirement in kJ/mol

O 2 separated: 

̄
 min = 

�̇� 2 
(
𝑒 tm 2 + 𝑒 ch 2 

)
+ �̇� 3 

(
𝑒 tm 3 + 𝑒 ch 3 

)
− �̇� 1 

(
𝑒 tm 1 + 𝑒 ch 1 

)
𝑥 CO 2 , 3 �̇� 3 

(8) 
2 With respect to streams crossing the control volume boundaries, thus inde- 

endent of any intermediate chemical transformations inside the control volume 

.g. through chemical sorption. 



D. Berstad and T. Gundersen Carbon Capture Science & Technology 7 (2023) 100111 

Fig. 4. Comparison of minimum theoretical work for different isothermal and isobaric separations. 
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.1. Comparison of exergy targeting results for ideal gas-based and 
igorous exergy calculations 

The dominant air components nitrogen and oxygen exert ideal gas

haracteristics at temperature and pressure in the proximity of ambient

onditions. This can be a reasonable approximation also for CO 2 , which

as a compressibility factor of around 0.994–0.995 in the range 288–

98 K at atmospheric pressure. Based on the ideal gas-based expression

n Eq. (1) , minimum theoretical separation work has been quantified for

our arbitrarily selected combinations of constant temperature and CO 2 

apture ratio (CCR): 

1 100% CCR at 298 K 

2 100% CCR at 288 K 

3 50% CCR at 288 K 

4 10% CCR at 288 K 

The purpose of this selection of combinations is to show the variation

n results for a high (100%), medium (50%) and low (10%) CCR for

 given T 0 (288 K), and to show the impact of T 0 (298 K vs. 288 K)

or a fixed CCR (100%). For all four combinations, the CO 2 product is

ssumed to be pure, and the full spectrum of CO 2 fractions in the feed

as been considered, from 400 ppm to 1. For each case, the minimum

heoretical separation work is plotted in Fig. 4 as function of feed CO 2 

raction and scaled by the molar flowrate of captured CO 2 . 

The exergy targeting model derived from Eqs. (3) –(8) has been im-

lemented in the process simulation software Aspen HYSYS. To compare

esults, the four separation cases above, quantified using ideal gas rela-

ions, have been reproduced with the implemented model. Whereas the

deal gas-based calculation requires only ambient temperature as well

s mole fractions and flowrates for each process streams as input, the

imulation model requires additional specifications: 

• Feed and product stream temperatures and pressures 
• Both ambient temperature and pressure in order to quantify ambient

state properties for the feed stream and product streams, as well as

for pure components 
•
 Thermophysical property model b  

5 
For all four simulation cases, the ambient pressure is set to 1.013 bar.

he constant separation temperature as well as ambient temperature are

et equal to that specified in each ideal gas-based calculation. The Peng–

obinson equation of state has been used to calculate thermophysical

uid properties. Comparisons made in Fig. 4 shows very high consis-

ency between the two calculation approaches and such corroborates

he validity of the ideal gas models for the present conditions. 

.2. Limitations of ideal gas-based exergy targeting methods and the need 
or universal methods 

The close match between the results using the ideal gas model and

he Peng–Robinson equation of state shown in Fig. 4 is explained by

he fact that the gas constituents, to a large extent also CO 2 , exert ideal

as behaviour at the given temperature and pressure levels. For other

onditions, however, the ideal gas assumption may become significantly

ess accurate and lead to considerable errors in exergy calculations and

hus in estimates of minimum separation work. 

As one illustrative example where simplified approaches may cause

naccurate estimates, Wilcox (2012) presents the same type of diagram

or reversible separation as that shown in Fig. 4 . In Wilcox (2012) , ideal

as-based estimates for reversible separation work at constant pressure

nd temperature (two isotherms: 298 K and 338 K) are plotted for all

O 2 feed fractions between ca. 400 ppm and 1. In this plot, CO 2 fractions

n the interval 40–60% are indicated to represent conditions typical for

ntegrated gasification combined cycles (IGCC). While this certainly is

he case for the CO 2 fraction, the absolute pressure levels relevant for

GCC are considerably higher than pressures for which ideal gas be-

aviour is a reasonable approximation. For pressure levels relevant for

hifted IGCC syngas, typically 25–70 bar ( Berstad et al., 2013 ), proper-

ies such as compressibility deviate considerably from ideal gas assump-

ions. This applies for CO 2 in particular, with a critical point of about

1 °C and 73.8 bar. Non-ideal characteristics contribute to invalidating

he ideal gas basis, which ignores the actual pressure level. 

To exemplify the magnitude of expected deviations in minimum sep-

ration work between the ideal gas-based estimates and calculations

ased on thermodynamic state properties for approximated IGCC con-
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Fig. 5. Estimates for reversible isothermal (298 K) and isobaric separation work for 100% CCR for ideal gas mixtures, as well as for binary H 2 /CO 2 mixtures at 

different pressure levels using Peng–Robinson EoS for thermophysical properties. Ambient temperature and pressure are set to 298 K and 1.013 bar, respectively. 

CO 2 products are assumed to be pure. 
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III: Compression of captured CO . 
itions, consider Fig. 5 . This diagram shows the minimum separation

ork for isothermal (298 K) and isobaric separation from the ideal gas-

ased expression in Eq. (1) , compared to simulation results for binary

O 2 /H 2 mixtures based on Eq. (8) and the Peng–Robinson equation of

tate for the pressure levels between 25 bar and 75 bar. 

As can be observed from the group of curves, the minimum separa-

ion work for isothermal and isobaric conditions decreases with pressure

evel. Relative deviations approach zero in the extreme ends of the scale

here the feed CO 2 fraction approaches either 0 or 1 and culminate at

 maximum value between these extremes. For CO 2 fractions typical

or shifted syngas in IGCC applications, which corresponds to the rough

-axis interval of 30–60 mol%, the deviations between the two models

ideal gas versus simulations using Peng–Robinson) are found to be up

o approximately 5% for 25 bar, 12% for 50 bar and 32% for 75 bar. 

Whereas the isothermal and isobaric ideal gas calculation models

nly account for the change in chemical exergy from feed to products,

he model misses out on possible changes in thermomechanical exergy

ince ideal gas implies zero enthalpy of mixing. When the total thermo-

echanical exergy remains unchanged between feed and product states,

t is consequently eliminated from the balance. Even for isobaric and

sothermal conditions, Fig. 5 illustrates that the error in targets for min-

mum exergy requirement can become considerable. 

Generic exergy targeting becomes even more important when mov-

ng from isothermal and isobaric conditions at low pressure, to assessing

eparation processes where the boundary stream conditions in form of

emperature, pressure and potentially phase can change considerably.

s will be discussed in Section 5 through numerical examples, the funda-

ental understanding of minimum exergy requirement is a prerequisite

or further evaluation of the exergy efficiency for separation processes

ith such characteristics. 

. Method: relation between exergy efficiency of sub-processes 

nd overall system exergy efficiency 

As outlined in Section 2.2 , the common definition of exergy ef-

ciency is defined as the ratio between minimum theoretical exergy

equirement and the actual exergy requirement, as given by Eq. (2) .
6 
 typical CO 2 capture process consists of two consecutive stages of pro-

essing: 

1 Separation of CO 2 from a gas mixture 

2 Compression of the enriched CO 2 product 

The exergy efficiency of each processing stage can be evaluated from

he generic Eq. (2) criterion. Similarly, if the system boundary is drawn

round both sub-processes, the overall exergy efficiency of the combined

rocess can still be quantified by the same criterion. The intention of

he present section is to derive a general relation between each sub-

ystem’s exergy efficiency and that of the overall system. The relation is

ntended to be general in the sense that it is valid for more complex pro-

ess configurations beyond the typical two-stage, sequential separation

nd compression process. Moreover, it will be used to verify the exergy

fficiency figures in numerical examples analysed in Section 5.7 . 

An example of an arbitrary and somewhat more complex process

onfiguration is shown in Fig. 6 , and consists of three sub-processes, I–

II. Two material streams enter the control volume of sub-process I, one

eed stream with exergy flow Ė1 and a recycled stream from sub-process

I, with corresponding exergy flow ĖREC . Two product streams leave the

oundary of sub-process I. One of the outlet streams, with exergy flow

2 , is sent to sub-process II, which in turn produces two material streams

ith respective exergy flows Ė3 (leaving the overall system) and ĖREC 

flowing back to sub-process I). The other product stream from sub-

rocess I has exergy flow Ė4 and enters sub-process III, which in this

xample has only a single product stream leaving the system with exergy

ow Ė5 . Although not necessary for the development of mathematical

elations, it could be useful for the reader to lower the abstraction level

y suggesting what each sub-process in Fig. 6 could represent. One out

f many such possible sets of process abstractions could be : 

• I: CO 2 main separation process in form of using a solvent. 
• II: Process for additional separation and enrichment of CO 2 not cap-

tured in sub-process I. This could be a membrane paired with recom-

pression of CO 2 -enriched permeate, which is recycled to the main

separation in sub-process I. 
•
 2 
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Fig. 6. Control volume and exergy flows for a process made 

up of sub-processes I, II and III. 
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The control volume enclosing each sub-process has a net auxiliary

xergy input, denoted Ėin,I , Ėin,II and Ėin,III , with positive sign in the direc-

ion of the dashed arrows. These represent the overall exergy flows asso-

iated with transfer of mechanical (work) and/or thermal energy (heat).

eat transfer can be direct or by means of a utility material stream

uch as steam that de-superheats and condenses, and thereby rejects

eat to the control volume. In the case of a steam utility, the net mass

ow into the control volume is zero and there is no mixing between the

team/water flow and the other material streams. In the case of direct

team injection, an additional process stream must be added to the mass

alance. 

Using the definition of exergy efficiency from Eq. (2) , the exergy effi-

iency for the overall process in Fig. 6 , enclosed by the dashed boundary

ine, is expressed as the ratio between the minimum theoretical exergy

nput, defined as the difference in exergy between the product and feed

treams, and the actual net exergy input required to obtain the specified

roduct streams: 

 = 

�̇� 3 + �̇� 5 − �̇� 1 

�̇� 𝑖𝑛,𝐼 + �̇� 𝑖𝑛,𝐼𝐼 + �̇� 𝑖𝑛,𝐼 𝐼 𝐼 

(9)

Further, by both adding and subtracting the internal exergy streams

2 , ĖREC and Ė4 to/from the numerator, Eq. (9) can be transformed to: 

 = 

(
�̇� 3 − �̇� 2 + �̇� 𝑅𝐸𝐶 

)
+ 

(
�̇� 5 − �̇� 4 

)
+ 

(
�̇� 2 + �̇� 4 − �̇� 1 − �̇� 𝑅𝐸𝐶 

)
�̇� 𝑖𝑛,𝐼 + �̇� 𝑖𝑛,𝐼𝐼 + �̇� 𝑖𝑛,𝐼 𝐼 𝐼 

(10)

ach numerator term enclosed by brackets corresponds to the mini-

um theoretical exergy requirement for the sub-processes I, II and III.

q. (10) can thus be reformulated to: 

 = 

�̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ.,𝐼 + �̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ.,𝐼𝐼 + �̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ.,𝐼 𝐼 𝐼 ∑𝐼 𝐼 𝐼 

𝑖 = 𝐼 �̇� 𝑖𝑛,𝑖 

(11)

Finally, by replacing each numerator term with the sub-process

tand-alone exergy efficiency 𝜓 i , as defined in Eq. (2) , the relation be-

ween overall system exergy efficiency and stand-alone sub-process ef-

ciencies is a linear combination and can be expressed as: 

 = 

1 ∑𝐼 𝐼 𝐼 

𝑖 = 𝐼 �̇� 𝑖𝑛,𝑖 

⋅
𝐼 𝐼 𝐼 ∑
𝑖 = 𝐼 

(
𝜓 𝑖 ⋅ �̇� 𝑖𝑛,𝑖 

)
(12)

t can be analytically derived a priori, as well as numerically verified

 posteriori, that the relation arrived at in Eq. (12) applies also to a

ystem made up of a general number of sub-processes ( i = 1, n ). The

pplicability of the relation will be further demonstrated in Section 5.7 ,

uggesting that it is valid also for sub-processes with negative exergy

fficiency 𝜓 according to the definition in Eq. (2) . 
i 

7 
. Results and discussion: exergy analysis to quantify the exergy 

fficiency of CO 2 removal from a high-pressure synthesis gas by 

hemical solvent scrubbing 

In the following, an analysis of the stand-alone and overall exergy

fficiency of a pre-combustion CO 2 capture case is conducted. The anal-

sis of a quantitative example is necessary in order to provide further

nsight into the exergetic performance. To establish a numerical case

xemplifying a typical exergetic performance of Methyl diethanolamine

MDEA) for CO 2 removal from syngas, process data has been adopted

rom Moioli et al. (2016 ; 2017) . These references provide transparent

rocess data that can be analysed by the exergy targeting methodology

resented here. 

.1. Process description 

The process structure for the CO 2 separation and subsequent com-

ression process with boundary stream conditions are illustrated in

ig. 7 (partly reproduced from ( Moioli et al., 2017 )). A shifted and desul-

hurised stream of syngas originating from air-blown gasification enters

n absorption column at 29.15 bar pressure. CO 2 is absorbed by a 50

t% MDEA solution and subsequently released in two stages. CO 2 is

artially desorbed in a flash stripper at 1.1 bar and thereafter in a strip-

ing section where the solvent is regenerated by reboiler heat supplied

hrough de-superheating and condensation of superheated steam sup-

lied at 188 °C and 2 bar. The overall CO 2 capture ratio from the syngas

tream is 95%. The two streams of released CO 2 leave the capture sec-

ion at a pressure level equal to or slightly lower than 1.1 bar. Further-

ore, the CO 2 is assumed to be pure, although it will be saturated with

 minor fraction of water upon discharge. The water balance of the sys-

em, however, will have very low impact on the estimate for minimum

heoretical separation work. Other minor simplifications made in this

nalysis are the omission of a minor solvent slip stream and a balancing

olvent make-up stream, as well as disregarding trace impurities of H 2 S,

s the influence on exergy calculations is negligible. 

With the boundary-crossing streams defined, the minimum theoreti-

al exergy requirement can be calculated with the exergy targeting tool.

t should be reiterated that the calculation of minimum exergy require-

ent is path-independent and requires only the defined boundary con-

itions as input and therefore, does not depend on the actual processing

ath. Stream data as well as estimated exergy flows are summarised in

able 1 , based on Peng–Robinson for thermophysical properties. An ini-

ial observation which can be made is that the flow of chemical exergy

s defined in Eq. (6) increases from 694.1 MW in the feed stream to a

otal of 705.4 MW for the two separation products combined. The sepa-

ation process adds about 11.3 MW of chemical exergy and valorises the
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Fig. 7. Process structure, control volume and boundary-crossing exergy streams (material streams, power and thermal utilities) for the MDEA scrubbing process. 

Partly reproduced from Moioli et al. (2017) . 

Table 1 

Chemical composition, flowrate and thermodynamic state of the syngas feed stream and separation product streams. Stream 

data is compiled from Moioli et al. (2016) and Moioli et al. (2017) with minor modifications. Exergy terms are calculated 

based on T 0 = 288 K, p 0 = 1.013 bar. 95% of CO 2 contained in the syngas feed stream is captured. 

Syngas feed Decarbonised syngas CO 2 product Compressed CO 2 

Mass flowrate kg/s 232.86 133.78 99.08 99.08 

Molar flowrate kmol/s 9.388 7.137 2.251 2.251 

Pressure bar 29.15 29.15 1.10 110 

Temperature °C 44 45 30 30 

Chemical composition 

N 2 mol% 44.98% 59.17% 0% 0% 

CH 4 mol% 0.42% 0.55% 0% 0% 

H 2 O mol% 0.19% 0.25% 0% 0% 

H 2 mol% 27.86% 36.64% 0% 0% 

CO 2 mol% 25.24% 1.66% 100% 100% 

CO mol% 0.78% 1.02% 0% 0% 

Ar mol% 0.53% 0.70% 0% 0% 

Molar thermomechanical exergy kJ/mol 8.02 8.08 0.211 8.91 

Thermomechanical exergy flow MW 75.301 57.658 0.475 20.061 
(a) ∑

𝑗 

𝑥 𝑗 ̄𝑒 
ch 
𝑗 

kJ/mol 76.70 94.75 19.48 19.48 

(b) ℎ̄ 0 − 
∑
𝑗 

𝑥 𝑗 ℎ̄ 𝑗, 0 − 𝑇 0 ( ̄𝑠 0 − 
∑
𝑗 

𝑥 𝑗 ̄𝑠 𝑗, 0 ) kJ/mol − 2.76 − 2.06 0 0 

Molar chemical exergy (c) kJ/mol 73.93 92.69 19.48 19.48 

Chemical exergy flow MW 694.089 661.502 43.855 43.855 

Total exergy flow (tm + ch) MW 769.390 719.160 44.329 63.915 

(a) First term in Eq. (6) . Sum of fraction-weighted chemical exergy for pure components. 
(b) Second term in Eq. (6) . Mixing term. 
(c) Sum of first and second term in Eq. (6) . 
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wo product streams in this respect. This increase in chemical exergy can

lso be calculated from the chemical mixing terms and molar flowrates

nly, as the first term in Eq. (6) for fraction-weighted chemical exergy

or pure components, is eliminated when inserted in Eq. (7) or Eq. (8) . It

an also be verified that the increase in chemical exergy is otherwise in

ccordance with what can be estimated from the simplified expression

n Eq. (1) , which also gives 11.3 MW if the stream data from Table 1 is

sed as input, using T 0 = 288 K as temperature input. 

Although providing quantified estimates for changes in chemical ex-

rgy, neither of the expressions in Eq. (1) or Eq. (6) are sufficient to

etermine the minimum exergy requirement when the boundary condi-

ions involve changes in thermomechanical exergy. As can be observed

rom Table 1 , the thermomechanical exergy rate for the inlet feed stream

s 75.3 MW while the corresponding number for the separation products

ombined equals 58.1 MW. It can thus be ascertained that while the

hemical exergy rate increases by 11.3 MW, the thermomechanical ex-
8 
rgy rate decreases by 17.2 MW due to the low thermomechanical exergy

n the low-pressure CO 2 product. 

.2. Interpretation of negative reversible separation work 

It is established that the sub-process for CO 2 separation from the

yngas, given the boundary condition applicable for the process, has a

inimum theoretical exergy requirement with negative sign. The theo-

etical exergy requirement, which applies to a reversible process, subject

o the given boundary stream conditions are: 

• Ẇmin = –5.90 MW in absolute terms from Eq. (7) 
• �̄� min = –2.62 kJ/mol CO2 in molar terms from Eq. (8) 

The interpretation of this result is that a reversible process, although

ot realisable in practice, delivers the product streams at specified

oundary conditions plus an additional exergy (e.g. power) output. This
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Fig. 8. Diagram for reversible separation of CO 2 through sequential and incremental separation by semi-permeable CO 2 membranes. Each incremental amount of 

separated CO 2 is brought to a target pressure (1.1 bar) by either isothermal expansion or compression at T 0 . 
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c 2  
ust not be confused with the notion of expecting a real separation pro-

ess to deliver anything close to such a performance, but it serves as

 rigorous reference based on which the actual exergetic performance

f the process can be evaluated, in the same way the classical post-

ombustion capture processes exemplified in Section 2.2 are evaluated.

he negative sign is provided by performing the exergy calculations for

he control volume, based on the properties of the process streams cross-

ng the system boundaries. Although the calculations of reversible sep-

ration work are independent of the actual process taking place inside

he control volume, it is possible to provide different abstractions of

eversible processes as explanations as to why a reversible benchmark

rocess would deliver a net exergy output. 

.3. Process abstractions for reversible separation 

To provide an alternative angle complementing the sole equation-

ased calculation of reversible separation work, and to further illustrate

hy minimum separation work can take negative values, a similar ap-

roach can be taken as that by Kotas (1995) . Fig. 8 shows a process

iagram where a reversible separation of CO 2 from the high-pressure

yngas is achieved, and where the separated CO 2 is delivered at its de-

ned target pressure of 1.1 bar. The feed stream is first brought from

upply temperature to ambient temperature T 0 through heat rejection to

 sequence of reversible power-generating heat engines (RHEs), which

n turn contribute to the power generation of the shaft to which they are

onnected. Thereafter, CO 2 gradually separates selectively from the gas

ixture through a sequence of semi-permeable membranes, where the

ermeate pressure of each stage equals the local CO 2 partial pressure. 

The description and methodology differ somewhat from that in

otas (1995) since unlike the ambient surroundings, there is no “end-

ess supply ” ( Sato, 2004 ) of components in the material feed stream.

hereas removing a substantial amount of oxygen, nitrogen or any

ther reference component from the air does not affect the reference

onditions through depletion, the chemical composition of the syn-

as stream is continuously affected as CO 2 is removed. Therefore, the

O 2 partial pressure is strictly declining for each incremental semi-

ermeable membrane stage. Each fraction of separated CO 2 is retained

t the local partial pressure at which it is available on the feed side of the

ncremental membrane stage, and at ambient temperature T 0 . Each frac-

ion of CO 2 is subsequently brought to the final target pressure (1.1 bar)

ither through isothermal expansion or compression. For any pressure

evel above target, expansion applies and conversely, compression ap-

lies for any permeate pressure below target. 

After separation, both product streams are brought to their respec-

ive defined outlet temperatures, again by sequences of incremental re-

ersible heat engines. In this particular case the RHEs downstream of

he separation are actually reversible heat pumps, since the discharge

emperatures are above T 0 , and therefore draw a certain amount of
9 
ower from the shaft. The net shaft work then equals the reversible

eparation work for the overall process. 

Another reversible process abstraction can be made in which the

hanges in thermomechanical exergy and chemical exergy are decom-

osed to separate shafts. In the abstraction shown in Fig. 9 , the feed

tream is brought to ambient temperature as well as ambient pressure

efore the incremental separation of CO 2 in sequential semi-permeable

embranes. Unlike the scheme in Fig. 8 , where CO 2 partial pressures

re both above and below target pressure, all partial pressures are below

mbient pressure p 0 , and all separated fractions of CO 2 are subsequently

ompressed isothermally to ambient pressure. After separation, includ-

ng bringing all fractions of CO 2 to ambient pressure, the two product

treams are available at ambient state T 0 , p 0 . Since this is also the state

f the feed stream immediately upstream the CO 2 separation, the work

power) required to compress CO 2 reversibly from partial pressures to

mbient pressure, equals the change in chemical exergy provided by

he process. In the process diagram, these reversible and isothermal

ompressors are connected to a single shaft, to which the input work

power) equals the chemical exergy increase. All other reversible ex-

anders, compressors and heat engines/pumps are connected to an ad-

itional shaft, the output work (power) of which equals the change in

hermomechanical exergy. After separation, both product streams are

rought to their respective defined outlet states, first by isothermal com-

ression and thereafter by sequences of reversible heat engines. Whereas

he net exergy requirement for the separation process equals the net

ork (power) of the single shaft in the process abstraction in Fig. 8 , the

orresponding exergy requirement equals the net work (power) of the

wo shafts in the Fig. 9 abstraction. 

It should be mentioned that a third process abstraction is possible,

here the changes in exergy are decomposed into three different shafts.

n this abstraction, the changes in thermomechanical exergy would be

plit into what can be defined as temperature-based and pressure-based

xergy components ( Kotas, 1995 ), by separating compressor/expanders

perating above ambient pressure to a dedicated shaft and correspond-

ngly the reversible heat engines/pumps to another shaft. 

.4. Marginal and cumulative exergy requirement for reversible separation 

In the process abstraction in Fig. 8 , the first CO 2 molecule is re-

ersibly separated and retained at the initial CO 2 partial pressure in the

yngas. Consequently, it is therefore attributed the lowest marginal ex-

rgy requirement. On the other hand, the last CO 2 molecule to be sepa-

ated has the highest exergy requirement, since the CO 2 partial pressure

s strictly decreasing and eventually approaching zero. Therefore, the

arginal reversible separation work for CO 2 is strictly increasing as the

yngas is depleted of CO 2 . This can be observed in Fig. 10 in which

he blue-coloured curve represents the marginal reversible work for

apturing and delivering CO at 1.1 bar target pressure. The lowest value
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Fig. 9. Alternative process abstraction for reversible CO 2 separation where overall changes in thermomechanical and chemical exergy are decomposed and allocated 

to separate shafts. 

Fig. 10. Relation between CO 2 capture ra- 

tio and reversible separation work as well 

as residual CO 2 partial pressure for the syn- 

gas composition and boundary conditions 

given in Table 1 . 
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ccurs on the left-hand side, where the first CO 2 molecules are reversibly

eparated, and increases strictly when CCR increases, and sharply so as

CR approaches 100% and as the residual CO 2 partial pressure in the

eed gas, represented by the orange-coloured curve, approaches zero.

n the process abstraction in Fig. 8 , the last molecules will thus perme-

te through the membrane at extremely low partial pressure, which in

urn implies that the isothermal compression work, and therefore the

arginal reversible capture work, will be extremely high. 

Fig. 10 includes a dashed vertical line marking the CCR value equal

o 88%. At this x-axis value, two observations can be made with respect

o the Fig. 8 process abstraction: 

• The residual CO 2 partial pressure approaches 1.1 bar from above

and descends below this level for any further increase in CCR 

• The marginal reversible separation work breaks the zero mark from

below, and changes sign from negative to positive for further in-
crease in CCR 

10 
This concurrence can be understood from and explained by the pro-

ess abstraction in Fig. 8 . The molecules captured when CCR is in the

roximity of 88% permeate through the membrane and are retained at

 pressure equal to the target pressure. Consequently, these molecules

re passed on without requiring any changes in pressure by compression

r expansion, and this fraction of CO 2 is therefore assigned a marginal

eversible separation work equal to zero. From 88% CCR and upwards,

ny further amount of separated CO 2 requires compression up to target

ressure and are therefore assigned marginal reversible capture work

reater than zero. 

The green-coloured curve in Fig. 10 indicates the cumulative value

or reversible separation work, that is, the average molar reversible sep-

ration work for all molecules captured up to any given x-axis value

or CCR. As stated in Section 5.2 , the exergy targeting model gives –

.62 kJ/mol CO2 as reversible molar separation work for 95% CCR. This

alue is indicated with a second dashed vertical line. For the cumu-

ative curve, the y-axis value at x-axis value CCR = 95%, is equal to –

.62 kJ/mol CO2 . Since the marginal reversible separation work is strictly
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Table 2 

Exergy balance for the sub-process control volume of the CO 2 separation process. 

Inlet exergy streams 

Shifted synthesis gas 

exergy flow MW 769.4 

Superheated steam 

exergy flow MW 32.5 

Auxiliary power exergy 

flow MW 3.31 

Sum, inlet exergy flow MW 805.2 

Outlet exergy 

streams 

Decarbonised synthesis 

gas exergy flow 

MW 719.2 

CO 2 product exergy flow MW 44.3 

Saturated water exergy 

flow 

MW 3.04 

Sum, outlet exergy flow MW 766.5 

Total irreversibility 

rate in the control 

volume 

MW 38.7 

Specific irreversibility 

rate MJ/kg CO2 captured 

0.391 
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ncreasing, so is the cumulative value, which is around –2.3 kJ/mol CO2 

s CCR approaches 100%. 

.5. Exergy balance for the separation process 

Table 2 provides a summary of the exergy balance for the sub-process

ontrol volume of the CO 2 separation process. In accordance with the

llustration in Fig. 7 , there are three inlet exergy streams in the form of

he syngas feed stream, superheated auxiliary steam for solvent regener-

tion, and auxiliary power. Furthermore, the control volume has three

utlet exergy streams in form of two product streams following the sep-

ration, as well as saturated water following the rejection of heat when

he auxiliary steam is de-superheated and condensed. The total flow of

n- and outlet exergy equals 805.2 MW and 766.5 MW, respectively. This

ranslates to a total irreversibility rate equal to 38.7 MW since the irre-

ersibility rate of the control volume is given by the difference between

he respective sums of inlet and outlet exergy flows: 

̇
 𝐶𝑉 = 

𝑛 ∑
𝑖 =1 

�̇� 𝑖𝑛,𝑖 − 

𝑚 ∑
𝑗=1 

�̇� 𝑜𝑢𝑡,𝑗 (13)

This control volume exergy balance implies that no detailed,

omponent-wise exergy analysis is required in order to calculate the

verall irreversibility rate when the external exergy destruction associ-

ted with heat rejection from intercoolers etc. is included in the control

olume. Nor is such bottom-up exergy analysis required to calculate the

xergy efficiency of the overall process from Eq. (2) , when all bound-

ry crossing exergy streams are accounted for. The methods of top-down

ersus bottom-up exergy analysis and how they relate and can be used to

alidate results are exemplified and discussed in detail in Berstad et al.

2021) . In the present work, the top-down approach is the predominant

ethod since the focus is process-level exergy efficiencies. 

.6. Exergy balance for the subsequent CO 2 compression process 

In addition to the CO 2 separation process, the process scheme in

ig. 7 includes a second sub-process control volume in which low-

ressure CO 2 is compressed and pumped to 110 bar. Actually, this

ontrol volume includes several compressor stages, intercoolers and a

ump, whereas the process is shown as a black box in the Fig. 7 process

cheme. Again, as for the CO 2 capture process, only the boundary cross-

ng exergy streams are required in order to calculate the control volume

rreversibility rate from Eq. (13) and exergy efficiency from Eq. (2) .

he resulting exergy balance, including the irreversibility rate, is sum-

arised in Table 3 . 
11 
.7. Exergy efficiency and the impact of efficiency criterion and ambient 
emperature 

The exergy efficiency of post-combustion CO 2 capture processes

n Section 2 is evaluated based on theoretical exergy requirements

or reversible separation as benchmark. This criterion is also equal

o the rational efficiency suggested by Kotas for separation processes

 Kotas, 1995 ). Applying the Eq. (2) criterion for the MDEA-based cap-

ure process, the following efficiency figure is obtained: 

 CO 2 sep . = 

�̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ. 

�̇� 𝑖𝑛, 𝑎𝑐𝑡. 

= 

−5 . 90 MW 

3 . 31 MW + ( 32 . 50 MW − 3 . 04 MW ) 
= −18 . 0% 

(14) 

urthermore, applying the same efficiency criterion for the CO 2 com-

ression process, gives: 

 CO 2 compr . = 

�̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ. 

�̇� 𝑖𝑛, 𝑎𝑐𝑡. 

= 

19 . 59 MW 

34 . 0 MW 

= 57 . 6% (15)

The negative sign of efficiency for the separation sub-process is

aused by the negative numerator, the causes behind which are ex-

lained in Sections 5.2 - 5.4 . In addition to the exergy efficiency of the

espective sub-processes, the efficiency of the total combined process

f separating and compressing CO 2 can be calculated by again apply-

ng the same criterion based on the exergy streams crossing the total

ontrol volume enclosing both sub-processes. This calculation gives the

ollowing result: 

𝜓 CO 2 sep . and compr . = 

�̇� 𝑖𝑛, 𝑚𝑖𝑛. 𝑡ℎ. 

�̇� 𝑖𝑛, 𝑎𝑐𝑡. 

= 

13 . 68 MW 

3 . 31 MW + ( 32 . 50 MW − 3 . 04 MW ) + 34 . 0 MW 

= 20 . 5% (16) 

From the numerical result in Eq. (16) it can be observed that de-

pite the negative stand-alone efficiency of the capture sub-process, the

fficiency of the overall process is still positive. When considering the

ull control volume including both sub-processes, the minimum exergy

equirement for the combined process has, unlike the stand-alone sub-

rocess for MDEA scrubbing, a positive sign. Consequently, the effi-

iency also becomes positive. Another explanation is that the overall ef-

ciency becomes a linear combination of the respective exergy efficien-

ies, which are weighted by the stand-alone exergy input as a fraction of

he total exergy input. This can be observed from the general expression

n Eq. (12) , derived for the relation between sub-process efficiencies and

verall efficiency. This relation can now be checked numerically against

he result from Eq. (16) as follows: 

 = 

1 ∑𝐼𝐼 

𝑖 = 𝐼 �̇� 𝑖𝑛,𝑖 

⋅
𝐼𝐼 ∑
𝑖 = 𝐼 

(
𝜓 𝑖 ⋅ �̇� 𝑖𝑛,𝑖 

)
= 

−0 . 180 ⋅ 32 . 77 MW + 0 . 576 ⋅ 34 . 0 MW 

32 . 77 MW + 34 . 0 MW 

= 20 . 5% (17) 

It is thus shown that the exergy efficiency expressions in Eqs. (2) and

12) yield the same result for the overall process, provided that the cri-

erion of Eq. (2) is used to define the stand-alone efficiency for each

ub-process. 

It should be added that in the literature, several alternative defi-

itions of exergy efficiency have been proposed ( Marmolejo-Correa and

undersen, 2012 ). One interesting efficiency definition applicable to the

O 2 separation and CO 2 compression sub-processes, as well as the com-

ination of both processes, is a more general rational efficiency criterion

uggested by Kotas (1995) . Here, all exergy changes or exergy transfers

ccurring inside a control volume is defined either as a desired output

r as a necessary input, such that the following condition is fulfilled: 

𝑛 

𝑖 = 𝐼 
Δ�̇� 𝑖𝑛,𝑖 = 

𝑚 ∑
𝑖 = 𝐼 

Δ�̇� 𝑜𝑢𝑡,𝑖 + �̇� 𝐶𝑉 (18)
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Table 3 

Exergy balance for the sub-process control volume of the CO 2 compression process. 

Inlet exergy 

streams 

Low-pressure CO 2 exergy flow MW 44.3 

CO 2 compression power exergy flow MW 34.0 

Sum, inlet exergy flow MW 78.3 

Outlet exergy 

streams 

Compressed CO 2 exergy flow MW 63.9 

Sum, outlet exergy flow MW 63.9 

Total irreversibility rate in the control volume MW 14.4 

Specific irreversibility rate MJ/kg CO2 captured 0.145 
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The rational efficiency is defined as: 

 = 

∑𝑚 

𝑖 = 𝐼 Δ�̇� 𝑜𝑢𝑡,𝑖 ∑𝑛 

𝑖 = 𝐼 Δ�̇� 𝑖𝑛,𝑖 

(19)

or the MDEA-based CO 2 separation process, the exergy transfers can

e grouped as: 

Desired output, ΔĖout : 

• Increase in chemical exergy from feed to products: 11.27 MW 

Necessary inputs, ΔĖin : 

• Decrease/sacrifice of thermomechanical exergy: 17.17 MW 

• Auxiliary power input: 3.31 MW 

• Auxiliary exergy input from condensation of steam: 29.46 MW 

It can be observed that the irreversibility rate calculated from the

alance in Eq. (18) and the above categorisation of output and input

quals 38.7 MW, and therefore equals the irreversibility rate declared

n Table 2 . The resulting rational efficiency based on Eq. (19) becomes

2.6% for the CO 2 capture sub-process. 

The categorisation of necessary exergy input and desired output for

he CO 2 compression sub-process is more straightforward and gives a

ational efficiency of 57.6%, which is identical to that calculated from

q. (2) : 

Desired output, ΔĖout : 

• Increase in thermomechanical exergy: 19.59 MW 

Necessary input, ΔĖin : 

• Auxiliary power input: 34.00 MW 

Finally, the exergy transfers in the overall CO 2 separation and com-

ression process can be grouped by combining the above categorisations

or the sub-processes, and placing the net thermomechanical exergy in-

rease in the group of desired outputs: 

Desired outputs, ΔĖout : 

• Increase in chemical exergy: 11.27 MW 

• Net increase in thermomechanical exergy: 2.42 MW 

Necessary inputs, ΔĖin : 

• Auxiliary power input: 37.31 MW 

• Auxiliary exergy input from condensation of steam: 29.46 MW 

This grouping of exergy transfers results in a rational efficiency of

0.5%, which is equal to that produced by the Eq. (2) criterion. A sum-

ary and comparison of efficiencies based on Eqs. (2) , (19) and (12) for

ub-processes and the overall process is provided in Table 4 . For the CO 2 

apture sub-process it is obvious that the respective exergy efficiency

gures, 22.6% based on desired output vs. necessary input, and –18.0%

ased on minimum theoretical exergy input and actual input, give very

ifferent impressions at first glance. However, this follows the different

riteria. Despite producing efficiency figures of different signs, actually

hey do not contradict one another. As can be further observed, they
12 
rovide identical results for the CO 2 compression sub-process. More-

ver, even when expressed as a function of the negative exergy efficiency
f the CO 2 separation sub-process in Eq. (17) , the exergy efficiency of the

verall process equals the figure obtained through the rational efficiency

riterion in Eq. (19) as well as that in Eq. (2) . Finally, the last row in

able 4 shows how the exergy efficiency figures based on Eq. (2) change

f the ambient temperature T 0 is raised from 288 K to 298 K. Since the

inimum theoretical exergy requirement as well as the exergy flows for

aterial streams in the processes change with T 0 , so do the resulting

xergy efficiencies. Raising T 0 by 10 K results in a 3.8 percentage point

ncrease in overall exergy efficiency, from 20.5% to 24.3%. 

The rational efficiency criterion in Eq. (19) provides efficiency num-

ers between 0 and 1 (0–100%) but requires a predefined grouping of

xergy transfers into desired outputs and necessary inputs, that must be

efined by the user. As has been made clear in Marmolejo-Correa and

undersen (2012) , several definitions of exergy efficiency leave room

or interpretations to a lesser or greater extent regarding what is con-

idered exergy input and useful output, and such makes it possible in

rinciple to calculate different efficiency numbers for a given process. 

The exergy efficiency criterion in Eq. (2) , and predominantly used

n this work, is rigidly defined and requires no predefined grouping of

xergy transfer terms. In this respect, it can be argued that our approach

rovides an unprejudiced measure, which for most cases is expected to

ive the same result as the Eq. (19) criterion. On the other hand, in

nstances of negative values for Ėin,min.th. , the efficiency figure cannot be

nterpreted in the same way as efficiencies within the 0 and 1 interval.

n theory, it can take any numerical value in the interval between –∞
nd +∞, including a singularity for the special case of Ėin,act. = 0. As

xemplified in Table 4 , the two methods can still yield the same result.

hey will, however, differ for sub-processes that are characterised by

 negative minimum theoretical exergy requirement, as exemplified in

his work. 

It should be mentioned that negative values for minimum theoretical

xergy requirement and thus negative exergy efficiency have been iden-

ified and discussed in other works, such as Nguyen et al. (2014) and

oldsund et al. (2014) , with respect to offshore oil and gas processing

latforms. For one facility, the reductions in thermomechanical exergy

as found to be substantially higher than the increases in chemical ex-

rgy, that is, qualitatively the same observation made for the MDEA-

ased CO 2 capture process in the present work. Furthermore, the nega-

ive efficiency figure was considered to illustrate a limitation of the ap-

licability of this particular exergy efficiency definition and instead, a

ifferent component-by-component criterion was applied ( Nguyen et al.,

014 ). 

However, based on the examples provided in this work, the criterion

hich in one instance results in negative efficiency on a sub-process

evel is still applicable in principle as it can be used as input to calculate

he overall process efficiency through the linear combination of sub-

rocess exergy efficiencies in Eq. (12) . Moreover, as shown in Table 4 ,

t does not contradict the alternative rational efficiency criterion with

espect to overall process efficiency. 
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Table 4 

Comparison of exergy efficiency results for sub-processes and the overall process. 

Exergy efficiency criterion CO 2 separation CO 2 compression Overall process 

Eq. (2) Exergy efficiency –18.0% 57.6% 20.5% 

Eq. (19) Rational efficiency 22.6% 57.6% 20.5% 

Eq. (12) Combined sub-process efficiencies –18.0% 57.6% 20.5% 

Eq. (2) Exergy efficiency ( T 0 = 298 K) –20.5% 62.0% 24.3% 
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. Conclusions 

The most common targets for minimum theoretical separation work

or CO 2 capture found in the literature are based on the assumptions of

deal gas conditions and isothermal separation, as well as equal pres-

ure for the feed and product streams. Comparison of this methodology

nd assumptions with results from rigorous simulations based on the

eng–Robinson equation of state, suggests that ideal gas-based approx-

mations are useful for conditions where the pressure and temperature

evel of flue gas and separation products are close to ambient condi-

ions. Through numerical examples it has been shown that ideal gas

ssumptions become less accurate for quantifying exergy targets for a

ange of other relevant separation process conditions, even when the

ssumptions of isobaric and isothermal separation are still used. With

ncreasing pressure level, the ideal gas assumption becomes increasingly

naccurate. 

Whereas the changes in chemical exergy in the context of gas sep-

ration can be estimated with the ideal gas assumption provided that

he mixtures are close to ideal at ambient conditions, calculating the

hanges in thermomechanical exergy may require more adequate ther-

ophysical property models. This is required for several common sepa-

ation processes that include considerable changes in temperature and

ressure, for instance solvent processes for syngas absorbing CO 2 at high

ressure and discharging at low pressure. To reveal minimum targets for

xergy requirement for any given separation process, regardless of feed

nd product conditions, a more general exergy targeting method has

herefore been implemented in process simulation software. 

A general expression has been derived for the relation between stand-

lone exergy efficiencies for sub-processes in a larger system, and that

f the overall system made up of the different sub-processes. It has

een shown that it is possible to express the overall exergy efficiency

s a linear combination of stand-alone sub-process efficiencies, where

he weighting factors are the fractions of the exergy input to each sub-

rocess relative to the exergy input to the overall process. 

It has been shown that sub-processes for CO 2 separation may actu-

lly have a negative value for minimum separation work, implying that

 reversible separation process subject to the defined boundary condi-

ions would deliver the defined product streams at respective specified

hermodynamic states and simultaneously yield a net exergy output. At

he same time, it has been shown that real processes, in this case an

DEA solvent process for CO 2 capture from high-pressure syngas, may

ell require a substantial exergy input despite having such a negative

alue for minimum theoretical separation work. Based on the defintion

sed throughout this work, the exergy efficiency thus becomes negative.

ven with a negative sub-process efficiency for the CO 2 separation unit,

onsistency is still observed in the form of identical results when calcu-

ating the overall system efficiency in one of the following two ways:

1) finding the ratio between minimum exergy requirement and actual

xergy input for the overall process, and (2) finding the same ratio for

he individual sub-processes and then combining them linearly by using

eighting factors. 

Exergy efficiencies obtained from the efficiency definition used

hroughout this work have been compared with corresponding results

btained by the well-established rational exergy efficiency. It has been

ound that there is no conflict or contradiction between the two ef-

ciency criteria as long as they are applied consistently. They rather

epresent two partly different means for defining and assessing exergy
13 
fficiency. As exemplified by the numerical results, they will in many in-

tances produce equal results, which is the case for the CO 2 compression

ub-process as well as for the combined CO 2 separation and compres-

ion process. The main difference between the definitions is revealed

n cases where a negative sign for the minimum theoretical exergy re-

uirement is encountered. When this coincides with an actual exergy

equirement with a positive sign, the first efficiency definition yields a

egative figure for exergy efficiency. In other words, when a process

hat would provide a net exergy output in reversible mode instead re-

uires a net exergy input in the real case, this is interpreted as giving a

egative exergy efficiency. 
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