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ARTICLE INFO ABSTRACT
Keywords: A power cycle with water-injected oxy-combustion (water cycle) is investigated by exergy analysis. It is fueled
Water cycle with syngas (aka. producer gas) from gasification of sewage sludge. The cycle is equipped with a spray-ejector

Chemical exergy
Process simulation
Carbon capture
Separation

Mixing

condenser (SEC). CO, is separated and compressed for transportation and storage. The net delivered electric
power is 31% of the fuel exergy. The task efficiency is 39% when the flue gas bleed to gasification and O,
penalty are subtracted from fuel, and CO, capture is included in the useful product. The large part of exergy
destruction, 80%, pertains to the combustor. Increasing the temperature or the pressure of the combustor outlet
(turbine inlet) lead, as expected, to reduced exergy destruction and more power delivery. Reducing pressure
of the gas turbine outlet (SEC inlet) also increases power production. Varying pressure and temperature of
the SEC outlet affects the distribution of exergy destruction among units of the condenser, however scarcely
the overall efficiency. Reducing the ambient temperature, including cooling water temperature, reduces the
efficiency of the plant, contrary to the effect of conventional plants. The reason is that the low pressure of
SEC relies on the pressure and mass flow of injected water, rather than the temperature.

1. Introduction into the comprehensive process analysis by identifying and quantifying
the thermodynamic losses and deficiencies of the process. Thereby,
dedicated actions to improve the process can be made.

For mature technical systems, like the conventional gas-turbine

cycle, the effective actions for improvement are usually well known by

The background of this work is twofold: First, handling of sewage
sludge poses a considerable environmental challenge to urban societies.
Second, CO, emissions contribute to global warming. Sewage sludge is
biomass and can be converted to combustible gases to fuel a thermal
power plant. If oxy-combustion (aka. oxy-fuel) technology is used, the
produced CO, can be sequestered and stored to avoid CO, emissions.
As biomass (here sewage) is regarded carbon neutral, the sequestering

the relevant industry. However, for new solutions, like those presented
here, the improvement potentials are not known and may not be obvi-
ous in the first place. For such systems, exergy analysis provides useful

makes the plant CO, negative.

The present paper is part of a project nCO2PP [1], aiming at
realizing a negative CO, power plant. The process has been presented
previously [2], with mass and energy analysis. Here, an exergy analysis
(1st and 2nd law analysis) will be conducted and presented. The
developed cycle consists of innovative units such as a wet combustion
chamber (WCC) and a spray ejector condenser (SEC) with water/CO,
separator, designed and developed under the project nCO2PP [1].

The energy analysis previously performed [2] allows to evaluate the
overall process efficiency, taking into account the internal efficiency
of individual cycle units. The exergy analysis results give new insight
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insight into the thermodynamic losses and, hence, the possibilities for
improvement.

An example can be found in [3], where optimum operating param-
eters were determined based on exergy analyses with emphasis on the
economics and emissions of the unit. Another example is combined
cycle units with steam injection [4], where a two-pressure heat re-
covery steam generator was analyzed, showing that there is a definite
relationship between the amount of steam injected into the combustion
chamber and the air flowing in the nominal state, when the highest
energy and exergy efficiencies are achieved. Another solution is to
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make the combined-cycle gas-turbine (CCGT) cogeneration unit more
flexible for different types of retrofits. This was chosen for the unit
in Gorzéw Wielkopolski, where two types of steam injection into the
combustion chamber were analyzed [5]. It was shown that higher
exergy losses in the combustion chamber occur for the steam-injection
solution, but also that it is more flexible. Of course, there are optimiza-
tions in the literature for gas turbines alone [6,7], but a much broader
range of analyses needs to be carried out for CCGT units that aim
to capture carbon dioxide. Here, we traditionally distinguish between
three technologies, namely post-combustion [8,9], pre-combustion [10]
and oxy-combustion [11,12]. Detailed exergetic analyses for several
cases of CO, capture by chemical absorption and CO, compression
systems were presented in [8], and a configuration was obtained in
which the exergetic losses were at the lowest level with simultaneous
preparation of CO, for sequestration. Also systems with pre-combustion
capture should be analyzed exergetically as surprising results can be
obtained: for example, that a single heat exchanger with unfavourable
temperatures was the second most exergy-destructive unit of the system
(after the combustor) [10]. Such information provides a reliable basis
for optimizing the process and avoiding exergy losses to the environ-
ment. A system [11] with similarities to the one considered in the
present paper concerns oxy-combustion, where the predominant role
in the working medium is played by CO,. In oxy-combustion, oxygen
separation from air is an important sub-process, which was analyzed
and optimized by exergy analysis by [13].

The presented cycle is based on combustion in an oxygen atmo-
sphere, giving mainly CO, and water vapour. The CO, capture method
is to use a direct-contact heat exchanger to condense steam and,
thereby, separate CO,. Essentially, it is a water cycle. Variants of this
cycle were analyzed by [14,15] on energy basis, and with exergy
by [16,17]. The present system is, however, simpler and more compact
than those previously investigated.

At this point, it is worth noting that in general, system zero-
emissions can be achieved in two ways in combustion plants, namely:
(1) burn fossil fuel and capture CO,; and (2) burn fuel from renewable
sources, such as sewage sludge gasification. However, the combination
of both techniques, capture CO, from a renewable source, will lead to
a system with a negative carbon footprint.

The aim of this study was to conduct a comprehensive exergy anal-
ysis of the plant suggested in the nCO2pp project [1], with variation of
key parameters and discussion with respect to 2nd-law considerations.
The purpose of the exergy evaluation was to localize and quantify the
thermodynamic deficiencies of the processes and hence, contribute to
the overall improvement of the plant. Moreover, the 2nd-law (exergy)
analysis also implies a realizability assessment. Besides the level of
detail, the deviations, hence novelty, from previous water-cycle anal-
yses are that the present cycle interacts with a gasification reactor
for the syngas fuel, that it has no 2nd combustor for reheat between
gas turbines, and that it has a spray ejector condenser. The latter
is supposed to be considerably more compact than a conventional
recuperating condenser.

In the following two sections, the process and its modelling are
described. The chosen operational conditions and parameter variations
are described in Section 4. Results will be presented and discussed in
Section 5, before conclusions are made in the final section.

2. Process description

The negative CO, emission power plant is based on gasification of
sewage sludge and combustion of the producer gas (aka. syngas) with
pure oxygen (not air). To reduce the temperature of the combustion and
of the resulting flue gases, liquid water is injected into the combustion
chamber. Thus, it is a wet combustion chamber (WCC) in a water-
cooled oxy-fuel combustion process. The cost of O, production required
a fuel-oxygen ratio close to stoichiometric.
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The power plant process is shown in Fig. 1. The flows of fuel (Stream
0Fuel) and oxygen (Stream 0°2) are compressed in compressors C-oxy
and C-Fuel from the inlet pressures to combustor injection pressure and
fed (Streams 17! and 192) to the WCC. The flue gas (Stream 2) is
expanded through gas turbines GT1 and GT2 and then used to heat
(HE1) water for the WCC. The gas turbines power the fuel and oxygen
compressors, a pump (P-H20) and an electric generator (G). Assuming
complete combustion with stoichiometric oxygen, the flue gas (Streams
2 to 5) consists of H,O and CO,.

The low-pressure gas flow (Stream 5) is ducted to the spray ejector
condenser (“EC” in the flowsheet), where it is brought to a higher
pressure by interaction with the injected motive fluid (Stream 15EC)
delivered by the water pump (P-EC). Vapour is condensed by direct
contact with the subcooled injected water. The further step is cooling
of the water/CO,-mixture (Stream 21-5EC) by low-temperature cooling
water (Streams 0TS to 2LTS| with pump P-LTS) in heat exchanger
HE2. In the cooled stream (225EC), most of the H,O is condensed.
This liquid is separated (Stream 6) in a separator (S) and directed out
of the system (Stream 1P7d) or re-used for injection to the SEC or
the WCC. The remaining CO,-rich gas (Stream 1°CY) is compressed
(compressors C1-CO2 and C2-CO2) and cooled (HE3, HE4) before it
is removed beyond the system boundary (Stream 5°CV) as a liquid.
A minor amount of remaining water condenses and is removed after
the 2nd stage of compressing/cooling (Stream 0Prd), It is included in
the water discharge, Stream 2Prod | Electric motors (M) run the pump
(P-EC) and the CO, compressors. The separated and re-used water is
pumped partly through heat exchangers HE4 and HE3 (Stream 3120)
to be heated by the compressed CO,-rich gas, and partly through HE1
(Stream 1129) to be heated by the flue gas, before injection to the WGC.

The syngas fuel (aka. producer gas) is produced from sewage sludge
in the gasifier. Some flue gas (Stream OR) is bled between the first and
second gas turbines to be used as a gasifying agent in the gasifier.

3. Thermodynamic modeling of the negative-CO, emission cycle
3.1. Simulation model of the process

The cycle described in the previous section was simulated using
the software Ebsilon Professional [18]. The code solved the species,
mass and energy balances for each subsystem (unit) and for the overall
system.

The exergy calculations of Ebsilon did not consider changes in
composition, as chemical exergy was not evaluated. Accordingly, such
calculations had to be supplemented by the investigators, see next
section.

The systems were assumed as steady-state steady-flow processes.
Fuel and pure oxygen were assumed continuously available at the given
inflow states. Each unit was assumed adiabatic. The combustion was
assumed complete, converting all carbon to CO, and all hydrogen to
H,O0.

In the spray-ejector condenser, the flow rate of the motive fluid
(Stream 15EC) was chosen based on the procedure described in [2].
In the separator model, an assumption of full gas/liquid separation
was made. Models of other cycle units (compressor, pump, and heat
exchanger) were adopted to calculate the design size based on the input
data of mass flow rate, temperature and pressure.

3.2. Evaluation of exergy in flows of the power cycle using Ebsilon profes-
sional

Flow exergy is the work theoretically obtainable when the flow is
brought to total equilibrium with the environment. That is, in form
of gases found in the stable atmosphere (N,, O,, H,0, CO, and noble
gases) at their respective partial pressures, p; = X;p,, and the temper-
ature, Ty, in the ambient atmosphere. Here, X is the mole fraction of
a gas in the atmosphere. The ambient conditions, or atmosphere, can
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Fig. 1. Process flow diagram of the negative-CO, emission gas cycle, generated by process simulation software Ebsilon Professional [18].

be defined by specifying temperature (7}), pressure (p,) and relative
humidity (¢°) [19,20]. The flow exergy is customarily decomposed
into a thermomechanical (“tm”) part and chemical exergy. The latter
is composed of a mixing part (“mix”) and the component (species)
chemical exergies:

E — E'lm +Ech — Etm +Ech,mix + Ech,s. (1)
This can be elaborated as
E=(H - Hy) - Ty(S - Sy)

()

; . : - g @
+ <H0 - Z nihi,0> -Ty (50 - Znisi,0> + Z et
7 7

. ;.\,_/

an (1)

Here, H = H(T,p,#;) and S = S(T, p, ;) are the rates of enthalpy and
entropy for the mixture, subscript O denotes that they are evaluated at
the restricted dead state (T, p, for the mixture), while h; , = h,(T;, py)
and 5,y = §,(Ty, py) are, respectively, the enthalpy and entropy per mole
of the pure species at the restricted dead state. Differences in kinetic
and potential energy are neglected. i, and &" are, respectively, the
molar flow rate and the molar chemical exergy of species i.

The present study was based on the energy analysis conducted with
the Ebsilon code [18], which included an exergy calculator. It evaluated
the reversible work when the flow is brought from the actual state
to the restricted dead state, that is, (7, p,). Hence, Ebsilon exergy
equals Term (I) of Eq. (2). The remaining terms have to be evaluated
separately, when relevant.

Due to condensing and phase separation when the stream includes
H,O0, the mixture is partly separated. This means that the Ebsilon exergy
calculation can be interpreted as including a part of the mixing exergy,
together with the thermomechanical part. Thus, the total flow exergy
rate can be evaluated as the quantity obtained from the simulator
Ebsilon, here denoted, ES™ and the remaining part, which has to be
calculated separately:

E = ES™ 4 (E - E™) ©))

For a general flow containing H,O with mole fraction Xy,, >
Pso/Py (mo other substances condensing at the restricted dead state),
the remaining part can be expressed as

E - ES™ =T, R ( Y iyIn Xy + gy, In ’ﬂ)
i#H,0 Po

@
. _ . _ch
+ 7i,00iq,0)(Po — Pso) o + Z "ié?(g>
7

Here, R is the universal gas constant, #; is for the actual mixture.
fig,0(e0) a0d 71, 0qiqo) are, respectively, the molar flow rates of gaseous
and liquid H,O in the mixture when it is brought to the restricted
dead state (Tj, py), while X, is the mole fraction for species i of the
gaseous phase at this state. These quantities are determined by setting
the partial pressure of vapour H,0 equal to the saturation pressure at 7;
and by assuming that no gas is dissolved in the liquid. py, and 7y, are,
respectively, the saturation pressure and saturated-liquid molar volume
for H,O at T,. In the final term, it is emphasized that for H,O, the
component molar chemical exergy for gaseous state (g) is the relevant
quantity in this expression, regardless of the phase of H,O in the actual
or restricted dead states.

For a flow without condensation at the restricted dead state (X o <
Pso/ Do), the expression simplifies to )

E-E™=TyRY nInX,+ Y neb. 5)
i i

Here, the first right-hand side term is the mixing exergy of an ideal
mixture. This term is negative, and it represents the exergy penalty
of mixing the substances. For the streams with a single pure species,
the right-hand side of Eq. (5) reduces to the chemical exergy of that
component.

3.3. Energy and exergy analysis of the developed processes

As noted above, the elemental, mass and energy balances were
taken care of by the simulator, Ebsilon. The exergy balances had to be
supplemented, as well as chemical exergy calculations for each stream.
For each unit (assumed steady state and adiabatic), the exergy balance
was expressed as

0=2Ej,in_ZEj,out_W_Ed' ©
Jj Jj

Here, index j denotes a stream identifier, “in” and “out” refers to inflow
and outflow of the unit, W is the power (work rate) delivered by the
unit and E, is the exergy destruction rate. Exergy rate associated with
heat transfer to the units was not relevant with the present assumptions.
The work rates were obtained in the energy analysis (enthalpy rate
differences), while the flow exergy rates were obtained as described
above. The exergy destruction then appeared as the remaining quantity
to resolve from the exergy balance.

3.4. Oxygen separation, syngas fuel supply, exergy discharge and carbon
dioxide capture

In the simulator model, the stream of pure O, used for oxy-
combustion was regarded as an inflow to the process. The air-separation
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Table 1
Chemical exergies at ambient conditions 15 °C, 1 atm
(1.01325 bar), 60% relative humidity [19].

Species &" (kJ/kmol)
0, 3770
Cco, 18924
H,0(g) 11010
H,0(iq) 1224
H, 238157
CcO 275131
CH, 834227
C,H, 2154890

unit (ASU) was not simulated in detail. However, the cost of the
separation (and some pressurizing) was included in the analysis by
estimating the electric energy (exergy) required for the process and
subtracting this from the gross power generation.

Also the fuel stream was regarded an inflow to the simulated
process. The gasifier providing syngas fuel required a bleed of flue gas
from the process. The remaining exergy required for the gasification
process was provided by the sewage sludge and not accounted for in
the present analysis.

The mass flow rate of water in the cycle was increased by the
reaction product H,O, which then was the net discharge. With a near-
ambient state, its exergy was primarily the chemical exergy. Further-
more, some thermal energy was discharged from heat exchanger HE2
by cooling water taken from the environment. The exergy associated
with this discharge implied exergy destruction when mixed into the
environment. Although this occurred outside the control volume, it was
a result of the process.

The resulting stream of compressed and concentrated CO, was
delivered at a high pressure. The thermodynamic asset of this stream
is the sum of the pressure part of the thermomechanical exergy, i.e.,

E™P = (H(T()s p, ;) — Ho) - To(S(TO,IJs ") — So)’ @)

and the chemical exergy. The further handling of this stream (e.g., pip-
ing or shipping for deposit) was not part of this study.

4. Present predictions
4.1. Ambient conditions, fuel and oxygen supplies

Unless otherwise specified, the ambient conditions (local atmo-
sphere) were chosen as temperature T, = 15°C (288.15 K), pressure
pp = latm (1.01325 bar) and relative humidity ¢° = 0.60. These
conditions aligned with the ISO standard conditions for gas turbine
testing [21]. Also cooling water was assumed available at the ambient
temperature and pressure.

The syngas mixture (aka. producer gas) from sewage sludge gasi-
fication [22] was assumed with a composition (molar based) of CO:
9.32%, CO,: 26.44%, CH,: 13.92%, C5Hg: 3.50% and H,: 46.82%. In
addition, for comparison, the process was also simulated with natural
gas (simplified as pure CH,) as the fuel. The supplies of syngas and
methane were assumed at the ambient pressure and temperature.

The chemical exergies for the specified ambient conditions were
evaluated with the model of [19] and presented in Table 1. The syngas
fuel mixture had a chemical exergy of 330534 kJ/kmol (mixture exergy
included). The lower heating value (LHV) of the syngas was 17090
kJ/kg, and the molar mass was 18.97 kg/kmol, as provided by the
simulator.

In the gasifier, steam is used as a gasifying agent or converter [2,22,
23]. For this purpose, a fraction of the flue gas stream was bled between
the two gas turbines. The amount was set to 0.83 mol bleed flue gas
(with 0.73 mol of H,0) per mol of consumed syngas [23]. According
to results of [23], the precise amount of CO, in the bleed had minor
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influence on the syngas parameters compared to feedstock, temperature
and pressure of the reactor.

The supply of pure O, used in oxy-combustion comes with a cost.
The chemical exergy of the pure species constitutes the minimum ther-
modynamic requirement to produce it from the environment, i.e., the
atmosphere. The actual requirement is higher. Based on recent stud-
ies [24,25], the specific power consumption was set to 25.3 MJ/kmol
(0.220 kWh/kg) for O, at the combustor inlet pressure. The pressure
was achieved by pumping liquid O, before evaporating within the
air-separation unit. Thus the penalty was approximated to this value
for all the investigated combustor pressures. The impurity of 0.2%
argon was neglected. The data represented a moderate improvement
from those observed by [2] and those found by [13]. Including the
thermomechanical exergy, the separation process had an efficiency of
14.3%. The required power, or exergy penalty, of the separation was
subtracted from the gross power production of the power plant.

4.2. Numerical simulation of gas power cycle using thermodynamic models

In the thermodynamic model of Ebsilon [18], the Redlich-Kwong—
Soave real gas formulation [26] was used. This model has been found
[27] to give relatively low errors for H,O-CO, mixtures. For flows of
pure water/steam, data of IPAWS-IF97 [28] were used.

The equations of state, mass and energy balances were resolved
iteratively, with a convergence criterion set to 10~°. This referred to
the relative deviation between the second-last and the last iteration step
for mass flow, pressure and enthalpy.

The thermodynamic models of Ebsilon used the convention of set-
ting the enthalpy zero point for gaseous flows like air and flue gas at
0°C. It can be noted that the enthalpy values displayed by Ebsilon
did not balance for reactors and separators, i.e., when composition
change. This affected postprocessing based on output quantities, while
computations within the simulator appeared to be correct.

Following [2], the isentropic efficiencies were assumed as 0.89 for
the turbines, 0.87 for the compressors and 0.43 for the pumps. The
mechanical efficiencies for rotating machinery were set to 0.99, while
the electric efficiencies of generator and motors were set to 0.9856 and
0.85, respectively.

The pressure losses in heat exchangers were set to 3% at the liquid
side and 25 mbar on the gaseous side [29]. The temperatures of heat
exchangers HE1, HE3 and HE4 were set for each case. The minimum
temperature differences were not less than 20 K, 75 K and 45 K,
respectively, except when the SEC inlet temperature was reduced (13
K difference at 32°C SEC inlet temperature). For HE2, the minimum
temperature difference was set to 3 K, with an exception at a reduced
SEC outlet temperature.

4.3. Base case

The Base Case was designed to approximately 2 MW of electric
power. The choice was motivated by, among other, aiming at a size
of the powerplant to fit into a module that can be transported and
installed as a unit. It can be noted that the analysis of [2] was based
on a prototype size of approximately 100 kW electric power.

The turbine inlet (combustor outlet) temperature was set to 1100°C
and the pressure to 10 bar. The injection pressures of fuel and oxygen to
the combustor was set to 1.05 times the combustor pressure. For water
injection, the pressure from the water pump (P) was set to 30.9 bar to
keep the flow in liquid state through heating (HE1, HE3, HE4).

The outlet of the first gas turbine (GT1) was set to 1.02 bar, due to
the bleed of flue gas to the gasifier. The outlet of the second gas turbine
was related to the conditions of the spray ejector condenser(SEC), and
the pressure was set to 0.078 bar. The temperature of the flue gas inflow
to the SEC was set to 40°C.

The water inlet to the spray ejector condenser was set to 6 bar. Its
temperature was dependent on the temperature of the outflow from
condenser and separator.
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Table 2
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Data for selected positions in the flowsheet: molar mass, composition (mole fractions) of the streams. Base Case, syngas and methane.

Stream Fuel: syngas Fuel: methane
Molar mass CO, H,0 &h Molar mass CO, H,0 ah
(kg/kmol) (mol%) (mol%) (kJ/kmol) (kg/kmol) (mol%) (mol%) (kJ/kmol)
2 21.082 11.796 88.204 11943 20.143 8.189 91.815 11658
21-EC 18.031 0.0621 99.938 11015 18.027 0.0441 99.956 11014
1o 43.483 97.974 2.026 18763 43.483 97.974 2.026 18763
50U 43.922 99.662 0.338 18897 43.922 99.662 0.338 18897

The pressure of the outflow CO,-rich stream (Stream 5°CU) was
set to 78 bar. This is above critical pressure, which means that a
potential further pressure increase can be achieved by pumping. The
temperature was set to 90 °C for the syngas case and 63 °C for methane.
The difference was due to the reduced mass flow rate for GT2 after
bleed to the gasifier.

4.4. Parameter variations

To investigate the described system, and to understand the exergy
conversion and destruction, some selected parameters were varied. It is
noted that the analyses are at the design level, not operational. That is,
the variations represent changed devices (when relevant), not changed
conditions for the same device or geometric parameters.

— The turbine inlet (combustor outlet) temperature was varied as 850,
950, 1050, 1100 (BC) and 1150 °C (“BC” denotes the Base Case).

— Combustor (turbine inlet) pressure: 6, 10 (BC), 16, 25 and 40 bar.

— GT2 outlet pressure: 0.068 (BC), 0.078, 0.088 and 0.100 bar (the
corresponding inlet pressures to SEC were 0.025 bar lower). This was
achieved by changing the GT2 pressure ratio, while the GT2 inlet
pressure was maintained constant because of the bleed to the gasifier.
— Flue gas temperature to SEC (Stream 5): from 32 to 120 °C (BC:
40 °C). The pressure was maintained at 0.053 bar. The variation was
obtained by reducing the heat transfer in HEL; i.e., lesser mass flow
rate and/or temperature rise of water.

— Discharge pressure from SEC (Stream 21-55C): 1.0, 1.015, 1.030, 1.045
(BQC), 1.060, 1.075, 1.090, 1.105 bar.

— Temperature out of HE2 (Stream 22-EC): 16, 17, 18 (BC), 19, 20°C.
This was also the temperature of the motive water inlet to SEC (Stream
15EC), The variation was achieved by adjusting the mass flow rate of
Stream 15EC,

— Ambient temperature: 0.01, 5, 10, 15 (BC), 10, 25 and 30°C. This
temperature applied to cooling water, fuel and O, supply. The ambient
pressure (1 atm) and relative humidity (60%) were not varied.

For comparison, the power plant was simulated with methane as
fuel. The chosen parameters were maintained. The comparison was
made on the basis of maintained volumetric flow through the first gas
turbine. This implied that the methane-fueled version had a slightly
higher rate of converted LHV. Methane required no bleed of flue gas.

5. Results and discussion
5.1. Base case

The flow of captured and compressed CO, is a desired product of the
process. The exergy is the thermodynamic value of the flow. It therefore
represents a useful product of the process, along with the net power
output. The chemical exergy and pressure part of thermomechanical
exergy of the product CO, was 3.9% of the chemical exergy of syngas,
while 3.2% for methane.

Table 2 shows composition data for selected streams of the Base
Case. Other streams can be found from these data. The gas-phase
fractions in Streams 21SEC and 2%SEC were 0.1087% and 0.1085%,
respectively, on mass base. The other streams were single-phase flows.

Temperature, pressure, mass flow rate and exergy flow rate for all
streams of the Base Case are shown in Table 3. The exergy flow rates

are expressed as fractions of the fuel chemical exergy rate, which were
6757.8 kW and 7133.8 kW, respectively, for syngas and methane. It
should be noted that for the cooling water (Streams 0TS, 1115 and
2LT5), the chemical exergy of liquid water was not included. This
was because this water is just a medium for heat exchange, with no
other participation in the process (cf. discussion on through-flow exergy
in [30,31D).

Main data for the power plant are provided in Table 4.

Exergy efficiencies, y, were evaluated as task efficiencies [31,32].
That is the exergy rate of the desired product as a fraction of the exergy
rate utilized by the unit. For heat exchangers it is the exergy rate change
of the cold flow divided by that of the hot flow. For compressors and
pumps it is the ratio of increased flow exergy rate to supplied power,
and for turbines it is the ratio of power produced by the decreased
flow exergy rate. For SEC and WCC, the task exergy efficiency is the
outflow exergy divided by the inflow exergy. For the overall plant, the
desired products are the delivered electric power and the exergy rate
of captured/compressed CO,, while the utilized exergy is the fuel and
O, exergy subtracted bleed exergy and O, penalty.

Table 5 shows process unit results of the Base Case: utilized exergy
rate and exergy destruction rate as fractions of the fuel chemical exergy
rate, together with the task exergy efficiency. In particular, it can be
noted that for SEC, most of the utilized exergy (here: inflow exergy)
was component chemical exergy of the water, Stream 215EC which was
flowing through the device; that is, 331% of the fuel chemical exergy
for the syngas case.

5.2. Distribution of exergy destruction and output: parameter variation

In the following graphs, the distribution of the exergy is grouped as
— exergy destruction in the combustor (“WCC” in the graphs).

— exergy destruction in heat exchanger HE1 and pump with electric
motor (“HE1”).

— exergy destruction in fuel compressor, gas turbines and electric
generator (“GT”).

— exergy destruction in SEC, HE2 and pumps P-SEC and P-LTS with
motors (“SEC”).

— exergy destruction in CO, compressors with motors, HE3 and HE4
(“CprC0o2”).

— exergy discharged by produced water (Stream 2P™9), cooling water
(Stream 25) and the temperature part of thermomechanical exergy of
the captured and compressed CO, (cf. Eq. (7)) (“Disch™).

- exergy in flue gas bleed to gasification reactor, Stream O} ("Bleed”).
— exergy (electric energy) used for O, separation, i.e., O, penalty (“O02
pen”).

— net electric energy (exergy) delivered from the power plant (“El
pow”).

— exergy of captured and compressed CO,, i.e., chemical exergy and the
pressure part of thermomechanical exergy (“CO2”).

All exergy rates are expressed as a fraction (in %) of the flow rate of
chemical exergy of the fuel supplied to the combustor. For compressors,
pumps and turbines, mechanical losses were included in the exergy
destruction.

It can be noted that the discharge fractions are very small and hardly
visible in the graphs.
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Table 3

Data for streams in the flowsheet: temperature, pressure, mass flow rate and total exergy flow rate (in % of the fuel chemical exergy). Base

Case.
Stream Fuel: syngas Fuel: methane

T p m E/ El“: T p 7] E/ El“:
0 (bar) (kg/s) (%) 0 (bar) (kg/s) (%)

QFuel 15 1.01325 0.38778 100.00 15 1.01325 0.137185 100.00
1Fuel 252.0 10.5 0.38778 102.41 224.1 10.5 0.137185 100.93
002 15 10.5 0.48026 2.08 15.0 10.5 0.54727 2.24
102 15 10.5 0.48026 2.08 15.0 10.5 0.54727 2.24
01120 18 1.02 1.33091 1.45 18 1.02 1.4400 1.49
1H20 220.80 30.9 1.03091 4.51 224.4 45.0 1.1900 5.06
320 175.97 29.07 0.300 0.96 175.9 44.1 0.250 0.77
2 1100 10 2.1985 66.66 1100 10 2.12445 63.36
3 676.50 1.02 2.1985 36.28 672.7 1.02 2.12445 34.29
ok 676.50 1.02 0.35676 5.89
4 324.84 0.078 1.84219 11.15 319.0 0.078 2.12445 12.40
5 40 0.053 1.84219 5.34 40 0.053 2.12445 5.98
0SEC 18 1.02 297.293 323.77 18 1.02 351.223 362.35
15EC 18.04 6 297.293 325.97 18.04 6 351.223 364.81
21-EC 20.92 1.045 299.135 329.02 21.1 1.045 353.347 367.43
2%SEC 18 1.02 299.135 328.17 18 1.02 353.347 366.41
oLTS 15 1.01325 1000.0 0.00% 15 1.01325 1000.0 0.00?
1118 15.00 1.052 1000.0 0.057¢ 15.00 1.05 1000.0 0.054%
oLTS 15.87 1.020 1000.0 0.093° 16.10 1.02 1000.0 0.132%
16cu 18 1.02 0.45748 2.88 18 1.02 0.37953 2.27
20CU 319.96 25 0.45748 4.72 320.0 25 0.37953 3.71
3¢cu 95 24.98 0.45748 4.09 95 24.98 0.37953 3.21
4ccu 209.38 78.025 0.45748 4.70 209.4 78.025 0.37953 3.69
5ccU 65 78 0.45427 4.33 65 78 0.37686 3.40
6 18 1.02 298.678 325.28 18 1.02 352.968 364.15
7 18 1.02 297.347 323.83 18 1.02 351.528 362.66
QProd 65 78 0.00321 0.0046 65 78 0.00266 0.0036
1Prod 18 1.02 0.05381 0.059 18 1.02 0.30493 0.31
oProd 20.73 1.02 0.05702 0.062 18.42 1.02 0.30759 0.32
0ZH20" 18.99 30.9 1.03091 1.17 19.49 45.90 1.19000 1.30
02Hz20” 18.99 30.9 0.300 0.34 19.49 45.90 0.250 0.27
9H20 91.2 29.97 0.300 0.50 91.4 44.97 0.250 0.40

2Chemical exergy is not included in the LTS streams (HE2 cooling water).

Table 4
Main data for the power plant; Base Case, syngas and methane.

Table 5
Results for individual units of the process: Utilized exergy, exergy destruction (both in

Fuel syngas methane % of fuel chemical exergy) and exergy efficiency (%). Base Case, syngas and methane.
Fuel energy (LHV) rate (kW) 6627.2 6860.8 Unit Fuel: syngas Fuel: methane
Fuel exergy rate (kW) 6757.8 7133.8 EL] £y v 2huy L "
E E E¢ E¢
Flue gas exergy rate bleed to reactor (kW) 397.9 0 i il T T
O, penalty, electric power (kW) 379.7 432.7 HEL 5.80 2.46 57.5 6.42 2.67 58.5
Delivered electric power (kW) 2117.4 2416.5 HE2 0.85 0.82 4.2 1.02 0.94 7.7
Captured/compressed CO,, exergy rate (kW) 285.6 236.9 HE3 0.63 0.16 73.9 0.49 0.13 73.9
Exergy destruction rate (kW) 3700.4 4170.0 HE4 0.37 0.21 427 0.29 0.17 43.1
Overall exergy efficiency (%) 39.3 38.7 wcCC 109.96 43.31 60.6 109.00 45.64 58.1
C-Fuel 2.61 0.19 92.7 1.00 0.08 92.3
GT1 30.37 1.13 96.3 29.07 1.09 96.3
GT2 19.25 1.12 94.2 21.89 1.29 94.1
. . P 0.14 0.08 43.7 0.21 0.12 43.7
5.3. Va temperature of combustor outlet (turbine inlet
rying temp f ( ) €1-co2 1.96 013 935 1.54 010 935
C2-CO2 0.67 0.05 92.1 0.52 0.04 92.1
The first series of variation was of the WCC effluent temperature, SEC 331.32 2.30 99.3 370.79 3.35 99.1
i.e., turbine inlet temperature of GT1, ranging from 850 °C to 1150 °C. P-EC 2.74 0.54 80.2 3.06 0.61 80.2
The distribution of exergy (in % of fuel chemical exergy) is shown in EIECT; loss 0.13 8'22 ;2'8 0.13 g'g; ;2'8
Fig. 2. The pressures were kept constant (as the Base Case), and so generator 064 9865 067  98.65
also the temperature of Stream 5 from HE1 and the mass flow rates motors 0.98 85.0 0.94 85.0
overall 54.76 39.3 58.45 38.7

of fuel and oxygen to the combustor and of the bleed to the reactor.
Accordingly, the fuel compression, the O, penalty and the captured CO,
were also constant. The mass flow rates of the HE2 cooling water and
of Stream 3120 were kept constant, while the injection was varied with
Stream 1120,

The most prominent change with increased WCC temperature was
the exergy destruction of the WCC, which decreased from 49.5% to

temperature exceeded the effects of reduced flows). The sum of gas
turbines and HE1 had a small increase (from 2.2 to 2.6%). The lower
mass flow rate also led to slightly lower exergy destruction in the spray
ejector condenser. The small sum of discharges was reduced from 0.27

42.2% of the fuel chemical exergy. A higher temperature led to in-
creased exergy in the bleed flow, from 4.6 to 6.2%. Higher turbine-inlet
temperature led to higher power, in spite of a lower mass flow rate (less
injected water). The exergy destruction of the gas turbines was slightly
reduced, while that of HE1 increased a little (the effects of increased

to 0.25%. The net delivered electric power increased from 1.74 MW
(25.8%) to 2.18 MW (32.3%).

A case similar to the Base Case (1100°C) was also run, however
without bleed to the gasifier. Then, the streams through GT2, HE1, SEC
and CO, capture increased correspondingly. This case is also included
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Fig. 2. Exergy distribution at varied turbine inlet temperature, syngas, including one
case run without bleed. For the bar group labels, see Section 5.2.
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Fig. 3. Exergy distribution at varied turbine inlet temperature, methane, cf. Section 5.2.

in Fig. 2. From the avoided bleed of 5.61% of fuel chemical exergy,
the electric power delivery increased by 3.22%, and the additionally
captured CO, represented 0.81%.

The corresponding results for methane are shown in Fig. 3.

5.4. Varying pressure of combustor

The fuel inflow was kept constant, and also the O, penalty (ne-
glecting the small additional pumping power of liquid O, in the air-
separation unit). For syngas, the variation was made for two levels
of combustor temperature. This was because increasing combustor
pressure also required an increase in injection-water pressure, which
affected heat exchange and the energy balance of WCC. Since the WCC
temperature here was a result rather than a parameter, maintaining a
constant value over the entire range of pressure was complex.

The obvious and expected effects of increased pressure was the in-
creased power of GT1. Since the pressure of Stream 3 (due to bleed) was
kept constant, its temperature fell with increased WCC pressure (con-
stant WCC outlet temperature). Thus, the bleed exergy was reduced.
The overall exergy destruction had a small reduction with increasing
pressure. The localization of exergy destruction shifted from combustor
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Fig. 4. Exergy distribution at varied combustor pressure, syngas, cf. Section 5.2. The
combustor-outlet temperature is also shown in the legend (cf. text of Section 5.4).
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Fig. 5. Exergy distribution at varied combustor pressure, methane, cf. Section 5.2.

and HE1 to gas turbines and fuel compressors. Since pressure and
temperatures of SEC inlets were constant, the exergy destruction there
and in CO, separation and compression were unaltered.

The net effect of pressure increase was an increase in delivered
power, as seen in Fig. 4. The results for methane are shown in Fig. 5.

5.5. Varying pressure and temperature of flue gas to spray ejector condenser

The GT2 exit pressure was varied from 0.068 (BC) to 0.10 bar
(SEC inlet pressure 0.025 bar below these values), Fig. 6. Here the
fuel, O,, bleed and captured CO, amounts remained constant, and also
temperature and pressure of the GT1 inlet and outlet and the GT2 inlet.
The injected water flow rate and temperatures, and hence the flue gas
flow rate, had very small changes. The main variation was the power
and exergy outflow rate of GT2, due to the reduced expansion ratio. The
lesser GT2 power directly influences the net delivered electric power.
This led to a higher exergy flow rate to SEC (Stream 5). Since the
condenser is mainly dissipating the thermomechanical exergy of Stream
5, its exergy destruction rate increased correspondingly.

Varying the temperature of flue gas flow to SEC (Stream 5) from
32 to 120°C (BC: 40°C) implies less heat transfer to WCC injection
water in HE1. The fuel, O,, bleed and captured CO, amounts remained
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Fig. 6. Exergy distribution at varied GT2 exit pressure, syngas, cf. Section 5.2.
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Fig. 7. Exergy distribution at varied flue gas temperature to SEC, syngas, cf.
Section 5.2.

constant, and also temperature and pressure of GT1 inlet and outlet
and the GT2 inlet. However, with lesser thermal energy of the water,
a lesser mass flow rate is needed to obtain the constant WCC outlet
temperature. This implies a lower flue gas mass flow rate and reduced
power production in the gas turbines. Even though less heat is trans-
ferred in HE1, the exergy destruction rate increased, as the temperature
differences increased (exergy efficiency fell from 60 to 45%). The flow
exergy in flue gas to the condenser increased with its temperature,
and hence the exergy destruction there. Exergy distribution results are
shown in Fig. 7.

5.6. Varying pressure and temperature of condenser outlet

The variations of discharge pressure and temperature from SEC led
to changes that were hardly distinguishable in the bar graphs and,
therefore, not shown.

The pressure of the SEC outlet (Stream 21-5(C) was varied from 1.0
to 1.105 bar (BC: 1.02 bar). The electric power delivery had a tiny
increase of 0.11% of the fuel chemical exergy, which corresponded
to the same reduction in exergy destruction. The spray ejector and its
pump and motor contributed 0.10 of this percentage.
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Fig. 8. Exergy distribution at varied ambient temperature, syngas, cf. Section 5.2.
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Fig. 9. Exergy distribution at varied ambient temperature, methane, cf. Section 5.2.

The condenser outlet temperature, Stream 225EC, is also the tem-
perature of Streams 6, 7, 05EC, 1°CU and 01'H20, and it directly affects
the temperatures of the SEC motive water and outlet, Streams 155C and
21-SECand of the WCC injection water before heating. The increase
from 16 to 20°C (BC: 18°C) led to a tiny increase of electric power
delivery by 0.10% of the fuel chemical exergy. The corresponding
reduction of exergy destruction summarized from numerous small con-
tributions, like HE1 (—0.09%), WCC (-0.04%), SEC group (+0.02%,
including —0.69% for SEC and +0.71% for HE2), etc.

For both parameter variations, the combustor and units producing
or consuming power were scarcely changed. Thus the main change was
a redistribution of the dissipation in the condenser.

5.7. Ambient temperature variation

This was a variation in temperature of cooling water, fuel and O,
supply. At the lowest temperature, 0.01°C (“0 °C” for short), water
was assumed not to freeze. Furthermore, the chemical exergies of the
involved species were changed with T;, [19]. The distribution of exergy
(in % of fuel chemical exergy) is shown in Fig. 8 for syngas and in Fig. 9
for methane.

During the variation of Ty, the fuel and oxygen flow rates were kept
constant. Also the state of the flue gas (Streams 2 to 5), and the bleed
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mass flow rate, were constant. However, changes in thermal energy of
injected water (temperature and flow rate) caused a small reduction in
the flue gas mass flow rate with lower temperature, and hence of the
produced turbine work: 1.4% reduction for Stream 2 from 30 to 0°C
and 1.8% for work. Over the same variation, chemical exergy of syngas
was reduced by 0.9%, while that of the flue gas and bleed increased by
25%. The pressure and flow rate of captured CO, was constant.

The exergy efficiency of the oxygen supply (cf. Section 4.1) was kept
constant at varying ambient temperature. Consequently, the O,-penalty
was scaled with T;, compared to the Base Case.

For the combustor (WCC) at lower T, the outflow exergy of flue
gas increased more than the increased inflow exergy of water, hence
reduced exergy destruction.

For conventional thermal power processes, the power will usually
increase with lower ambient temperature. The condenser pressure will
decrease with lower coolant temperature. Furthermore, a conventional
gas turbine will have an air compressor, which benefits from colder
atmospheric air.

The present process does, of course, not have an air compressor.
However, if the oxygen is produced in a cryogenic process, this process
will benefit from lower temperature. Furthermore, the flue gas inlet
pressure to the spray-ejector condenser depends on the momentum
rate (i.e., pressure and mass flow rate) of the injected water, rather
than the temperature of the cooling medium. Therefore, it shows no
direct benefit from lower ambient temperature. Since the flow exergy
of the flue gas increases with lower ambient temperature, the exergy
destruction of the SEC increases.

In total, the net power delivery showed a small increase with lower
ambient temperature (0.5% of fuel chemical exergy from 15 to 0°C)
for syngas, while an even smaller decrease for methane.

5.8. Oxygen penalty and bleed to gasification reactor

In this study, the source of oxygen was regarded as an air-separation
unit outside the analysis, and an exergy penalty was assumed. Details
of oxygen production was out of scope for the study here. The required
power directly reduces the net electric power delivery from the plant.

The assumption relied on availability of technology, and the chosen
value can be subject of discussion. An interesting future perspective
is the expected implementation of hydrogen in the energy system.
A possible source of oxygen can be the by-product from extensive
hydrogen generation by electrolyzers. Potentially, industry will produce
more pure O, than needed, and the marginal cost both in money and
exergy might be low.

The gasifier was also regarded out of scope of this study. It was
considered by the syngas fuel supply and the bleed of flue gas to
the reactor. Since the bleed pressure was kept constant, variations of
the GT1 effluent temperature lead to variation in bleed temperature
and hence, its flow exergy. The fixed bleed pressure, i.e., fixed GT1
outlet pressure, limits the possibilities for optimal choices of expansion
ratios. Furthermore, water injection variation also led to some chemical
exergy variation of the flue gas. Potentially, increased bleed exergy
could lead to improvement of the gasification reactor efficiency. This
will, however, not be visible in the present analysis. Potentially, a
higher bleed gas temperature could be utilized by heat exchange with
WCC injection water. It would require another heat exchanger, with a
pressure loss that would imply a reduced GT1 pressure ratio.

5.9. Overadll discussion

Two important issues for the power plant are efficiency and size.
First, fuel gasification and oxygen production are penalties that have
to be satisfied. Moreover, capture and compression of CO, have a
cost. Second, in this project, compactness is an aim. Comparing cycles
of different studies can be difficult, as a wide range of choices and
assumptions influence the performance. Even in comparisons on a
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common basis made by the same investigators using the same tools
(e.g., [15]), similar assumptions can have different impact on different
cycles. An important feature of the water cycle is its simplicity. Other
cycles can have several compressors, heat exchangers and reactors (see
e.g., [10,15]).

For instance, Habib et al. [33] pointed out that the water cycle is
similar to the bottoming part of the Graz cycle (oxy-combustion with
steam), and that the difference is that heat is added at much lower
temperature. Therefore, lower efficiencies are reported. They did not
mention the extensive compression of vapour in the Graz cycle.

A striking observation from the present analysis was the large frac-
tion of exergy destruction pertaining to the combustor, nearly 80%. In
comparison, the pre-combustion CO, capture power plant with natural
gas reforming analyzed by [10] and the S-Graz cycle [34] had less than
70% in reactors. These cycles have a multitude of other units.

In the wet combustion chamber, the injected water can be assumed
to evaporate at the saturation temperature of the combustor pressure.
That is, at 180°C for 10 bar or 250°C at 40 bar. A relevant ques-
tion is whether evaporation by low-grade heat before injection would
be better. Obviously, utilizing combustion heat at these temperatures
implies notable exergy destruction. Approximately half the reaction
heat release was captured by evaporation, while the other half was
captured by temperature increase. Consequently, external evaporation
would require, roughly, twice the amount of water. The necessary
amounts of low-grade heat are, simply, not available in the system.
Using higher-temperature heat would counteract the idea behind the
external evaporation. Moreover, evaporation outside the combustor
would still require notable temperature differences for the heat transfer,
with the associated exergy destruction. As a side effect, a relatively
large heat exchanger (boiler) would be required.

Results of some parameter variations can be seen as expected and
even felt as intuitive. Several authors have formulated guidelines to
explain and guide design of thermo-chemical systems based on the 2nd
law, for instance the “12 commandments” by Leites et al. [35] and 20
“practical rules” by Szargut [36], both accompanied by background
and reasoning. The large exergy destruction in the combustor is ex-
plained by several “commandments” (e.g., No. 1 about driving forces,
No. 3 about exothermic reactions and No. 6 about mixing of different
flows [35]) and “rules”. Simplicity of the process is acknowledged by
“Rule 16” [36], on not to elongate the chain of processes.

Increasing the combustor outlet/turbine inlet temperature gave the
most predictable result: slightly more turbine work output and reduced
exergy destruction in the combustor. On the other hand, the increased
combustor pressure did not fully align with the guidelines: reactions
with decreasing volume should, according to “Commandment 4” [35],
give less exergy destruction at lower pressure, not vice versa as indi-
cated in Fig. 4. In the present case, the increased water evaporation
temperature may have had a greater and opposite effect.

Even though the thermodynamics clearly suggests that increasing
temperature and pressure are beneficial, the practical conditions of
material properties etc. may challenge those options.

6. Concluding remarks

A power cycle with water oxy-combustion of syngas or methane and
CO, capture is investigated by exergy analysis. The size of the power
plant was about 2 MW electric power. The plant is intentionally kept
compact, with no reheat and using a spray ejector condenser (SEC).

* The net delivered electric power was 31% of the syngas fuel
exergy. When flue gas bleed to the gasifier and O, separation penalty
are considered, the exergy task efficiency is 39%, including the exergy
of captured CO, in the useful product. The combustor is the dominating
source of irreversibility, with 80% of the exergy destruction. Increasing
the combustor outlet (turbine inlet) temperature reduced the combustor
and overall exergy destruction and increased efficiency. The same
effects were seen when increasing the combustor pressure.
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* Increasing the pressure of the flue gas exiting the last gas turbine
(inlet to SEC) increased SEC exergy destruction and reduced the turbine
power and cycle efficiency, without affecting much the other units.
Increasing the temperature of the same stream had similar effects.

* Variation of the SEC outlet temperature and pressure had small
effects other than redistributing exergy destruction among units related
to SEC.

* Reducing the ambient temperature, essentially the condenser cool-
ing water temperature, leads to a nearly unchanged overall efficiency,
contrary to conventional steam cycles and gas-turbine combined cycles.
The reason is that the pressure of the flue gas inlet to the SEC depends
on the pressure and mass flow of the injected liquid rather than the
cooling water temperature.
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