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Context for the work RICARDO-AEA

In previous advice on carbon budgets, the Committee on Climate Change (CCC) has identified scenarios for how these budgets
might be met. These scenariosi nc | udceardbloonwd t echnol ogi es wh i-ofluse relatdeutaceunterfadgtugls i o |

The CCC has commissioned Ricardo-AEA to undertake an analysis considering lifecycle emissions (LCES) for various technologies
in several sectors, going beyond the point-of-use. Results from this study will feed into the UK consumption emissions report and
will inform review of the fourth carbon budget (late 2013).

Several technologies and sub-technologies in the power, residential and transport sectors have been covered for this analysis. This
reports outlines the results from this analysis and reports current and future LCEs

The environmental impacts of low carbon technologies have been evaluated by many studies over the years. A life cycle analysis
(LCA) approach from cradle-to-grave is usually undertaken to allow an identification of the hotspots along the life cycle of a
technology where emissions are large and to be able to provide an understanding of where these key emissions are located. Some
of the impact categories usually evaluated include cumulative energy demand, global warming potential, eutrophication potential,
acidification potential and human toxicity. The current study focusses on the GWP impact category and so only GHG LCEs are
evaluated.

The current study does not aim to undertake a detailed LCA of the different technologies. The overall objective is to provide an
estimate of current LCEs based on circumstances specific to the UK and to use this estimate to project LCEs into the future (to
2050). Current LCEs are broken down into relevant categories which will allow an investigation of the influence of key geographical
parameters on overall emissions and to allow the separation of these emissions into UK and non-UK emissions. This will then allow
an investigation of different scenarios and how these emissions can be reduced.

Ricardo-AEA in Confidence Ref. ED58386 17t April 2013 © Ricardo-AEA Ltd



Objectives RICARDO-AEA

Key questions
The study aims to answer the following questions

What are the lifecycle emissions associated with each of the technologies be in the UK?
How do the lifecycle emissions compare to the counterfactual?
Do the emissions arise in the UK, or are they embedded in imported goods? If embedded, where are they imported from?
How might the emissions change in the future?
How could the emissions be reduced?
These questions have been answered by reviewing existing research, extracting information on the key parameters which influence

LCEs, and then exploring potential changes in these parameters in the future (to 2050). Scenario representing potential changes in the

parameters were explored using a simple calculation tool, focussing on the most important drivers. Life cycle stages which do not
contribute significantly to overall LCEs were excluded.

In order to achieve the objectives above, the following tasks have been undertaken.

Task A Establish range of lifecycle emissions for technologies deployed in the UK under current conditions”
Task B Identify key sources and locations of these emissions
Task C Develop scenarios for potential changes in lifecycle emissions to 2050

*Many of the studies reviewed were UK-based. This, however, was not always possible and so the review covered studies outside the UK.
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Scope RICARDO-AEA

Location and time horizon
The present study evaluates life cycle GHG emissions in the UK to 2050. The technologies covered are listed in the table below.

Sector Counterfactual  Low carbon Sub-technologies
technologies
Power Combined cycle  Coal CCS Pulverised coal (PC) with post combustion capture (post- CC) via amines
gas turbine Integrated gasification combined cycle (IGCC) with pre-combustion capture
(CCGT) (pre- CC) VIA Selexol
Gas CCS CCGT with post- CC via amines
Nuclear Pressured water reactor (PWR)
Wind Onshore
Offshore
Solar Mono-crystalline silicon

Poly-crystalline silicon
Cadmium telluride
Residential Gas boiler Heat pumps Air source heat pumps

Water source heat pumps
Solid wall insulation

Transport Internal PHEV Car Plug-in hybrid electric vehicle
com_bustlon BEV Car Battery electric vehicle
Sniglinis FCEV Artic HGV  Hydrogen fuel cell electric vehicle

For each of the technologies, existing studies (with UK focus) were reviewed. The key lifecycle stages (hotspots) were identified and
modelled into a LCE calculation spreadsheet to estimate current and future LCEs. Life cycle stages which did not contribute
significantly to overall LCEs were not considered as part of the analysis.
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Overall approach RICARDO-AEA

Literature review:

Existing literature was reviewed. Data on assumptions made by the different studies and overall life cycle emissions was
collected and compared. A range of overall life cycle emissions and associated assumptions by the different studies was
identified. Data was presented graphically to allow comparison of results. Outliers were explained based on an understanding of
the assumptions stated in the studies reviewed.

The studies reviewed were narrowed down based on transparency and clarity of assumptions and availability of data. Overall
life cycle emissions were broken down by life cycle stage. The key life cycle stages (hotspots) were identified.

The literature relevant to the UK was reviewed to allow an understanding of the geographical and other factors which could
influence LCEs.

Data was collected on material and energy requirements for the key life cycle stages.
Spread sheet calculation tool:

A simple spreadsheet calculation tool was developed to allow the estimation of current and future (to 2050) LCEs based on UK-
specific and technology-specific data.

Technology-specific parameters (e.g. power and capture plant specific parameters) were used with material and energy
requirements (collected from the literature) to allow estimation of material / energy requirements for the specific plant
investigated here.

Material and grid emission intensities were estimated for the years 2010, 2020, 2030, 2040 and 2050 and for different world
regions and used to estimate current and future LCEs

GHG emissions were calculated by stage and for different years as show below.

Material X Material carbon - CO, emissions (kg CO, ) in a given year

R requirement (kg) intensity (kg) for a given life cycle stage
Energy X Energy intensity — CO, emissions (kg CO, ) in a given year

requirement (MJ) (kg CO,/MJ) for a given life cycle stage
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Overall approach RICARDO-AEA

The calculation tools developed were used to undertake sensitivity analysis on key parameters. Results are reported by life cycle stage
and by location (UK vs. non-UK emissions)

Range of overall

LCEs and associated Literature review
assumptions on GHG LCEs \1, \l,
Breakdown of from the_ Material / energy  Life cycle material F_actors_ influencing L.CEs
LCEs by stage < technologies Emission factors apd energy including geographical
covered (current to 2050) inventory factors

A l v

| Compare to the
' literature Spreadsheet calculation
""""""""" — tool for estimating LCEs

Technology- v
specific e
parameters Sen5|_t|V|ty and_
scenario analysis
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Sources of data RICARDO-AEA

Technology parameters CCC modelling and recent publications
(e.g. load factor, lifetime, annual activity, etc.) <>

Material requirements, kg
Review of LCA studies
<>

Energy requirements, kg

C IEA data provides current and future (to 2050) emissions intensities for iron & steel, aluminium, chemicals and cement and for
different world regions (e.g. OECD, non-OECD). However, this data only includes direct and indirect emissions but not upstream
emissions. The CCC provided data for UK emissions from different sectors: steel, cement, and ammonia and also grid intensity to
2050 but this also did not include LCEs.

C  The carbon intensities in the Bath University ICE database include upstream emissions and so the IEA data for the key materials
above was used in combination with the Bath University ICE database (only includes current but not future carbon intensities, for
the UK only) to develop estimates of current and future carbon and grid intensities.
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IEA Data RICARDO-AEA

The IEA data for steel includes steel production rates as well as amount of CO, produced (tonnes) to 2050. Direct and indirect
emissions from both blast furnace / basic oxygen (BF/BO) and electric arc furnace (EAF) technologies can be calculated. Electricity
consumption figures and grid intensities for different regions (to 2050) are used to estimate the EAF EF. The BF/BO emission factor
(EF) is also estimated. A weighted average EF for steel for different regions is then calculated.

A similar approach is used to estimate an EF for both direct and indirect emissions from the production of aluminium for different
regions and to 2050. For the chemicals sector, production rates and total CO, emissions are used to estimate EF accounting for both
direct and indirect emissions. The EFs derived from the IEA data were then used to scale the Bath ICE data for different regions and
over time
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Report structure RICARDO-AEA

The following are discussed in the report for each of the technologies
Overview of life cycle stages
Range of overall LCEs in the literature
Key assumptions in the literature and an account for discrepancy in the reported LCEs
Breakdown of LCEs in selected previous studies
|l denti fication of the Ohotspotsé in the |Iife cycle and key
Definition of the base scenario
Comparison of results from the present study to the literature
Base scenario: current and future LCEs
UK vs non-UK emissions for the base scenario
List of sensitivities
Sensitivity results and identification of key influencing parameters

Conclusions: major contributors to LCEs, where they are located and how they can be reduced
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The Coal CCS life cycle RICARDO-AEA

Current and future LCEs were estimated for coal power plants with CCS. The study covered both pulverised coal (PC) combustion with
post combustion capture and integrated gasification combined cycle (IGCC) with pre-combustion capture.

The coal life cycle consists of three main stages: construction, operation and decommissioning. The addition of the CO,, capture plant,
CO, transport pipeline and CO, injection facilities is expected to increase the construction related LCEs of a CCS plant relative to a non-

CCS plant. In addition, the increased energy and material requirements of a the CCS plant, as well as additional waste disposal needs,
will also increase the operational LCEs.

Including power { capture
plant as well as
transport { storage
Infrastructure

Construction

Coal mining

(including Coal transport - Operation VWaste
4 = .
methane disposal
|eakage) Transport to power plant . .
by train and |"'31!_'-":|'”EI DF?'EFE'TI;” Includes solid waste from
Electricity. diesel. intemationally by coal injection site wasie fiom amine
amml_omum nitrate, (compression energy process (for post-
imestone Chemical j'lr reguirements) combustion capture)
material _ Decomissioning
manufacture
& transport Megligible emissions so

not considered for the

Including limestone for current analysis

FGD. ammonia for SCR,
amine for post-
combustion capture, etc.

The addition of CCS technology might be expected to reduce the direct CO, emissions from combustion by 90%. However, the energy
consumption associated with the capture plant (for solvent regeneration, CO, compression, etc.) means additional coal is required
(relevant to the power plant without CCS) to make up for this power loss. the net reduction in direct emissions is therefore less than
90%. In addition, the additional coal required leads to an increase in upstream coal mining and transport emissions. The transport and
storage of CO, may also require re-compression of CO, leading to additional LCEs.

Ricardo-AEA in Confidence Ref. ED58386 17t April 2013 © Ricardo-AEA Ltd



Scope covered in the literature on coal CCS RICARDO-AEA

Many studies have been undertaken over the past decade on life cycle analysis of coal power plants with CCS. The studies cover
different coal generation technologies including sub-critical and super-critical pulverised coal (PC) with post-combustion capture and
integrated gasification combined cycle (IGCC) with pre-combustion capture.

For PC power plants, the technology of choice is usually amine-based chemical absorption, although others have been considered
(e.g. hindered amine solvent KS-1 (Muramatsu, 2002), membranes and cryogenics (Khoo, 2006), oxyfuel (Viebahn,2007)).

IGCC with pre-combustion capture is investigated in the literature to a lesser extent (Marx et al., 2011).

The fuel considered in the majority of studies is hard coal. In some studies (Viebahn, 2007; NEEDs, 2008), lignite is also
considered.

Stages with negligible impacts are usually not included. Khoo (2006), Viebahn (2007), Korre (2009) and Schreiber (2009) did not
include construction and decommissioning in their assessment. Spath (2004) included construction emissions but excluded
decommissioning and waste disposal. Muramatsu (2002), Viebahn (2007) and NEEDs (2008) did not include downstream (waste
disposal) emissions in the analysis.
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Review of the literature on coal CCS RICARDO-AEA

Coal mining and transport is always included in the anaSfyelsi s ar
cycle. Coal mining involves the extraction of coal which requires fuel (diesel) as well as electricity. In addition, deep (underground)

mining requires limestone while surface (open-cast) mining requires ammonium nitrate (Spath, 1999). Underground coal mining is

associated with high methane leakage rates. Open cast mining, on the other hand, is associated with very low methane leakage

rates (Ecoinvent, 2007). The source of coal plays an important role in estimating overall life cycle emissions as different countries

have different share of deep / surface mining and consequently, different leakage rates. Coal is transported from international

sources to the UK via tankers. Coal is transported in the country of source as well as in the UK by trains.

The main material required for the operation of coal power plants is coal. For PC power plants equipped with selective catalytic
reduction (SCR) for NOx removal and flue gas desulphurisation (FGD) for SO, removal, additional materials are also required. This
includes ammonia for SCR and limestone for FGD. It should also be noted that both SCR and FGD (in addition to the coal handling
and steam cycle equipment) are associated with energy consumption which leads to reduction in power output of the power plants.
Typical estimates are 0.5% of gross capacity for the coal pulveriser, 0.2% for the steam cycle pumps, 1.5% for fans, 0.5% for SCR
and 1.5% for FGD. For the current study, the analysis is based on the net efficiency of the power / capture plant and so these
energy penalties are already accounted for.
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Assumptions in the literature RICARDO-AEA

Net efficiencies for the power/capture plant in the studies reviewed range from 29 to 42% for PC with CCS (hard coal) 32-48% for
IGCC with CCS. The higher ends for both PC and IGCC are too optimistic for current available technologies. These higher figures,
however, refer to efficiencies in the future as a result of technological progress.

The capture efficiency considered is mostly 90%. Some studies (Khoo, 2006) considered 95%-98% for chemical absorption while
Lombardi (2003) considered 85%. Viebahn (2007) considered a capture efficiency of 88% for both post-combustion capture and
pre-combustion capture (with Rectisol).

Several studies also consider CO, transport and storage. Most studies consider pipeline for transport with distances ranging from
50 km to 500 km. Khoo (2006) also considered ship transport for a distance of 100 km. The share of LCEs from the transport and
storage phases ranges from less than 1% to about 10%. The wide range is due to differences in assumptions of fuel and power
generation / capture technology.

The following slide shows a list of recent studies available on life cycle analysis of coal CCS. These tables also show the associated
assumptions for each of the studies. The range in the literature for both PC with post-combustion capture and IGCC with pre-
combustion capture is shown on the next slide?.

Acomprehensive revi f the |iterature on the LCA of CCSei s
t 6

ew o
cycle asses}kmen (2010
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Study comparison 1 PC + post-combustion capture RICARDO-AEA

Range of key assumptions and corresponding LCEs in the literature for PC with post- CC

Study Year Technology Fuel Net Net Capture CO, LCEs, g Comment
capacity, efficiency | technology capture CO,,e/kWh
MW rate

Muramatsu 2002 Hard coal - 30.8% MEA 90% -
2002 PC Hard coal - 33.3% KS-1 90% -
Spath 2004 PC-SC Bituminous 457 31.2 MEA 90% 247 us
IEA 2006  Advanced SC Bituminous 666 34.8% MEA - NA
Khoo 2006 PC Hard coal - - MEA 95% 79 High capture rate, assumptions
not clear
Viebahn 2007 SC Hard coal 570 40% MEA 88% 262 Germany
Odeh 2008 PCi SC Hard coal 335 30% MEA 90% 255 UK
Koornneef 2008 PCi SC Hard coal - - MEA 90% 243 Netherlands
Pehnt 2008 SC Lignite 5007 800 27.8% MEA 90% 190
NEEDs 2008 PC Lignite 800 42% MEA 90% 156
2008 PC Hard coal 500 42% MEA 90% 213
Schreiber 2009 SC Hard coal 391 32.6 MEA 90% 247 Germany
Korre 2009 - - - - - - 179
NETL 2010 SC Hard coal MEA 90% 245
Singh 2011 SC Hard coal 400 33.2 MEA 90% 220 Norway
Hammond 2011 SC Hard coal MEA 90% 310 Injection in oil fields for EOR

SC = supercritical
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Study comparison 1 IGCC + pre-combustion capture RICARDO-AEA

Range of key assumptions and corresponding LCEs in the literature for IGCC with pre- CC

Study Year Technology Fuel Net Net Capture CO, LCEs, g Comment
capacity, efficiency | technolog captur CO,,elk
MW y e rate Wh

Doctor 2001 IGCC + pre- CC Bituminous 110 - Glycol 90% 490 High value. Not clear what the
net efficiency is (solvent is
glycol so energy penalty
should be low). Low capacity.

Lombardi 2003 IGCC pre- CC Hard coal 288 38.8 DEA+MD 85% 358 Very high despite higher net
EA efficiency but low capture rate
IEA 2006 IGCC + pre- CC Bituminous 683 - - -
Viebahn 2007 IGCC + pre- CC Hard coal 590 42% Rectisol 88% 244
Odeh 2008 IGCC + pre- CC Hard coal 471 32% Selexol 90% 167
NEEDS 2008 IGCC + pre- CC Lignite 400 46% - 90% 138
Hard coal 400 48% - 90% 171
Pehnt 2008 IGCC + pre- CC Lignite 500-800 38.7% Selexol 90% 140
NETL 2010 IGCC + pre- CC Hard coal Selexol 90% 218

Some studies were selected for further comparison as these stated assumptions clearly for the different life cycle stages. The results
are shown in the graphs on slides 20 and 21.
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Overall Life Cycle Emissions T PC + CCS RICARDO-AEA

30 . ¢ Hammond
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300 ¢ —>  recovery (EORY’ B Viebahn - HC
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v? — ! plant parameters A Odeh
250 and coal / mining :
8 E + assumptions are x Schreiber
not stated \
-3 00 ¥ Spath
TU N M ® Koornneef
[ |
E @ 150 +Singh
® “ 100 - NEEDs - HC
s CO, capture rate of 95%. Fuel ..
cycle assumptions not clear. Viebahn - L
30 ¢ Korre
B NEEDs - L
PC + post-CC Khoo
HC = hard coal, L = lignite

* Enhanced oil recovery (EOR) is a technique used to recover oil trapped in the pore spaces. Gas injection is the most common technique for
EOR. The injection of captured CO, into depleted oil gas fields improves the flow of trapped oil. As the CO,-oil mixture reaches the surface,
the CO, is separated and recycled back to recover more oil. A proportion of CO, remains sequestered in the oil field. The separation of CO,
from oil requires energy and so is expected to add to LCEs. Energy requirements for EOR applications are expected to be higher than for
gas fields and aquifers. This study covered LCEs from injection into gas fields and aquifers but not oil fields.

For PC with post- CC, studies report a range of 80-300 g CO, .,/kWh. Most studies show a range of 220-250
g/kWh.
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Overall Life Cycle Emissions RICARDO-AEA
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For IGCC with pre- CC, studies report a range of 140-250 g CO, ,/kWh.

C There is arange in the overall LCEs reported in the literature as shown on slides 20 and 21. The key parameters leading to this
discrepancy are

Assumptions about the source of coal including its composition and energy content. The carbon content (%) of the coal plays

an important role in deciding combustion emissions (Odeh and Cockerill assumed 60% carbon content in coal, Schreiber

assumed 69%, the NEEDs study assumed 64% while Spath assumed 68%).

Whether methane leakage is considered as part of the analysis or not, and the level of assumed leakage

The power plant efficiency. The plant load factor and lifetime both have negligible effects on LCEs.

The energy penalty and CO, capture efficiency assumptions.

Different LCA methodologies (e.g. process-based analysis, input/output-based analysis or hybrid methodology)

o T oo To
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Breakdown of life cycle emissions

RICARDO-AEA

The breakdown of LCEs from selected studies is shown below. It can be observed that direct emissions are in the range 40-55%. The
wide variation in combustion emissions can be attributed to variations in power plant efficiency, capture efficiency and the type and

properties of coal.

Coal mining and other upstream emissions make up 30-45% of overall LCEs. The variation can be attributed to different assumptions
about the source of coal, methane leakage and other stages of the life cycle.

Odeh, 2008
= Direct
10% 2%

W Coal production and
other upsteram
emissions

| CCS

m Construction

Total LCEs = 2559 / kWh PC +CCS
'Singh, 2011
4%

® Direct

2%

B Coal production and
transport

a CCS

® Construction

Waste disposal

Total LCEs = 220g/ kWh PC+ CCS
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Current emission hotspots in the coal CCS life cycle RICARDO-AEA

C Based upon the review of the literature, the key hotspots in the coal CCS life cycle i.e. the most important sources of LCEs, can be

identified. These are shown below. Emissions from construction, decommissioning and waste disposal are negligible in comparison to
other parts of the coal CCS life cycle.

A: Dominant

B: Significant 5;5': L
C: Less significant manufactur& I The hotspots inthe coal
D: Negligible CCS life cycle
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Geographical factors RICARDO-AEA

Certain emissions will relate to geographical factors.

The construction of the power / capture and the transport / storage infrastructure will require significant amounts of metal and
concrete. The main metals are steel, iron, aluminium and copper. For a UK power plant, these may either be sourced in the UK or
internationally. Studies in the literature usually consider that raw materials are sourced locally within the country where the plant is
constructed. However, life cycle emissions from the construction phase are currently (and are expected to remain in the future) low
in comparison to other LCEs and so the source of raw materials will have negligible effect on overall LCEs.

Other than combustion (40-55% of total LCEs for coal CCS), the main contributor to LCEs is coal mining and transport. The location
where the coal is mined is an important factor in determining overall LCEs.
The mining process requires electricity and diesel. Electricity is needed for fans, pumps, drills, crushers, conveyers and shovels
(for surface mining) while diesel is required for trucks, bulldozers and loaders. Studies in the literature report electricity and
diesel consumption separately. Gas with a methane concentration larger than 35% can be used for electricity generation onsite.
However, not all sites recover methane from coal mines or generate power onsite. In cases where grid electricity is used, future
LCEs will depend on the rate of the decarbonisation of the grid in the country of origin. The present study assumes grid
electricity is used.
The coal energy content and heating value will also depend on where coal is sourced.
Different countries have different shares of surface and deep mining which leads to different methane leakage rates. Future
LCEs will depend on plans in different countries on capturing methane from coal mines.
The transport distance and thus associate transport emissions will depend on where coal is imported from.

Most of the steam coal used in UK power plants currently is imported. About 93% of the coal imported in the UK comes from three
countries: Russia (46%), Colombia (30%), and the US (17%). In future, it is expected that the share of Russian coal will increase.

Energy requirements for the transport pipeline and storage site will depend on whether the CO, is stored in the UK or overseas.
This study assumes that all CO,, will be stored in the UK and so all transport / storage emissions will be UK emissions.

The UK has strong chemical industry and so it is expected that the chemicals required for the capture plant and other processes will
be manufactured in the UK.
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Base case scenario assumptions summary RICARDO-AEA

The table below summarises the assumptions that have been used in the base case scenario in the current study. The base case
assumes material and grid emission factors based on the IEA ETP 2 scenario. Additional base case condition have been defined
for the source of coal, methane leakage rates. Injection is gas fields is assumed. CO, transport via pipeline for 300 km is assumed.

Parameter Base scenario assumption

Power plant parameters

Raw material carbon intensity

Grid intensity

Source of coal

Methane leakage rates
Capture plant
CO, transport

CO, storage

Note: the base case scenario
assumes that electricity used is
not generated on site but is taken
directly from the grid.

Ricardo-AEA in Confidence

As below (based on Parson Brinckerhoff)

Base i based on the IEA 2 degrees scenario

Base i based on the IEA 2 degrees scenario

The base scenario assumes that coal to the power plant is all imported with 46%
from Russia, 30% from Colombia, 17% from the US and 7% from other countries.

Based on current status
Chemical absorption via MEA, 2.34 kg MEA/t CO,, captured. 90 % capture rate.

By pipeline, 300 km (100 km onshore), leakage rate of 0.026% per 1000 km is
assumed.

Injection gas fields

e IGCC + pre- CC

Capacity (MW) 1600 820
Load factor (%) 100% 100%
Availability 95.8% 89.8%
Net power efficiency* 35% 35%
Lifetime (years) 30 30

* Energy consumption by CO, capture and other processes with in the power plant are already accounted for
Ref. ED58386 17t April 2013 © Ricardo-AEA Ltd




Comparison with previous studies RICARDO-AEA

In our base case scenario, the estimated current-year LCEs are 229 g CO, / kWh for PC + post- CC and 174 g CO, ./ kWh for IGCC + pre-
CC. This is in agreement with LCEs provided by previous studies.
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Dark grey box: 1st (upper) quartile, Lighter grey box: 3 (lower) quartile, separating line between two
boxes is the median, red diamond: mean
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Comparison with LCEs for a plant without CCS

RICARDO-AEA

The LCE calculation spreadsheet was used to estimate LCEs for PC and IGCC power plants with and without CCS. In the case of
60 no CC&fure effciency of 0% is assumed and the power plant efficiency is increased from 35% to 46% for ASC PC and from
35% to 41% for IGCC. The addition of CCS (90% capture) to coal power plants reduces LCE by 76-80%. By adding CCS to coal
power plants, upstream LCEs become more significant and the share of combustion emissions reduces from 90% to about 50%.

The estimated current LCEs for the base scenario are 229 g CO, ./ kWh for PC + post- CC and 174 g CO, ./ kWh for IGCC + pre-
CC. This is in agreement with the LCEs estimated in previous studies.
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Base case scenario: Current LCEs RICARDO-AEA

Combustion emissions make up about 50% of overall LCEs for PC with CCS (about 45% for IGCC with CCS).

Mining methane leakage is the major contributor of all non-combustion emissions making up 45% for PC with CCS (53% for IGCC with
CCS).

PC + post - CC B Construction IGCC + pre - CC m Construction

B Direct CO2 emissions 1 B Direct CO2 emissions
147
18 02 39

# Coal mining

B Coal mining

B Mining methane leakage
B Mining methane leakage
m Coal transport

u Waste disposal B Coal transport
SCR/ FGD operation B CO2 capture
W COZ capture B CO2 transport
B CO2 transport
L B CO2 injection
B CO2 injection
LCEs = 229 g/kWh LCEs = 174 g/kWh

The lower direct CO, emissions (and consequently CO, captured, transported and injected) for IGCC leads to lower LCEs along the
CCS chain. The production of the solvent used in IGCC is also associated with lower upstream LCEs in comparison to
monoethanolamine(MEA). Coal mining, transport emissions as well as methane leakage are comparable for both PC and IGCC.
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Base case: Current and future LCEs

RICARDO-AEA

In 2050, overall LCEs (including combustion) reduce from 229 to 194 g CO, ./kWh for PC with CCS and from 170 g CO, ./ kWh to
143 g CO, o/ kWh for IGCC with CCS.
The reduction is mainly attributed to reduction in grid intensity at the mining location. As % of total mining LCEs, electricity-related

emissions make up 11% of total current and about 3% of total 2050 LCEs.

Reduction in LCEs is also caused by reduction in the transport emission factors (for coal tanker and train transport).

The results above assume no improvement in power plants efficiency or capture plant efficiency over time and so the reduction
shown in the base scenario is mainly attributed to projected reduction in material, transport and grid emission factors (according to
2° scenario). Transport emission factors t-CO,/t.km) are assumed to reduce overtime as a result of more efficient means of

transport (i.e. higher loading and lower fuel consumption per trip).
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Location of emissions: Base scenario RICARDO-AEA

Our analysis suggests that, currently, about 50% to 60% (higher end for PC with CCS) of total LCEs could be UK-based. In 2050, the
share of UK-based emissions increases for both technologies. These estimates assume no improvement in the power plant efficiency
and so direct emissions from combustion remain the same.
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Combustion emissions as well as CO, transport and storage operational emissions (i.e. electricity consumption and CO, leakage from
transport pipeline) arise in the UK.

Mining emissions, on the other hand, are non-UK emissions. The estimates shown above assume that:
* materials used in the construction of the plant are sourced in the UK (these are negligible)
* all chemicals used by the power and capture plant are sourced in the UK (emissions are not significant)
* emissions from coal transport by tanker are non-UK emissions (about 5-10% of total coal transport emissions)

Ricardo-AEA in Confidence Ref. ED58386 17t April 2013 © Ricardo-AEA Ltd




Sensitivity analysis: scenario definitions RICARDO-AEA

Several sensitivities were tested in order to identify the key parameters which could influence the overall LCEs. These are listed in the
table below.

Scenario 1: Base As described above

Scenario 2 Alternate scenario for material carbon and grid This includes carbon intensity of construction material
intensity( based on | EA6s 4 d aswellasother chemicals used in the operation of the

power / capture plant. It also includes increase in
carbon intensity of the grid in the UK and at the mining

site.

Scenario 3 Assuming the share of coal from other countries The share of coal from Russia has been increasing
(7% in base scenario) is replaced by Russian coal over the past decade due to the lower sulphur (S)
thus increasing share of Russian coal to 53%. content (about 0.2-0.4% S). Low S coal is sought after
Colombia and US remain as in Base case by power plants that need to meet the SO, emission

standards (400 mg/m?) but have not installed flue gas
desulphurisation (FGD) equipment (which is the case
for many power generators in the UK). Almost half of
UK imports (mainly steam coal) currently comes from
Russia. It is expected that this trend will continue in the
future as demand for low sulphur coal reduces.
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Sensitivity analysis: scenario definitions RICARDO-AEA

Tabl e

14 Cont 6d

Scenario 4

Scenario 5

5 % reduction in average methane
leakage rate per tonne of coal
mined for Russia (from 9.2 to 8.7
kg CH,/t coal) and the US (from 3
to 2.85 kg CH,/t coal). This gives
a weighted average methane
leakage rate reduction from 5.2 kg
CH, to 5 kg CH,/t coal. No
significant reduction is assumed or
Colombia as all is surface mining.

20% reduction in energy penalty
(i.e. improvement in power plant
net efficiency)

Ricardo-AEA in Confidence

Globally, coal mining is responsible for 8% of total methane emissions. The
leading countries with methane leakage are China (14 Mt/year), Russia (3
Mt/year) and the US. If no action is undertaken to recover methane from
coal mines, methane leakage will grow as more coal is mined. According to
the IEA, it is expected that methane leakage rates in the long-term will be
reduced (IEA, Coal mine methane in Russia, 2009). It is not clear, however,
how methane leakage rates will change in the future as this depends on
legislation and potential economic benefits from methane recovery. The
methane from an underground mine can be recovered for a variety of
applications. The feasibility of economically recovering methane will depend
on several factors including the amount of methane produced from the
mine, purity of the gas stream, and mine location. This study assumes a
small reduction in methane leakage rate assuming sites will utilise coal bed
methane for some onsite generation.

Research on new solvents and better system integration is underway to
reduce energy consumption associated with the capture process. Currently,
for PC plants, the efficiency of the power plant reduces by about 25% when
CO, capture (MEA-based) is installed. For IGCC with pre- CC, the
efficiency reduces by about 15%. This scenario assumes that the net power
plant efficiency will increase to 38% for PC with posti CC and 36% for IGCC
with pre- CC. This assumes 20% reduction in energy penalty and does not
account for improvement in the efficiency of the base plant (i.e. PC and
IGCC without CO, capture)

Ref. ED58386 17t April 2013 © Ricardo-AEA Ltd



Sensitivity analysis: scenario definitions RICARDO-AEA

Table 14 Cont o6d

Scenario 6 Reduction of capture efficiency to 85% Base scenario assumption is 90%. Applied on a large
scale, the technology may not perform as anticipated.
NER300 sets a threshold of 85% so this will be tested.

Scenario 7 Consumption of MEA solvent is reduced from 2.34 kg/t ~ Effort is underway to reduce consumption of amine
CO, captured to 1.6 kg/t CO, solvents. The IPCC Special report on CCS (2005)
reports a figure of 1.6 kg amine / t CO,

Scenario 8 Injection and storage of CO, in a saline aquifer instead  Gas fields as well as saline aquifers are potential
of a gas field candidates for CO, storage. Initially, storage will most
likely be in oil and gas fields.

The length and leakage rate of the CO, transport pipeline can be tested using the spreadsheet calculation tool
but these were found to have negligible effect and so were not included as sensitivities in this report.
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Sensitivity analysis: PC with CCS RICARDO-AEA

The spreadsheet LCE calculation tool was run for the different scenarios. For each of the scenarios, all parameters are kept the
same as in the base case except for the parameter being tested. The parameter being tested in each of the scenarios is applied for

the whole period (current i 2050). The changes in LCEs with time are due to changes in carbon (both material and transport) and
grid intensities. The results are shown below for PC with CCS.

The highest effects on LCEs are observed for scenario 6 (reduction in capture efficiency to 85%). This increases LCEs by about 60

o/kWh. Reducing the CO, capture energy penalty by 20%reduces LCEs by 5-6%. Increasing coal imports from Russia by 15%, on
the other hand is expected to increase LCEs by 2-4%.

A 5% reduction in the methane leakage rate, leads to 2-3 g/kwWh reduction in LCEs. While methane leakage is a major contributor to
LCEs, reductions in methane leakage rates do not play a major role, as there are currently insufficient economic incentives for the
capture of methane from coal mines. Aa result a significant reduction in methane leakage rates is not expected.
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Sensitivity analysis: IGCC with CCS RICARDO-AEA

The different scenarios are compared for IGCC with CCS in the figure below. Once again, the reduction in the capture efficiency (from
90% to 85%) has the biggest effect on LCEs leading to a 23-28% increase. Scenario 7 (reduction in amine solvent consumption) is not
relevant for IGCC. The consumption of the Selexol solvent for IGCC is negligible and so changes in solvent consumption for IGCC with
pre-combustion capture is not expected to make a significant impact on LCESs.
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