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ABSTRACT

Carbon Capture and Storage (CCS) with biomass is called to be one of the most important technologies to re-
duce the climate change all over the world. In addition, supercritical pulverized coal plants have been pointed
out as interesting power installations because its high efficiency. In this work, the effects of plants scaling
and biomass-coal co-firing level on net present value (NPV), cost of energy (COE) and cost of CO, avoided
(CCA) have been studied on a supercritical pulverized combusting coal/biomass blends. Aspen Plus® was
used to implement technical simulations. Finally, the main factors affecting plants viability were identified by
a sensitivity analysis. The results obtained revealed that the use of biomass reduces the NPV in (—0.23,—1.75)
M€/MWe, and increases the COE by (0.007,0.263) ME/MWe. However, plant scaling was found to be a more
important factor, by reaching an impact of 4.32 M€/MWe on NPV variation in best case. The reduction of
oxy-plants viability by biomass using as raw material could be compensated by an increasing of the designed
scale-up. Finally, 300 MWe power plants with 40-50% biomass co-firing level were identified as a compro-
mise solution between economy and risk, improving in this way the interest for potential investment.

©2017.
Abbreviations (in order of appearance on text) TCI Total Capital Investment
EBTF European Benchmarking Task Force
UNFCCC United Nations Framework Convention on Climate =~ NREL National Renewable Energy Laboratory (U.S. Depart-
Change ment of Energy)
WMO World Meteorological Organization .
UNEP United Nations Environment Programme 1. Introduction
IEA International Energy Agency )
OECD Organization for Economic Co-operation and Devel- In the new global economy, climate change has become a cen-
opment tral issue for the international community. It is becoming increasingly
CCS Carbon Capture and Storage difficult to ignore the important role of the connection between the
NPV Net Present Value science community, party and non-party stakeholders to benefit the
COE Cost Of Electricity intergovernmental process and Paris Agreement implementation. In
CCA Cost of CO, Avoided order to improve this work, the last Earth Information Day was or-
RYIELD Aspen tool used to simulate reactions with stablished ~ ganised by the UNFCCC and celebrated in Casablanca on last No-
yields vember. In that conference, 2015 was presented as the warmest year,
RGIBBS Aspen tool used to simulate reactions when free Gibbs ~ ©ver 1°C higher than pre-industrial period [1] by the WMO. Ac-
energy is minimised cording with this finding, the concentration of long-lived greenhouse
ASU Air Separation Unit gases continues to increase, reaching in 2015 the world mean value
DESOX Desulfurization Unit of 400 ppm (CO,), 1845ppb (CH,) and 328 ppb (N,O). A consider-
TEC Total Equipment Costs able amount of literature has been published on the consequences of
NETL National Energy Technology Laboratory (U.S. De- this situation, such as a record warming at ocean surface and subsur-
partment of Energy) o face, the rising on sea levels or more irregular precipitations (very
CEPCI Chemical Engineering Plant Cost Index dry in some places and wet in others) [1,2]. In addition, high impact
ECI Fixed Capital Investment extremes have been attributed to the climate change: 7800 deaths in
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the Philippines attributed to Typhoon Haiyan, 2013; 250000 excess
deaths attributed to drought and famine in 2011-2012 in the Horn of
Africa or 4100 deaths attributed to heatwaves in Pakistan and India in
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2015 [2]. The causes of this situation must be identified in order to
avoid higher disasters.

Many authors have identified the principal cause with the increas-
ing of energy demand due to the economic development and the pop-
ulation growth. The IEA expects a continuous rising on energy de-
mand of OECD countries from 5500 Mtoe in last 2014 for the next
25 years. In addition, developing countries and regions, such as China,
India, South and Central America and the Middle East are expecting
to be the main sources of the energy demand increasing in that time.
In addition, some geopolitical uncertainties in Middle East countries
have stablished increasing concerns about the future oil supply. In Eu-
rope, the recent United Kingdom decision about leaving the European
Union has no precedents in Europe uncertainties.

In this international context, the European Commission stablished
the Directive 2009/28/EC of the European Parliament and of the
Council of 23 April 2009 on the promotion of the use of energy
from renewable sources [3]. All the while, it was published the Deci-
sion No 406/2009/EC of the European Parliament and of the Council
of 23 April 2009 with the objective of reduce the EU States green-
house gas releases in a time frame of 10 years, up to 2020. Therefore,
a 2011-2020 Renewable Energies Plan was designed by the Span-
ish Energy Department [4] to increase the energy pool production by
green energies by a minimum of 20% in 2020. Recently, the European
Union approved the programme Horizon 2020 as the European Inves-
tigation and Innovation Framework Programme in the same field.

A considerable amount of literature has been published about dif-
ferent technologies to reduce greenhouse gases emissions [2,5,6]. Be-
tween them, carbon-based combustion with CO, capture has revealed
to be one of the most interesting one for reducing the anthropogenic
CO, emissions [7]. CCS has been considered a promising solution be-
cause: (1) anthropogenic global climate change is a serious problem
and (2) there is a need for large reductions in carbon dioxide (CO,)
emissions [8]. Between the different CCS technologies, oxy-combus-
tion can be stablished as a valid solution due to it can be used as a CO,
sink, reducing the greenhouse gases environment effects. Oxy-com-
bustion processes are characterised by burning fuel in an atmosphere
composed by a mixture of CO, and O, [9]. After combustion, flue
gases are partially returned to the combustor stream feed in order to
control the flame temperature [10]. The Spanish Renewable Energies
Plan stablished the objective of designing CCS plants with, at least,
40% efficiency from 2017 to make CCS plants cost competitive since
2020.

Supercritical power plants are expected to be one of the possible
solutions to increase the CCS efficiency that Spanish Renewable En-
ergies Project considers [11].

Many raw materials have been used as oxy-combustion feedstock.
Between them, biomass is a suitable bioresidue for being used in waste
combustors to generate high enthalpy steam, good for producing elec-
tricity. Biomass is also called to modify the carbon balance of differ-
ent energy processes from positive (fossil fuels) to neutral or negative
(Bio-energy with CCS, also called Bio-CCS) [5].

In previous works, several biomasses oxy-combustion were
analysed and biomasses were selected based on their oxy-combust-
ing behaviour [12]. After selection, the oxy-combustion experimental
conditions were optimized and the transport phenomena occurring in
the particles during oxy-combustion was studied by the application of
the conservation equations [10].

The present study was designed to determine the effect of the
power size escalation and the biomass with coal co-firing level on
the economic viability of a supercritical oxy-combustion power plant.
This study was performed by assessing the NPV, COE and CCA

variation for five proposed biomass co-firing levels: 0%, 15%, 25%,
50% and 100%. In addition, these levels were combined with different
gross electric energy production: 140 MWe, 300 MWe and 460 MWe.
These gross power productions were in accordance with Stanger et al.
[13] works when they stated: “oxy power plants with CO, capture to
be built should have capacities in the range of 100—500 MWe (gross)”.
The conclusions obtained by the evaluation of the fifteen proposed
scenarios added to a growing body of literature on oxy-combustion
technology and were considered useful to improve several alternative
processes to traditional electric production by only coal combustion.

2. Materials and methods
2.1. Materials

Two raw materials were used in this study: a bituminous coal ob-
tained from the northern located mines of Ledn (Spain) and a lignocel-
lulosic biomass blend used in previous works [14]. The biomass was
delivered from the north of Spain. The biomass blend proportion was
stablished in 70% rape vs. 30% corn according to best oxy-combustion
results (pending publication). It was taken as a field bioresidue. The
procedures used in biomass characterisation were described in previ-
ous works [10]. However, the same properties values in the bitumi-
nous coal case were obtained from the data project of a power plant
with the same coal as main feedstock [15].

Table 1 summarised the physical and chemical properties of raw
materials used in simulations.

2.2. Methodology

Fig. 1 showed the three parts in which the techno-economic study
was divided. Fifteen scenarios were considered by modifying the pro-
portion of biomass on the oxy-combustor feed and the gross output
power obtained in the power plant turbines. Five different biomass
co-firing levels (0%, 15%, 25%, 50% and 100%) were combined with
the three proposed gross powers (140 MWe, 300 MWe and 460 MWe)
by the assumption of a constant heat input [16].

By implementing Aspen Plus® simulations, the main thermal and
power values of each block and stream of the flowsheet were ob-

Table 1
Physical and chemical properties of raw materials used in simulations.

Material Coal Biomass
Proximate analysis

Moisture (%) 12.0 10.1
Volatile matter” (%) 32.0 524
Ash® (%) 255 14.4
Fixed carbon® (%) 30.5 23.1
Ultimate analysis

C® (%) 65.1 573
H® (%) 2.9 4.6
N (%) 1.4 0.8
S® (%) 1.9 1.0
0" (%) 28.7 36.3
Calorific value

HHV (MJ/kg) 25.08 19.18
Properties

Grindability index 50 27
Dielectric constant 5.0 2.5

HHV_high heating value

? Dry basis.
" Dry ash free basis.
¢ Calculated by difference.
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Fig. 1. Techno-economic analysis scheme methodology.

tained. The thermodynamic model was based on the Peng-Robinson
with Boston-Mathias modifications property method. Peng-Robinson
equation of state was previously used by other authors [17] with posi-
tive results.

Afterwards, a viability study was performed for each scenario by
evaluating the behaviour of NPV, COE and CCA. The objective of
this economic study was to make a comparison of the power plants
economy previously simulated, taking into account the different raw
materials and gross power points of view.

Finally, due to the instability of several variables affecting to the
economic viability of the power plants, a sensitivity analysis of a se-
lected co-firing level of 50% for each gross power production was per-
formed.

2.2.1. On the technical simulations

The general considered assumptions in simulations were, as fol-
lows: (1) the blocks parameters were considered in stable state, (2) no
diffusional effects were taken into account in combustor, and (3) in
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oxy-combustion modelling, H, O, N, S were volatilized, C was con-
verted to pure coke and ash was not considered as a reacting lump.

All scenarios were simulated using a flowsheet based on previous
works [18,19]. In order to clarify the simulations descriptions, flow-
sheet was divided into two different parts: (1) the combustor and aux-
iliary equipment process, and (2) the Rankine water cycle process. The
combustor and auxiliary equipment process was shown in Fig. 2. This
figure was divided into two other representations. Fig. 2 a. showed a
blocks diagram of the process. Air and different feedstocks were con-
sidered as main material inputs in the system, while dust, gypsum and
CO, for storage were the main output material streams. Different plant
zones were taken into account: O, preparation, feedstock preparation,
combustor, flue gas treatment and Rankine cycle. Heat and materials
connections of equipment in the combustor and auxiliary equipment
process were shown in Fig. 2 b.

a)

Raw materials, coal and biomass in the proportion of the respec-
tive run, were supplied at 4—6.cm (25%), 6-8cm (55%) and 8—10cm
(20%) at 25°C and 101,3 kPa. Both coal and biomass were dried (FD)
with a previously heated (NH) nitrogen flow. Afterwards, they were
fed into a crusher (CR) in order to reduce the particle size to 100 pm
before being introduced to the combustor. The combustion was sim-
ulated as follows: firstly, solids were split into its composition ele-
ments in a RYIEDL block (RYIELD). The mathematical model was
based on the definition of yields of different raw materials to gases re-
actions. Yields were defined in mass basis with the information pro-
vided in Table 1. The decomposition products were C, H,, O,, N,, S
and ash. Finally, the RGIBBS block (RGIBBS) simulated the oxida-
tion reactions of the previously devolatilized components with a gas
stream heated just before. The RGIBBS unit modelled reactions that
come to chemical equilibrium by minimizing the Gibbs free energy of
system [20].

DUST &
GYPSUM
FLUE GAS
COMBUSTOR Bl
- DESOX
HEAT TRANSFER ZONE: - DRY&COMPR
- FGH
-ECON-5
/, _ -ECON-4
0; PREPARATION: SIS
- ASU -ECON-2
-OH -ECON-1
-NH - EVAPORATOR RANKINE CYCLE
X | 4 — (HEAT EXCHANGERS
_ ' AND TURBINES)
/ : : - RYIELD + RGIBBS

FEED PREPARATION:

-FD
- CRUSHER

Fig. 2. a) Blocks diagram of power plants process, b) Combustor and auxiliary equipment process flowsheet.
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Fig. 2. (Continued)

The gas flow previously heated was composed by the CO, recircu-
lated from the exit of the electrostatic precipitator and the O, produced
in the ASU. A cryogenic ASU was selected [21] to separate air mainly
components due to the high O, needs. The N, was discharged to the
environment. The CO, stream was heated in a fuel gas heater (FGH)
with the combustion gases as much as possible (hot/cold outlet tem-
perature approach of 2 °C).

The oxygen stream was 30°C heated in an oxygen heater (OH).
Both, the CO, and O, streams were mixed in a CO,:0, mole rate of
2.7 (results pending publication [13]) and introduced directly in the
RGIBBS block. A heat stream connected the RYIEDL block to the
RGIBBS block in order to consider the decomposition of raw mater-
ial heat reaction in the combustor enthalpy balance. For the purpose
of obtaining a high efficiency, a wet flue gas recirculation was cho-
sen as it has been previously justified [19]. Afterwards, the water of
Rankine cycle was evaporated by using the heat of flue combustion
gases in an evaporator (EVAP). The evaporator produced a high en-
thalpy steam stream (207 °C, 29 MPa). This water stream was previ-
ously preheated in another heat exchanger (ECON-5) by cooling the
exhaust combustor gases in 55°C. Once the steam was generated, it
was reheated in two stages: firstly, a heater (ECON-3) was used to

rise the temperature until 350 °C. Secondly, another heater (ECON-1)
was used to produce a supercritical steam of 600°C just previously
to be fed to the high pressure multistage turbine. The combustion
gases heat integration was completed with two additional reheaters.
ECON-4 was used to heat a steam stream from the high pressure mul-
tistage turbine until 600 °C. Afterwards, this stream was fed to another
heater (ECON-2) reaching a steam outlet temperature of 625 °C previ-
ously to be fed to the intermediate pressure multistage turbine.

Once the heat of combustion gases was recovered as much as pos-
sible, exhaust combustion gases were cleaned in accordance with the
Directive/75/EU of the European Parliament and of the Council of
24 November 2010 on industrial emissions [3] and the Royal De-
cree-Law of the Spanish Government No 1/2016, of 16th December,
of integrated pollution prevention and control [4]. Firstly, combustion
ashes were separated by an electrostatic precipitator (EF). Secondly, a
DeSOx unit was used to reduce the SOx gases by a gypsum transfor-
mation using limestone as feedstock. Finally, due to the main compo-
sition of oxy-combustion gases, CO, and H,O, a Dry & Compression
unit was used to make water condense and to obtain an output stream
of CO, with a higher purity than 98% ready to storage [22,23].
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The Rankine water cycle process was presented in Fig. 3. The cy-
cle was mainly designed by three multistage turbines, a condenser, a
water pump and several heat exchangers in order to complete the heat
integration system. The supercritical steam stream from ECON-1 was
connected to a high pressure multistage turbine (HP). In the first stage,
the steam was expanded to 8.2 MPa. In the last stage, the output of the
turbine was set at 5.1 MPa. The stream at 8.2 MPa was used to preheat
the water of the cycle by rising the water in 30 °C in a heat exchanger
(HHR3). At last, a fraction of the turbine steam output was also used
for the same proposal, rising water temperature in 37°C in another
heat exchanger (HHR2). Both steam streams were mixed with a lateral
output of the intermediate multistage turbine (IP) and they were all
fed to another water heater (HHR1) in which water was heated other
30°C. Hot stream outlet was afterwards introduced to the deaerator
system (DEA). The other stream fraction of the outlet of the high pres-
sure turbine was sent to the combustor area in order to be reheated
in both ECON-4 and ECON-2 before it was fed to the intermediate
pressure multistage turbine (IP). This turbine was designed with three
stages with discharge pressures of 2.8 MPa, 1.2 MPa and 0.5 MPa. The
first stream was directly connected to the deaerator. The second stream
was used to preheat the water flow in a heat exchanger (SC) in 10°C
before it was sent to ECON-5. Finally, the third stream was divide into
two substreams. One of them was used to preheat the water stream in
LHR4 by 30°C. The other substream was fed to the low pressure mul-
tistage turbine (LP). This turbine was designed with four stages with
discharge pressures of 0.2MPa, 0.09 MPa, 0.03 MPa and 0.01 MPa.
The first, second and third outlet streams were used to preheat the wa-
ter stream in LHR3, LHR2 and LHR1 by 30°C in each respectively.
The last discharge stream was fed to a condenser (CND) in order to
obtain liquid water at 32 °C. This condenser was used to know the heat
exchanged in the equipment and, in economic calculations, a refriger-
ation tower was considered. Afterwards, the water was pumped (CP)
with a discharge pressure of 1.6 MPa before it crossed LHR1, LHR2,
LHR3 and LHR4 towards the deaerator, rising its temperature. Fi-
nally, a water stream was obtained in the deaerator an it was connected
to another pump (FWP) to increase the pressure to 29 MPa again. This
water was preheated in HHR1, HHR2, HH3 and SC as a previous op-
eration before it was fed to ECON-5 in the combustor area. Isentropic
efficiencies were set at: 0.85 (pumps), 0.90 (HP), 0.92 (IP) and 0.86
(LP) [24].

A design spec was performed with the total power production
as the specified variable. The values varied between 460 MWe, 300
MWe or 140 MWe (calculated as the contribution of the three multi-
stage turbines). The design spec was completed by defining the water
Rankine flow at the deaerator exit as the manipulated variable. The
default convergence methods were set as: Wegstein for tears solving
and secant for single design spec resolution. When tears and design
spec were necessary to solve together, Broyden method was used. In
all cases, the maximum objective and residual tolerances in iterations
were set at 1E-6. In calculations, the maximum errors of main vari-
ables were as follows: 1E-5K for temperatures, 1E-7 for mass flows
calculations and 1E-6 for pressure values.

2.2.2. On the economic viability studies
The aim of these studies was to obtain the NPV, COE and CCA.
Firstly, TEC was obtained. Individual plant component cost was cal-
culated by considering one equipment representative variable (for ex-
ample, total power for turbines). Prices were taken over from the
NETL publications [22,23,25]. Finally, the representative variable
was used to obtain the actual cost C by a known reference cost C,
component with a size S, by the following expression [6]:
f
C[ME€]l=C, [i]
nSO (1)
where S is the actual size and f'is the scale factor (0.7 by default).
Prices used were published in 2011, 2015 or 2016, depending on
the used source. 2016 prices were not modified, but 2011 and 2015
prices were updated in combination with the newest CEPCI values.
Equipment costs were obtained individually with this methodology
except those of ASU, DeSOx, Dry & Compression of CO, and com-
bustor, evaporators and fuel dryer units costs. In these cases, all unit
cost was obtained as a single value for the unit as a whole (for exam-
ple, the water of Rankine cycle evaporated in combustor unit [22,23]).
FCI was calculated as the sum of the total direct and indirect costs.
Peters et al. [26] proposed a calculation procedure based on the pur-
chased equipment cost by using a proportional TEC factor. These
factors were shown in Table 2. Afterwards, the working capital was

o FROM-EC1
FROM-EC2

HHR3

Fig. 3. Rankine water cycle process flowsheet.
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Table 2
Peters coefficients used in economic calculations.

Factor Coefficient

Direct costs

Equipment delivery

Purchased equipment installation
Instrumentation and control (installed)
Piping (installed)

Electrical systems (installed)
Buildings (including services)
Yard improvements

Service facilities (installed)
Indirect costs

Engineering and supervision
Construction expenses

Legal expenses

Contractor's fee

Contingency

Working capital

Fraction of TEC 0.10
Fraction of TEC 0.39
Fraction of TEC 0.26
Fraction of TEC 0.31
Fraction of TEC 0.10
Fraction of TEC 0.29
Fraction of TEC 0.12
Fraction of TEC 0.55

Fraction of TEC 0.32
Fraction of TEC 0.34
Fraction of TEC 0.04
Fraction of TEC 0.19
Fraction of TEC 0.37
Fraction of TEC 0.75

estimated by the 75% of TEC. Finally, the TCI was obtained by adding
the FCI and the working capital.

The material costs, the electricity sale, the operating labour costs,
the utilities costs, the plants linear depreciation, the financial parame-
ters and the public grants were the main considered factors to calculate
the economic indicators (NPV, COE, CCA).

At last, technical simulations results and 2016 Spanish markets
prices were used to obtain the utilities costs.

Table 3 showed the main considered assumptions taken into ac-
count in the viability study. Spanish markets were the source at which
electricity and raw material costs were obtained [4]. The inflation rate
was in accordance with lasts years values [27]. The labour costs were
obtained by considering the following employees: 1) Single shift: one
plant manager, one fuel procurement specialist and one office man-
ager; 2) Two shifts: two equipment operators; 3) Three shifts: two
control room operators, four auxiliary operators, one instrument tech-
nician, two mechanics and one maintenance foreman. Salaries and so-
cial insurance were included [28]. The public grants considered were
that actually in force in Spain. At last, the CO, avoided emissions
costs were obtained from the actual emissions markets. Finally, NPV
were obtained by calculating the annual cash flow of the respective
scenario.

COE and CCA calculations were based on the EBTF methodol-
ogy. The COE was calculated with the IEA procedure, which vary the
MWeh price until the specific scenario NPV goes to zero with no pub-
lic grans considering.

Table 3
Main considered assumptions in viability studies.

Parameter Unit Value
Biomass cost €n 47.00
Coal cost €/t 65.00
Electricity price €/MWeh 57.75
Discount rate % 10
Inflation rate % 2
First year operation h 6400
Rest of lifetime operation h 8000
Operating lifetime Years 25
Labour costs M¢€/years 3.58
Public grants, coal €/MWeh 75.00
Burn grants, coal €n 10.00
Public grants, biomass €/MWeh 53.82
CO, emissions market €/1CO, 10.00

The CCA was calculated as follows:

€
8co,

CCA

(COE)C()Z,(,‘H[) - (COE)ref
<kgcoz'kWeh_1> - (kgc02~kWeh_1>

ref co2,cap (2)

where CO, ., was the studied CO, capture power plant “ref” referred
to a reference power plant without capture [22]. Following the IEA
methodology, CCA was obtained with no consideration of CO, trans-
port and storage.

2.2.3. On the sensitivity analysis

The objective of the sensitivity analysis was to analyse the influ-
ence of the more uncertainly parameters affecting to industrial projects
viability on NPV variation values. In the present study, a 50% of bio-
mass co-firing level was chosen as the feedstock of the power plants
as it was considered to be a compromise value between the use of bio-
mass and the profitability of coal plants.

The selected parameters to be analysed were the biomass price,
the coal price, the labour costs, the inflation rate, the electricity price,
the CO, market price, the biomass public grants and the coal public
grants. The reference value of each parameter was that used for ob-
taining the NPV and COE value in the viability studies. A variation of
this reference value between the 80% and 120% of the reference one
was used to study the impact of these factors on NPV and COE varia-
tions. To make conclusions more representative, the selected parame-
ters were varied individually.

Finally, a Monte Carlo simulation was carried on with the more in-
teresting power plant in terms of the scale-up effect and the results of
sensitivity analysis. Monte Carlo simulation provided information to
optimize the co-firing level in terms of the lowest COE.

3. Results and discussion
3.1. Technical simulations

A biomass co-firing level of 50% was used to describe the techni-
cal simulations and the economic results. The effect of the different
biomass co-firing levels will be discussed in the viability studies.

The main characteristics of several processes streams of the power
plants were provided in Table 4. The gross power ratios of the power
plants were, as follows: 460MWe/300MWe: 1.53, 300MWe/
140MWe: 2.14 and 460MWe/140MWe: 3.29. If the combustor out-
let mass flow streams are compared, it can be stablished the follow-
ing ratios: 460MWe/300MWe: 1.51, 300MWe/140MWe: 1.90, and
460MWe/140MWe: 2.86. The correlation between the increasing of
the combustor outlet mass flow and the gross power ratio increasing
could be represented by a concave increasing exponential function as
it was shown in Fig. 4. This was the single most striking observation
to emerge from the data comparison when, in general, extensive vari-
ables were compared: the scale-up effect. In this case, an increasing
of 53.3% (300-460), 114.3% (140-300) and 228.6% (140-460) of the
gross power plants produced a mass flow increasing of 50.6%, 90.0%
and 186.2% respectively.

As a result, the scale-up of the proposed oxy-combustion power
plants was made the most and, consequently, more interesting, for
higher scale-up ratios. More analysis on the current topic will be dis-
cussed on the viability studies.
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Table 4

Main characteristics of several streams of the power plants for a selected biomass co-figing level of 50%.

| Stream Flowrate (kg/s) Temperature (°C) Pressure (bar)
Power (MWe) — 140 300 460 140 300 460 140 300 460
[1] 5.97 12.80 19.63 538.15 538.15 538.15 12.25 12.25 12.25
[4] 5.16 11.06 16.97 440.73 440.73 440.73 27.48 27.48 27.48
[5] 4.27 9.14 14.02 352.96 352.96 352.96 541 5.41 541
[6] 81.93 175.56 269.19 352.96 352.96 352.96 5.41 5.41 5.41
[8] 4.28 9.17 14.07 271.52 271.52 271.52 2.30 2.30 2.30
[13] 3.69 7.90 12.11 192.65 192.65 192.65 0.90 0.90 0.90
[16] 287.90 547.10 823.92 1109.3 1120.81 1078.34 1.00 1.00 1.00
From HP 97.33 208.57 319.81 358.46 358.56 358.46 51.42 51.42 51.42
From SC 115.00 246.44 377.87 131.15 130.18 129.78 290.00 290.00 290.00
[26] 3.95 8.46 12.98 107.23 107.23 107.23 0.27 0.27 0.27
[30] 115.00 246.44 377.87 25.00 25.00 25.00 12.00 12.00 12.00
[35] 323.92 642.10 852.74 515.36 427.12 479.57 1.00 1.00 1.00
[45] 70.01 150.02 230.04 32.90 32.90 32.90 0.05 0.05 0.05
[46] 8.76 18.77 28.78 414.98 414.98 414.98 81.62 81.62 81.62
[57] 73.96 158.49 243.51 32.00 32.00 32.00 0.05 0.05 0.05
[59] 106.24 227.67 349.09 358.46 358.46 358.46 51.42 51.42 51.42
250 TableS A
h Main simulation results of the three gross power proposed plants for a selected biomass
.-~'. co-firing level of 50%.
200 e _ .
- ® Combustor outlet Factor Unit 140 MWe 300 MWe 460 MWe
y " - mass flow ratio - -
e Main electric results
150 / -7 ®  ASU production Gross power output MWe 140.0 300.0 460.0
ol Auxiliary power MWe -17.2 -322 ~46.6
100 ,. Net power output MWe 122.8 267.8 413.4
J ’ - = ASU cost Main material balances
- Raw material inlet kg/s 25.1 50.2 75.6
50 .'? CO, for capture kg/s 29.2 52.2 80.2
. Water on Rankine cycle kg/s 115.0 246.4 3199
ASU production (O,) kg/s 32.6 65.2 98.2
0 Plant component
E & AE aE == Raw material crusher kWe 85.2 170.5 256.8
£ S0 B W 30 AW A5 0 Air Separation Unit kg/sO,  32.6 65.2 98.2
NORMALIZED GROSS POWER RATIO Combustor+Evap+Fuel dryer  kg/s H,O  115.0 246.4 319.9
Economizers m’ 1019.0 2888.0 4518.4
Flue gas heater m? 408.4 776.9 1173.5
Fig. 4. Scale-up effect trend for different representative variables. Oxygen heater m’ 2.1 5.3 8.1
Nitrogen heater m’ 9.3 22.6 34.5
DeSOx Unit kg/s SO, 04 0.7 1.1
Table 5 presented the main technical simulations results. These re- glryetr &t(if’mpres_Siftmt““it t%(/ s CO, ?2624 ;;921 28-825
.- . . . ectrostatic precipitator e . . .
sults can be divided into electric, material and plant component re- Water refrigeration system GIh 604.0 1294.4 19847
sults. Steam condenser m’ 1.8 3.9 6.0
The specific heat provided to water in 460MWe plant heat ex- High temperature heaters m’ 65.2 139.1 212.9
changers shown in Fig. 2 was 7428.2 kJ/kWh. This value was close Water pump k\;\’e 1364.1 2679.6 3955.2
to 7133,1 kJ/kWh reported in literature by other authors [18] and that Low temperature heaters m 1319.9 2822.1 43234
. . . Condensate pump kWe 151.5 306.3 458.6
obtained by aut}}qrs in a previous work [10]. Dearcator ke/s O 115.0 2464 319.9
Gas compositions were, in 140 MWe, 300 MWe and 460 MWe, Condenser Gl/h 604.0 1294.4 1984.7
0.029, 0.024, 0.028 for O,, 0.253, 0.264, 0.265 for H,0, 0.713, 0.707, HP multistage turbine MWe 40.9 87.7 134.4
0.703 for CO, and 0.004 in all cases for SO,. Near 70% of gases were IP multistage turbine Mwe 49.6 106.2 162.9
LP multistage turbine MWe 49.5 106.1 162.7

CO, and 25% were H,O as it was found in previous works with wet
flue gas recycle [18,19]. In addition, excess O, in the flue gas (down-
stream of the boiler) was less than 4% [10,13]. However, the SO,
amount production resulted to be high enough to be necessary the in-
stallation of a DeSOx unit in system [4].

The penalty for electric production by oxy-combustion was mainly
produced because: 1) the needing of CO, compression previously to
storage, 2) the pumping of the water refrigeration system up to the re-
frigeration tower and 3) the power needing of the ASU [13,21,29,30].
This auxiliary power was 12.3%, 10.7% and 10.1% in 140MWe,
300MWe and 460MWe respectively. Once again, the scaling was
more interesting up to 460 MWe, but the impact of the scaling-up
was higher in 140-300 than in 300460 escalation. If auxiliary pow-
ers results are projected to a 800 MWe power plant, a value of

8.2% is obtained. This value was in accordance with that obtained by
Ali et al. [16] for a 800 MWe power plant but it differed with the study
of Yan et al. [31]. However, it was consistent with that obtained by
authors in a previous work [10].

The main material balances followed the same trend that of exten-
sive variables previously described. Naturally, it was necessary more
raw material inlet and ASU production in the plant with the highest
electricity production. Consequently, water in Rankine cycle and CO,
produced for storage followed the same sense.

In 460 MWe power plant, the specific water mass flow in Rank-
ine cycle was 2503.6 kg/MWh. A value of 2630.1 kg/MWh was previ-
ously obtained by Kotowicz et al. [18] in a simulation of a 460 MWe
power plant. In addition, Janusz-Szymanska and Dryjanska reported a
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value of 2586.1kg/MWh in a study of a 600 MWe power plant. These
findings contribute to validate the technical results obtained in this
work.

At last, Ali et al. [16] found a specific flue gas of 693.5kg/MWh
in a recent study, not so far (10%) than that obtained in this work
(627.7kg/MWh).

The plant components results were indicated by a representing
variable of each one. If they are analysed by comparing the same
equipment in the different power plants, the correlation between the
representative variable and the gross power increasing could be rep-
resented by a concave increasing exponential function, in accordance
with previous results found in Table 4. This trend was shown, for a
representative variable, in Fig. 4.

If the different equipment are compared for a specific power plant,
another discussion could be performed. If heat exchangers are com-
pared in the same power plant, 140MWe for example, the highest
exchange area belonged to the low temperature heaters (as a whole)
of the Rankine cycle, as they were designed by the use of a relative
low-temperature water in heat integration. As evaporator cost was ob-
tained as a whole with combustor, the area value was not presented in
Table 5. However, this heat exchanger resulted to be the highest ex-
changer area in Aspen Plus® simulations due to its thermal exchange
value as it was expected [22]. The condenser result was expressed as
the thermal exchange value because of the costs data sources.

Water pumping had the highest power need in the unit located af-
ter deaerator. This equipment need was higher than that of condensate
pump due to the water mass flow and the outlet pressure of both sys-
tems as it was presented in Table 4 and it was previously explained
in the followed methodology. Finally, the IP turbine was found to be
the main power generator. These results were consistent with that re-
ported by other authors [32,33].

3.2. Economic viability studies

Two parts were included in the economic viability studies. First,
economic results were analysed and compared. At last, the viability
parameters were discussed.

3.2.1. Economic results

The main economic results were presented in Table 6. It is impor-
tant to note that Table 6 was an only sample representation of the rest
of the study (50% of biomass co-firing level).

By comparing the proposed power plants results, it was observed
that every plant component cost was in a behaviour accordance with
the technical results previously discussed: the correlation between the
increasing of the plant component costs and the gross power increas-
ing could be represented by a concave increasing exponential func-
tion. This trend was shown, for a representative variable, in Fig. 4.

The highest values presented in Table 6 corresponded to the com-
bustor, the turbines and the cryogenic O, production. This finding
was previously corroborated in other studies [22,23,33,34]. For a bet-
ter analysis, a TEC pool distribution by process areas for a selected
300MWe power plant with a biomass co-firing level of 50% was pre-
sented in Fig. 5.

On this question, this study found the combustor and evapora-
tor to be the highest relative equipment costs up to 40.9% of TEC.
This result was in agreement with that reported by Seltzer and Robin-
son (38.9%) and the US Department of Energy [23,35]. Heat recov-
ery costs represented a 5.7% of compression costs. This value was
expected to be below 5% according to Fu and Gundersen [34] but
it was in agreement with other reports [23,35]. Turbines represented
a 21.9% of TEC and ASU represented no more than 16.5%. These

Table 6
Main economic results of the power plants for a selected co-figing level of 50%.

Factor 140 MWe 300 MWe 460 MWe
Plant component, (M€)

Raw material crusher 0.15 0.24 0.32
Air Separation Unit 22.82 35.81 46.74
Combustor+Evap+Fuel dryer 52.20 89.00 106.82
Economizers 0.41 0.84 1.14
Flue gas heater 0.15 0.23 0.30
Oxygen heater 0.004 0.007 0.009
Nitrogen heater 0.01 0.02 0.03
DeSOx unit 7.19 11.75 15.65
Dryer & Compression unit 12.62 18.95 25.62
Electrostatic precipitator 3.34 5.17 6.43
Water refrigeration system 1.26 2.15 2.96
Steam condenser 0.003 0.006 0.007
High temperature heaters 0.06 0.09 0.13
Water pump 0.74 1.18 1.55
Low temperature heaters 0.41 0.69 0.93
Condensate pump 0.13 0.29 0.29
Deareator 0.04 0.06 0.09
Condenser 1.60 2.73 3.69
HP multistage turbine 8.50 14.48 19.54
IP multistage turbine 9.72 16.57 22.35
LP multistage turbine 9.71 16.55 22.32
Total Equipment Costs, TEC 131.08 216.88 276.92
Global results, (M€)

Total Equipment Costs, TEC 131.08 216.88 276.92
Total Direct Costs 304.38 503.60 643.01
Total Indirect Costs 181.68 300.60 383.81
Working Capital 108.14 178.93 228.46
Total Capital Investment, TCI 725.28 1200.00 1532.21
Specific Investment (ME/MWe) 5.18 4.00 3.33
Utilities, (M€/year)

Process compressed air 0.22 0.45 0.67
Air Separation Unit 6.84 12.76 18.45
Electricity 0.81 1.59 2.34
Refrigeration to 32 °C 9.77 11.06 13.23
Ash and gypsum disposal 1.26 5.44 8.20
Limestone 1.10 2.21 333
Total utilities (M€/year) 20.00 3222 46.22

findings were consistent with those of Xiong et al. [33]. Finally, coal
and biomass preparation represented a residual value in agreement
with actual literature.

If TCI is observed, the obtained values were in accordance with
technical results and with previous similar industrial plants [23,33].

Another important factor to be evaluated was the power plants
specific investment. The values shown in Table 6 could be repre-
sented by a convex decreasing exponential function with good accu-
racy (=0.99). This also accorded with earlier observations reported
by Campanari et al. [32] and other authors [17,36]. The US Depart-
ment of Energy [23] reported a reference value of 2.47M€/MWe in
a 679.6 MWe (gross) supercritical PC with CO, capture. If specific
investment results given in Table 6 are projected for a 679.6 MWe
(gross) power plant, it could be obtained a value of 2.43 M€/MWe, ac-
cording with the reference worth.

Finally, Table 6 presented the utilities cost for each power plant.
Water Rankine refrigeration and ASU consumption were found to be
the main causes of utilities worth. ASU consumption has been found
as the main inconvenient to implement oxy-combustion technology at
industrial scale nowadays [29]. Utilities values trend were in accor-
dance with the complexity of power plant considered.

3.2.2. Viability studies

The NPVs were presented in Fig. 6 while the COE and CCA ob-
tained values were shown in Fig. 7.

If NPVs are compared in the three power plants, it can be ob-
served that only a gross power plant of 460MWe production have a
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Fig. 5. TEC pool distribution by process areas for a selected 300MWe power plant with a biomass co-firing level of 50%.
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Fig. 6. NPV for different biomass co-firing level in each power plant studied.

positive viability with the main assumptions presented in Table 2. In
addition, as biomass co-firing level rises, NPV decreases by a con-
vex exponential function. This finding was in agreement with the tech-
nical and economic results previously observed. As it was shown in
Table 1, biomass has lower calorific value than coal. In other words,
more biomass in the combustor implied a higher size of the combustor
area equipment. The lower calorific value also implied more amount
of raw material to produce the same gross power electric production.
This situation caused a more CO, production when biomass co-firing
level was higher and, hence, a higher compression power needs and
higher exchange area in heat exchangers because the more absorbance
that CO, caused in the flue gas [12]. In addition, more biomass in the
combustor produced a more difficult ash to be separated in the elec-
trostatic precipitator. Hence, a higher power in this equipment was re-
quired. All these situations implied a higher capital investment and
then, lower profitability. Finally, as biomass public grants were lower
than that for coal, cashes flows were reducer than that with more coal
in the combustor in every year of plant life. These were the main rea-
sons why NPV reduced by a convex exponential function with bio-
mass co-firing level increase.

The NPV was a parameter based on the economic conditions of
the country in which the industrial project is studied. These condi-
tions included public grants and market labour or utilities costs. These
were the reasons why it was not possible to make a direct compar-
ison between different power plants found in bibliography without

taking this item into account. The US Department of Energy, towards
the Clean Coal Power Initiative, promote the CCS technologies with a
public grant from the federal government of 5%—18% of total project
cost. In addition, other electric and financial policies are considered
[37]. The UK provides a strong line of government funding and sup-
port. It reaches the 30% of the plant project budget. In addition, it has
been stablished a CCS Cost Reduction Task Force and a new electric
market regulation in order to make CCS plants competitive [38]. With
US or UK incentives, all oxy-combustion power plants studied in this
work would have a positive viability. However, the lower Spanish in-
centives made only long size oxy-combustion power plants had a pos-
itive viability.

The COE and CCA values did not depend on the policy of the
country government. For this reason, they are better representative pa-
rameters to compare different power plants studies previously found
in bibliography. Fig. 7 a showed COE values between 101 and 129
€/MWh for the 460 MWe plant. These results were slightly higher
than that reported by other authors in similar power plants size
[29,39,40] but they were in accordance with that reported by Pettinau
et al. and the NREL [41,42]. In addition, Skorek-Osikowska et al. re-
ported a value of 108.4 €MWh in a 460 MWe power plant with a
cryogenic air separation [43]. The COE was higher in smaller size
power plants. Fig. 7 b showed CCA values between 71 and 90 €/t
in the 460 MWe power plant. These results were also higher than var-
ious previously found in literature but in agreement with that reported
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Fig. 7. COE (a) and CCA (b) for different biomass level co-firing in each power plant
studied.

by other authors [17,44]. This behaviour can be explained because
CCA values are obtained by considering the COE project values. In
addition, CCA results could reach the value of 125 €/t;, depending
on the plant size and the biomass co-firing level factor. The behaviour
of CCA with these two parameters were the same than that previously
reported as it was expected an it was previously described by other
authors [40]. Both, COE and CCA, and the biomass co-firing level
values could be approximate by an increasing exponential function.
Reasons were the same that were previously explained in NPV behav-
iour if it was consider that lower profitability implies higher COE and
CCA. However, the slope of the function was lower than that obtained
in NPV comparisons. This was caused by the non-considering public
grants when COE and CCA were calculated.

In order to improve the study of the scale-up effect, Table 7 pre-
sented the specific NPV and COE variations for each biomass co-fir-
ing level in the two proposed scale-up situations.

If results about NPV are analysed, it can be observed that the
140460 MWe scale-up produced a higher NPV variation
(2.78-4.32M€/MWe) than that of 140-300 MWe
(1.47-2.86 ME/MWe). In addition, NPV rose in both cases. These
results were consistent with

Table 7
Effect of the plants scale-up on NPV and COE variations (ME€/MWe).

Scaling Biomass co-firing level

0% 15% 25% 50% 100%
140 MWe-300 MWe
NPV 2.86 2.56 231 1.99 1.47
COE —-0.100 —0.103 —0.105 —0.113 -0.129
140 MWe-460 MWe
NPV 4.32 3.77 331 3.09 2.78
COE —0.126 —0.128 —0.130 —0.138 —0.155

that reported in the technical results. It is well known that plants scal-
ing produces a better economic balance because of the more yield
obtained in every plant equipment or component and, consequently,
lower unit production costs. In addition, public grants were higher as
plant size increased. Both factors pointed to a better plant profitability
in higher scale-up situations.

If biomass co-firing level is observed, it can be shown that the
more biomass amount in combustor, the less specific NPV increase by
the same scaling factor. This was caused by the less role than public
grants play at higher biomass co-firing levels because its lower values.

When COE is observed, it can be seen the opposite trend than that
described in NPV case, as it was expected. This behaviour was also
lighter than that observed in NPV because the no considered public
grants in calculations.

In order to improve the study of the biomass co-firing level, Table
8 presented the specific NPV and COE variations for each proposed
level in the three power plants size studied.

If NPV variations are observed, the same conclusions about how
biomass amount affected plants viability could be obtained. The ex-
ponential trend towards a 100% of biomass content was mainly due
to the less public grants of biomass than coal but it was also ex-
plained because the higher capital investment and utilities needed with
a higher biomass co-firing level. The same effect could be seen by
comparing the NPV variation differences in the different power plants
size with the same biomass scaling level. In the fifteen scenarios, NPV
variation can be found in the interval (—0.23,-1.75) M€/MWe.

The COE had the opposite behaviour than NPV. In addition, a
lower impact of biomass scaling on COE variation was obtained be-
cause the no considered public grants in calculations, as it was pre-
viously observed. The low impact of the biomass co-firing level on
the NPV and COE variations was caused by the lower importance
that biomass co-firing level had in flow cashes than the scale-up fac-
tor produced. However, it could be identified some couple values
with similar effects, as absolute value, on NPV variations, such as the

Table 8
Effect of the biomass co-firing level on NPV and COE variations (M€/MWe).

Power Biomass scaling
0-15% 0-25% 0-50% 0-100%

140 MWe

NPV -0.23 —0.52 —0.85 -1.75
COE 0.027 0.048 0.113 0.263
300 MWe

NPV -0.26 -0.53 —0.86 —-1.55
COE 0.011 0.020 0.046 0.107
460 MWe

NPV —0.38 —0.71 —0.86 -1.07
COE 0.007 0.012 0.026 0.060
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140-300 MWe scale-up effect with 100% of biomass and the scaling
of 0-100% biomass at 300 MWe.

An increasing of COE and CCA values when changing the feed-
stock from coal to lignocellulosic biomass was also observed by
Al-Qayim et al. They reported a COE value of 88.6 €/ MWh and a
CCA value of 52.3 €/t, in a 650 MWe coal oxy-combustion power
plant. These values rose to 165.3 €/ MWh and 90.6 €/t respectively,
when the same power plant was fed only with lignocellulosic biomass.
The increasing values obtained in this work were lower than that ob-
tained by Al-Qayim et al. but they were in accordance with that ob-
served by authors in a previous work with the same raw materials [10].

3.3. Sensitivity analysis

In this study, a 50% of biomass co-firing level was selected and di-
verse parameters were studied for the three power plants size.

The results of the sensitivity analysis were shown in Fig. 8 (a, b,
c). The slope of all figures was higher in the highest size plants, in or-
der: 460 MWe>300 MWe >140 MWe. This trend was in accordance
with that obtained in the technical and viability studies. It could be ex-
plained by the higher impact that prices, costs and grants produced in
flow cashes of high electric plants production.

Variables with a positive impact on NPV values were, in order
of importance: electric price>public coal grants>public biomass
grants>CO, market price. This results were consistent with previ-
ous studies [41]. However, the variables with a negative impact on
NPV values were, in order: inflation rate>coal price>biomass
price>labour costs. As a result, the stability parameters were more
important, in order: electric price>coal grants>inflation rate>coal
price>biomass price>biomass grants>CO, market price>labour
costs. This trend was also observed by Cormos before [45]. This clas-
sification stablished a priority in stability of parameters needed for
making bio-CCS more attractive to potential investors. The electric
price was found to be the most important factor. An increasing in 10%
of the electric price could produce a NPV rises of 261.7M€ in 460
MWe plant, reaching a 69% of increment in the NPV. This is the rea-
son of importance of stability in international markets. However, the
electric price impact on 140 MWe plant reduced to a 11% of NPV
variation.

Public grants were also a decisive factor to make promoters to be
confidence in implementing these technologies. In 460 MWe plant, an
increment of 10% of coal grants could produce an increment of 52%
of NPV. However, an increment of 10% of biomass grants produced
a variation of 23% in NPV. In 140 MWe plant, both NPV increments
were 8% and 4% respectively.

On the other side, an increasing of 10% of inflation rate could pro-
duce a reduction of 24% on NPV in 460 MWe plant. This value de-
creased to a 7% in 140 MWe power plant. Otherwise, an increasing
of 10% of labour costs could reduce the NPV by a 3% in 460 MWe
plant, while this reduction can be stablished in no more than 1% in 140
MWe plant. As a result, 460 MWe power plants needs more stability
in several key aspects, such as government legislation, market prices,
international agreements or energetic policies than 140 MWe power
plants. Consequently, higher power plants are more risky than smaller
ones. This discussion focused to the conclusion that a 300 MWe power
plant could be a compromise power value between the scale-up effect
and the risk observed in sensitivity analysis.

Finally, in order to optimize the co-firing ratio value, 50 simula-
tions in a 300 MWe power plant were carried on by obtaining the
COE with a variation of the co-firing ratio in a Monte Carlo simula-
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—ir— Labor costs
inflation rate
e Electricity price

—#— Public biomass grants

NPV VARIATION {ME€)

=== Public coal grants
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Fig. 8. Results of sensitivity analysis on NPV for a) 140 MWe, b) 300 MWe and c) 460
MWe.

tion. The results were presented in Fig. 9. At view of Fig. 9, the COE
can be estimate as 141.1+5.1 € MWh with a 95% of confidence. The
interval limits belong to a co-firing ratio of 40 and 72% when results
were interpolated in Fig. 7 values. In addition, COE vs. co-firing ra-
tio slope rises from 0.22 (0-15%), 0.26 (0-25%), 0.31 (0-50%) to
0.37 (0-100%). A compromise solution can be achieved by selecting
a co-firing ratio between 25 and 50%. As a result, the more interesting
bio-CCS power plants construction are 300 MWe power plants with
40-50% biomass co-firing level. These plants can be located in a com-
promise point of biomass using and plant risks.
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Fig. 9. Monte Carlo results representation of the 300 MWe power plant.

4. Conclusions

Some interesting conclusions have been reached in this work. First,
300 MWe and 140 MWe coal-corn-rape oxy-combustion power plants
need between (4.9-20.4) and (42.5-59.6) €/MWeh additional public
grants, respectively, depending on the considered biomass co-firing
level to reach positive viability. Second, the use of corn and rape as
biomass raw material with coal increases the COE by (0.007,0.263)
M€/MWe. Third, the scale-up of oxy-combustion power plants re-
sults to be more relevant than a reduction of the biomass co-firing
level in cash flow terms. The scale-up effect can reach 4.32 M€/MWe
in (140-460) MWe while the biomass reduction only reaches
1.52M€/MWe in 140 MWe power plant (all values in Spanish con-
ditions NPV variations terms). Fourth, the reduction of oxy-plants vi-
ability by using of biomass as raw material can be compensated by
an increasing of the designed scale-up of such plants. For example,
the 140-300 MWe scale-up effect with 100% of coal-rape can com-
pensate the use of only biomass as raw material in 300 MWe power
plants. Fifth, the stability parameters are more important in Span-
ish markets, in order: electric price>coal grants>inflation rate>coal
price>biomass price>biomass grants>CO, market price>labour
costs. Sixth, 460 MWe power plants needs more stability than 140
MWe power plants due to the impact than some usually instabil-
ity variables cause in cash flows. However, the need of stability of
raw material and electricity markets were found very important in all
cases. Finally, the more interesting bio-CCS power plants construc-
tion are 300 MWe power plants with 40—-50% lignocellulosic biomass
co-firing level. These plants can be located in a compromise point of
biomass using and plant risks. The positive viability could be reached
by getting an extra-grant of 106/MWeh by an increasing of the Euro-
pean Union funds used for climate change reduction.
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