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Abstract:

An exergy analysis is carried out on the negative CO2 emission gas power plant (nCO2PP), which integrates
the process sections of fuel preparation, power generation and carbon capture. Processes of exergy
destruction are studied with particular focus on the process in the gasification unit of the fuel preparation
section, where a large amount of exergy is destroyed in various chemical reactions from sewage sludge to
producer gas conversion. The largest exergy losses are observed in the wet combustion chamber and in the
fuel line with the gasification process and water condensation in the gas scrubber, amounting to 126 kW, 43-
45 kW and 56 kW respectively, which corresponds to efficiencies of 62%, 89% and 84% of these units, while
the exergy efficiency of the power plant is 29.5%. The integration of the gasification unit with the gas scrubber
is investigated, and a heat exchanger combination is considered. Ambient air changes in relative humidity and,
due to increasing global greenhouse gas emissions, CO2 concentration are analysed. Insight into the
theoretical operation of the power plant through exergy analysis allows energy efficiency to be increased by
improving areas of highest exergy destruction. To represent real power plant operation, the analysis is based
on an optimised process simulation calculated using the most accurate published equations of state, verified
with experimental thermophysical property data from the literature.

Keywords:
Exergy Analysis; Efficiency; Gasification; Sewage Sludge; COz2; Process Simulation; Integration; Power Plant.

1. Introduction

The Negative CO2 emission Gas Power Plant (nCO2PP) shown in Figure 1 is the subject of intensive research
in a project dedicated to the disposal of sewage sludge with simultaneous generation of electricity and CO2
capture [1]. The nCO2PP cycle has already been described in several articles [2—4] as it offers the hope of
simultaneously disposing of the harmful products of human activity (e.g., sewage sludge), then allowing the
production of useful electricity, and finally allowing the capture of carbon dioxide in a dedicated part of the
CCS. A contribution to the field was made in [5], where an exergy analysis of the nCO2PP system was
conducted, investigating aspects of energy efficiency and CO:2 capture. The basic equipment includes: (1) the
working medium generator - i.e., the wet combustion chamber (WCC), the steam-gas expander (GT+GTb2p),
the spray-ejector condenser (SEC), and the gasifier in which the sewage sludge is converted into syngas by
means of a converter, which is a bleed stream (Fig.1.). Additional equipment includes oxygen, fuel and CO2
compressors, water pumps and heat exchangers. It is extremely important not only to test the syngas
production experimentally, but also to model the gasification process correctly to indicate its contribution to the
energy conversion chain.

The nCO2PP cycle is consistent with the idea of a bioenergy with a carbon capture and storage (BECCS)
power cycle. This involves using a renewable energy source in the form of biomass in combustion processes
and then capturing the carbon dioxide produced in this way, ultimately achieving negative CO2 emissions.
However, in addition to carbon performance, an important parameter for the sustainable conversion of fuel
energy is exergy destruction. One of the critical parameters influencing exergy destruction are ambient
parameters such as temperature, humidity and pressure, which have already been classified in many works
by some well-known authors on the subject [6,7]. It is worth noting that the effect of COz in the air is also
beginning to play an increasingly important role in exergy analyses, while the issue of determining the chemical
exergy of individual elements still lacks a sufficiently reliable physical basis, and most scholars rely on Szargut
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[7] in this area. The situation is even more complicated when determining the chemical exergy of different
types of biomass [8]. First of all, there is a lack of a clear chemical and physical foundation to move from well-
established methods to determine the composition of the ultimate and proximate type to the exergy, because
here, entropy relating to the atomic level plays a role [9]. In the case of the present work, the analyses will
focus on a significantly challenging biomass, which is sewage sludge. Attempts to model this process
appropriately are being developed particularly intensively in the Aspen Plus environment, where, using mass,
momentum and energy balance and the entropy production equation, the exergy destruction due to gasification
can be determined [10]. Using these models, it is important to determine the components of the syngas at the
reactor outlet and the input supplied to the gasifier. Due to the varying composition of sewage sludge,
depending on the region of the world, the calorific value of the sludge and thus, the exergy that is stored in it,
also changes [11]. In addition, there is great hope in the production of alternative fuels using sewage sludge,
where exergetic analyses supplement information on the quality of energy conversion to useful products such
as hydrogen [12] or methanol [13]. With respect to exergetic efficiency, it is possible to provide feedback about
sustainable energy conversion. This is because it is necessary to identify possible ways of reducing the
destruction of exergy, especially in devices where an alternative solution can be proposed.

In the case of the oxyfuel cycle, which is the subject of this study, it is also important to determine the impact
of exergy destruction in separation processes either in an air separation unit (ASU) and a spray-injection
condenser (SEC). Industrial ASUs rely on cryogenic methods in order to be able to supply the required amount
of oxygen, and methods to reduce power consumption are also found in this part of the system [14]. Thus,
exergetic analyses undoubtedly provide an opportunity to study technical and environmental aspects related
to energy systems [15]. Therefore, this approach was chosen to analyse the nCOz cycle integrated with syngas
production in the sludge gasification process.
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Figure. 1. nCO2PP process flow diagram [16] where main devices are: WCC — wet combustion chamber,
GT - gas turbine, GT°2 — low-pressure turbine, R — gasifier, SEC — spray-ejector condenser. Additional
devices includes: Coz — oxygen compressor, Crel — fuel compressor, HE1 — heat exchanger 1, G —
generator, Pr2o-wcc — WCC water pump, Psec — SEC pump, S+HE2 — separator connected with heat
exchanger 2, Ccoz-1 and Cco2-2 — CO2 compressors, HE3 — heat exchanger 3, HE4 — heat exchanger 4, GS —
gas scrubber, ASU — air separation unit, LTS — lower temperature source.

2. Methodology

2.1. Principal equations

The flow exergy is usually split into a thermomechanical part and a chemical exergy. The latter consists of a
mixing part and the chemical exergy component.

Etot Eth Ech (1)

The chemical exergy of sewage sludge was calculated as [13]

1.0412+0.2160-(%)—0.2499-(%)-[1+0.7884-(%)]+0.0450-(%)

Escg = M " LHVgg 2)

1—0.3035-(%)
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The power plant was simulated using Aspen Plus with REFPROP equations of state. A part of the exergy was
derived from this software. However, due to the lack of proper documentation of exergy in Aspen software, it
was investigated whether this was total exergy, thermomechanical exergy or some part of it. Essentially, total
flow exergy is the reversible work done when a flow is brought into equilibrium with its environment. The "Aspen
exergy" is the reversible work done when the flow is brought from the relevant state to the Aspen dead state.
Due to condensation and phase separation when the flow contains H20, the mixture is partially separated.
This means that the Aspen exergy calculation includes part of the mixing exergy together with the
thermomechanical component. The remaining flow exergy is the reversible work obtained when the flow is
brought from the Aspen Plus restricted dead state to equilibrium with the environment:

n; Pso:Hzo(To)]

Wiy =To "R+ |Tismomni " In + (Nuy000) + Mayoaiqn) - I + N, 00iq0) * Po — Pso)

Ur. 1,0 (To) + Ximy - " (3)
For streams consisting only of liquid water, the equation reduces to the chemical exergy:
Weev = M,0iq0) é;};o(liqo) “4)

Including the exergy part calculated by Aspen Plus, the total exergy is as follows:
Etot — EAspen + VVI”eV (5)

For the purposes of analysis, exergy destruction was obtained from the steady-state exergy balance,

Eq = X E}g‘ -2 Eztzci)}t +X Win — hX Wour (6)
The exergy efficiency of a unit is expressed as the outflow-to-inflow ratio of exergy rates,

_x EfﬁiﬁE Wout
Nex = SO Wi, @)

A benefit of the outflow-to-inflow efficiency (compared to the “task efficiency”) is that the efficiency of two or
more combined units (subsystems) is simply the product of the efficiencies of the individual units. The exergy
efficiency of the power plant is then expressed as

_ X Wout=2Win
Nex\nco,pp = .

8
EfuelintE0,,in ®
Here, to appreciate the CO2 capture, the thermodynamic value (pressure and chemical exergy) of the captured
COz2 could be added in the denominator.

2.2. Input data

For exergy analysis, the Aspen Plus dead state was set to the T, temperature of 15°C and p, pressure of 1
atm (at sea level 0), which corresponds to most standards. Thus, read values from Aspen Plus with REFPROP
equations of state, such as saturation pressure ps. 4,0(T,) Was 0.0170579 bar and v, 1,0 (T,) was 0.018031
m3/kmol. The exergy calculation also uses the universal gas constant R equal to 8.31433 kJ/(kmol K). The
chemical exergy calculations used the composition of dry air [17] based on the US Standard Atmosphere, with
the CO:2 concentration assumed to be 375 ppm [6] for the year 2004. For comparison, a global average of 417
ppm was used for the year 2022 [18] and a worst-case scenario of 1000 ppm was predicted for the year 2100
[19].

The composition of sewage sludge digested in the gasification unit and fueling the whole power plant, was
assumed as mass fractions 27.9% C, 6.7% H, 28.9% O, 4.4% N, 32.2% Ash, with an LHV of 9.8 MJ/kg. The
synthesis gas produced by gasification in a steam atmosphere at 760 °C and, after cleaning in the gas
scrubber, a volumetric composition of 9.3% CO, 46.8% H,, 13.9% CH,, 26.4% CO, and 3.5% C,H,.

Table 1. Assumptions for the thermodynamic cycle

Parameter Symbol Unit Value
Temperature exhaust after WCC (before GT) t, °C 1100
Mass flow of the exhaust gas from the WCC m, als 100
Exhaust pressure after WCC D2 bar 10
Oxygen-fuel excess ratio in WCC A - 1
Initial syngas temperature, after gas scrubber truer °C 50
Initial oxygen temperature toz °C 15
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Syngas fuel pressure before Ciel compressor
Oxygen pressure before Co2 compressor
Fuel to WCC pressure loss factor

Oxygen to WCC pressure loss factor
Regenerative water pressure to WCC
Exhaust vapor quality after HE1

Exhaust temperature after HE1, before SEC
CO:2 pressure after compressor Cccut

CO:z2 pressure after compressor Cccuz

H20 temperature after HE4

CO2 temperature after HE3

Water vapor from Separator in 1°CY mixed with CO2 vapor

Pressure after GT"

Temperature after SEC

Turbine GT, internal efficiency (n;)
Turbine GTb2°, 7,

Fuel compressor Cruel, 7;

Oxygen compressor Coz, 1;

WCC water pump Pz0-wee, 1;
SEC water pump Psec, 1;

CO2 compressor Ccoz-1, 1;

CO2 compressor Ccoz-2, 1;
Mechanical efficiency for all devices

Po —fuel
Po-02
6fuel
802
Pi-H20
X5
ts
P2-ccu
Pa-ccu
t2-m,0
t3_ccu
Da
te
NiGr
niGT—bap
7IL'C—fv.el
Nic-02
Nip-H20-wcC
Nip-sEc
Nic-coz2-1
Nic-coz2-2
Mm

bar 1

bar 1

- 0.05
- 0.05
bar 225

- 0.999
°C 33
bar 25
bar 80

°C 110
°C 115
% 100% humid
bar 0.078
°C 35

- 0.89

- 0.89

- 0.87

- 0.87

- 0.8

- 0.8

- 0.87

- 0.87

- 0.99

3. Results and discussion

Table 2. Calculated chemical components exergy in changing air relative humidity or CO2 concentration
according to [6] and based on Szargut model [7].

Parameter Symbol Unit Value

Relative Humidity RH % 40 50 60 50 50

Atmospheric CO2 concentration  X,co, ppm 375 375 375 417 1000
ég;‘ kJ/kmol 3762 3766 3770 3766 3766
ég'g)z kJ/kmol 18915 18920 18924 18665 16570
égzo(”qo) kd/kmol 2195 1661 1224 1661 1661

Chemical exergies of éI(:}ZO(gO) kJ/kmol 11980 11446 11009 11446 11446

substances égf; kdJ/kmol 239121 238585 238146 238585 238585
esh kd/kmol 275120 275122 275124 274868 272772
ég';,4 kd/kmol 836442 835368 834491 835114 833019
égg,,s kd/kmol 2157893 2155747 2153991 2154984 2148697

To complete the exergy analysis, the next step was to calculate the chemical exergy of the sludge and
calculate the total exergy and efficiency by substituting the chemical exergies from Table 2 above, with the
Aspen Plus exergy known from the models. Relative humidities of 40%, 50% and 60% were used for the
chemical exergy calculations. For comparison, the changing atmospheric CO2 concentration of 417 ppm for
the global near-surface average in 2022 and the worst-case scenario of 1000 ppm predicted for 2100 were
added.

The following tables (Tables 3-13) show the change in exergy rates as a function of the change in
dead state parameters. Note that the parameters in Table 1 do not change.

For the gasification unit shown in Table 3, the syngas composition results came from the experiment
presented in the authors' other work [2]. Some simplifications were applied: neglecting the exergy of moisture,
ash, nitrogen and sulphur, focusing only on the most important aspect from the power generation point of view.
A special attention to this process was due to the high water content in the producer gas and its subsequent
treatment in a gas scrubber, the exergy analysis of which is shown in Table 4. While applying the simplifications
mentioned above, the gas scrubber is simply a condenser in this case. While the producer gas has a high
temperature, the waste heat can be recovered during the condensation process, which was not foreseen in
the nCO2PP concept, as the power plant efficiency of BECCS was usually calculated in the literature without
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the gasification unit and gas scrubber and overlooked, thus opening a way to increase the overall energy
efficiency of the power plant. The exergy efficiency of the gasification unit decreases with higher humidity or
CO:2 concentration, and the same is true for the gas scrubber. The exergy destruction had among the largest
exergy destruction rates after the WCC, amounting to 43-45 kW and 56 kW for the gasification unit and the
gas scrubber, respectively. The exergy efficiency of the gasification unit was close to 89%, while that of the
gas scrubber was 84%. The latter can be increased together with the exergy efficiency of the power plant by
using water condensation waste heat for the power plant processes.

The following points show the exergy rates as a function of the relative humidity and as a function of
the CO2 content in the air. As can be seen from Tables 5 and 6, the variation of the above parameters did not
affect the compressors. In the whole range of the analyzed parameters, the O2 compressor exergy destruction
remained at the level of 0.45 kW, giving an exergy efficiency of 94.6%, while for the fuel compressor the exergy
destruction was 0.67 kW and the exergy efficiency 99.8%. It is worth noting that the influence of the
environment on the operation of the compressors was reduced to a negligible level due to the lowest exergy
rates. Table 7 applies to water pumps, where the effect of the dead state was much more significant. Despite
the constant value of exergy destruction, there is a decrease in exergy efficiency with increasing relative
humidity. This is related to the change in the value of the exergy rates carried in the water pumped by the
pumps. In contrast, a “task efficiency” would give identical results, independent of atmospheric composition.

Heat exchanger 1 (HE 1) results are given in Table 8, with a heat load of 48.6 kW. In this case, the
changes in exergy flux were not only for water, but also for the mixture of water vapour and CO2. A mixture
flowed on one side of the exchanger, so the exergy efficiency decreased as both the relative humidity and the
proportion of CO:z in the dead state increase. Also here, a “task efficiency” would be independent of the
atmospheric composition.

Table 9, which refers to the water-injected oxy-fuel combustor, is of particular interest as it has several
functions in this power plant. Apart from producing working medium with desired parameters for gas turbines,
it has oxy-combustion destined for CCU unit, also it reuses water collecting waste heat from other parts of the
power plant and cools down the oxy-combustion flame to desired temperature. Hence, it is called a 'wet'
combustor. The combustion was assumed stoichiometric with perfect mixing of oxygen and fuel. In reality,
some dissociation and kinetics (non-completed reactions) will give a somewhat lower adiabatic flame
temperature. The exergy destruction rate of this unit was the largest in the whole power plant yielding about
126 kW, and its exergy efficiency was about 62%, indicating that special attention needs to be paid to improving
this process. In relation to the exergy of the sewage sludge fed to the system, this exergy efficiency was 50%
when taking into account the whole process from gasification through water condensation in the gas scrubber,
compression and mixing effects in the WCC before ignition and after flame generation. It is worth noting that
while oxygen mixing with fuel did not cause significant exergy destruction, water mixing into the flame exhaust
caused the largest exergy drop in the range of 64-67 kW. Therefore, to increase efficiency, solutions should
be sought in the area of water injection to the WCC.

Tables 10 and 11 refer to the main useful energy generator, the high pressure (GT) and low pressure
(GT®2r) expander with output power of 90.4 kW and 65.7 kW, respectively. The total exergy rates depended
slightly on the amount of CO2 and relative humidity of the atmosphere at dead state. Increasing these
parameters gave insignificant changes and virtually no effects on the exergy destruction rates, which were 4.7
kW and 4.8 kW, respectively. In addition, as expected, the gas turbine expanders were characterized by high
exergy efficiencies of 97.9% (GT) and 95.6% (GTP#?), respectively, at RH=0.4 and 375 ppm CO:..

Despite significant exergy rates flowing into the SEC, the exergy destruction within this device was
negligible. The value of the exergy efficiency, as shown in Table 12, varied from 99.5% to 99.7% in inverse
proportion to the increase in relative humidity. It can also be seen that the increase of CO2 to 1000 ppm in the
dead state did not affect the exergy efficiency.

One of the main objectives of the nCO2PP cycle is to capture carbon dioxide. Therefore an
indispensable part is to determine the exergy conversion in the Carbon Capture Unit (CCU) island, where the
following should be distinguished: heat exchangers HE3 and HE4 (heat duty 12.3 kW), compressors Ccoz-1
and Cco2-2 (power consumption 10.1 kW). The results of the analysis of the exergy destruction rates and the
exergy efficiency are presented in Table 13. It can be noted that for the CCU island, there was a clear effect
of the amount of CO2 in the dead state on the exergy efficiency, which decreased from 74.8% for 375 ppm
CO:2 (RH=0.5) to 73.2% for 1000 ppm CO2. This is due to the definition of the efficiency, as the inflow and
outflow exergies both decrease with the chemical exergy when increasing atmospheric COz. A task efficiency
(changed exergy rate by input power) would be unaltered.
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3.6. nCO2PP exergy efficiency

While the cumulative efficiency of the power plant in the studied combination is 27.88% [16], its exergy
efficiency according to Eq. (8) is 29.48% when related to the exergy of the sewage sludge used as input and
is constant for varying RH or CO2 concentration, although the value starts to vary when related to the
producer gas.
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Figure. 2. nCO2PP exergy efficiency in changing air humidity conditions
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Figure. 3. nCO2PP exergy efficiency in changing air CO2 concentrations

4. Conclusions

Second law analysis has been conducted on nCO2PP. The analyses gave an insight into the integrated system
of the gasifier and the nCO2PP cycle, taking into account the influence of relative humidity and CO2 content in
the air, which translated into chemical exergy of the components in relation to the dead state. The conducted
analyses showed that the lowest exergy efficiency is characterized by a wet combustion chamber with a value
of about 62%. However, exergy losses affecting the efficiency of this device are unavoidable. Another
significant loss is the COz2 conditioning system for later storage with an exergy efficiency value of 75%. Also,
in this set of devices, the possibilities of reducing exergy destruction are limited. Another device with a relatively
low exergy efficiency is the gasifier unit and the heat exchanger of gas scrubber with efficiencies of 89% and
84%, respectively. Significant prospects for reducing exergy destruction are offered by the Heat exchanger of
Gas Scrubber because the waste heat from this device can be used to drive organic Rankine cycles or to
produce oxygen in oxygen transport membranes.
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Nomenclature

E flow exergy rate, kW

Eq4 exergy destruction rate, kW

e specific molar exergy, kJ/kmol

m mass flow rate, g/s

D pressure, bar

RH air relative humidity, %

t temperature, °C

w work rate (power), kW

Greek symbols

n efficiency

Subscripts and superscripts

aCo, COz in atmospheric air

Aspen derived from Aspen Plus

ch chemical

ex exergetic

fuel,in either sewage sludge or producer gas input to the power plant system

nCo,PP negative CO2 emission gas power plant project

0,,in oxygen input to the power plant system

rev reversible

th thermomechanical

tot total
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