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Abstract: An analysis was performed at the National Renewable Energy Laboratory to 
examine the global warming potential and energy balance of power generation 
from fossil and biomass systems including CO2 sequestration.  To get the true 
environmental picture, a life cycle approach, which takes into account 
upstream process steps, was applied.  Each system maintained the same 
constant generating capacity and any lost capacity due to CO2 sequestration 
was accounted for by adding power generation from a natural gas combined-
cycle system.  This paper discusses the systems examined and gives the net 
energy and GWP for each system. 
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1. INTRODUCTION 

Power generation emits a significant amount of greenhouse gases 
(GHGs), mainly CO2.  Sequestering CO2 from the power plant flue gas can 
significantly reduce the GHGs from the power plant itself, but this is not the 
total picture.  CO2 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 global warming potential 
(GWP), which is a combination of CO2, CH4, and N2O emissions, and 
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energy balance of the system needs to be examined using a life cycle 
approach.  This takes into account the upstream processes which remain 
constant after CO2 sequestration as well as the steps required for additional 
power generation. 

An analysis was performed at the National Renewable Energy 
Laboratory which examined power generation for two fossil based 
technologies, coal-fired power production and natural gas combined-cycle 
(NGCC), and two biomass technologies, a biomass-fired integrated 
gasification combined cycle (IGCC) system using a biomass energy crop, 
and a direct-fired biomass power plant using biomass residue.  Each system 
included the upstream processes necessary for feedstock procurement 
(mining coal, extracting natural gas, growing dedicated biomass, collecting 
residue biomass), transportation, and any construction of equipment and 
pipelines.  For the cases where CO2 is sequestered, the CO2 is captured via a 
monoethanolamine (MEA) system, compressed, transported via pipeline, 
and sequestered in underground storage such as a gas field, oil field, or 
aquifer.  For the biomass power systems, it was assumed that several small 
plants are needed to achieve 600 MW of electric capacity.  This is because 
large transportation distances make biomass power uneconomical at large 
scales.  Lost generation capacity was accounted for by adding extra capacity 
from a natural gas combined-cycle system. The following table lists the 
systems and cases examined in the analysis. 

Table 1. [Systems and cases examined] 
Case System 

system prior to CO2 
sequestration 

system with CO2 sequestration 
and extra capacity from NGCC 

Coal-fired 1 1a 
NGCC 2 2a 
Biomass direct-fired 3 3a 
BIGCC 4 4a 

2. SYSTEMS EXAMINED 

The following sections discuss the GWP and energy balance for each 
case shown in Table 1.  This is followed by a section which summarizes the 
results. 

2.1 Coal-fired power production 

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 
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operation prior to adding CO2 sequestration.  The data for this system was 
taken from two sources: Hendriks, 1994 and Spath and Mann, 1997.  Figure 
1 shows the GWP for the coal reference system to be 4.44 million tonnes 
CO2-equivalent/yr and the energy balance reveals that 2,090 MWth of fossil 
energy is consumed to produce 600 MW of electricity. 

Figure 1. GWP and Energy Balance for Coal System Prior to CO2 Sequestration (Case 1) 

CO2 sequestration consumes additional energy, therefore, in order to 
maintain power generation capacity, additional capacity must come from 
another source. Extra capacity is assumed to come from NGCC because this 
type of power generation is currently being constructed and future power 
plants are anticipated to be NGCC.  Figure 2 shows the GWP for the coal 
plant with CO2 sequestration plus additional capacity from a NGCC system 
(Case 1a). 

Figure 2. GWP and Energy Balance for Coal System with CO2 Sequestration at Constant 
Capacity (Case 1a) 
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After adding CO2 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.  The GWP for the coal system with 
CO2 sequestration (Case 1a) is 1.30 million tonnes CO2-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. 

2.2 Natural gas combined-cycle 

Although, the majority of the electricity generated in the U.S. comes 
from coal, natural gas is becoming increasingly important in power 
generation.  Natural gas is regarded as a cleaner fossil resource plus NGCC 
plants have higher conversion efficiencies than coal-fired power plants.  
Data for the NGCC system in this analysis was taken from a previous life 
cycle assessment (LCA) (Spath and Mann, 2000).  Figure 3 shows the 
NGCC system prior to CO2 sequestration (Case2). 

Figure 3. GWP and Energy Balance for NGCC System Prior to CO2 Sequestration (Case 2) 

The GWP is 2.63 million tonnes CO2-equivalent/yr and the energy 
balance shows that 1,396 MWth of fossil energy is needed to produce 600 
MW of electricity.  Compared to the reference coal plant (Case 1), the GWP 
and the fossil energy consumption are 41% and 33% less, respectively.  For 
the NGCC system, there is a considerable amount of greenhouse gas (GHG) 
emissions and energy consumption resulting from the upstream processes.  
These processes account for 25% of the total GHG emissions and 21% of the 
total fossil energy consumption.  NREL’s LCA study of power generation 
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via natural gas (Spath and Mann, 2000) shows that the upstream GHG 
emissions are primarily a result of the fugitive methane emissions from 
natural gas production and distribution.  This study also determined that of 
the steps required in natural gas production and distribution (natural gas 
extraction, separation and dehydration, sweetening, and pipeline transport), 
the natural gas extraction and transport steps consume the most energy. 

Adding CO2 sequestration and additional capacity from another NGCC 
source to the system shown in Figure 3, results in a GWP of 1.31 million 
tonnes CO2-equivalent/yr and a fossil energy consumption of 1,625 MWth.  
This can be seen in Figure 4 (Case 2a).  Although the fossil energy 
consumption increases compared to the NGCC system without CO2 
sequestration (Case2) (a 16% increase compared to Figure 3), it is a 22% 
decrease compared to the coal reference system (Case 1).  It should be noted 
that because natural gas production and distribution accounts for a large 
amount of the systems GHGs, sequestering CO2 from the NGCC system 
(Case 2a) results in roughly the same GHG emissions as sequestering CO2 
from the coal system (Case 1a) (roughly 1.3 million tonnes CO2-
equivalent/yr; compare Figure 2 and Figure 4).  If the upstream emissions 
were not included for both the coal and natural gas systems, then 
sequestering CO2 from the natural gas plant would appear to be an 
improvement of 41% over sequestering CO2 from the coal plant.  This 
percentage was obtained by adding the CO2 emissions in Figure 2 and 3 but 
excluding the upstream emissions, (0.90 - 0.53)/0.9 = 41%. 

Figure 4. GWP and Energy Balance for NGCC System with CO2 Sequestration at Constant 
Capacity (Case 2a) 
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2.3 Direct-fired biomass 

The biomass power system examined in this analysis that is 
representative of today’s current technology employs a direct-fired biomass 
power plant using biomass residue.  The data for this system was taken from 
Mann and Spath (2001).  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 CO2 that normally would be 
produced through decomposition are avoided.  These avoided emissions are 
taken as a credit in the GHG emissions inventory for the direct-fired system.  
Because of this, the system (Case 3) results in a negative GWP of -2.15 
million tonnes CO2-equivalent/yr and the fossil energy consumption is 21 
MWth, as shown in Figure 5.  The GWP is a 148% reduction from the coal 
reference system (Case1) and the fossil energy consumption is reduced by 
99%. 

Figure 5. GWP and Energy Balance for Biomass Residue Direct-fired System Prior to CO2 
Sequestration (Case 4) - several plants totaling 600 MW 
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1).  The fossil energy consumption is now 371 MWth but this is still lower 
than the coal reference system (Case 1) by 82%. 

Figure 6. GWP and Energy Balance for Biomass Residue Direc-fired System with CO2 
Sequestration and Constant Capacity (Case 4a) 

2.4 Biomass-fired integrated gasification combined-cycle 

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 
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assumed that several small plants would be needed to produce 600 MW of 
electricity.  Figure 7 shows the GWP and fossil energy consumption for this 
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respectively.  Because CO2 emitted from the power plant is recycled back to 
the biomass as it grows, the net GHG emissions from this system is only 6% 
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the renewable feedstock source, the fossil energy consumption is 98% less 
than the coal reference system (Case 1). 
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Figure 7. GWP and Energy Balance for Biomass Dedicated Feedstock IGCC Prior to CO2 
Sequestration (Case 3) - several plants totalling 600 MW 

If CO2 sequestration is incorporated into this biomass power generation 
system, then the net GWP will be negative.  As can be seen in Figure 8 
(Case 4a), the GWP is reduced to -3.50 CO2-equivalent/yr which is a 179% 
reduction from the coal reference system (Case 1).  

Figure 8. GWP and Energy Balance for Biomass Dedicated Feedstock IGCC with CO2 
Sequestration and Constant Capacity (Case 3a) 
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3. SUMMARY OF GWP AND ENERGY FOR FOSSIL 

AND BIOMASS SYSTEMS 

Table 2 summarizes the GWP and energy balance for the fossil and 
biomass systems discussed in the previous sections.  Additionally, the table 
gives the change in the GWP and energy balance compared to the coal 
reference system (Case 1).  The fossil energy consumption (column 3) and 
GWP numbers (column 4) are also shown graphically in Figure 9 and 10, 
respectively.  Even with CO2 sequestration, the amount of GHG emissions 
per the same amount of electricity production is more for the fossil based 
systems (Case 1a and 2a) than for the biomass power generation systems. 

Table 2. [Summary of GWP and Energy Balance for Fossil and Biomass Power Systems] 
Change from reference coal 

system (Case 1) 
System Case Fossil energy 

consumed to 
produce 600 
MWe (MWth) 

Net GWP 
(million tonnes 

CO2-equivalent/yr) 
(a) 

change in 
fossil energy 
consumption 

change in 
GWP 

1 2,090 4.44 N/A N/A Coal-fired 
1a  (b) 2,435 1.30 -16% -71% 
2 1,396 2.63 -33% -41% NGCC 
2a  (b) 1,625 1.31 -22% -71% 
3 21 -2.15 -99% -148% Biomass 

direct-fired 3a  (b) 371 -7.19 -82% -262% 
4 38 0.26 -98% -94% Biomass 

IGCC 4a  (b) 275 -3.50 -87% -179% 
Notes: 
(a) GHG emissions (CO2, CH4, and N2O) were calculated at 100% capacity for a 600 MW 
system. 
(b) These cases include CO2 sequestration and extra capacity from a NGCC system. 
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Figure 9. Comparison of Fossil Energy Consumption Required toProduce 600 MW of 
Electricity for All Cases (both Fossil and Biomass) 

Figure 10. Comparison of Global Warming Potential for All Cases (both Fossil and Biomass) 

4. 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 CO2 sequestration.  This is 
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evident when comparing the emissions from coal with CO2 sequestration and 
natural gas with CO2 sequestration.  Because natural gas production and 
distribution accounts for a large amount of the system's GHGs, sequestering 
CO2 from the NGCC system results in roughly the same GWP as 
sequestering CO2 from the coal system.  Substituting electricity generated by 
fossil fuels with biomass electricity will substantially reduce the GWP along 
with significantly decreasing the fossil energy consumption per kWh of 
electricity generated.  Even with CO2 sequestration, the amount of GHG 
emissions per kWh of electricity produced is more for the fossil based 
systems than for the biomass power generation systems. 

5. CURRENT WORK 

The GWP and energy balance results from this analysis are being 
combined with the cost of electricity generation to determine the cost of 
avoiding GHG emissions by using the more expensive biomass technology 
over conventional fossil systems.  When the cost of CO2 sequestration is 
added to the fossil systems, the biomass systems and particularly the 
advanced BIGCC technology, may be a cheaper means of reducing GHG 
emissions.  Additionally, this would avoid the concerns about the fate of 
sequestered CO2 and its long term environmental effects. 
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