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One of the primary objectives of the negative carbon dioxide gas power plant (nCO2PP) is to develop an inno-
vative technology confirming the possibility of the use of sewage sludge to produce electricity while having a
positive impact on the environment. In this paper, a mathematical model is presented to estimate thermody-
namic parameters of the system in relation to the gasification process and changes in such parameters in the
bleeds as well as temperature and pressure. The main novelty of this paper is the integration of the gas-steam
turbine model with the gasification reactor model in such a way that the effect of the gasification products on
the turbine output is established. In turn, parameters from the turbine bleed directly affect the gasification
process and cause feedback for the system. Developed code allows determination of parameters such as efficiency
of the proposed nCO2PP cycle, gas composition from the gasifier, temperature in the gas turbine bleed and other
related information. The synergy between the CCS plant and the proposed utilization of sewage sludge (which is
considered as a renewable energy source) enables the installation to achieve negative overall emissions of CO,.

1. Introduction

Nowadays there are two major problems facing future generations,
namely waste disposal and the generation of electricity without emis-
sions [1]. A solution that combines both aspects is the generation of
electricity using waste. One of the most problematic residues of
everyday human activity is sewage sludge by account of all its smell,
going through the problems of decomposition of the substances con-
tained in it, and finally the legal aspects of its management [2]. An
important aspect when estimating the necessary power is a proper
mathematical model depicting the phenomena occurring in individual
devices. Most constituent elements of the thermodynamic cycle are
already simulated in a sufficiently accurate way to predict the cycle
parameters, as confirmed in the authors’ works [3,4]. An additional
aspect is the need for acquiring relevant procedures for carbon capture
to reduce carbon footprint for future generations. Leading techniques for
that purpose include post-combustion, pre-combustion and
oxy-combustion [5-7]. Carbon Capture and Storage (CSS) technology is
considered an important “bridging technology”, allowing effective
abatement of CO5 emissions for power units using fossil fuels [8,9].
However, if biomass is used as a fuel in a power plant equipped with the
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CCS system, the negative CO, emissions can be achieved in the light of
the fact that biomass is regarded as a renewable fuel. In practice, wide
development of such technologies would enable not only reduction of
CO-, emissions, but also reversal of the harmful effects done so far. In the
long term, wide application of technologies with carbon-negative
emissions could allow returning to pre-industrial concentrations of
CO4 in the atmosphere [10] and can be helpful for sustainable solutions
also in heat generation [11,12].

Thermal gasification is essentially a high-severity pyrolysis in the
presence of gasification agent, followed by reduction of gases on a solid
phase (carbon) [13]. Gasification agent can be either a single compound,
e.g. air, oxygen, carbon dioxide, steam, or a mixture of the aforemen-
tioned gases [14]. Gasification can be used for conversion of solid fuel
into a combustible mixture of gases, which enables the use of the
chemical energy of solid fuels in cycles incorporating gas turbines. Thus,
it enables utilization of solid fuels in cycles different than Rankine cycle.
An example of a cycle, utilising gasification in combination with gas
turbine and Carbon Capture and Storage is shown in Fig. 1. The focus of
this paper is on correct modelling the gasification process. Negative CO,
gas turbine power plant proposal and a detailed description of the
negative emission power plant cycle are presented in the authors’
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previous work [4].

However, considerable difficulties are arising in the modelling of
gasification issues, namely the use of different gasifying agents [15], or
the adaptation of energy and environmental conditions to gas turbine
systems [16], including those with microturbines [17].

Determination of applicable methods and parameters for sewage
sludge gasification is a prelude to the design of a gasification plant. In
principle, there is a classification of individual modelling approaches
distinguishing the reliance on thermodynamic equilibrium, modelling of
process kinetics, local approach (CFD) and artificial intelligence
[18-20].

Integral gasification reactor models using thermodynamic equilib-
rium are most often based on assumptions such as sufficient bed resi-
dence time to reach steady state and neglecting of carbon or tar
formation. Nonetheless, these approaches are called stoichiometric
models, which are basically further divided into the ones based on 1)
determining the equilibrium constants of chemical reactions, or 2)
minimizing the Gibbs free energy [14,19,21-28]. The use of the equi-
librium approach is related to the idealization of the process. Since
non-equilibrium phenomena occur in reality in the reactor, equilibrium
estimates deviate from measurements obtained in experiments. Often, to
reflect the experiment more accurately, it becomes necessary to include
empirical correction factors [14,19,21-24,26-28]. However, the essen-
tial advantage of equilibrium models is their fundamental ease in
combining with entire thermodynamic cycles so as to indicate the pos-
sibility of integrating a power plant with a gasification reactor [29].
Kinetic models, in contrast to equilibrium thermodynamics, are char-
acterized by time dependence and the adoption of characteristic time
scales [18,26,30]. Kinetic models are usually multidimensional models
which are composed of computational stages, each representing a
different section of the gasifying unit, essentially useful for the design of
a gasifying system [31,32].

Hundreds of models are described in the literature and a significant
number of them is available in commercial codes [33,34]. These are
useful for gasifier design, optimization, and retrofit, but still need
experimental verification. CFD modelling of coal gasification in
entrained flow gasifiers focuses on devolatilization kinetics and gas
phase and surface reactions [35]. However, the CFD models are usually
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coupled structures where the accompanying processes are important, i.
e., turbulence influences the reaction rate, and the occurring reactions
influence the turbulence intensity. This approach is becoming increas-
ingly useful in the design and subsequent optimization of gasification
systems [36]. However, kinetic and CDF approaches are often charac-
terized by the need to create geometries and, above all, require
time-consuming calculations, which significantly limits their applica-
tion in thermal power cycles [37].

There have been studies published that used simulation of the gasi-
fication process using Aspen Plus, which generated results with high
accuracy compared to available experimental data [38,39]. However,
none of the previous simulation studies used sewage sludge that was
gasified using exhaust gases from a gas turbine bleed.

It should be mentioned that relatively similar systems, namely gas-
steam units also have not been integrated at this level thus far. In such
systems the gasification process is supplied with a part of the required
heat from the air compressor cooling [31,32], and the remaining part of
the heat is steam from the steam turbine bleed [29]. This represents a
very interesting solution, but the peculiarity of the resulting gas in the
auto-thermal reformer (ATR) is the high nitrogen content and thus the
higher energy intensity.

The main objective of this work is to model the integration of gasi-
fication process of sewage sludge in a reactor (R) with CO, negative
power plant (see Fig. 1). Negative CO3 emission for electricity produc-
tion is possible using a novel concept based on oxy-combustion in the
wet combustion chamber followed by separation of water from CO;
mixture using a compact spray ejector condenser, followed by
compression of separated COz. Therefore, the aim of this work is to
indicate the basic parameters relating to the gas produced from gasifi-
cation and the inclusion of this process in the mass and energy balance of
the whole cycle. The article aims to determine parameters at key factors
of the thermodynamic cycle to estimate performance of a gas power
plant with a gas created from the gasification of sewage sludge (SS).
Another aim of the article is to indicate the values of negative CO,
emissions vs bleed pressure.
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Fig. 1. Negative CO, emission gas power plant process flow diagram with sewage sludge gasification.
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2. Thermodynamic cycle of nCO2PP integrated with gasification

The integration of gasification process of sewage sludge in a reactor
(R) with CO2 negative power plant is presented in Figs. 1 and 2. When
analysing the diagrams, it is important to note that water is marked with
a solid line so that it is injected into the two crucial devices of the cycle,
namely the Wet Combustion Chamber (WCC) and the Spray-Ejector
Condenser (SEC). In WCC, the working fluid (HoO + COy mixture) is
produced which then flows to the stages of the gas-steam turbine. This
gas flows through successive stages until it reaches the extraction point
marked 3, where it is split into a OF flow directed to the reactor and a 3’
flow which enters the other stages of the low-pressure turbine. The bleed
pressure was tested in the range 0.7-1.6 bar, but nevertheless the gas
turbine in this area can be divided into a high-pressure part (GT) and a
low-pressure part (GT*®P), where the excellent part of the fluid mixture
expands below the ambient pressure. It is worth tracing the path of the
exhaust gas taken from the extraction hood (OR), which then mixes with
a small amount of CO from the first carbon dioxide compressor (OR’),
and then, reaching uniform parameters at point 1%, flows into the
reactor. It should be added that also a negligible amount of the stream
from the first CO, compressor (1C02) enters the combustion chamber, so
that a total of five streams is injected into it. The 4 remaining ones are
the stream of oxygen from the compressor (Cozy), fuel from gasification
(Cpyel), water from two different pumps (Py20.wcc and Pecy). Most of the
other equipment including spray-ejector condenser (SEC), CO, capture
unit compressors 1 and 2, (Cco2.1,2), Fuel Compressor (Ceyer), Oxygen
Compressor (Cpz), Water Pump supplying supercritical water
(Pu20-wce), Water Pump supplying SEC (Pggc), Separator with Heat
Exchanger 2 (S + HE2), Heat Exchanger 1, 3 and 4 (HE1,3,4), Motor
(M), Low-temperature source (LTS), CO; Storage Tank (ST¢o2) are dis-
cussed in the paper [4]. The individual nodal points for the cycle under
scrutiny are presented in a T-s diagram.

In Figs. 1 and 2 a particular attention has been paid to the process
occurring in the gasification reactor (R) as well as in the Gas Scrubber
(GS). As a result of two processes, namely, 1) mixing of the sewage
sludge with the gas stream from the bleed and 2) reactions taking place
inside the gasification reactor, the temperature of the whole mixture is
raised and gas with parameters corresponding to 2R is formed. Thus, as
can be seen from the T-s diagram, the sludge is first heated isobarically,
then the moisture contained in it is isobarically and isothermally phase
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Fig. 2. T-s diagram of negative CO, emission gas power plant with sewage
sludge gasification.
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transformed, and then the gasification reaction takes place at a constant
pressure but raising the temperature of the resulting mixture above the
extraction temperature. It is also important that the gas is purified in the
gas scrubber (GS), so there are no components such as HpO, SO and Ny
at the outlet of this device.

More information about conventional steam-gas systems, including a
proposal for a gas-steam condenser were described in publications [40,
41]. In the wet combustion chamber (WCC), the combustion reaction of
the near stoichiometric mixture of oxygen and fuel takes place. The WCC
is cooled with water, which when becomes steam, mixes with flue gases,
creating a high-pressure vapour, reaching a pressure of 40 bar in the first
consideration of this system [42]. The working mixture at such pressure
and temperature is close to the operational parameters of commonly
known gas turbines [42,43].

It is worth to mention about different types of cycles with the use of
oxy-combustion, namely:

1. The Water Cycle [44-48], where approximately 90% of the medium
is water vapour, and the remaining part is CO9 resulting from com-
bustion. However, integration with a gasification reactor has not yet
been considered in this system.

2. The GRAZ cycle [49-52] is a more complex system, operating largely
on steam and allowing to achieve higher efficiency. It, likewise, uses
oxy-combustion and introduces different types of fuel, but it was
largely targeted at the combustion of hydrogen.

3. Other systems using oxy-combustion, but with the predominance of
carbon dioxide in the flow system, are:

o Semi-Closed Oxy-fuel Combustion Combined Cycle [53];
e CO; Prevented Emissions Recuperative Advanced Turbine Energy

[54,55];

MATIANT [56-58];

CO4 Loop for Energy and Nature, Enhanced by Refrigeration and

Gas-turbines [59];

e Steam gas turbine engine in multi-fuel and multi-functional energy

systems [60].

All the above cycles are not integrated by bleed in the gas turbine,
but only focus on achieving the required parameters to capture carbon
dioxide. The articles in which there is a bleed of the medium do not use it
for the gasification process, but most often the flow of exhaust gas is
directed to the backpressure exchangers [52,61].

3. Zero-dimensional mathematical modelling of thermodynamic
cycle with gasifier

The robust mathematical models respect mass, momentum and en-
ergy balance equations in the integrated form (also called OD) [52,
61-66]. In this section, computational procedures for gasifier and gas
scrubber are presented, basing on authors previous publication [3]. The
thermodynamic model of the real gas, output power and the efficiencies
are also defined.

3.1. Chemical reaction and equilibrium constant

The Boudouard reaction, the water-gas reaction, the formation re-
action for methane, the water-gas the shift reaction and the formation
reaction for propane in gasification are taken into consideration,
respectively:

KJ
C+ €Oy =2C0() + 172.62 {@} @
_ KJ
C+H;0()=CO(g) +Hyg) + 131.22 kmol @
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kJ
2H, o =CHy o) — 74.
C+2Hy ) =CHyg) — 749 {kmol} 3
N kJ
COy(g) +Hyq)=CO(y) +HyO(y) +41.39 mol 4)
3C +4H,,=C;H 34.63 K 5)
2(g) —-318(g) ‘ kmol

in which subscript g describes gaseous phase component and the en-
thalpies of formation for reactions are presented, respectively. The
equilibrium constants are determined to quantify the chemical equi-
libria, where the right side of the following reaction indicating its di-
rection is always in the counter of the equilibrium constant equation. For
the equilibrium equation of each reaction, only the gaseous phase
component mole fractions are taken into consideration [14,67]:

e Boudouard reaction:

XZo

Koy = p (6)
Xco,

in which:

p — pressure of the process in [atm],
Xco, Xcoy — molar fraction of CO, CO5 in [%mol].

e Water-gas reaction:

_ XcoXH,

Kp )

XH,0
where:
Xm,, Xm0 — molar fraction of Hy, H20 in [%mol].
e Formation reaction for methane:

1
= Xom 2 (8)

2
Xu, P

®)

in which:
Xcn, — molar fraction of CHy in [%mol].

e Water-gas shift reaction:

Ky = 200 )

)=
Xco, ' XH,

e Formation reaction for propane:

Ky =228 (10)

4 3
Xu, P

in which:
X¢,H; — molar fraction of C3Hg in [%mol].

3.2. Robust equilibrium constants estimation

Specific value of the equilibrium constants K(y), K(2), K(3), K(4), K5)
are specified according to different models to calculate these equilib-
rium constants ranging from very detailed to simplified methods and
those that were approximately tailored to resemble the real conditions,
which example are in Refs. [14,68]. For the gasification model, the
equilibrium constants approximation from K;), to K, have been
derived by Gumz [68], however, for propane formation equilibrium
constant (K(s)) has been specified from Nernst approximate method
[14]. Approximations assume that equilibrium constants may be cor-
rected by considering multiplicative factors kg, , ...,k to account for
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the actual distance of a real gasifier from the ideal equilibrium state, as
follows [68]:

<3.26730—832‘}"9(‘—1.208714410’37'+0.153734v10’6-7'2+2.295483-Ig’1‘>

Ky = kg, -10 an
(0.8255488~10 0.72414.515670-1gT— 48239865 671122.10 3-T—33.45778>
Ky =k, 10 (12)
(466; 30—2.09594-10’3T+0.38620-10*‘>T2+3.034338-1gr—13.06361)
Kg) = kg, 10 13)
<36.72508—399?:7”“+4.462408»10’3T—0.671814-10’°-T:—12,220277-lgT)
Kiy = ke, -10 a4
<72.96714,143-1gr+542,J>
K(S) = ka'lO (15)
in which:
T — temperature of the process in [K],
ki, .-, kk s — tuning coefficients obtained empirically.

3.3. The amount of fuel and converter

In this subsection, the mole number of elements per 1 kmole of
feedstock and per 1 kmole of gasifying agent (converter) are defined.
Feedstock ingredients such as carbon, hydrogen, oxygen, nitrogen,
sulphur, moisture, are, as follows:

(et = Mic'Mfupl {%} (16)
() = (A%O +2 MWL;) My [klr‘n“glfi 1] a”
(O)puet = (Mgo +MWZE;> "Ml [%} 18)
(N)fuer = MiN'Mfuel {%} (19)
(S)puet = MiS'Mfuel {%} (20)
where:

C, H, O, N, S — mass fractions of elements in the feedstock,

M, — molar weight of fuel feedstock in [kg/kmol],

Mc, Mo, My, Mu,0, Mg — molar weights of elements and water in
the feedstock in [kg/kmol],

Wt — moisture mass fraction in the feedstock.

The converter ingredients such as air, steam, carbon dioxide, and
moisture are included in the following relationships to calculate ele-
ments mole concentration [14,68]:

(Clem = Yco, kmol C D
1+ Puean + 7co,  [kmol con.
con | kmol C
01 (Chn = 15, [ | @2
0.79-My, +0.21-Mo,

2-(Bteam + #Xm) kmol H »s
H)eon =
B = limateon) @
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con | kmol H
o (H)ow = 2y o ] @9

0.79-My, +0.21-Mo,
2.((1 — %XM,J 021 +yco, ) + Busean { kmol O }

O)eon =
@ 1+ Boeam + Y co, kmol con.
(25)
con con con kmo] O
or (O)eon = 2.(x02 +xc02) + X500 [m} (26)
. _0T9My, +021- Mo, 5\ oy
W 2 (1 e er) (1-0.21) kol N o
o L+ Boeam + 7 co, kmol con.
kmol N
N con = 2. con 2
or (V) e [kmol con} (28)

in which:

My,, Mo,, My, — molar weights of the components in [kg/kmol],

Xqir — moisture mass content related to dry air,

Psteam — Steam to dry air mole factor in the converter,

Yco, — CO2 to dry air mole factor in the converter,

X5, Xinos Xou, X —molar fractions of gasifying agent ingredients
in [%mol].

The molar weight of the feedstock fuel is defined as:

C H O N S  wu)\ '[ kefuel
My = (— S L . e 29
fuel (MC o T, Ty, Tt T MHZO) kmol fuel (29)

The molar weight of the converter is determined by:

kg con.
con con con con
Meon = x¢0,"Mco, + Xp10-Mu,0 + X, -Mo, + X" -My, {

— 30
* |kmol con. G0

3.4. Deringer-Gumz equilibrium method with modification for propane

Deringer with Gumz modification equilibrium method for syngas
calculation during gasification of sewage sludge is elaborated. Source of
this method is from Kozaczka [14], where over a dozen of equilibrium
methods were elaborated. The number of formulas for this model is
much shortened in comparison to Kozaczka reference [14] or Gumz
reference [68], due to the fact that the code in Microsoft Visual Basic
was developed for iterative calculations, instead of manual calculations.
Modified model is presented in authors previous work [3]. The method
is based on the balance equation of gas components from gasification
which follows the Dalton law:

Xco +Xco, + X, + Xpy0 + Xen, + XN, + Xeyng + Xso, = 1 (31)
Pseudocode scheme is presented in Fig. 3. Generally, the model fo-

cuses on iterative estimation of Hy to CO mole fraction a ratio:

.7 (32)
Xco

Letters of b, ¢, d represent other ratios which needs to be calculated,
respectively:

b :L12~K(1)~K(3) s (33)

C:Ll'K(4) N (34)
_ 4 2

d=a -K(5)'K(l)~p. (35)

However, ratio d is a new modification to the original model of
Deringer with Gumz modification and is related to propane formation.
For simplification of sulphur calculation in the model, reduced bal-
ances of particular elements mole concentrations including sulphur el-
ements are introduced. Sulphur is treated as an inert in this model, thus
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it is being added to nitrogen mole concentration and treated as one
(Ns)con or (Ns)fuel quantity:

(08) = (O = 2O e 36)
NS = W)+ S et @7
(08— (O =2 ] 38)
)= W)+ SV ol (39)

Relations connected with k;, ko, ks, k4 are based on elements mole
concentrations and their reduced balances, respectively:

1 (08) .y, (NS)y — (08) 1 (NS),,
k=- (40)
: 2 (C)/ugl'(os)mn 7(C)con.(0S)fuel
1 (C)puet*(NS) oy = (C)ean*(NS)
ky = — ’ 41
* = 2(0)3ur(08),y, — (Cn(0S),,, “n

(C)mn'(H )fuel - (C)fuel'(H )c(m
o — : : 42
P10 (0) e~ (Clr (0). “2)

(OS)_[M/'(H )mn - (Os)am'(H )ﬁwl
(C)mn : (OS )_fuel - (C).fue/ : (OS)(,’UIL
The quite important step in sewage sludge gasification pseudocode is

evaluation of A1, By, Ci, Az, By, C, equations, where C;, C, are new to
the original model related to the inclusion of propane formation:

ky = (43)

Ai=l+a+k +k 44
Bi=14+b+c+(1+b)-ki+(2+c)k (45)
Ci=d+3k-d (46)
Ar=ks +ky—2-a 47)
By=(2+¢) ks+(1+b)-ky—4-b—2c (48)
Cy=3kyd — 8d 49

Determination of CO and CO; molar fractions of produced gas from
sewage sludge gasification are based on Dalton law, but the formulas are
new in the literature with confirmation in previous article of authors.
These equations are modified in comparison to Deringer model due to
new steps being added which are related to propane formation.

The CO molar fraction is defined as:

2
1-— Bl'.)C(;O2 — Cl ')CCO2
A

[%mol] (50)

Xco =
The CO, molar fraction is determined from:

2
(- (B \/(B S RRIGEE S

- %mol
Xco, Z'AXZCZ _G [ omO]

(51)

Calculating iteratively criterial parameter ;) derived from iterations
of a ratio, which must be almost equal to the target equilibrium constant
K

xzco
k() = Ky = eo” (52)
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| *co Xco,, HHV | ) Lo Cpgas:t |
| [ | ED | | |
| | | (optionally) | | |
L — — — - - - - = = = 4 L — - - - - 4 L - - - - - =

Fig. 3. Pseudocode implemented for gasifier.
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Therefore, parameter k(1) can be defined by Egs. (50) and (51), and
then it is iteratively determined based on the equilibrium constant of
Boudouard reaction for the entire gasifier:

|K(1) — K(1)| < O (53)

After completing iterations where an assumed value of permissible
error & = 0.0001 is met, the iterations are finished and results can be
read.

In addition to CO and CO,, the gasification process produces other
components whose molar fractions have been determined as follows:

Xu, = a-xco [%mol] (54)
Xcn, = b-xco,[%mol] (55)
Xeytty = dexgg, [%mol] (56)
X0 = CXco,[%mol] (57)

New to the model is simple SO, mole fraction calculation, which is
treated as an inert. SO, mole fraction calculation also affects Ny mole
fraction calculation due to the sulphur element being treated as sum
with the nitrogen element in the earlier steps of the model:

X50, = Mpuet* () et + Meon*(S) con[%mol] (58)

v = (ki + k2)-xco + (L +b)-ki + (24 ¢)-ka )-xco, + 3'd'kl')fzco2
- x“;Z [%mol] (59)

where the mole amount of feedstock fuel per 1 kmole of produced gas is
defined as:

(C)mn ( )mn
Rfiel = X
P (0) ey (08) e — (€8)(08),,
o)

+ ( ( )wn - (1 + b) (OS)mn Xco
(C)oan (OS)fuel ( )fuel ( )mn ’
d-(0S)..,n , [kmol fuel
(C)L’ﬂn'(os)ﬁ«el - (C)ﬁwl'(os)mn e, |:km01 gaSj| ©0

And the mole amount of converter per 1 kmole of produced gas is
determined by:

(08)
Neon =
( C)CU’I ( ) fuel

= (C)puet

— (O (08),,
(1 +b> (05) ( ) Vel
(C)wn (OS)fuel (C)ﬂlel (0S>

3-d-(0S), 2 {kmol con}
(Ceon' (OS)fuel —(C)fuet*(0S) 1o, e, kmol gas

J’_

Xco,
con

N (61)

3.5. Energy balance of gasifier

Due to the fact that Deringer method with Gumz modification does
not include the inlet temperature of the converter and the inlet tem-
perature of the feedstock, the model was extended to the energy balance
equation, which is shown in the pseudocode. Predictions for the value of
temperature T are based on the energy balance for the entire gasifier
with respect to 1 kmole of gas, as follows:

Ny HHV* + T (n_ﬁw,-c;“”’ + nL»,m-c;”") = HHVS" + i + Qy (62)

where:
N, — feedstock fuel amount in [kmol fuel/kmol gas],
Neon — gasifying agent amount in [kmol con/kmol gas],
% — molar specific enthalpy of gas in [kJ/kmol gas],
c{,”el — molar specific heat capacity of fuel in [kJ/kmol gas K],
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¢;”" —molar specific heat capacity of gasifying agent in [kJ/kmol gas
KI,

HHVf*l _ molar specific higher heating value of fuel in [kJ/kmol
gas],

HHV3% — molar specific higher heating value of gas in [kJ/kmol gas],

Qv — molar specific energy losses including ash in [kJ/kmol gas].

Thus, the pseudocode verifies the condition that the left-hand side of
the equation equals the right-hand side according to what we can write
the following:

LS=RS (63)

and for this purpose, it should be further specified as a specific heat
capacity of feedstock. In the model presented in this paper, the specific
heat capacity was derived from two earlier publications, namely the
work of Arlabosse et al. [69] and a book by Kozaczka [14]. The exper-
imental curve developed by Arlabosse et al. [69] applies to the sewage
sludge. Kozaczka’s approximation [14], on the other hand, refers to
inorganic substances using data on dry and ash-free substances. It is
worth adding that the implementation and validation of both ap-
proaches will ensure mutual complementarity. The Arlabosse equation
refers to the sewage sludge including ash. On the other hand, Kozaczka
model [14], based on chemical elements without ash, determines the
specific heat capacity for inorganic compounds. It should be noted that
the selected sewage sludge sample for calibration purposes contains
56.94%wb organic fraction (58.1%db). Given the wide range of ash
contents in the individual samples, the two ways of calculating the
specific heat capacity discussed above should be used. Thus, we deter-
mine the specific heat capacity for the sewage sludge dry matter using
the relationship [69]:

K
A = (1434 +3.29-T)- My fuet { } (64)

kmol gas-K

Although equation concerning dry ash free feedstock presented in
Ref. [14] is as follows:

ﬂm’af = C-¢pc)(T) + HCphie)(T) + 0-¢p0(0)(T) + N-cpng(e) (T)

kJ
+ S-Cpse)(T) {kmol g_as-_K} (65)

The specific higher heating value of gas from gasification can be most
accurately determined experimentally, however; it is possible to calcu-
late using the mole fractions and higher heating values of individual
combustible gases:

HHV =y x,-HHY,, [ =CHj,... ,CO, (66)

kmol gas} ’

while mole fractions x, of gases m = CHy,... ,CO2 depends on the
composition of resulted mixture. The universality of the model and the
possibility of using fuel from gases of different compositions for com-
bustion was tested in works [23].

3.6. Model of the gas scrubber

The primary purpose of the gas scrubber is to dry and purify the gases
fed first to the compressor and then to the combustion chamber. Thus, in
the resultant gas, the molar shares of the three components decrease to
zero, namely: xg,0 =0, Xs0, =0, xn, = 0. Therefore, molar fractions of
normalized components for dry, clean gas are as follows:
x4 = S — [%mol] (67)

1 = Xp,0 — Xs0, — Xn,

A =T (gmol] (68)

1 — Xp,0 — Xs0, — Xn,
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(d) A,

= [%mol (69)

1 — xi,0 — Xs0, — Xn, [emol]

b =T (%mol 70
Xcn, 1 — Ximo — Xs0, — *n, [%mol] (70)
A = Tem gmol 71

C3Hy omol] (71)

1 - XH,0 — Xs0, — XN,

Molar mass of dry and cleaned gas with normalized components:

@
M(d) = XCO . Mco + Xg)): '1‘4(;02 + )C;.‘,lz) ‘MHZ + x(cd,_>,4 'MCH4 + xg?ﬁ3 'MC3H3 (72)

gas

where the unit includes information that is dry and clean gas [%} .

Dry gas mass fractions are described as follows:

d
W _ Xep-Meo

Yio = v [%mass| (73)
(d)
X0, "M,
Y(cd(;2 = =2 (d>coz [%mass] 74)
gas
(d)
Xy, -Mp,
,(fZ) = @ [%mass] (75)
gas
(d)
Xcr,-Mcn,
= % [%mass] (76)
Mgas
(d)
X e M
v, =Gl TOm S (% mass] 77

MG
3.7. Indicators defining quality of the resulting gas

However, sewage sludge can be used as a beneficial resource, it is
important to develop a suitable technology of gasifiers or use an existing
one to efficiently produce the gas. Gasification technology can be
applied to convert the sewage sludge into useable gas what reduces the
waste volume however it is necessary to introduce the indicators
defining the quality of the resulting gas. Therefore, the mass of dry and
cleaned gas derived from 1 kmole of total product gas is defined ac-
cording to equation:

(d) kgdry gas
bews =xco-Mco+Xco, " Mco, +Xp, *Mp, +Xcp, *Mcn, +Xcyms "My ag ngas

(78)

It should be remembered that it is assumed xp,0 = 0, Xs0, = 0, Xy, =
0. Another indicator is mass of dry and cleaned gas obtained from 1 kg of
feedstock gasification, which formula including CO5 from the gasifying
agent is described according:

b
ga C [kg gas
bl e (] 79
i (xco, +Xco + Xcm, + 3Xeym, — ReonXesh, ) Mc | kg fuel

or with using mole amount of feedstock fuel and molar weight is defined
as follows:

be oy
PO = | 18ED (80)
et Mpernper kg fuel

Next, the mass of dry and cleaned gas obtained from 1 kg of gasifying
agent can be determined by:

b
P — {kg gas] 81)

@ Meonneon kg con.

Required mass of the converter per 1 kg of the fuel feedstock during
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gasification is calculated based on the following relationships:

Mz‘un'nr‘on kg con.
My nser | kg fuel

(82)

beo =
fuel

3.8. Power output, efficiency, and emissions of nCO2PP

Thermodynamic efficiency of the gasifying reactor of nCO,PP, also
labelled as cold gas efficiency, that is described by model in previous
subsection, is determined by the following relation [70]:

LHV g-112g

i S/ 83
LHV o miss + g (%] 3

Mg

where LHVy,s ; LHVj, are lower heating values for a created gas before
gas scrubber (GS) calculated by ISO 6976:1995(E) and a sewage sludge
as feedstock fuel calculated by standard method of Hysys, and Iy is
added enthalpy flow of gasifying agent from bleed turbine extraction,
myr is mass flow of producer syngas before gas scrubber, and myg;s is
sewage sludge mass flow to gasifying reactor.

But the hot gas efficiency refers to the dry and cleaned after gas
scrubber that include additional energy from the cleaning process:

LHVDCgas'n;LOW’ + IO/Hc/
MRy = LHVjyomigs + Iig %l &4
where LHVpcgqs means lower heating value of obtained gas after the gas
scrubber and Iy« is an additional enthalpy flow of hot gas.

The electrical power output of nCO,PP can be defined based on
output power of individual thermal cycle devices such as gas-steam
turbine N;, decreased due to power demand of such devices as com-
pressors and water pumps. Therefore, the net electrical power of the
entire system Ny, can be calculated according to equation:

an = Nl - Ncp [kw] (85)

where, N,is the electrical power demand for power plant own needs,
respectively. The power for own needs N, is calculated by the following
relationship:

N(.], = n:l(;z [/ (/’lloz — h()oz) + n;l/;lgl [/ (h]/m - ho/m) + nijecu [/ (l’lzccu
— h]cru) + nzecu 1,0 (/’l4ccu - /13CC1/) + nMILwchP*WCC
+ My gpe Np—sc [KW]
(86)

where mg, , Myceu , Maccv are the mass flow rate of oxygen from the ASU
station and from gas scrubber, respectively, #,,. is the mechanical effi-
ciency of the compressors, #,,, ... 1m, ., mechanical efficiency of pump
driving water to WCC and SEC, respectively, including electrical motor
and hloz, hooz, hlfuel, hofuel, hzccu, hlv:cu7 h4::cu7 h3ccu are the speciﬁc en-
thalpies of at individual points, Np_wcc, Np_sgc are energy flow required
to drive water to the Wet Combustion Chamber and the Spray-Ejector
Condenser. The power output of nCO,PP turbines N, is determined
from the following relation:

N, = [y (hy — hs) + ity (hy — ha) 10,6 [KW] 87)

where 7,,cr is the mechanical efficiency of gas turbines including elec-
trical generator, hy, hs, hy, hs are the specific enthalpy at individual
points, and my, my is the mass flow rate in points 2 and point 3’ which is
located after turbine bleed extraction to gasification reactor. Ultimately,
the nCO,PP efficiency can be determined as follows:

Nt

et g (88)
LHVpcgasMo—fuer %]

Mher =

A very important factor is the emissivity of the whole system, which
is defined as follows [71]:
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MWh

net

» K
¢CO, = ijv 02 3600 { gCOZ} (89)

where my_co, represents mass flow rate of captured carbon dioxide, R is
the factor only included for the power plant with the CO; capture that
specifies fraction of energy source being treated as renewable by local
law.

The calculation of emissivity requires special attention whether the
system has CO» capture, if so the emission equals zero, but in the case of
renewable energy source the value is negative. Some energy sources can
be treated only in part as renewable according to the country’s law, thus
emissivity should be multiplied by factor that account this. In the
emission analysis the relative emissivity of CO; is obtained by multi-
plying eCO, by 1,,,, as follows:
kgCO,

Nper ny_co, M4—co,
R 3600 = R———=3600 | =——-= 90
LHVgnx 'n:l()—ﬁte[ Nnel cc MWh ( )

Myer*€co, =

For the negative-emission power plants, avoided eCO, and analogi-
cally relative eCO, are the sum of emissivity without CO; capture (R =
1) and an absolute value of negative emissivity resulting from renew-
able energy (|R| < 1). For the zero-emission power plants avoided eCO,
is only emissivity without CO, capture (R = 1).

The last parameter to consider in the context of the nCO2PP cycle
integrated with a gasification process is the determination of the cu-
mulative efficiency. It reflects the electrical power transferred out of the
system to the chemical energy flux delivered in the sludge, using the
following formula:

Nncr

F ™ Moo 9 oD

Neum

which is also depended on the hot gas efficiency 7y, in relation to the net
efficiency 7.

Table 1
Assumptions for the thermodynamic cycle.

Parameter Symbol Unit  Value

Mass flow of the exhaust gas at the outlet My g/s 100
from the combustion chamber WCC

Air-fuel ratio in WCC A - 1

(stoichiometric)

Temperature exhaust after WCC (before ty °C 1100
GT)

Initial fuel temperature tuel °C 50

Initial oxygen temperature to, °C 15

Pressure of turbine bleed extraction/ Po-R; bar 0.7-1.6
gasification/converting agent P2-R

Syngas fuel pressure before Cgye Do—fuel bar 0.7-1.6
compressor

Oxygen pressure before Co, compressor Do-0, bar 1

Fuel to WCC pressure loss factor Sfuel - 0.05

Oxygen to WCC pressure loss factor 80, - 0.05

Oxygen purity % 99.9

Exhaust vapour quality after HE1 Xs - 0.9999

Volumetric entrainment ratio in SEC X - 6

Motive fluid water pressure to SEC, before  pi_ggc bar 6
the nozzle

steam quality in the SEC mixing chamber XSEC—MC.0 - ~0
(fully condensed)

HE2 low temperature source °C 15

HE2 mass flow of low temperature source g/s 5000

CO,, pressure after compressor Cccyl DP2-ccu bar 25

CO,, pressure after compressor Cccyz Pa—ccu bar 80

H,O temperature after HE4 t2-m,0 °C 110

CO, temperature after HE3 t3_ccu °C 115

Water vapour from Separator in 1°°V % 100% humid
mixed with CO, vapour
Sewage sludge treated as renewable energy

source by Polish law [72]

R - -0.9
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Table 2
Assumed internal efficiency and mechanical efficiency, omitting the efficiency
of the generator.

Internal efficiency: Symbol Unit Value
Turbine GT MiGr - 0.89
Turbine GT®* NiGT-bap - 0.89
Fuel compressor Cgyel 1ic—fuel - 0.87
Oxygen compressor Coz Nic-02 - 0.87
Water pump Py2o Mip—m20 - 08
Water pump Psgc MNip—sEC - 0.8
CO, compressor Ccoz-1 Nic—co,-1 - 0.87
CO; compressor Ccos.2 Nic—co, -2 - 0.87
Mechanical efficiency for all devices N - 0.99

3.9. Assumptions to be made for the calculations and how to transfer
information between calculation codes

The analysis was carried out for different values of pressure in bleed,
ranging from 0.7 bar to 1.6 bar. The assumed parameters of the analysed
cycle are contained in Table 1. Additionally, the assumed efficiencies for
the devices are gathered in Table 2. There are presented also additional
assumptions for nCO,PP due to SEC and CCU addition. Vapour quality of
the exhaust after HE1 is set as the assumption to use majority of re-
generated heat instead of temperature change assumption on water side
- vapour quality is set in order to treat this approach as reference for the
optimalisation (what is the purpose of nCO,PP).

The calculations were conducted within AspenONE engineering
software package, which consists of the Aspen Plus, Aspen Hysys with
integration of in-house code in the spreadsheet macro, presented in
Fig. 4. Both Aspen Plus and Hysys were connected simultaneously to
Excel spreadsheet through Aspen Simulation Workbook. Main thermo-
dynamic power plant was simulated using Aspen Plus, gasification was
calculated in spreadsheet model with macro using bleed turbine pa-
rameters from Aspen Plus, and the energy balance was conducted in
Aspen Hysys to obtain gasification temperature. For ease of completing
the thermodynamic model Aspen Plus was chosen due to higher level of
complexity of the model which was to maintain exhaust mass flow,
exhaust temperature, oxy-combustion, and spray-ejector condenser
motive fluid water injection through various optimization techniques.
The reason to employ Hysys for energy balance calculation was that it
calculates in “Active” mode (similarly to the gasification spreadsheet
model) with the simulation being ran every time something is changed,
so all the iterations are completed immediately, while Aspen Plus is run
after “Run” button is pressed and iterations are completed only within
one simulation without changing input parameters. Worth to mention is
the fact that Aspen Hysys has easily available proper reactor models to
employ reaction constants, while completion of such task in Aspen Plus
would require much greater effort. Compression, expansion and other
processes are modelled in accordance with the thermodynamic tables
(REFPROP (that combines accurate methods IAWPS-95 steam tables,
GERG2008 for flue gas, etc.), Peng-Robinson state equations only for
gasification in Aspen Hysys).

4. Results and discussion
4.1. Results of validation

Calibration of the gasification model was done in a previous paper by
the authors [3]. The whole model was based on the extension to the
energy equation and the formation of propane, with the remainder
incorporating models from Ref. [14], where the main computing
framework was established using Deringer method with Gumz modifi-
cation. The model results were adjusted to the experimental results for
the temperature of 760 °C by tuning the equilibrium constants using an
approximation approach. The tuned coefficients are presented in
Table 3. Equilibrium constants Eqgs. (11-15) including these tuned
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Required syngas flow

Syngas composition
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Equilibrium constants
and required bleed flow

Aspen Plus

(Power plant thermodynamic
simulation)

Required bleed flow

Turbine bleed properties

Excel Spreadsheet

&

Visual Basic macro

(Gasification equilibrium model)

Aspen Hysys

(Gastfication thermodynamic
model - energy balance check)

Gasification temperature

Fig. 4. Integration of in-house code for gasification with Aspen Plus, Aspen Hysys and Excel.

Table 3

Tuned coefficients for the equilibrium constants.
Equilibrium constant Coefficient Value
Ka) ki, 0.00224
K2 k., -
K ki, 19.3
K k., 1.031
Ks) ks, 8.97¢10%

coefficients are crucial for the outcome of calculations. The results for
higher temperatures are extended in the last article [3]. However, lower
heating value and mass fraction of components of the calculated gas
from steam gasification for 760 °C are compared in Table 4. For the
lower heating value of resulted gas, the level of agreement was equal to
91%. In addition, a very important result obtained from the validation of
the model at 760 °C is the general formula for the conversion of 1 kg of
sewage sludge to gas from the gasification process:

760°C

Cr7Heu50173N5.1S0.1Ashx (H20),; + 1 H0——0.29 CO + 0.99 CO,
+2.09 H, + 0.15N, + 0.01 SO, +0.14 C3Hg + 0.57 CH4 + 6.1 H,O
+ XAsh

(92)

It should be noted that the gas composition shown in Table 4 is
already after purification and drying, and the agreement of the model
with experiment is at a very high level, and in the case of COj it agrees in
100%. The differences obtained between the mathematical model and

Table 4

the experiment are small and it can be concluded that the model was
properly validated. Basing on these results and comparison with other
works from the literature [73] it is possible to perform gasification
calculations for higher temperatures and for a changed composition of
the converter, which will be presented in detail in the next subsection.
For comparison, three selected results of gasification using turbine bleed
of this work are added that are based on this model extrapolation.
Additionally, it should be mentioned that the presented model provides
a relatively high degree of confidence in the correctness of the results,
due to the comparison with the results of Schweitzer et al. [73].

The difference that comes to the front between the reactor boundary
conditions from the previous work and the model presented in this one is
the admixture of CO; in the converting gas. The present CO, admixture
is due to the fact that oxidation reactions of CO, CH4 and C3Hg take place
in the wet combustion chamber, which produce CO,. In effect, a mixture
of steam and CO; flows through the turbine stages, where part of this
mixture is bleed extracted and directed to gasifying reactor as convert-
ing gas.

4.2. Extended calculation of integration of gasification with
thermodynamic cycle for negative CO2 power plant

As mentioned earlier, the gas-steam turbine cycle is coupled to the
gasification reactor, and this interdependence best reflects the effect of
pressure and temperature of the gasifying medium on the parameters in
the gasifying reactor. According to Figs. 1 and 2, it can be concluded that
there are no devices leading to pressure change in the path between the
vent and the reactor, so the pressure in the reactor is very close to that of
the extraction. On the other hand, the relationship between the

Model validation of gasification with experimentally obtained syngas according to previous paper [3] and selected results of model extrapolation for this work.

Component Symbol Unit Validation Experiment Extrapolation (using bleed turbine)
CO fraction ;AC% %mass 11.4 13.6 39.3 42.6 46.8
CO,, fraction y(c‘g %mass 61.1 61.1 49.3 45.5 40.5
2
CH,4 fraction yg_)l %mass 12.8 11.7 4.0 4.2 4.5
4
C3Hg fraction Y{Cd)H %mass 8.8 8.3 0.6 0.9 1.4
38
H, fraction YS) %mass 5.9 5.3 6.8 6.8 6.9
2
Lower Heating Value LHVis MJ/kg 18.7 17.0 14.3 14.9 15.8
Temperature of the process tr-r °C 760 760 923 968 1030
Pressure of the process P2-r bar 1 1 0.7 1 1.6
(=Po-r) (=Po-r) (=Po-r)
Gasifying agent (converter) - - H,0 H,0 CO3 + Hy0 COz + Hp0 COz + H0

10
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Fig. 5. Gasification and bleed temperature vs bleed pressure.
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Fig. 6. Syngas mass fraction of CO, CO,, Hy, CH4, C3Hg vs bleed pressure.
{color print}.

temperature of the extraction and the temperature in the reactor is not
linear, and it is even apparent that the temperature rise in the gasifier
flattens out with increasing pressure (Fig. 5).

Thus, as made evident by the equations for the equilibrium constants
of chemical reactions (11-15), they are temperature dependent, and
therefore temperature as one of the main stimuli (along with pressure
and substrates) directly affects the composition of the resulting mixture.
The mass fraction of individual components, namely: CO, CO, Hy, CHy,
CsHg depending on the pressure and temperature in the bleed is shown
in Fig. 6. Thus, at higher pressures and bleed temperatures, more CO
(46.8% for 1.6 bar) than CO5 (40.5% for 1.6 bar) is formed. The mass

OH,0 uN, oso,

1.6 L]
1.5 ]
1.4 ]

13 |
12 |
[bar] 1.1 -
1.0 |
.
T
-
8

0.9
0.8
0.7

0 1 2 3 4 5 6 7

My R 120 + N2+ s02) [&/5]

Fig. 7. Mass flow rate of H,O, N2, SO, vs bleed pressure.
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proportion of the other components remains fairly equal within
6.8-6.9% Hj content. On the other hand, for lower bleed parameters the
situation of CO and CO, mass shares is reversed and amounts to 39.3%
for CO and 49.3 for CO, mass share at 0.7 bar. These values are related to
the shift of chemical reaction equilibrium towards CO5 and hydrocar-
bons for lower temperatures in the gasification reactor.

The difficulty in prediction of the fractions of individual components
in the resultant gas can be analysed both in the pseudocode diagram and
in the equations with reaction products, namely these complexities lie in
the equilibrium constants of chemical reactions - Egs. (5-10) and ratios
between components - Egs. (32-35). It should be mentioned that pre-
sented mass fractions were formed after the earlier separation of gases in
the scrubber. The mass flow rate values of separated gases are shown in
Fig. 7. The SO3 content of the resulting gas remains at 0.062 g/s to 0.067
g/s for bleed pressures ranging from 0.7 bar to 1.6 bar. In addition to
sulphur oxide, nitrogen also needs to be purified from the gasification
gas, with values ranging from 0.49 to 0.51 g/s for the same extraction
flows as before. The value of the water flow received is an order of
magnitude higher than that of N, and two orders of magnitude higher
than that of SO, but the resulting curve is of a different nature. This is
because for a discharge pressure of 0.7 bar the highest water flow is
received, namely more than 7.9 g/s, while for a discharge pressure of
1.6 bar 6.9 g/s is received.

Different fuel proportions affect the lower heating value of the dry
and cleaned syngas as shown in Fig. 8. It increases with increasing
pressure and temperature in the gasification reactor. And in turn, the
increase in LHV is directly related to the improvement in conversion
efficiency Eq. (84) of the gasification reactor where LHV of sewage
sludge used to calculate this efficiency is calculated to be 17.12 MJ/kg in
Hysys. Depending on the methods of treatment and stabilization pro-
cesses applied in wastewater treatment facility, sewage sludge could
have between 30 and 50% of ash content, thus having 50-70% of
organic carbon [74]. Moreover, seasonal variations occur, and sewage
sludge is generally heterogenous. This causes some variability of the
heating value. Furthermore, different methods of determination of the
heating value could also be the source of additional discrepancies. Bomb
calorimetry is a standard method, where heating value is determined
experimentally [75]. Werle and Dudziak [76] reported higher heating
values (HHV) of 14.05 and 11.71 MJ/kg for sewage sludge after
mechanical-biological and mechanical-biological-chemical treatment
with phosphorus precipitation, respectively [76]. Pawlak-Kruczek et al.
[77] reported HHV of 15.34 MJ/kg for their sewage sludge samples
[771. On the other hand, Aragén-Briceno et al. [78] used an empirical
equation, formulated by Channiwala and Parikh [78,79], to estimate
HHV based on CHNS composition of the sewage sludge digestate sample,
and obtained HHV of 16.61 MJ/kg [78].

The mass flow rates describing the coupling between the cycle for

—— Dry and clean syngas LHV - = —=QGasifying reactor efficiency

16.0 83.2%

15.5 83.0%

15.0 82.8%

Nr
LHVpcgas

[%]

[M/kg] 14.5 82.6%

14.0 82.4%

13.5 82.2%

07 08 09 10 11 12 13 14 15 16
Pox [bar]

Fig. 8. Lower heating value and. conversion efficiency of the gasification
reactor vs bleed pressure.
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Fig. 9. Mass flow rate of required syngas production, sewage sludge and bleed
converter consumption vs bleed pressure. {color print}.

negative CO, power plant and the gasification reactor are shown in
Fig. 9. Thus, based on Fig. 9 showing the mass flow rates necessary for
the operation and clustering of the system, it can be concluded that the
fuel flow rate delivered to the combustion chamber does not change
significantly. This is related to the fact that a constant temperature of
1100 °C is maintained in the combustion chamber during the simula-
tions. As shown in Fig. 8, also the change of calorific value did not
fluctuate significantly, so a stable level of fuel flow injected into the wet
combustion chamber is justified (Fig. 9). On the other hand, the mass
flux received for gasification varies much more depending on the bleed
pressure. Thus, bleed converter consumption decreases by approx. 25%,
namely from a value of 19.74 g/s at an extraction pressure of 0.7 bar to a
value of 16.3 g/s at an extraction pressure of 1.6 bar. Only sewage sludge
consumption increases as a result of the increase in pressure during the
gasification process, as presented for my, in Fig. 9.

The wet combustion chamber is such an important facility that it is
necessary to look in more detail at the issues of the effect of a change in
bleed pressure on the mass flow rates of the various media supplied to it
in order to maintain a temperature of 1100 °C and a working fluid flow
of 100 g/s (Fig. 10). It should be noted that despite the decrease in fuel
flow demand, the amount of oxygen injected increases as the bleed
pressure increases. This is related to both the change in the components
of the combustible mixture (Fig. 6) and the calorific value of the fuel
(Fig. 8). The third medium introduced into the wet combustion chamber
of the nCO,PP cycle is water, whose mass flow rate increases slightly
with increasing bleed pressure, namely from 61.7 to 62.7 g/s.

In principle, the resulting working fluid with a total mass flow of 100
g/s, after passing the high-pressure stages of the turbine (GT), enters the
bleed, where the stream is divided into the part that flows through the

= = =Required oxygen flow to WCC (left)
Required syngas flow to WCC (left)

------ Required water flow to WCC (right)

. 65.0
19.5 -
19.0 .
mg,
m(:f‘:n: 185 .
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§ s
17.0 .
16'5 61.5
0.7 0.8 0.9 1.0 1.1 12 i3 e , .
Por [bar]

Fig. 10. Required oxygen, syngas and water flow to WCC vs bleed pressure.
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——— SEC water injection flow (left) = = = Exhaust flow after bleed (right)
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Fig. 11. Exhaust flow after bleed and SEC water injection flow vs
bleed pressure.
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Fig. 12. Gross turbine power production and net power output vs
bleed pressure.
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Fig. 13. Net efficiency power plant vs bleed pressure.

next turbine stages (mj-) and the stream used as a gasifying medium
(mopRr). Exhaust flow after bleed (m3-) goes further into the SEC, where
steam condensation and carbon dioxide separation take place due to
water injection (mj_ggc). The relationship between exhaust flow after
bleed and SEC water injection flow vs bleed pressure is shown in Fig. 11.
Both the flow entering SEC for steam condensation and CO, separation
as well as the water driving this process increase with increasing bleed
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Fig. 14. Values of negative CO, emissions vs bleed pressure.

pressure.

Quite significant results are shown in Figs. 12 and 13, where gross
turbine power production, power output and net efficiency vs bleed
pressure are presented, respectively. From this it can be concluded that
as the pressure of the bleed increases, the net power and efficiency in-
creases. On the other hand, the gross power decreases when the bleed
pressure rises. However, in order to further investigate the performance
of negative CO; emissions it is worth analysing Fig. 14, where produc-
tion of carbon dioxide per 1 kWh of energy output is presented.

It is worth looking at Figs. 13 and 14 from the perspective of con-
ventional power cycles. In CCGT units the emissivity of the plant de-
creases with increasing efficiency, i.e. in the older generation combined
cycle featuring the efficiency of 41.2% the emissivity is 492 kgCOy/
MWh, while for the latest generation cycles at 60% efficiency the
emissivity is around 330 kgCO2/MWh [80].

In Figs. 13 and 14, the opposite trend appears, as with an increase in
efficiency from 34.71 to 35.07%, the emissivity changes in the range
from —646 kgCO2/MWh to —736 kgCO2/MWh. This relationship may be
related to the fact that also the gross power of N; turbines has a
decreasing course vs. bleed pressure (Fig. 12). However, net efficiency
and net power have an analogous course and in this context the emis-
sivity is looked at in more detail in the further.

4.3. Comparison of converter changes at different temperatures

A comparison of the converter change at different temperatures is
presented in two different figures, namely Figs. 15 and 16. A quite sig-
nificant result is shown in Fig. 15, which presents a model generating a

= === sewage sludge fuel feedstock per 1 kg of syngas (steam gasified)

gasifying agent/converter per 1 kg of syngas (steam gasified)
¢ o0 esewage sludge fuel feedstock per 1 kg of syngas (bleed gasified)

— — gasifying agent/converter per 1 kg of syngas (bleed gasified)

2.5
20 760°C 967°C 1300°C
() ’ (bleed temperature
b@ at 1 bar pressure)
gas
(@)
b@ 15

e e o e nt b AU S S ST I T TE LE L L]

kg ] 1o
kg syngas

0.5

0.0

637 757

877

997 1117 1237 1357

t[°C]

Fig. 15. Model generated required stacked amount of converter and sewage
sludge feedstock to produce 1 kg of syngas vs gasification temperature.
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Fig. 16. Produced gas mass fractions vs gasification temperature and consid-
ered approach. {color print}.

required amount of converter and sewage sludge feedstock to produce 1
kg of syngas. From this it can be concluded that to produce 1 kg of syngas
the amount of fuel feed is relatively constant at 1.5 kg for steam gasified
in comparison to bleed gasified. The amount of converter per 1 kg
produced gas decrease to reach a minimum value at 1357 °C in a quite
similar way for both cases. Produced gas mass fractions vs gasification
temperature is demonstrated in Fig. 16. There is some variation due to a
shift in the chemical reaction equilibrium towards the component with
the higher proportion in the converting gas.

4.4. Emissivity comparison of converter changes at different temperatures

Authors found that sewage sludge is treated in 90% as renewable
energy source by Polish law [72], what was not accounted in their
previous article [4]. In Fig. 14, power plant emissivity of CO5 increasing
from negative values with increasing bleed pressure is presented, while
the net efficiency is also increasing (Fig. 13), what paradoxically sug-
gests that lower efficiency power plant would be less harmful to the
environment. Thus, a more practical qualitative definition for CO9
negative emissivity should be sought. Table 5 presents comparison of
emissivity of the nCO5PP concept from authors previous article [4]. The
results in table account for REFPROP calculation of the syngas mixture
used in Ref. [3] as well as in this work (bleed extraction as gasification
agent), but employs the Peng-Robinson equation of state for the work
[3], as REFPROP doesn’t include NO compound properties. Both cal-
culations based on [3,4] syngas mixtures include aforesaid inclusion of a
new sewage sludge emissivity factor [72]. The works [3,4] use two
experimental syngases obtained from the same sewage sludge feedstock
(same as in this work), syngas from work [4] has ammonia NHj
component included and additional NO component in exhaust.

The values of obtained emissivities for the different cycle options and
different fuel types (Table 5) indicate that the combined trend shown in
Figs. 13 and 14 is repeated. To summarise the present relationships, it
would be worthwhile to carry out a multi-criteria optimization that
combines efficiency and emissivity and economic analysis that would
provide interesting insight into the validity of such investment [81]. It
should be mentioned that preliminary economic analyses have already
been carried out for the cycle shown, and their results indicate that the
investment is profitable, as it has a payback time of 4-6 years, depending
on the assumptions made. The main economic returns from the nCO,PP
cycle are due to 3 revenue streams, namely: 1) from the disposal of
sewage sludge from the wastewater treatment plant, 2) from CO; cap-
ture, emissions trading, and fee avoidance, 3) from the sale of electricity.
Detailed information on the financial flows and the individual compo-
nents of the economic analysis can be found in the authors’ previous
work [82].
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Table 5
Negative CO, emission gas power plant comparison.

Energy 262 (2023) 125496

Parameter Symbol Unit Experimental “mixture 2” syngas Experimental “mixture 1” syngas Modelled (this work) syngas gasified at
gasified at 760 °C by steam nCO,PP with NH; gasified by steam nCO,PP 967 °C by 1 bar turbine bleed nCO,PP
References - - [3] [4] [this work]
Cumulative efficiency Neum % 27.88 27.92 30.18
Net efficiency et % 39.48 39.40 34.88
CO, mass flow in exhaust M4—co2 g/s 23.15 22.68 19.73
Power for own needs N kw 44.59 43.61 43.37
Turbine power output N; kw 156.07 155.90 143.18
Chemical energy rate of Qcc kw 282.38 284.86 286.1
combustion
Emission of carbon eCO, kgCO2/ —672.76 —654.41 —640.58
dioxide MWh
Relative emissivity of Nnee ® €CO2 kgCOy/ —265.61 —258.03 —223.42
carbon dioxide MWh
Avoided emission of Avoid kgCO2/ 1420.27 1381.52 1352.34
carbon dioxide eCO,, MWh
Avoided relative Avoid kgCO2/ 560.72 544.73 471.67
emissivity of carbon Tnet ® €CO2 MWh

dioxide

An additional quantity introduced in this work is cumulative effi-
ciency #,,m calculated by Eq. (91), which accounts for the gasification
process which was not covered by net efficiency #,,, calculation Eq. (88)
Eq. The cumulative efficiency is higher for this work concept of using
turbine bleed as the gasifying converter, in comparison to lower cu-
mulative efficiencies for the concepts without turbine bleed, which were
based on syngas mixtures from Refs. [3,4], despite their increased net
efficiencies in comparison to this work.

5. Conclusions

For the first time in the literature, the gasification model with the
Deringer and Gumz modification was integrated into the gas turbine
cycle by considering the mutual interaction of the bleed and the gasi-
fication reactor. In earlier work [3], C3Hg formation reactions were
introduced into the original gasification model with the Deringer and
Gumz modification and the overall mass balance was further verified at
the energy balance level. The main novelty in the present model was the
integration of the gasification with carbon dioxide and steam as the
converter from the gas turbine bleed at varying temperature pressures of
the gasification process. The challenge during calculation was to
maintain constant exhaust mass flow of 100 g/s, while maintaining
constant combustion temperature of 1100 °C in oxy-combustion
manner, and all these while calculating gasification temperature
through energy balance coupled with gasification model that requires
specified gasifying agent (extracted turbine bleed from Aspen Plus
simulation) mass flow to produce required syngas mass flow. It was
possible by leveraging optimization techniques and automated itera-
tions through Aspen and Excel programs. Even changes of the values
across different bleed pressures prove the correctness of these simula-
tions. The authors had not previously encountered a similar analysis in
the literature, which allows for determination of the powers, effi-
ciencies, and negative emissions of a power plant for the case of an in-
tegrated turbine and reactor system.

In general, as the bleed pressure increases, the efficiency of the
nCO9PP cycle integrated into the gasification process by bleeding the
medium from the gas-steam turbine increases. It is important to say that
cumulative efficiency of the nCO,PP cycle with gasification unit in-
creases thanks to the bleed extraction as gasifying agent despite lower
net efficiency without gasification unit in comparison to nCO2PP cycle
with syngas [3,4] obtained in the concept presented in authors other
work [4]. In general, cumulative efficiency will decrease after additional
inclusion of air separation unit efficiency, but still efficiency optimiza-
tion remains open through various other possibilities than presented in
this work. From the work presented, it also becomes apparent that the
gasification process is most influenced by the process temperature,

14

followed by the converter composition and the last factor is the pressure
prevailing in the gasification reactor.
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