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In our previous work (Part 1), we evaluated the thermodynamic models of
the biomass-fed integrated gasification solid oxide fuel cell system with a
carbon capture and storage (BIGFC/CCS) unit. In this work (Part II), the
techno-economic analysis of the proposed negative emission power
plants is carried out. Levelized cost of electricity, net present value
(NPV), payback period, internal rate of return (IRR), and levelized cost of
negative carbon (LCNC) are the key economic parameters evaluated. The
results of a series of sensitivity analysis show the impact of gasification
agents and stepwise increase in biochar co-production on the
performance of the system. The total overnight cost is estimated to be
6197 S/kW and 5567 $S/kW for the air and steam-oxygen gasification BIGFC/
CCS systems, respectively. Steam-oxygen gasification is found to be more
economically beneficial than air gasification one for all of the cases studied.
Economically viable biochar co-production cases are identified to
ascertain the influence of capital cost, operating cost, biomass cost,
plant capacity factor, and tax. Moreover, the effect of the carbon credit
scenario on the economic indicators is also reported. The results show that
the most effective economic performance from the steam-oxygen
gasification case reported an NPV of 3542 MS, an IRR of 24.2%, and a
payback period of 3.3 years, with an LCNC of -322.55/t of CO,. Compiling
the results from Part | and Part Il shows that it is easier to achieve negative
emission using the steam-oxygen gasification of a BIGFC/CCS system.
These results are expected to be helpful for stakeholders in identifying
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appealing negative emissions power plant projects for near and long-term

future investments.
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Highlights

Techno-economic analysis to study the effect of biochar co-
production in the BIGFC/CCS system is carried out.

The impact of air and steam-oxygen as gasification mediums
on the economic performance of the system is investigated.
The effect of step-wise biochar co-production and carbon
credit on the techno-economic performance of the system is
assessed.

The steam-oxygen gasification system co-producing 10%
biochar (by weight) is attractive one from a techno-
economic perspective.

Capital costs have the largest effect on the BIGFC/CCS system

of any economic factor.

1 Introduction
1.1 Background

The Paris Conference of the Parties held in April
2016 expressed the need to frame a universal plan to save the
world from the danger of climate change due to global warming
by limiting the temperature rise to well below 2°C and restricting
the rise within 1.5°C above the pre-industrial level [United
Nations Framework Convention on Climate Change
(UNFCCC), 2016]. Highly efficient negative emission power
plants are reported to meet these requirements. There is an
urgent need to develop such NETs globally (Marcucci et al.,
2019). Various integrated assessment models (IAMs) find that
achieving these goals would imply the integration of different
NETs,
reforestation, direct air capture, soil carbon sequestration, and
storage (BECCS)

(Schleussner et al, 2016). Due to its larger CO, removal

such as enhanced weathering, afforestation and

bioenergy with carbon capture and
potential, most IJAM models intensively apply BECCS (Van
Vuuren et al., 2013). Moreover, BECCS (Child et al., 2019) is
expected to be a promising pathway to achieving the negative
emissions in the power plant sector.

When biomass is used as fuel in a power plant, it is assumed to
be carbon-neutral (as CO, taken from the atmosphere by the
biomass during photosynthesis is released back to the atmosphere
upon utilization) (Promes et al., 2015). Based on this assumption of
carbon neutrality, biomass-based power plants could be
considered carbon-negative when the CO, released by the

power plants is captured and sequestered in a geological
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formation. This eventually results in the permanent removal of
CO, from the atmosphere (Kraxner et al.,, 2003; Fuss et al., 2014),
effectively attaining an overall negative carbon balance (Mollersten
et al,, 2003; Mollersten et al., 2004; Fajardy and Dowell, 2017; Mac
Dowell and Fajardy, 2017). Biomass specifically is considered a
suitable source of renewable energy for electricity generation due
to its abundant availability, rapid growth, and its higher potential
for development (Favas et al, 2017; Gu et al,, 2018). The IEA
bioenergy roadmap estimates the growth of bio electricity output
to 3,100 TWh by 2050, which in turn requires 510 GW of
electricity generation capacity (Electricity from Biomass). It
forecasts that 10% of the power output is consumed by CCS in
designing a negative emission power plant. Moreover, the global-
level contribution of bioelectricity generation is expected to rise by
4.1% by 2035 (Electricity from Biomass; G.A. Department of
Industry, 2014).

1.2 Bioenergy with carbon capture and
storage

The gasification process has been identified as an optimal
pathway for converting solid biomass into syngas to increase
its energy density as well as for producing clean feedstock in
power-generation systems (Hosseini et al., 2015). A biomass-
integrated gasification combined cycle (BIGCC) has been
demonstrated as a potential method of biomass-to-
electricity conversion due to its higher electrical efficiency
(Bridgwater, 1995; Kam et al., 2009; Ge et al., 2019). The
option of combining IGCC with CCS was studied by Sanchez
and Kammen (2016), who reported that it has the potential to
be a viable solution for introducing the concept of BECCS in
the future. This would, in principle, result in a negative-
emissions power plant. The significance of achieving
negative carbon emissions in IGCC combined with CCS
was demonstrated by Rhodes and Keith (2005) using a
simple engineering economic model. Klein et al. (2011)
reported the role of CCS in Bio IGCC systems in designing
a negative carbon emissions power plant.

The syngas produced in the biomass gasifier could also be
used as the fuel in a solid oxide fuel cell (SOFC), and such an
integrated system improves the performance and reduces the air
pollutant emissions in small and medium power plants (Gadsboll
et al., 2017).

Jin et al. (2009) investigated the influence of SOFC
integration on BIGCC systems and demonstrated the potential
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of SOFCs in enhancing the electrical efficiency of BIGCC
systems. Integrating SOFC with a CCS unit is another viable
option for sustainable development in the future (Wang et al.,
2020). The provision of oxy-fuel combustion technology in the
CCS unit is highly efficient compared to the pre-combustion
method in IGFC power plants (Park et al., 2011a; Park et al,
2011b).

Aditya et al. (Thallam Thattai et al., 2017) adapted the oxy-fuel
combustion process with a CCS unit in their redesigned IGFC
system which used biomass co-gasification up to 70%. They reported
that this system has the potential to achieve negative CO, emissions
for a net electrical exergy efficiency of 44% with a specific CO,
emissions rate of 30 kg/MWh. Moreover, their results indicated that
the introduction of fuel cell in the BIGCC/CCS system reduced the
total exergy loss due to the partial replacement of combustion with
electrochemical oxidation occurring in the SOFC.

1.3 Importance of biochar and bioenergy
with carbon capture and sequestration in
negative emission technology

The present situation in the world requires a resource-efficient
approach to the usage of renewable energy as it has to address
various global threats, such as climate change, declining
agricultural production, scarcity of water and fertilizer shortage,
and the power crisis. Laird (2008) identified the option of
producing biochar with bioenergy as an approach to improving
the quality of water and soil. Smith (2016) assessed several NET's
and showed the potential of negative carbon emissions due to soil
carbon sequestration and biochar in addition to land. Moreover, it
has been suggested that biochar production could be combined
with BECCS to explore the potential of these NETs. Previous
investigations (Hansen et al, 2015) explored the potential of
gasification systems to produce bioenergy together with biochar
and showed that the biochar produced could play a role in its
effective soil amendment.

Fryda and Visser (2015) proved that the stability of biochar
produced by the gasification process is higher than in pyrolysis.
However, very little research (Shackley et al., 2012a; Shackley
et al, 2012b; Ahrenfeldt et al, 2013) has been performed
regarding the possibility of a combination of syngas and
biochar co-production systems, despite the soil amendment
characteristic of the biochar.

1.4 Techno-economic analysis works on
bioenergy with carbon capture and
storage systems and biochar production

A techno-economic comparative study conducted by Zang

etal. (2018) on four designs of BIGCC systems showed that air-
gasified BIGCC systems without CCS can be more competitive
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than current power plant systems from an economic point of
view, taking into account the cost of biomass and CO, emissions.
However, they also showed that the implementation of the CCS
system might reduce the cost of the power plant, provided that
CO, tax revenue is raised to $90/ton.

Previous techno-economic investigations have identified the cost
of SOFC as the main obstacle to commercializing the SOFC-
integrated CCS (Slater et al, 2019). A thermo-economic
optimization study performed by Caliandro et al. (2014) on an
SOFC-GT hybrid system using woody biomass in small and
medium scale applications reported that the cost of SOFC
decreased gradually based on its production rate, as follows: $733/
kWe for 100 systems/year, $494/kWe for 1,000 systems/year, $451/
kWe for 10,000 systems/year, and $433/kWe for 50,000 systems/year.

Sahoo et al. (2019) studied the techno-economic analysis of biochar
production from a portable system and calculated the delivered
minimum selling price (MSP) per oven-dry metric ton of biochar as
$1,044, using the discounted cash flow rate of return method.

1.5 Research gap

Thus, a literature review clearly shows a knowledge gap
existing between the role of biochar in negative emission
technology (NET) as a part of BECCS and the possibility of
biochar co-production in the biomass-based IGFC/GT power
plants. To the best of author’s knowledge, the effects of biochar
co-production on the techno-economic performance and
negative emission potential of the BIGFC/CCS systems have
not been reported in the literature.

1.6 Research objectives

In continuation of the model-based thermodynamic evaluation
of BIGFC/CCS systems equipped with biochar co-production
carried out in Part I (Jaiganesh et al., 2022), the specific objective
of this Part II is to evaluate its techno-economic viability and, if
possible, develop suggestions for economically viable process designs
and operations strategies. This analysis is anticipated to contribute to
the worldwide dataset on biochar, as reported by the International
Biochar Initiative and the European Biochar Certificate (IBI and
EBC) (EBC, 2012). Moreover, the effects of carbon credits and
levelized cost of negative carbon (LCNC) on the techno-economic
performance of the BIGFC/CCS system are studied to indicate the
possible influence of negative emission power plants in the future.

1.7 Structure of the research and
contributions

The novelty of this work is that, for the first time in the
scientific literature, the techno-economic study of biochar co-
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FIGURE 1

Process flow diagram of the BIGFC/CCS system for air gasification.

production in the BIGFC-CCS systems is discussed in relation to
for different
gasification agents and various proportions of biochar co-

the identical techno-economic assumptions

production. The important results from the thermodynamic
evaluation of such systems, presented in Part I of this series,
are given in Supplementary Appendix SA (Jaiganesh et al., 2022).

The significant steps taken in this research work are listed as
follows:

1) This article presents a comprehensive techno-economic
analysis of a novel process scheme for co-producing
biochar in a large-scale BIGFC/CCS system for two
different gasification agents, viz., air and steam-oxygen,
and the results of the analysis are discussed.

2) A sensitivity analysis is carried out to investigate the effect of
step-wise biochar yield on levelized cost of electricity (LCOE),
net present value (NPV), payback period, IRR and levelized
cost of negative carbon (LCNC). The influence of carbon
credit measures on these key economic indicators is also
analyzed simultaneously.

3) The variation of the key economic indicators for the different

cases of biochar co-production is evaluated to identify the
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economically viable values of LCOE and LCNC. This analysis
is further carried out to investigate the effects of capital cost,
operating cost, biomass cost, and plant capacity factor
on LCOE.

2 Process description

2.1 BIGFC/CCS system configurations and
important assumptions

The simulated results of first law and second law analysis
under different operating scenarios of the BIGFC/CCS system
using the FORTRAN based software Cycle tempo (van der Stelt
et al.) are discussed in Supplementary Appendix SA. These
results are used to identify the economic viability of biochar
co-production in the BIGFC/CCS systems in this study. The
system is assumed to be in steady flow while assessing the mass
and energy balances of equipment.

The Gibbs free energy minimization principle is used in the
thermodynamic modeling according to which the chemical
compositions of bio syngas at the outlet of the gasifier, oxy-

frontiersin.org
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FIGURE 2

Process flow diagram of the BIGFC/CCS system for steam-oxygen gasification.

combustion chamber, and SOFC internal reforming were
evaluated (Asimptote, 2014). It was also assumed that the cell
resistance of the SOFC was 5 x 10> Q m? for utilizing the 85% of
the incoming fuel (Thallam Thattai et al., 2017).

Process flow diagrams for air and steam-oxygen gasification
based BIGFC/CCS system with biochar co-production are shown
in Figures 1, 2, respectively.

2.2 BIGFC/CCS system for air gasification

Figure 1 illustrates the primary components of the proposed
BIGFC/CCS system for air gasification. In this model, the bio
syngas is formed in the gasifier as the main product, and the
biochar is extracted as a co-product and is stored. The raw syngas
is cleaned using a set of high temperature gas cleaning devices in
GCU. Cleaned bio syngas is preheated and fed to the SOFC stack,
which operates at an average temperature of 900°C, and part of
the anode and cathode gas is recycled to maintain the SOFC inlet
temperature.

The remaining part of the cathode exit gas is supplied to the
ITM, which produces high-purity oxygen from the stream due to
a pressure difference across a ceramic membrane. The oxygen-
depleted air stream that comes from the cathode outlet is fed into
the AE, where it is expanded to produce the power output. The
expander outlet stream is fed to the heat recovery unit where the
waste heat of the exit stream is utilized for useful purposes before
it is fed to the stack.
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The fuel gas from the anode outlet and the separated oxygen
from the ion transport membrane are fed into the oxy-fuel
combustor. Combustion products from this combustor are
expanded in a gas turbine to produce power output in a gas
turbine. Since the gas turbine exit gas temperature is sufficiently
high (about 900°C), a heat recovery steam generation system
(HRSG) coupled with a bottoming Rankine cycle is designed to
recover a certain amount of heat from the flue gas and convert it
into a useful power output.

Then the flue gas (primarily a mixture of CO, and water
vapor) is fed into the CCS unit, in which the water vapor in the
gaseous mixture is condensed using a moisture separator. The
remaining vapor, a mixture of CO, and H,O, is extracted to the
next stage to capture the CO,. The carbon capture is carried out
in three successive stages of intercooling and compression to
capture the pure CO, stream as a supercritical liquid at 30°C and
150 bar.

2.3 BIGFC/GT-CCS system for steam-
oxygen gasification

Figure 2 illustrates the primary components of the proposed
BIGFC/CCS system for steam-oxygen gasification case. As in the
air gasification, biochar is co-produced along with the bio syngas
in the gasifier and then cleaned in GCU. Steam gasification is an
allothermal process that requires additional heat, and the system
is modified accordingly. A part of the clean syngas is then

frontiersin.org
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extracted, preheated, and fed to the SOFC stack. The remaining
syngas is fed into the secondary oxy-fuel combustor.

As discussed in air gasification, part of the anode and cathode
exit streams are recirculated. The oxygen separated using ITM is
partly fed into the gasifier as a gasification agent. The remaining
part of the oxygen stream is fed into the primary and secondary
oxy combustors. The unutilized syngas from the SOFC is fed into
the primary oxy combustor, which reacts with oxygen. The
products of combustion from the secondary oxy combustor
are fed into the steam generator, where the heat of the gases
is used to generate steam, which is circulated through the gasifier
to meet its additional heating requirements.

The steam from the gasifier is fed into the heat exchanger,
where it recovers heat from the oxygen-depleted air stream
flowing from the air expander, and subsequently it is
recirculated to the gasifier through the steam generator. The
hot flue gas from the steam generator is mixed with the gas
coming out of the gas turbine through the primary oxy
combustor and is fed into the HRSG and subsequently to
CCS as described in the previous case.

3 Methodology
3.1 Foundation of the work

The techno-economic analysis of the BIGFC/CCS system is
assessed using economic indicators based on the calculation
approach developed by NETL (Kristin Gerdes et al, 2011). In
the absence of sufficient literature on cost estimates for the
BIGFC/CCS systems, we have used estimates of the capital and
replacement  costs for SOFC  systems (DOE/NETL-341/
112613 Report, 2014) and ITM (DOE/NETL-2010/1402 Report,
2011) as indicated in NETL reports. The capital cost estimates for
the remaining equipment such as gasifier, HRSG, and GCU reported
by Zang et al. (2018) for the air and steam-oxygen gasification of
BIGCC/CCS systems were scaled according to the present BIGFC/
CCS system. The other important economic parameters, such as
biomass cost, biochar cost, and biochar handling cost, were derived
from the appropriate literature (Sahoo et al, 2019). The cost of
selling waste heat recovered from the system is not considered in the
present techno-economic study.

Because the current techno-economic analysis of the
BIGFC/CCS system is performed based on different sources
of literature (Zang et al., 2018; DOE/NETL-341/112613 Report,
2014; DOE/NETL-2010/1402 Report, 2011), the power plant
location is assumed to be a generic site. Hence, the soil
conditions, specific local issues such as local regulation and
accessibility and special seismic location needs are not included
in the present study. Because the goal of our economic analysis
is only to assess the benefits of research and development in
biochar co-production from the BIGFC/CCS systems, risk
analysis is not performed in the present study. The cost of
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biomass and the annual discount rate are assumed to be equal
for all of the cases considered in the present study to enable a
fair comparison.

The total plant cost calculated using these estimates includes
erected and

the base cost,

construction (EPCC) contractor cost and the project as well as

engineering, procurement,
process contingencies as reported in (Kristin Gerdes et al., 2011).
The process equipment, supporting facilities along with the direct
and indirect labor cost estimates, are considered for the
calculation of the base erected cost.

The inflation-adjusted discount rate for the annual net cash
flow in the present economic analysis is assumed to be 8%, as
suggested by Fogarasi and Cormos (2015). The total plant cost
and other cost estimates of the present techno-economic study
are adjusted to the United States Dollar (based on dollar values in
2021) (Inflationcalculator, 2021).

Total plant cost (TPC) is obtained for the given BIGFC/CCS
system by adding the specific plant costs for the major units of
these power plants, which are scaled from reference plants by

Eq. (1).
S e
CE = CE,ef<_)
Sref

1

where CE is the cost of the equipment, CE,. is the related cost
from reference plants, S, 7 is the reference size, S is the designed
plant size, and e is the scaling exponent for each unit.

Table 1 lists the basic economic assumptions of all the
BIGFC systems analyzed, which are high-risk investor-owned
utility (IOU) projects with a capital expenditure period of
3 years, as reported elsewhere (Kristin Gerdes et al., 2011).
Depreciation is applied for 20 years, with a declining balance
of 150% on overnight cost estimates. Because the biomass
exists in different forms, its heating value and composition are
assumed to be as given in Supplementary Appendix SA.

The uncertainty in the cost estimates of various equipment
used in the present study ranges between —15% and +30% as
reported in NETL (Kristin Gerdes et al., 2011). It is to be noted
that the present study is carried out to provide only an indicative
economic analysis of biochar co-production in the BIGFC/CCS
system to explore its economic viability.

Total overnight cost is a primary economic indicator of a
BIGFC/CCS system, which includes total plant cost (TPC) and
owner’s costs. The assumptions for calculating the owner’s costs
are taken from (Kristin Gerdes et al., 2011; Zang et al., 2018), as
illustrated in Table 2.

Because this study compares the techno-economic evaluation
of various cases based on the similar set of economic
assumptions, the cost estimates for air and steam-oxygen
gasification of a BIGFC/CCS system are almost identical. It is
also assumed that the various equipment costs referred in
different regions are similar. The fixed and variable operating
costs are calculated wusing reference (DOE/NETL-341/
112613 Report, 2014) given by NETL 2014.
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TABLE 1 Basic economic assumptions.

Name
of the parameters

ANALYSIS OF PERIODS
Capital expenditure period
Operational period
Economic analysis period
TREATMENT OF CAPITAL COSTS

Capital cost escalation during capital expenditure period (nominal annual rate)

Distribution of total overnight capital over the capital expenditure period (before escalation)

Capital depreciation
Escalation of operating revenues and costs
Escalation of COE, O&M cost, fuel costs
Discount rate used in Net Present Value estimates Fogarasi and Cormos (2015)
Type of developer/owner
Risk profile
TAXES
Income tax rate
Investment tax credit
Tax holiday
Additional assumptions
Capital charge factor Kristin Gerdes et al. (2011)
Capacity Utilization factor Kristin Gerdes et al. (2011)
Carbon credit (2021 USD/ton of CO,) Kaufman et al. (2020); Ghiami et al. (2021)
Biomass cost ($/GJ) in 2017 USD Sahoo et al. (2019)
Biochar cost ($/oven dry metric ton) in 2017 US Dollars Sahoo et al. (2019)

Biochar packaging and transportation cost ($/oven dry metric ton) in 2017 US Dollars Sahoo et al. (2019)

CO, transportation and storage cost ($/ton) Smith et al. (2021)

10.3389/fenrg.2022.826227

Value

3 years
30 years

33 Years (capital expenditure period plus operational period)

3.60%

3-Year Period: 10%, 60%, 30%

20 years, 150% declining balance method
3%

8%
100% investor-owned utility

High risk

38% Effective (34% Federal, 6% State)
0%

0 years

0.111
0.85
140

2
1,044
176.1
10

TABLE 2 Economic assumptions on owner’s costs.

Preproduction costs 3.7% of TPC

1.7% of TPC
0.1% of TPC
2.7% of TPC
15% of TPC

Inventory capital
Land
Financing cost

Other costs

As discussed in Section 2, the CO, produced by the system is
captured in the CCS unit, and it is transported to a storage site
where it is stored permanently in a reservoir. This type of storage
helps remove CO, from the atmosphere. It also requires replanting
energy crops as part of the system. It is possible to mix the co-
produced biochar (10% by weight) with the soil to improve the
properties of the latter and avoid the formation of CO, that should
be captured and stored (Smith, 2016). Hence, the system as a whole
can be considered carbon-negative, which earns carbon credit for
the proposed power plant (Ghiami et al., 2021).
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Kaufman et al. (2020) estimated the range of carbon credit
needed in 2030 as 77-124 2018 USD per ton of CO, to achieve
the target of net zero emissions by 2050. Smith et al. (2021)
reported that the cost of CO, transport and storage is generally
kept uniform all over the world at $10/ton of CO,, although they
found that the cost varied across regions. Hence, we have
assumed the same cost in this study to make use of the
contemporary results.

3.2 Cost of electricity, levelization factor,
levelized cost of electricity, and levelized
cost of negative carbon

LCOE is used in this study to evaluate the present value of the
total cost of the BIGFC/CCS system over the assumed lifetime.
LCOE can be calculated from the cost of electricity (COE) by
multiplying it with the levelization factor (LF), as suggested in the
NETL techno-economic analysis report (Kristin Gerdes et al,
2011) and is given by Eq. (2).
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TABLE 3 TPC and TOC calculations for air and steam-oxygen gasification of the BIGFC/CCS system used in the present study.

Item Air gasification cost (MS$) Steam-oxygen

Gasification cost (M$)

SOFC power island 133.7 175.4
Biomass handling 37.0 46.5
Gasifier cost 104.9 132.1
GCU 65.1 80.5
™ 29.6 38.8
GT 90.8 109.3
HRSG 41.3 43.0
Steam cycle 247 36.3
CCs 28.1 36.8
Cooling water system 6.2 8.1
Ash handling 6.2 8.1
Accessory electric plant 274 36.0
Instrumentation & control 9.5 12.5
Improvements to site 54 7.1
Building and structures 5.1 6.7
Contingency 89.7 107.9
TOTAL PLANT COST (TPC) 704.8 885.1
Preproduction costs 26.1 32.7
Inventory capital 12.0 15.0
Land 0.7 0.9
Financing cost 19.0 239
Other owner’s cost 105.7 132.8
TOTAL OVERNIGHT COST (TOC) 868.3 1,090.4

Steam-Oxygen Gasification case 619

Air Gasification case 675

0 1000 2000 3000 4000 5000 6000 7000
Specific Capital Investment cost ($/kW)

m SOFC power island = Biomass handling = Gasifier cost
GCU u[TM uGT
m HRSG u Steam cycle mCCS
® Cooling water system ® Ash handling m Accessory Electric plant
= Instrumentation &Control # Improvements to site Building and Structures
Contingency ® Preproduction Costs = Inventory Capital
m Land ® Financing Cost ® Other owner's cost

FIGURE 3
The specific capital investment cost distribution in air and steam-oxygen gasification of the BIGFC/CCS system.

Frontiers in Energy Research 08 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.826227

Jaiganesh et al.

10.3389/fenrg.2022.826227

TABLE 4 The description of the various biochar co-production cases considered in the present study of BIGFC/CCS system.

Biomass flow (kg/s)

Case description Air
gasification
Base case 20

5% Biochar co-production (constant biomass flow as the 20
base case)

10% Biochar co-production (constant biomass flow as base 20
case)

5% Biochar co-production (constant power output as base ~ 23.1
case)
10% Biochar co-production (constant power output as 274

base case)

Electrical power output (MW)

Steam-oxygen Air Steam-oxygen
gasification gasification gasification

20 132.9 174.34

20 115.76 153.98

20 98.7 1335

22.63 132.9 174.34

26.1 1329 17434

TABLE 5 COE for air and steam-oxygen gasification of the BIGFC/CCS system.

Biochar co-production (by
weight) cases studied

Base case 158.22
5% for the constant biomass flow 161.86
10% for the constant biomass flow 166.85
5% for the constant electrical power 161.71
10% for the constant electrical power 167.62

Air gasification ($/MWh)

Steam-oxygen
gasification ($/MWh)

140.74
143.13
146.33
143.14
146.31

TABLE 6 LCOE for air and steam-oxygen gasification of the BIGFC/CCS system.

Biochar co-production (by
weight) cases studied

Base case 200.6
5% for the constant biomass flow 205.2
10% for the constant biomass flow 211.6
5% for the constant electrical power 205.1
10% for the constant electrical power 212.5
LCOE = COE x LF, 2)

where the value of LF is 1.268 for the IOU project (Kristin Gerdes
et al,, 2011), and the cost of electricity (COE) is calculated using
Eq. (3), which indicates the revenue earned by the BIGFC/CCS
system divided by the net MW-h for the first year of operation
(Kristin Gerdes et al., 2011) on the assumption of escalating the
value of COE at the nominal annual rate of 3% assumed in this
study.

(CCF X TOC) + OCFIX + ( CF x OCVAR )

COE =
(CFx MWH )

(©)

Frontiers in Energy Research

Air gasification ($/MWh)

09

Steam-oxygen
gasification ($/MWh)

178.5
181.5
185.6
181.5
185.5

where CCF is the capital charge factor assumed as 0.111 for three-
year high-risk IOU (Kristin Gerdes et al., 2011). TOC indicates the
total overnight cost, which is calculated by summing up the total
plant cost and other owner’s costs. OC denotes the operating costs,
for which the subscripts “var” and “fix” are used to indicate variable
and fixed operating costs, respectively. CF is the capacity factor,
which is assumed to be 0.85 for all the BIGFC/CCS system (Kristin
Gerdes et al,, 2011). MWH is the annual net megawatt-hours of the
BIGFC/CCS system’s power output at full capacity.

LCNC emissions are used to measure the advantage of
applying carbon credits as an economic incentive to the
negative emission power plants to attract investors toward the
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FIGURE 4

Distribution of various cost components of COE for a
different proportion of biochar co-production in air gasification.

" Biomass cost

10%
biochar S5 I

¥ Variable O&M
cost
50 " Fixed O&M cost
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Capital cost
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BASE
CASE 3.0
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COE ($/MWh)
FIGURE 5

Distribution of various cost components of COE for different
proportion of biochar co-production in steam-oxygen
gasification.

emerging negative emission technologies (NETs). It denotes the
breakeven point in terms of the techno economic analysis of a
project in BIGFC/CCS systems for which NPV is zero (Cabra |
et al, 2019; Cheng et al,, 2021), as given in Eq. (4).

Yico (Pi — Ii = M; - BM;)

LCNC = =2 a
Zi=0Gi

4)

where

P,—revenues generated by selling electricity and biochar,

M,;—operations and maintenance cost,

BM,—biomass feedstock cost, and

G;—total amount of CO, sequestered in tons.

G; is expressed as a negative quantity in the relation, as it
represents the amount of CO, captured by the CCS unit. If LCNC
is obtained as a negative quantity, this indicates that the power
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FIGURE 6

(A) Effect of biochar co-production on NPV for the constant
biomass flow—no TAX and with/without considering carbon
credit. (B) Effect of biochar co-production on NPV for the constant
electrical power—no TAX and with/without considering

carbon credit.

plant provides net negative CO, emissions with a revenue-
generating capacity.

4 Results and discussion
4.1 Economic analysis

The techno-economic analysis for the proposed BIGFC/CCS
system is based on the thermodynamic analysis of the system for
the different operating conditions, as given in Supplementary
Appendix SA. The power plant system is modeled for a steady
state flow of 20 kg/s. The details of TPC and TOC calculations of
each component used in the BIGFC/CCS system for air and
steam-oxygen gasification are shown in Table 3. The cost
estimates for air and steam-oxygen gasification are calculated
using the following scaling technique Eq. (1). Based on the
techno-economic assumptions of the present study, economic
indicators were determined with respect to the reference case of
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FIGURE 7

(A) Effect of biochar co-production on IRR for the constant
biomass flow—no TAX and with/without considering carbon
credit. (B) Effect of biochar co-production on IRR for the constant
electrical power—no TAX and with/without considering

carbon credit.

air and steam-oxygen gasification of the BIGFC/CCS systems
without including biochar co-production.

The TOC of steam-oxygen gasification for the BIGFC/CCS
system (1,090.4 M$) is 20.4% higher than that of air
gasification (868.3 M$) as shown in Table 3. But, at the
same time, it could also be inferred from Table 3 that the
specific capital investment for air gasification ($6533.7/kW) is
higher than that of steam-oxygen gasification ($6254.4/kW) of
the BIGFC/CCS system. This could be due to the superior
thermodynamic performance of the BIGCC/CCS system for
steam-oxygen gasification over air gasification , as reported in
the literature (Zang et al., 2018). It is also supported by the
current results of the thermodynamic evaluation of air and
BIGFC/CCS
discussed in Supplementary Appendix SA. The estimated

steam-oxygen gasification of the system
specific total overnight costs in the present study are in line
with the costs reported in the literature ($1,661-7453/kW)
(Cormos et al., 2013; Yan et al., 2021). The increase in TOC of
the steam-oxygen gasification compared to air gasification can
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FIGURE 8

(A) Effect of biochar co-production on payback period for the
constant biomass flow—no TAX and with/without considering
carbon credit. (B) Effect of biochar co-production on the payback
period for the constant electrical power—no TAX and with/
without considering carbon credit.

be attributed to the inclusion of secondary oxy-combustors
and steam generators.

The specific capital investment cost distribution for the base
case air and steam-oxygen gasification BIGFC/CCS system is
shown in Figure 3. The cost of the biomass gasifier, gas turbine,
and HRSG components make significant contributions to the
specific capital investment cost of air gasification compared to
steam-oxygen gasification, as shown in Figure 3.

Table 4 shows the different cases of biochar co-production in
the BIGFC/CCS system, as discussed in Supplementary
Appendix SA; one acts by fixing the base case power output
of the air and steam-oxygen gasification and the other by fixing
the base case biomass feed of 20 kg/s as constant. As mentioned
earlier, the base case corresponds to the performance of the
BIGFC/CCS system without including the effect of biochar co-
production. The proportion of biochar co-produced in the
present study is limited to 10% by weight as the biochar
quality is reported to be reasonable up to this limit (Meyer
et al., 2011; Yao et al., 2018).

Table 5 shows the COE details of the various cases discussed
in the present study. For the base case, steam-oxygen gasification
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(A) Effect of biochar co-production on LCNC for the constant
biomass flow—no TAX. (B) Effect of biochar co-production on
LCNC for the constant electrical power—no TAX.

has a lower COE ($140.74/MWh) than that of air gasification
($158.22/MWHh). This can be attributed to the fact that steam-
oxygen gasification of BIGFC/CCS system has higher thermal
efficiency and higher power output than air gasification, as given
in Supplementary Appendix SA. Table 6 shows the LCOE
estimates of various cases shown in Table 5.

Table 6 shows that the LCOE is increased from $200.6/MWh
to $212/MWh for air gasification and from $178.5/MWh to
$186/MWh for steam-oxygen gasification with respect to an
increase in biochar co-production by up to 10% by weight.

The distribution of various cost components of COE is
shown in Figures 4, 5 for air and steam-oxygen gasification,
respectively.

The biomass cost component is separated from the variable
cost and shown separately to illustrate its influence on the various
operating conditions of the proposed BIGFC/CCS system.

It is clear from Figures 4, 5 that the proportions of the
biomass cost component increase with respect to biochar co-
production, while other cost components remain the same as
those of the base case, except for CO, The T&S cost component
shows a slight increase in its value. this is due to the increase in
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(A) Sensitivity analysis for 10% biochar co-production in the

air gasification BIGFC/CCS system for the constant electrical
power. (B) Sensitivity analysis for 10% biochar co-production in the
steam-oxygen gasification BIGFC/CCS system for the

constant electrical power. (C) Sensitivity analysis on the capital
cost for 10% biochar co-production in the air and steam-oxygen
gasification BIGFC/CCS system for constant electrical power.

biomass feed requirements with an increase in the rate of biochar
co-production.

4.2 Effects of biochar co-production on
net present value, internal rate of return,
payback period, and levelized cost of
negative carbon

Even though the profit earned by selling the electricity is
reduced as a consequence of the reduction in the biomass
input to the power system, the NPV increases, as the profit
earned by selling the biochar is increased significantly with
respect to the increase in biochar co-production, as shown in
Figures 6A,B
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Figures 6A,B show the variation of NPV for step-wise biochar
co-production (up to 10% by weight) in air gasification and
steam-oxygen gasification, respectively.

In air gasification, the NPV increases from 1568 M$ to
1963 MS$, whereas for steam-oxygen gasification it increases
from 2063 M$ to 2406 M$, without including carbon credit
for the constant biomass flow of 20 kg/s, as shown in Figure 6A.
The values of NPV obtained for the present study are comparable
with those reported for the efficient and inefficient BECCS
systems by Mac Dowell and Fajardy (2017) as 2252 M$ and
3038 MS$, respectively. When the carbon credit is taken into
account, it can be seen that in air gasification the NPV increases
from 4361 M$ to 4801 M$, whereas for steam-oxygen gasification
it increases from 4856 M$ to 5243 M$ for the constant biomass
flow of 20 kg/s, as shown in Figure 6A. A similar trend is noted in
Figure 6B, which corresponds to biochar co-production for
constant electrical power. It is seen that the NPV for steam-
oxygen gasification is higher than that for air gasification for the
entire range of step-wise biochar co-production process.
the
significantly. Moreover, the biochar co-production for the

Likewise, inclusion of carbon credit increases NPV

constant electrical power in the BIGFC/CCS system provides
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higher NPV than biochar co-production for the constant
biomass flow.

Figure 7A,B shows the variation of IRR for the step-wise
biochar co-production (up to 10% by weight) in air gasification
and steam-oxygen gasification, respectively. As the biochar co-
production increases, IRR also increases, as shown in
Figure 7A,B. In air gasification, IRR increases from 9.9% to
12.5%, whereas for steam-oxygen gasification, it increases from
13.9% to 16.5% without including the carbon credit for the
constant biomass flow of 20 kg/s, as shown in Figure 7A. The
values of IRR obtained in the present study are in range of the
reasonable IRR value of 12% reported for any reference BECCS
power plants by Mac Dowell and Fajardy (2017). When the
carbon credit is taken into account, it could be seen that in air
gasification , the NPV increases from 27.6% to 30.8%, whereas
for steam-oxygen gasification, it increases from 33.8% to 37%,
for the constant biomass flow of 20 kg/s, as shown in Figure 7A.
A similar trend is noted in Figure 7B, which corresponds to the
biochar co-production for the constant electrical power.
Moreover, the IRR values reported in the present study lie in
the range reported by Vivek et al. (2013) for biomass-based
gasification power systems with and without the subsidy, as
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(A) Effect of carbon credit on NPV for 10% biochar co-
production for the constant electrical power (applying 38% TAX)
(B) Effect of carbon credit on IRR for 10% biochar co-production
for the constant electrical power (applying 38% TAX). (C)

Effect of carbon credit on the payback period for 10% biochar co-
production for the constant electrical power (applying 38% TAX).

39-52% and 19-26%, respectively. The IRR of steam-oxygen
gasification is higher than that of the air gasification for the
entire range of step-wise biochar co-production process. It is
also noted that the inclusion of carbon credit drastically
increases IRR. Moreover, the biochar co-production for the
constant electrical power in the BIGFC/CCS system provides
IRR
biomass flow.

higher than biochar co-production for constant
As the biochar co-production increases, the payback period

is reduced, as shown in Figure 8A, B. For air gasification, the
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payback period falls from 6.5 to 5.5 years, whereas for steam-
oxygen gasification it falls from 5.2 to 4.5 years without taking
into account the carbon credit for the constant biomass flow of
20 kg/s, as shown in Figure 8A. When carbon credit is taken
into account, it is seen that in air gasification the payback
period falls from 3 to 2.7 years, whereas for steam-oxygen
gasification, it falls from 2.7 to 2.4 years for the constant
biomass flow of 20 kg/s, as shown in Figure 8A. A similar
trend is noted in Figure 8B, which corresponds to the biochar
co-production for the constant electrical power. The values of
the payback period obtained for this study are comparable with
the values reported by Vivek et al. (2013) for the biomass-based
gasification power plants with and without the subsidy as
1-2years of operation and
The

gasification is lower than that for air gasification for the

1-4 years of operation,

respectively. payback period for steam-oxygen
entire range of step-wise biochar co-production. Thus,
to be

gasification due to its lower payback period for the entire

steam-oxygen gasification is preferred to air
range of operating conditions chosen in the present study. It
is also noted that the inclusion of carbon credit reduces the
payback period significantly. Moreover, the biochar co-
production for the constant electrical power in the BIGFC/
CCS system provided a lower payback period than biochar co-
production for the constant biomass flow.

As biochar co-production increases, the LCNC falls, as the
amount of negative carbon increased subsequently. as shown in
Figure 9A, B. For air gasification, the LCNC falls from —$288.4/t
CO, to —$263.7/t CO,, whereas for steam-oxygen gasification it
reduces from —$238.4/t CO, to —$304/t CO, for the constant
biomass flow of 20 kg/s, as depicted in Figure 9A. The values of
LCNC obtained for the present study are within the range
of —$30 to —$400/t CO, as reported by Fuss et al. (2018) on
gasification-based BECCS systems. A similar trend is noted in
Figure 9B, which corresponds to biochar co-production for the
constant electrical power. It is seen that the LCNC of steam-
oxygen gasification is lower compared to the air gasification for
the entire range of step-wise biochar co-production. Moreover,
biochar co-production for the constant electrical power in the
BIGFC/CCS system provides lower LCNC than of biochar co-
production for the constant biomass flow.

It is inferred from these discussions that the 10% biochar co-
production case by weight for the constant electrical power in the
BIGFC/CCS system yielded economically feasible results relative
to other cases. Hence, this particular case is subjected to further
sensitivity analysis to test the influence of parameters such as
capital cost, operating costs, taxes, etc.

4.3 Sensitivity analysis

The significance of capital cost, cost of biomass, operating
cost, and the plant capacity for the air gasification and steam-
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TABLE 7 Comparative study of LCOE estimates of various BECCS systems (2021 USD).

Type of power plant

Coal fed IGCC—CCS 517 335
Coal fed IGFC—CCS 984 53.8
Coal fed IGFC—CCS 550 46

Bio IGCC/CCS—Air gasification 6.34 24.7
Bio IGCC/CCS—Oxygen gasification 6.66 26

BIGFC/CCS—AIR gasification 1329 332
BIGFC/CCS—Steam-oxygen 174.3 45.7

gasification

oxygen gasification of a BIGFC/CCS system corresponding to
the 10% biochar co-production for constant electrical power is
presented in Figure 10A, B The capital cost, cost of biomass,
and operating cost parameters are analyzed for the range of +
10%, whereas the plant capacity factor is analyzed for the
range of + 5%. It is noted that the capital cost and plant
capacity factors have the highest impact on LCOE, followed by
the biomass cost and the operating cost, as shown in
Figure 10A,B.

Because capital costs are an important cost component in
the sensitivity analysis, the value of LCOE is estimated for the
two proportions 75% and 50% of the actual capital cost to
take into account the uncertainty involved in finding the
capital cost for the air and steam-oxygen 10% biochar co-
production cases for constant electrical power, as shown in
Figure 10C.

It is indicated in Figure 10C that the LCOE of air and steam-
oxygen gasification systems are reduced to $154/MWh and $132/
MWHh, respectively, when the capital cost is reduced to 50% of the
actual cost estimated in the present study. This range of LCOE is
in the range of coal-based IGFC systems reported in the literature
(DOE/NETL-341/112613 Report, 2014; Lanzini et al., 2014), and
it is expected that the cost of emerging technology such as SOFC
will fall, which could appreciably reduce the capital costs
estimated in the current economic analysis (Caliandro et al,
2014; Slater et al., 2019).

4.4 Effects of taxes on the economic
indicators for the given carbon credit

The effects of tax on the chosen economic parameters is shown
in Figure 11 for the 10% biochar co-production case for the
constant electrical power. The tax ranges were chosen as 20%,
30% and 38% for the present study.

Figure 11A shows the effect of tax on NPV for the given case.
NPV decreases from 7034 M$ to 4023 M$ for the air gasification
case by including carbon credit for the constant electrical power. For
steam-oxygen gasification, it decreases from 7252 M$ to 4197 M§$.
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LCOE ($/MWh) References

141.9 Lanzini et al. (2014)

102.1 Lanzini et al. (2014)

166.2 DOE/NETL-341/112613 Report (2014)
270.5 Zang et al. (2018)

2453 Zang et al. (2018)

212.5 Present study

185.5 Present study

Figure 11B shows the effect of tax on IRR for the given
case. The IRR decreases from 45.3% to 26.7%
gasification, including carbon credit for the constant

for air

electrical power. For steam-oxygen gasification, it decreases
from 51.7% to 30.8%.

Effects of tax on the payback period for the given case are depicted
in Figure 11C. The payback period increases from 1.9 to 3 years for air
gasification considering carbon credit for the constant electrical power.
For steam-oxygen gasification, it increases from 1.7 to 2.7 years.

Figure 11D illustrates the effects of tax on LCNC for the given
case. Taking carbon credit into account, LCNC increases
from —$274/t of CO, to —$125/t of CO, for the gasification at
constant electrical power. For steam-oxygen gasification, it
increases from —$322/t of CO, to —$148/t of CO..

4.5 Effects of carbon credit on economic
indicators for a constant tax rate

The effect of carbon credit on the chosen economic
parameters for the 38% tax is shown in Figure 12 for 10%
biochar co-production for the constant electrical power. The
carbon credit range is assumed for the present study to be $30/t
CO,, $60/t CO,, and $120/t CO,. Figure 12A shows the effect of
carbon credit on NPV for the given cases. In air gasification, the
NPV increases from 1607 M$ to 3654 M$. For steam-oxygen
gasification, it increases from 1896 M$ to 3943 MS$, for the
corresponding increase in carbon credit up to $120/t CO, for the
constant electrical power, as shown in Figure 12A.

The influence of carbon credit on IRR for the given cases is
shown in Figure 12B. In air gasification, the IRR increases from
14% to 29%, whereas for steam-oxygen gasification , it increases
from 11% to 24%; for the corresponding increase in carbon credit
up to $120/t CO, for the constant electrical power, as shown in
Figure 12B.

Figure 12C shows the effect of carbon credit on payback
period for the given cases. In the air gasification case, the payback
period decreases from 59 to 3.2years. For steam-oxygen
gasification, it decreases from 5 to 2.8 years, and for the
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corresponding increase in carbon credit up to $120/t CO, for the
constant electrical power as shown in Figure 12C.

Table 7 shows the comparative study of LCOE estimates of
various BECCS systems escalated to 2021 USD in previous works
(Lanzini et al., 2014; DOE/NETL-341/112613 Report, 2014; Zang
etal, 2018). The LCOE values for economically viable cases found
in this study (10% biochar co-production by weight for the
constant electrical power) are compared with the recent
developments in coal-based IGCC-CCS and IGFC-CCS systems
and biomass-based IGCC-CCS systems, as shown in Table 7. It is
inferred from the table that the LCOE values estimated for the
current BIGFC/CCS systems are in concurrence with the order of
other relevant systems. The LCOE of steam-oxygen gasification
BIGFC/CCS system is closer to the coal-based IGFC/CCS system
developed by NETL studies (DOE/NETL-341/112613 Report,
2014) as given in Table 7.

From this sensitivity analysis, it can be seen that the calculated
economic indicators represent significant economic benefits when
biochar co-production is included with the BIGFC/CCS system.
Moreover, the values of economic indicators are attractive and lie
within the reported ranges in the literature (Meyer et al., 2011; Mac
Dowell and Fajardy, 2017; Yao et al., 2018).

5 Conclusion

In this work, a techno-economic analysis is performed to
study the effect of biochar co-production in BIGFC/CCS systems
in terms of certain economic parameters, such as NPV, IRR,
payback period, and LCNC. The important findings of this work

are summarized as follows.

1) It is easier to achieve better techno-economic benefits using
steam-oxygen gasification in the BIGFC/CCS systems due to
its superior thermodynamic performance compared to air
gasification.

2) The techno-economic analysis shows that TOC for the air and
steam-oxygen gasification based BIGFC/CCS system is
$6534/kW and $6254/kW, respectively.

3) Based on the economic analysis performed for the various
cases of biochar co-production, it is shown that 10% biochar
co-production by weight for a constant electrical power
yielded better economic benefits.

4) The LCOE of air and steam-oxygen gasification without biochar
co-production is calculated as $200.6/MWh and $178.5/MWHh,
respectively. The LCOE for the air and steam-oxygen gasification
based BIGFC/CCS systems with 10% biochar co-production by
weight is increased to $212.5/MWh and $185.5/MWh (for the
constant electrical power), respectively. The values of the steam-
oxygen gasification BIGFC/CCS system are in line with those of
coal-fed IGFC/CCS systems reported in the literature (DOE/
NETL-341/112613 Report, 2014).
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5) Steam-oxygen gasification brings higher NPV (1896 M$) and
higher IRR (14%) along with a reduction in the lower payback
period (5years) when compared to air gasification

(corresponding to 38% tax without including carbon credit).

The LCNC for the air gasification and steam-oxygen

gasification systems (after applying 38% tax) is evaluated

as —124.7 $/t CO, and —-147.7 $/t CO,, respectively. This
shows that the BIGFC/CCS system could be an economically
viable option for setting up negative emissions power plants.

7) Nevertheless, it is also found that the returns from the BIGFC/

CCS system are improved when the carbon credit is included

6

=

in the economic evaluations.
It is shown that the capital cost has the largest effect on the LCOE
of the BIGFC/CCS system compared to the other factors.

8

=

The model based thermodynamic evaluation of process
schemes discussed in Part I (Jaiganesh et al, 2022) showed
that the steam-oxygen gasification based BIGFC/CCS systems
could help in achieving negative emissions with high efficiencies.
Furthermore, the results of this work (part 2 in the series) reveal
that such systems are also economically viable. Hence, further
research is required to develop detailed designs for such power
plants in the future.
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Nomenclature
Abbreviations

AE, air expander; BECCS, bioenergy with carbon capture and
sequestration; BIGFC, biomass integrated gasification fuel cell

cycle; CCF, capital charge factor; CCS, CO, capture and
storage; CF, capacity factor; COE, cost of electricity; EU,
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European Union; GHG, greenhouse gas; GT, gas turbine; HHV,
higher heating value; HRSG, heat recovery steam generators; IAM,
integrated assessment model; IGCC, integrated gasification
combined cycle; IOU, investor-owned utility; IRR, internal rate
of return; ITM, ion transport membrane; LCNC, levelized cost of
negative carbon; LCOE, levelized cost of electricity; LF, levelization
factor; NET, negative emission technology; NPV, net present value;
SOEFC, solid oxide fuel cell; TOC, total overnight cost
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