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Introduction

It is technically feasible to capture CO, from the flue gas of a coal-fired power plant and various
researchers are working to understand the fate of sequestered CO; and its long term environmental
effects. Sequestering CO, significantly reduces the emissions from the power plant itself, but this is not
the total picture. CO, capture and sequestration consumes additional energy, thus lowering the plant’s
fuel-to-electricity efficiency. To compensate for this, more fossil fuel must be procured and consumed
to make up for lost capacity. Taking this into consideration, the National Renewable Energy Laboratory
(NREL) examined the global warming potential (GWP) and energy balance of coal-fired power
generation which incorporates CO, capture and sequestration assuming a constant power generation
capacity is maintained. To understand the overall environmental implications, a life cycle approach,
which takes into account the upstream process steps, was applied. To examine the potential
environmental benefit of biomass power, the net energy and GWP of the coal system with and without
CO, sequestration was compared to the results of previously performed life cycle assessments on two
biomass power generation technologies. The biomass systems are a biomass-fired integrated
gasification combined cycle (IGCC) plant using a biomass energy crop, and a direct-fired biomass
power system using biomass residue.

Systems Examined

The power generation capacity of each system examined was kept constant at 600 MW. Each
system includes the upstream processes necessary for feedstock procurement (mining coal, growing
dedicated biomass, collecting residue biomass), transportation, and any construction of equipment and
pipelines. For the cases where CO; is sequestered, the CO; is captured via a monoethanolamine (MEA)
system, compressed, transported via pipeline, and sequestered underground in a storage medium such as
a gas field, oil field, or aquifer. The energy requirements for capturing and compressing the CO, were
subtracted from the gross output of the power plant. The CO, transport distance was varied from 300
km to 1,800 km, to examine the effect of distance, then the CO, was discharged to an underground depth
of about 800 m. Compressor stations were assumed to be at 300 km intervals to recover the pipeline
pressure drop. Emissions and energy use associated with re-compression along with building, drilling,
and laying the pipeline were included in the analysis. The results showed that even at the longer
distance of 1,800 km the electrical requirement for re-compression is small compared to the power
consumption for CO, capture and compression at the power plant so the results presented in this paper
are for a pipeline distance of 600 km.

CO; capture and sequestration consumes additional energy, therefore, in order to maintain power
generation capacity, additional capacity must come from another source. Two scenarios were examined
to account for the capacity loss: adding extra capacity from a natural gas combined-cycle (NGCC)
system and adding extra capacity from the grid. For simplicity and because there is not a large
difference in the results, adding extra capacity from a NGCC system is the only option presented in this



paper. Additionally, NGCC is the type of power generation that is currently being constructed and
future power plants are anticipated to be NGCC. The GHG emissions and energy consumption for the
NGCC system were taken from a previous NREL life cycle assessment [1]. The following table lists the
systems and cases discussed in this paper.

Table 1. Systems and Cases Examined

System Case
System prior to System with CO, sequestration
CO; sequestration | and extra capacity from NGCC
Coal-fired 1 1A
Biomass direct-fired 2 2A
Biomass IGCC 3 3A

Coal-fired Systems

The reference plant (Case 1) is a 600 MW pulverized coal-fired power plant and the system
consists of coal mining, transportation, and power plant operation prior to adding CO, sequestration.
The data for this system was taken from two sources: [2] and [3]. Figure 1 shows the GWP for the coal
reference system to be 4.44 million tonnes CO,-equivalent/yr and the energy balance reveals that 2,090
MWy, of fossil energy is consumed to produce 600 MW of electricity. Note, for all of the figures the
GWP is given at 100% operatlng capacity.
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Figure 1. GWP & Energy for Coal Reference System (Case 1)

After adding CO, capture and compression, the capacity of the coal-fired power plant is reduced
to 457 MW. Including pipeline transport, an additional 145 MW of capacity is required from NGCC
power generation in order to maintain 600 MW of capacity. Figure 2 shows the GWP for the coal plant
with CO,; sequestration plus additional capacity from a NGCC system (Case 1A). The GWP for the coal
system with CO, sequestration (Case 1A) is 1.30 million tonnes CO,-equivalent/yr which is a 71%
reduction from the reference system shown in Figure 1 (Case 1). To maintain constant capacity, the
fossil energy consumption increases 16% from Case 1.

1
1
I
I
1
2
; I
fossil 0.01/yr nat gas prod & dist I GWP reduction
energy in y 1 =71%
_> f EEHHHL H ! from Case 1
I
+ ammonia prod & dist IJIJIJIJIJIJIJIJIJIJ \
1
1
I
I
1

: 600 MW coal plant w/CO, pipeline transport NGCC = 145 MW
. sequestration of CO, =2 MW Total
l:. ! net power = 457 MW 0.16/ 1.30 million tonnes
! 1olyr CO,equivalent/yr
I 0.24/yr 0. 47/yr 254 Y
2,435 MW, 0.42/yr
1
1
|

Increase in ,
&
fossil energy

pwr plant op} WL% pwr plant op.

coniu1n‘;$t|on ! transportation CO,seq. ! ‘ g |60tO' ’\./tIWE t
w electricity ou
from Case 1 ! 3.78/yr Y
1

construction system boundary

_________________________________________

Figure 2. GWP & Energy for Coal System with CO, Sequestration (CaselA)



Direct-fired Biomass Systems

The first biomass power system examined in this analysis is a direct-fired biomass power plant
using biomass residue as a feedstock (Case 2). This is representative of today’s current technology. The
data for this system was taken from a previous NREL study [4]. Because large transportation distances
render large-scale biomass power plants uneconomical, it is assumed that several small plants are
needed to achieve 600 MW of electric capacity. The biomass is assumed to be produced by urban
sources and diverted from normal landfilling and mulching operations.

Because biomass is diverted from its normal routes of disposal, methane and CO; that normally
would be produced through decomposition are avoided (See [5] - Avoided Operations). These avoided
emissions are taken as a credit in the GHG emissions inventory for the direct-fired system. Because of
this, the system (Case 2) results in a negative GWP of -2.15 million tonnes CO,-equivalent/yr and the
fossil energy consumption is 21 MWy, as shown in Figure 3. The GWP is a 148% reduction from the
coal reference system (Case 1) and the fossil energy consumption is reduced by 99%.
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Figure 3. GWP & Energy for Biomass Direct-Fired System (Case 2)

Although the GHG emissions for the direct-fired biomass system are already negative, applying
CO, sequestration to this system will decrease the net GWP even more. Figure 4 shows the GWP and
energy balance for the direct-fired biomass system with CO, sequestration at constant power generation
capacity (Case 2A). The GWP is reduced to -7.19 million tonnes CO;-equivalent/yr which is 262%
lower than the coal reference system (Case 1). The fossil energy consumption is now 371 MWy, but this
is still lower than the coal reference system (Case 1) by 82%.
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Figure 4. GWP & Energy for Biomass Direct-Fired System with CO, Sequestration (Case 2A)
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Biomass-fired Integrated Gasification Combined-Cycle Systems

The advanced technology biomass power production system examined in this analysis
implements a biomass-fired integrated gasification combined cycle (IGCC) system using a biomass
energy crop. Again, the data for this system came from a previous LCA [6] and it is assumed that
several small plants would be needed to produce 600 MW of electricity. Figure 5 shows the GWP and
fossil energy consumption for this system to be 0.26 million tonnes CO,-equivalent/yr and 38 MWy,
respectively. Because CO, emitted from the power plant is recycled back to the biomass as it grows, the
net GHG emissions from this system is only 6% of those from the reference coal system (Case 1).
Additionally, because of the renewable feedstock source, the fossil energy consumption is 98% less than
the coal reference system (Case 1).
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Figure 5. GWP & Energy for Biomass IGCC System (Case 3)

If CO, sequestration is incorporated into this biomass power generation system, then the net
GWP will be negative. As can be seen in Figure 6 (Case 3A), the GWP is reduced to -3.50 CO;-
equivalent/yr which is a 179% reduction from the coal reference system (Case 1). Additionally, the
fossil energy consumption is still considerably less than the coal reference system at 275 MWy, (an 87%
decrease from Case 1).
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Figure 6. GWP & Energy for Biomass IGCC System with CO, Sequestration (Case 3A)
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Summary of GWP and Energy Balance for Coal and Biomass Systems

Figures 7 and 8 summarize the GWP and energy balance, respectively, for the coal and biomass
systems discussed in the previous sections. Even with CO; sequestration, the amount of GHG emissions
per the same amount of electricity production is more for the coal-fired system than for the biomass
power generation systems. Additionally, the fossil energy consumption is significantly more for the coal
systems.
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Cost of Electricity without CO, Sequestration

The cost of electricity generation is determined by several factors including, the power
generation technology (e.g., coal-fired boiler, direct-fired biomass, etc.), the power plant size, and the
feedstock cost. Currently, the cost to generate electricity from coal is about 2 - 3¢/kWh [7]. Biomass
power via direct combustion can be generated for about 8 - 9¢/kWh [8] while advanced technologies
using gasification combined-cycle are estimated to produce electricity for 5 - 6¢/kWh ([9] and [10]).

Costs Associated with CO, Sequestration

The cost of CO, sequestration consists of the cost to capture, compress, transport, and store the
CO, from the power plant flue gas as well as the cost to produce additional electricity to make up for the
lost generating capacity. Several studies by others have examined the cost of electricity from a coal-
fired power plant with CO, sequestration. Table 3 summarizes the information from some of these
studies. Only the cost to capture and compress the CO, is included in each analysis. These references
have not incorporated CO, transport and storage costs into their analysis. However, a few of the studies
did discuss these costs stating that they will be low compared to the cost of capture and compression.
Additionally, the cost of replacement power to make up for the lost generating capacity needs to be
included.

Table 3 shows that the cost of electricity from a coal-fired power plant with CO, sequestration is
expected to increase by about 2.7¢/kWh (This is the average of the data in Table 3 excluding the cost
given by reference [16]). Again, this number does not include the cost for storage and transport of the
CO, and the cost of replacement power. These studies also show a wide range for the cost of CO,



avoided; $34 - 76/tonne of CO, avoided. Note that the cost per tonne of CO, avoided is not the same as
the cost per tonne of CO, captured. Depending on the efficiency of the plant, for a coal-fired power
plant the amount of CO, captured in terms of kg/kWh will be roughly 1.4 times the amount of CO,
avoided. The kg of CO, avoided/kWh of electricity produced is less because there is a large energy
penalty associated with capture and compression of the CO,. The CO, avoided is the difference in the
kg of CO, emitted/kWh of electricity produced for the reference plant compared to the plant with CO,
sequestration.

Table 3. Coal-fired Plants with CO, Sequestration - Costs in the Literature

. Increase in electricity cost $/tonne of avoided
Electricity cost (¢/kWh) from base case CO,
Reference Base |With CO; seq ¢/kWh %

[2] 3.7¢ 6.1¢ 2.4¢ 65% $34
[11] 3.7¢ 6.4¢ 2.7¢ 73% $47
[12] 4.3¢ 6.9¢ 2.6¢ 60% $40
[13] 5.2¢ 8.7¢ 3.5¢ 70% ---
[14] 4.9¢ 7.4¢ 2.5¢ 51% $37
[15] 3.7¢ 6.4¢ 2.7¢ 73% $50
[16] 4.9¢ 10.8¢ 5.9¢ 120% $76
[17] 4.2¢ 7.0¢ 2.8¢ 67% ---

CO; Transport and Storage Costs

Several factors will affect the transport and storage cost of CO, including the amount of CO,
transported, the transport distance, the storage option (land or ocean), the storage medium (gas field, oil
field, or aquifer) and the depth of storage. Information on the cost to transport and store CO, was
gathered from various literature sources and some of this information is given in Table 4. As can be
seen from the data in this table, the cost differs significantly ($1 - $35/tonne of CO, avoided) depending
on the size of the pipe, the transport distance, and the storage medium.

Table 4. Cost of CO, Transport and Storage from the Literature

Calculated Cost
($/tonne of CO,
Reference | Information from source avoided)
[12] $5-15/Mg CO, avoided $5-15
[16] $0.54/100 scf of CO; for 100 mi $14
[18] Pipeline costs = $0.02/mile/ton $6
[19] pipeline and disposal cost $4 -7




Reference

Information from source

Calculated Cost
($/tonne of CO,
avoided)

[20]

transport = $3-15/100km/tonne of avoided C
underground storage = $2-20/tonne of avoided C

$5-35

[21]

Cost of CO, transport & injection

$10

[22]

0.5 m (20 in) dia pipeline @ 500 km (310 mi) with capacity
of 18,000 tonne/day

$17

[23]

storage = $1-3/tonne of CO,
transport for 100 km = $1-3/tonne of CO,

$3-8

[24]

for 250 km: 16 inch pipe = $7/tonne of CO,; 30 inch =

$1-5§10

$2.1/tonne of CO;,; 64 inch = $1/tonne of CO,

[25] transport: Close proximity, costs would be solely $12-32
compression: $7/tonne of CO, @ annual volume of 1 million
tonnes. At 200 km (124 mi) distance: $11/tonne of CO, @
annual volume of 1 million tonnes and $18/tonne of CO, @
annual volume of 4 million tonnes.

storage: $3/avoided tonne of CO, if 1 trap is need and $6-7
for 3 traps; $2 if 1 depleted gas field is needed to $5 for 3

depleted gas fields

Cost of Electricity with CO, Sequestration
To get a true picture of the increase in the cost of electricity with CO, sequestration, data was
taken from the studies listed in Table 3 and 4 and a total cost of electricity was calculated. The results

are shown in Table 5. The cost of electricity from coal increases by 191% from 2.5¢/kWh to 7.3¢/kWh.

Table 5. Cost of electricity from coal including CO, sequestration

System Cost of electricity (¢/kWh)
Cost of CO, Cost of CO», Cost of
Prior to CO, capture & transport & replacement
sequestration compression storage power Total cost
Coal-fired 2.5 2.8 0.9 1.1 7.3

Biomass power using an advanced gasification combined-cycle technology, BIGCC, is cheaper
than the coal-fired system with CO, sequestration, about 5.5¢/kWh compared to 7.3¢/kWh, and the
BIGCC system uses a dedicated feedstock resulting in a nearly carbon neutral system (see Figure 5).
The cost of electricity from a direct-fired biomass system is slightly higher than the coal-fired system
with CO, sequestration, about 8.5¢/kWh compared to 7.3¢/kWh. However, an additional 1¢/kWh
increase in the price of electricity from the coal-fired system with CO, sequestration will make the
direct-fired biomass system cost competitive. With the wide range of costs given in Table 3 and 4 this is
highly likely.



Cost of Avoided Greenhouse Gas Emissions for the Biomass Systems

The cost of electricity along with the price of avoided GHG emissions required to make the
biomass systems competitive to the coal-fired system with and without CO, sequestration are shown in
Figure 9. For example, the difference in the electricity price for the direct-fired biomass system (Case 2)
compared to the coal-fired system (Case 1) is 6.0¢/kWh. When comparing the GHG emissions from
these two systems along with the difference in the cost of electricity, an emissions credit of $48/tonne of
CO;-equivalence will make the biomass direct system competitive to the coal system. However, when
comparing the direct-fired biomass system to coal with CO, sequestration (Case 1A), this number drops
to $19/tonne of CO,-equivalent emissions. The BIGCC system (Case 3) is already cheaper than the
coal-fired system with CO, sequestration (Case 1A) and the greenhouse gas emissions are less (1.3
compared to 0.3 million tonnes CO,-eq/yr. See Figure 7.). Comparing the electricity costs and GHG
emissions for BIGCC (Case 3) to coal without CO, sequestration (Case 1) requires an emissions credit
of $44/tonne of CO;-equivalent emissions to make the biomass system cost competitive. Even though
the difference in the cost of electricity is less between the BIGCC system (Case 3) and the coal-fired
system (Case 1) than between the direct-fired biomass system (Case 2) and the coal-fired system (Case
1), the amount of GHGs emitted is lowest for the direct-fired biomass system. This is due to the avoided
emissions from using biomass residue.
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Figure 9. Cost of Electricity and Required Emissions Credit

Conclusions

This analysis shows how important it is to take a life cycle approach and include the upstream
process steps in order to get the true environmental picture of electricity generation and the effect of
CO, sequestration. Substituting electricity generated by coal with biomass electricity will substantially
reduce the GWP along with significantly decreasing the fossil energy consumption per kWh of
electricity generated. Even with CO, sequestration, the amount of GHG emissions per kWh of
electricity produced is more for the coal-fired system than for the biomass power generation systems.



Furthermore, when examining the cost of electricity with CO, sequestration it is important to include the
cost to capture, compress, transport, and store the CO, as well as the cost to produce additional
electricity to make up for lost generating capacity. In doing so, biomass power from an advanced
combined-cycle system is less than the cost of electricity from a coal-fired power generation system
with CO, sequestration and biomass power from a direct-fired system requires only a small GHG credit
to make the system cost competitive. Therefore, the use of biomass for power production can be a cost
effective solution in helping to reducing GHG emissions as well as reducing fossil energy consumption
from electricity generation. These biomass technologies also avoid the concern about the fate of
sequestered CO, and its long-term environmental effects.
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