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Executive Summary
Context
Carbon Capture and Storage (CCS) is projected to play a crucial role in a carbon-constrained
world, as it is currently the only technology able to significantly reduce emissions from the
use of fossil fuels. Addressing climate change risks without CCS in the portfolio is estimated
to significantly increase the cost of action. CCS has potential application as a carbon
abatement technology in four sectors:
•

Stationary power generation

•

Manufacturing including cement, steel and biofuels

•

Production of liquid hydrocarbons and chemicals from coal and gas

•

Removal of naturally occurring CO2 from reservoir gas as part of gas processing
operations.

While it is sometimes asserted that CCS is an ‘unproven’ technology that will never be
deployed, CO2 capture technologies are commercially available today and the storage of CO2
in geological formations is well-established. Indeed, there are currently several large scale
greenhouse gas storage projects in operation around the world today. Nonetheless the
deployment of large scale integrated CCS projects has, to date, fallen short of the ambitions
held for the technology by policy makers and industry.
Review
Many of the proposed carbon capture and storage (CCS) demonstration projects have failed
to achieve a positive investment decision, both in Australia and internationally. This is
especially so for coal fired power projects. There has been a range of reasons for projects
being delayed, suspended or terminated which include the failure to secure CO 2 storage
capacity, high capital and operating costs, regulatory uncertainty and community activism.
In many cases cost estimates for proposals have grown markedly from initial conceptual
proposals through the various study phases and there remains significant uncertainty and a
lack confidence in the integrity of costs estimates for large scale CCS projects. These issues
have resulted in high levels of uncertainty and misinformation among project proponents,
funders and policy makers globally, regarding the cost of CCS demonstrations. Those
projects that have been sanctioned and constructed have experienced very significant delays
and cost overruns sometimes in excess of 100% of the sanctioned total investment cost.
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A review of CCS projects found that there are no standardised procedures for cost estimation
of fossil fuel power plants integrated with CCS technology. The organisations responsible for
constructing these estimates typically use their own in-house techniques, or loosely base
their method on industry accepted practices. Consequently, this leads to significant confusion
when attempting to facilitate knowledge sharing of cost estimation experience, although this
situation is not unique to CCS.
Scrutinising past experiences involving the introduction of new technologies in the energy
and process industries, including CCS, it is evident that:
o

Cost estimate growth and uncertainty is not restricted to CCS projects and such
outcomes are typical of First-of-a-Kind or early mover projects.

o

Contingency

allocation

procedures

almost

always

underestimated

the

contingency necessary and failed to prevent cost overruns; proponents rarely
adopted consistent contingency estimation procedures, more routinely relying on
individual estimators to make a judgement call.
o

An analysis of a range of energy sector mega-project outcomes highlighted a
variety of behavioural issues among project sponsors including honest delusion
and deliberate deception leading to a tendency to underestimate and ‘anchoring
and adjustment’ of estimates around the first number considered, regardless of
whether it is explicitly known that the anchor is demonstrably wrong.

o

Notwithstanding the increased dissemination and purported application of best
practice Front End Loading (FEL) of development projects a review of recent
projects indicates that these pitfalls continue to be a feature of modern day
complex process and energy projects.

In the specific case of integrated power generation + CCS projects, a review of case studies
also finds that:
(i)

There is a significant difference in the normalised ($/kWe) cost estimates of different
project proposals.

(ii)

There is also a significant difference in the scope, level of study detail and
estimating methodology between different organisations. This difference extends
both to the different categories of study (e.g. pre-feasibility and FEED) and within a
defined level of study.
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(iii) The level of study detail presented in cited case study reports with regards to cost
estimates is frequently not entirely transparent to the audience of the reports. This
can lead to information being taken and used out of context.
During the course of the project, a range of interactions took place with senior personnel
associated with CCS (and other energy-sector) projects and studies including; executives in
owner organisations directly involved in projects or studies; engineering, EPC and OEM
technology companies involved in proposals and projects; engineering consultants advising
government agencies and industry associations on technology costs; and academics working
on technology costs.
These interactions reveal continued behavioural issues among most project participants
involved in the CCS field. These include honest delusion and deliberate deception, which
leads to a tendency to understate risk and uncertainty and also underestimate costs. This
behaviour also encourages or otherwise directs the various stakeholders to blame poor
project outcomes on external factors and underperformance of others.
Only two very senior executives, not directly associated with the projects or CCS technology,
were honest enough to admit that:


The level of effort and quality of work performed prior to the Final Investment
Decision was inadequate;



The level of contingency included in estimates was not sufficient; and



Project personnel including those at high level had become “wedded” to a project
which had adversely affected the investment decision making process.

If knowledge sharing is to be an effective method for improving the development of CCS
technologies then a concerted effort will be necessary on behalf of project proponents,
investors, technology providers and EPC contractors to align methodologies and standards
for scoping, estimating and reporting on CCS projects. Failure to do so will see continuing
uncertainty and a lack of confidence by investors. Furthermore, the potential to achieve
reduced costs through learning by doing and thereby maximise deployment, will be at risk.
Capital Investment Decision Framework for improved Project Assurance
The scale and complexity of large integrated CCS projects together with the lengthy, at-risk,
front-end development investment required prior to taking an investment decision has
typically put large scale CCS projects beyond the political commitment of governments. For
the private sector, whilst there are various technical, commercial and regulatory risks to
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projects, it is typically a lack of commercial rationale which precludes them from investing
alone. Therefore, while early projects may be led by private sector proponents, they will
require significant support from governments in order to proceed.
Complexity arises on several fronts:
(i)

A combination of public and private funding, involving parties with varying technical
capability and tolerances to financial and reputational risk means that it may be
difficult to align goals around the achievement of a commercial return versus
minimising risk exposure.

(ii)

Prior to taking a Final Investment Decision on an integrated project, the proponent is
likely to have invested significant at-risk funds in CO2 storage exploration and
appraisal, integrated project framing, designing process and capture facilities and
environmental impact studies.

(iii) In traditional resource industries, this exploration and appraisal investment has been
funded with private-sector equity however there is no commercial model which
supports such equity investment for CO2 storage.
(iv) Investors in CO2 storage resources may, in many cases, be dependent on one or
more investors in capture technology associated with the power or industrial
processing sectors for the CO2 source and revenue. In such instances, in order to
assure a return on their investment in exploration, appraisal and development, it is
likely that the CO2 source investor will be required to enter “send-or-pay” contracts
with the CO2 storage operator. Such agreements have been and will continue to be
time consuming to negotiate and draft and complex to review.
(v)

Deployment of the key capture technology is relatively new and commercial lenders
will need to seek lay-off the technical risk, especially for integration (including
counter-party) risk.

(vi) Process plants (industrial or power) with CCS will be more expensive to run and
likely to have lower availability (at least while ramping up). In the case of power
plants, operating in highly competitive electricity markets, special power-purchase
agreements including electricity price guarantees are likely to be needed. Such
agreements have been and will continue to be time consuming to negotiate and
draft and complex to review.
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(vii) The result of this complexity is business case complexity, which will manifest as
additional project cost and schedule slippage.
Management of risk arising from such complexity requires rigorous adherence to an
investment decision roadmap, including clearly defined due diligence guidelines for
investors at each stage. Investment decision should be stage or decision-gated where each
stage-gate represents an investment decision of the kind “stop, go or recycle”. In this regard,
CCS is no different to any major resource project. Figure ES 1 illustrates the Capital
Investment Decision Framework proposed.
Due diligence is thus likely to be both (expert) resource intensive and complex. It will
therefore be time consuming and will need to consider both the content of the results of the
development stages as well as the proponent’s internal quality assurance processes and its
overall management capabilities. This report contends that clearly defined guidelines for due
diligence, supported by independent review, is required at each stage of project development
in recognition that public funds, rather than solely private equity, are likely to be employed in
earlier phases of CCS projects which is generally not the case for traditional resource
development projects. Guidelines are presented for this staged due diligence together with
checklists for Independent Reviews.
It is recommended that a valuable addition to this work would be to develop a set of
quantitative and qualitative support tools to assure quality decision making for CCS project
and portfolio investments. Such support would focus on improving investment decision
making at the early stages of CCS deployment/development which are characterised by
relatively high risk and uncertainty and which require investors to judge whether and how
much funds to invest at-risk (e.g. for storage exploration and appraisal, early plant
engineering and other feasibility study activities).
Guidelines for Scoping and Estimating Large-Scale Integrated CCS Projects
Early mover CCS projects have traditionally been plagued by cost growth during studies and
very significant cost overruns for the small number of projects sanctioned. This was in part
due to the application of published benchmark estimates ($ per kWe) published by research
organisations and government agencies. Especially in the early (concept) stages of project
development with vague scoping and little design undertaken, such cost benchmarks,
estimates and schedules must be used with extreme caution.
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Note that the CO2 Transport and Capture Prefeasibility stage may also be delayed
until after the Storage Appraisal of Selected Sites, depending on the residual postExploration risk and the estimated cost of the Prefeasibility Study.

Figure ES 1: Decision roadmap indicating main focus of investment decisions towards an integrated project.
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It is critical for projects to be rigorously scoped including not only the core plant, but also
balance of plant, associated infrastructure and owner’s costs. The scoping exercise must
precede the formation of estimates and should be subject to both high level executive and, at
Feasibility / FEED stage, independent expert review. A properly scoped project is a
necessary but not sufficient requirement for cost estimate integrity. Design, engineering,
logistics and operational studies must be sufficient to support a high level of confidence in
cost estimates.
This report provides a framework and guidelines for project scoping and the preparation of
cost estimates so that project owners, investors and policy makers can be assured, as early
as practicable, with a robust understanding of:


the likely cost estimates, and,



the limitations and uncertainties of the estimates, together with,
•

the integrity of and completeness of inputs to estimates;

•

the methods used to incorporate uncertainties in the estimates,

•

the quantum and timing of additional cost requirements, and,

•

the schedule to develop and deliver projects.

Table ES 1 describes the effort levels and deliverables considered necessary to support cost
estimates at the various stage gates of project development. These effort levels have
typically not been invested in the early mover CCS projects, which has been a key reason for
the cost growth. Note that these effort levels relate to the scoping and cost estimation of
projects and do not include the (likely much larger) investment in characterisation of CO2
storage resources.
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Table ES 1: Guidelines for scoping, estimating methods and engineering effort levels to support large scale-integrated CCS project cost
estimates.
Known details
Indicative
Project Definition &
Estimating Methods Used
Effort Level
Accuracy
Scoping

Preliminary scope, scale, product mix, process, nominal site,
feedstocks, CO2 storage basin specified.
Produced using limited information, time and effort to produce
high level estimates.
Regulatory environment assessed.

0.1% of TPC
but at least
5,000
man hours

Definition: Concept
only 1% of
engineering effort
Accuracy:
-20/+50%

Prefeasibility
Study
PreFEED

Concept plant layout, PFD, Equipment list, Preliminary Plot
Plans, GA’s and Engineering sketches to derive quantities.
Infrastructure corridors for CO2, water, HV identified.
Preliminary Environmental Impact Assessment complete.
Preliminary CCS well design complete and number of wells
estimated.
Preliminary Freight & transport study complete.
Preliminary Contracting Plan.

0.5% of TPC
but at least
200,000
man hours

Definition: 10% of
engineering effort
Accuracy:
-15/+30%

Feasibility
Study
FEED

Plant layout, PFD, Heat & Mass Balances, P&ID’s, Equipment
list including outline specifications, major line list, major cable
schedule, GA’s and Engineering drawings to derive quantities –
on core facility, balance of plant and enabling infrastructure.
All necessary site investigations complete.
Infrastructure corridors finalised and basic design studies
complete.
HAZOP & MAR studies completed.
Suite of CCS well designs complete with preliminary Field
Development Plan.
Environmental Impact Study complete and ready for
submission.
Ready-to-execute contracts for major engineering,
procurement & construction developed.
Detailed logistics studies & Preliminary Operations Plans
developed.

2% of TPC
but at least
1,000,000
man hours

Definition: 40% of
the engineering
effort
Accuracy:
-10/+20%
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Stochastic methods: Cost/ capacity curves,
Lang, Hand, Chilton factors, other
parametric techniques.
Prescribed Contingency (Section 9.3) &
Supplementary Funding provisions
Section (9.5) mandatory.
Limited use of Lang Factors. Some use of
Factored First Principles. As much use of
First Principles based on material takeoff’s as engineering detail allows. Use of
Multiple Budget Quotes for high value
items, Budget quotes for remainder of
items. Prescribed Contingency &
Supplementary Funding provisions
mandatory.
First Principles, Multiple Budget Quotes on
all major items & packages. Detailed
proposals and where possible tendered
contracts for design and construction
packages. Prescribed Contingency &
Supplementary Funding provisions
mandatory.

End Usage

Market studies,
assessment of viability,
project screening, long
range capital planning,
project location studies.
Strategic planning,
business development,
confirmation of technical
and economic feasibility,
budget or next stage
approval.

Support Final Investment
Decision, control
estimates and basis for
project delivery cost
control.
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This report recommends that a project decision gate only be sanctioned by investors based
on funding requirements determined after considering:


Project (Overnight) Cost Estimates based on


a definable scope, and,



most likely costs within accuracy limits, and,



contingencies to cover those parts (usually most parts) of a project which cannot
be completely specified and costed.



Supplementary Funds, which may be required when possible, but less likely
situations eventuate during the definition and/or implementation of the project.



Working Capital requirements to support establishing the project entity.



Interest during Construction incurred on capital invested up to commencement of
operations.



Initial Operating Cost estimates to definable and most likely scope and accuracy limits
which are incurred during commissioning and start-up.

Taken together, these elements form the Total Investment Cost (TIC) of the project.
Detailed approaches and checklists for the formation of all elements of capital cost estimates,
especially for feasibility / FEED estimates are presented in Section 9 of this report.
Furthermore the report recommends guidelines for Contingency levels and Supplementary
Funds provisions (Table ES2). A review of projects suggests all project proponents failed to
(or perhaps were unable to) include or define adequate contingencies and, especially for
early mover projects, faced extraordinary, unforeseeable issues or events that led to major
changes to scope and cost for which Supplementary Funding provisions are intended. These
include, for example, the selection (or change) of site which could lead to changes in coal
characteristics, significant plant design changes, a requirement to re-route CO2 pipelines,
and/or changes in access to high voltage transmission, water supply and other critical
infrastructure. In many early-mover CCS proposals, during the early (Scoping and even
Prefeasibility) study phases, cost estimates are based on a nominal or generic site in a
particular province. Even after projects pass a Final Investment Decision, regulatory changes,
unprecedented weather events, extraordinary pressure on available skills, prolonged
industrial action, unforeseeable integration issues or even community protest action can lead
to very significant cost and schedule impacts which cannot be forecast.
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A Supplementary Funds allowance should be managed differently to the Project Control
Estimate (which includes contingencies) because it is only for use in extraordinary situations
or emergencies and should be specifically justified by the Project Proponent for the situations
described. In other words, while the Project Leader owns the Project Contingency
allowances, the investors own the Supplementary Funds. The Supplementary Funds
allowance provides a financial buffer for project investors to deal with these issues if and
when they arise. Very large energy companies may carry such a buffer within their balance
sheets, but special purpose companies or smaller utility companies, of which several have
been CCS proponents, rely on strictly limited funds. Furthermore, where investors are
governments (typically grant funders) and funding is capped there is likely to be insufficient
flexibility or tolerance for loss to finance early mover projects, If investors can’t afford or don’t
have ready access to the “Supplementary Funds”, then they should probably not proceed
with the project.
The following offers a possible guide for characterising current and future projects
internationally:


First-of-a-Kind (FOAK) <10 commercial scale demonstrations world-wide or first
demonstration in the project region



Early Mover (EM) >10 and <20 commercial scale demonstrations world-wide or <3
demonstrations in the project region



Nth-of-a-Kind (NOAK) >20 demonstrations world-wide and >3 demonstrations in the
project region
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Table ES 2: Recommended guidelines for application of contingencies to projects dependent on
technology maturity and stage of project development.

Project Phase
Estimate
Allowances

Type

Contingencies
Process Contingency

Estimate Contingency

Total Contingency

Supplementary
Funds

Total Allowances

Concept

Scoping

Prefeasibility

Feasibility

Engineering
Complete

All figures are percentages of the Project Overnight Cost Estimate
FOAK

50

35

20

15

10

EM

25

15

10

5

5

NOAK

0

0

0

0

0

FOAK

50

35

20

15

10

EM

40

30

20

15

10

NOAK

30

25

20

10

5

FOAK

100

70

40

30

20

EM

65

45

30

20

15

NOAK

30

25

20

10

5

FOAK

50

40

30

20

10

EM

30

20

15

10

5

NOAK

25

15

10

5

2.5

FOAK

150

110

70

50

30

EM

95

65

45

30

20

NOAK

55

40

30

15

7.5
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Part A - Literature Review and Project
Case Studies
1 Review Scope
This review seeks to examine the publicly available cost estimate literature for First-of-a-Kind,
early mover or commercial demonstration scale fossil fuel power plants integrated with CCS
technology. To provide a robust assessment of cost estimation practices for CCS projects, a
multi-pronged approach was taken which, in addition to examining CCS case studies, also
included: surveying the most common cost estimation procedures in use within the energy
and process industries; and scrutinising past experiences with the introduction of new
technologies in the energy and process industries. The objective here is to both understand
the possible sources of cost growth and to establish the relevant background against which
the current issues surrounding the techno-economic feasibility of CCS can be discussed.

2 Phases of Project Development
When assessing project proposals and associated estimates, it is important to understand
the status of the project or its stage in the project development lifecycle. Again there are a
variety of methods and terminology used to describe the development path for major capital
projects. The level of engineering effort, maturity and confidence in project scope and cost
estimates are generally very dependent on the project phase. Three of the more common
approaches that have been applied for CCS projects are illustrated schematically in Figure 1.
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(a)

(b)

(c)

Figure 1: Schematic illustrating examples of phasing project development after ZeroGen (a), Independent
Project Analysis Inc. (b) and Global CCS Institute (c).

3 Standards for Project Scoping & Cost Estimation
There is currently no standardised procedure for estimating the costs associated with the
development - including studies, engineering procurement and construction (EPC) - of fossil
fuel power plants integrated with carbon capture and storage (CCS) technology. The
organisations responsible for constructing these estimates typically use their own in-house
techniques, or loosely base their method on industry accepted practices. Consequently, this
leads to significant confusion when attempting to facilitate knowledge sharing of cost
estimation experience. Audiences utilising this knowledge must spend substantial time
interpreting and converting information to their own system for it to be of use, often resulting
in further distortion. If CCS deployment is to progress with confidence then it is highly
beneficial for First-of-a-Kind (FOAK) and Early Mover (EM) CCS projects to adopt a
standardised method of cost estimation. Doing so will promote efficient and transparent
knowledge sharing, which will subsequently facilitate increased confidence in investment
decisions and more predictable outcomes for CCS projects.
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The latest effort to address the critical deficiencies present in CCS cost estimates is the
White Paper recently published by Rubin et al. [1] for the CCS Costing Methods Task Force.
The White Paper presents a collaborative effort by experts knowledgeable in current industry
estimation practices (including the Principal Investigator for this study), including but not
limited to those published by:


The Association for the Advancement of Cost Engineering (AACE) [2-5];



The Electric Power Research Institute (EPRI) [6];



The International Energy Agency Greenhouse Gas R&D Programme (IEAGHG) [7];



The United States Department of Energy (DOE) National Energy Technology
Laboratory (NETL) [8, 9];



The Global Carbon Capture and Storage Institute (GCCSI) [10], and;



The Zero Emissions Platform (ZEP) [11].

The objective of the CCS Costing Methods Task force was to establish recommended
guidelines for developing CCS cost estimates that covered the full chain of processes, while
being universally suitable for all proponents of CCS technology. The goal was not to create
inflexible standards or assumptions, but instead to develop a flexible system that was
universally relevant by addressing the major problems with current methods. The authors
approached this by harmonising the key publications established above, as well as building
on previous work undertaken by Rubin [12]. In addition to developing a universal system, the
authors established two key contributors that directly affect the quality of a cost estimate.
The first of these, and the problem the authors were seeking to address, is the estimate
methodology utilised. Common methods used to produce cost estimates include [12]:


Undertaking a detailed engineering study;



Deriving new results from a model;



Using or modifying published values; and



Utilising input from an industry expert.

While these represent the standard for mature process technologies, problems arise when
dealing with FOAK and EM processes. Published data and models that can be applied to
FOAK and EM projects generally come from research institutions making the initial
propositions for new technology through concept studies. These are typically based on
theoretical modelling or small pilot processes with no empirical data for industrial adaptation
and scale-up. This leaves detailed engineering studies as the only viable method for
producing an accurate estimate, albeit for a substantial investment of time and money.
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Furthermore, engineering studies can often suffer from “estimator bias” as detailed below,
especially when competing for development and investment funding.
The second contributor to estimate quality is the relationship between the producer of the
estimate and the intended audience. A review by Flyvbjerg et al. [13] found that there is often
a conflict of interest between EPC firms, who produce estimates, and the project owners,
who contract them. The authors found that those responsible for producing estimates were
often biased towards creating favourable cost and deadline projections in order to please
project owners and company stakeholders. This line of reasoning inevitably leads to poor
project definition, resulting in cost and timeframe overruns or even “blowouts”, if the project
ever reaches the execution phase.

3.1 Summary of Estimation Methods
As of May 2014, the White Paper [1] represents the foremost attempt by a group of
experienced industry experts to standardise both cost estimate methodologies and the
subsequent presentation of findings for CCS projects. The remainder of this section is
dedicated to outlining the proposed guidelines of the White Paper along with the current cost
methodologies upon which they are based.
3.1.1

Project Nomenclature

The difficulties currently prevalent when interpreting these terms are:
1. Not all parties utilise the same terminology for what would otherwise be an equivalent
cost estimate with regards to the scope being considered;
2. Where identical or similar terminology is used, it may not contain the same level of
study detail as another estimate.
Table 1 and Table 2 below represent the work of the White Paper to harmonise the various
nomenclature for CCS capital and operations & maintenance (O&M) costs. It aims to address
the two deficiencies outlined above by providing consistent terminology for each level of
study detail and their constituent components. It does not define how each component
should be calculated, but instead presents the various methods currently utilised by the
major contributors to cost estimation methodology within the power industry. This allows for a
certain of level of flexibility as to how an estimate is produced, while still allowing
comparisons to be made between equivalent estimates.

Final Report

2014-06-19

Page |5

Table 1: CCS capital expense cost methodologies for the major publishers of Recommended Practices, as adopted from the White Paper [1] and the primary sources [6, 7, 9, 10]

Sum of Preceding
Elements is Called:

Capital Cost Element:
Process Equipment

Bare Erected Cost
(BEC)

Supporting Facilities
Labour

Engineering,
Procurement &
Construction (EPC)
Cost

Engineering Services

Process Contingency

Total Plant Cost
(TPC)

Project Contingency

Owner’s Costs

-Feasibility studies
-Surveys
-Land

-Insurance
-Permitting
-Finance costs
Total Overnight Cost
(TOC)

-Pre-paid royalties

-Initial catalyst & chemicals
-Inventory capital

-Pre-production start up

EPRI
Estimated by an EPC contractor from a detailed
equipment list
Generally estimated as 5-20% of process
equipment costs
Estimated by an EPC contractor from a detailed
equipment list
Generally estimated as 7-15% of process capital
costs

DOE/NETL

IEAGHG

GCCSI

Estimated by EPC contractor

Estimated by EPC contractor

Estimated by EPC contractor

Estimated by EPC contractor

Estimated by EPC contractor

Estimated by EPC contractor

Estimate based on plant location and 50 Estimated by EPC contractor
hour work-week
Estimated to be 8-10% of the BEC
-

Estimated by EPC contractor
for US Gulf coast region
-

Based on a percentage of the BEC. Percentage Based on AACE Recommended Practice Most IEA processes do not require this type of
of BEC used is dependent on AACE guidelines 16R-90 as outlined in
contingency as they are relatively mature. Any
as outlined in
which do will have a value agreed upon by
IEAGHG and the contractor
Based on a percentage of the EPC + process Based on AACE Recommended Practice IEA Projects ask that contractors include a
contingency. Percentage of EPC used depends 16R-90. Suggested quantity is 25% of EPC contingency to achieve a P50 value. In the
on level of project definition. 5-10% for a finalised + process contingency for a feasibility study event information is not sufficient, a
design, up to 30-50% for a simplified design.
equivalent
contingency equal to 10% of the TPC is
suggested.
Described Below
All owner’s costs based on AACE 7% of the TPC
Recommended Practice 16R-90 unless
otherwise stated
Not included
Included in “Other”
In “Owner’s Costs”
Not included
Not included
Nominal values per acre (USD)
Cost of USD $3000/acre
In “Owner’s Costs”
 300 acres for IGCC and PC
 Urban = $7 600
 100 acres for NGCC
 Rural = $ 1400
 Non-productive land = $350
Not included
Not included
Not included

Not included
Included in “Other”
Based on rule of thumb estimate from
capital services firm (2008) as 2.7% TPC
0.5% of process capital
Based on AACE 16R-90. Royalty costs are
assumed embedded in BEC process
equipment costs
Quantities required to fill process equipment
Not included
Quantities required of fuel and consumables Based on AACE 16R-90
equal to:
 0.5%TPC
 30 days for base load capacity
 60 day supply of non-fuel consumables
 15 days for intermediate loading
and fuel (EPRI) at 100% capacity factor
 5 days for peaking
Sum of:
Based on AACE 16R-90 and EPRI. Sum of:
 1 month FOM
 6 months operating labour
 1-3 months VOM (excl. fuel)
 1 month maintenance materials, nonfuel consumables and waste disposal at
 25% of fuel cost at 100% capacity factor for 1
100% capacity factor
month
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-

Calculated as 15% of TPC

In “Owner’s Costs”
In “Owner’s Costs”
In “Owner’s Costs”

In “Owner’s Costs”
In “Owner’s Costs”
In “Owner’s Costs”

In “Owner’s Costs”
In “Owner’s Costs”
In “Owner’s Costs”

In “Owner’s Costs”

In “Owner’s Costs”

In “Owner’s Costs”
In “Owner’s Costs”
In “Owner’s Costs”
 0.5% of TPC for spare parts
 30 days fuel stock and consumables
operating at 100% capacity factor





2% of TPC to cover plant equipment In “Owner’s Costs”
modifications
25% of fuel costs for 1 month at 100%
capacity factor
3 months of operating and labour costs for
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Sum of Preceding
Elements is Called:

Capital Cost Element:

EPRI



-Other site specific items (e.g.
site improvements, transmission
interconnects, economic
development etc.)
Interest during construction (IDC)
Total Capital
Requirement
(TCR)

Cost escalations during
construction

DOE/NETL

IEAGHG



2% of TPC + IDC + Escalation
No by-product credits

25% of fuel cost at 100% capacity factor

for 1 month
 2% of TPC
Based on private communication with WorleyParsons (2009). Estimated to be a
rule of thumb value of 15% TPC.

Not included

GCCSI

training
1 month of catalysts, chemicals and waste
disposal costs
In “Owner’s Costs”

EPRI-specified calculations based on weighted Based on fixed factors dependant on the cost of capital, escalation rates, years of length of construction, the level of risk, and
construction and plant TOC
whether the project is an Investor Owner of
Independent Power utility.
Similar to above method
Included in the above fixed factors
-

Based on approximated
capital expenditure profile
and finance rate during
construction.
Included in above

Table 2: CCS operating & maintenance expense cost methodologies for the major publishers of Recommended Practices, as adopted from the White Paper [1] and the primary sources [6, 7, 9, 10]

Sum
of
Preceding
Elements is Called:

Operating Cost
Element:
Operating labour

Maintenance labour

Fixed Operating &
Maintenance Costs
(FOM)

Variable Operating &
Maintenance Costs
(VOM)

Administrative & support
labour
Maintenance materials

EPRI

DOE/NETL

IEAGHG

GCCSI

€60k per person-year, with quantity of Based on non-union rates in the US Gulf
workers defined by contractor and Coast Region
operating in 5 shifts
40% of total maintenance cost
Variable operations and maintenance costs
assumed to be a part of fixed operations and
maintenance costs
30% of operating + 12% of maintenance Estimated by EPC contractor
labour
60% of total maintenance costs, estimated Estimated by EPC contractor
as:
 1.5% of TPC for PCC
 2.2% of TPC for NGCC
 2.5% of TPC for IGCC
(unit fuel cost) x (annual quantity)
(unit fuel cost) x (Net HHV Heat Rate)
(quantity (Unit cost of consumable) x (quantity Estimated by contractor and reported and a
required/MWh) x (MWh/year)
grouped cost ($/MWh)

Calculated using:
Based on the required number of operators and
(hourly labour rates) x (personnel per a rate of USD$34.65/hr
shift) x (number of shifts)
40% of total maintenance cost
Calculated as a weighted analysis with regards
to initial capital costs, calculated for each
section of the plant
30% of operating + maintenance 25% of operating and maintenance labour
labour
See above
 60% of total maintenance cost
 Estimated as a percentage of
TPC ranging from 1-10+% based
on process

Property taxes
Insurance
Fuel
Other consumables, e.g.
 Catalysts
 Chemicals
 Auxiliary fuels
 Water
Waste disposal (exc.
CO2)
CO2 transport

Not included
Not included
($/MBtu) x (annual capacity)
(Unit cost of consumable) x (quantity
required/MWh) x (MWh/year)

Included insurance
2% of TPC
(unit fuel cost) x (annual quantity)
(Unit cost of consumable) x
required/MWh) x (MWh/year)

As above

Similar to consumables

As above

-

Various costs estimated
contractor
Included with storage

CO2 storage
By-product sales (credit)
Emissions tax (or credit)

As above
As above
Not included

-

Estimated at €10/tonne
-
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Not applied
Included as sensitivity

2014-06-19

Page |7

3.1.2

Level of study detail

A key point of comparison between cost estimates for projects that have advanced beyond
the concept or scoping stage is that the core of the project cost, often termed the Bare
Erected Cost (BEC), is calculated by one or more EPC contractors in most cases. The BEC
is a critical component of the cost estimate as it typically represents the biggest single
element the capital outlay required to execute a project, including estimates for plant
equipment, labour and supporting elements. Furthermore, subsequent cost levels are often
based either directly or indirectly on a percentage of the cost determined in the BEC. This is
problematic for several reasons:
1. Because the BEC is calculated by the EPC contractor, there is a possibility for it to
suffer from estimator bias, resulting in underestimated project costs or project time
frames;
2. Any errors made in estimating the cost of the BEC are compounded when that value
is used to estimate later cost categories which are a percentage of the BEC;
3. Unless the scope of work in the BEC is specified in detail, there may be significant
exclusions which are not allowed for in the project owner’s total project cost estimate;
and
4. Different EPC contractors utilise different estimation methodologies. This can lead to
cases where different firms will produce varying estimates for what they believe is the
same project scope.
While the White Paper attempts to harmonise the elements utilised in producing a cost
estimate, it is not feasible to produce a fixed methodology for estimating the BEC of a project.
It would require a substantial effort to produce a system viable for adoption by EPC
contractors when they already utilise well tested systems. It would also be counter to the
level of flexibility the White Paper was attempting to provide.
To address this problem, contractors use a classification system developed by AACE which
is relevant for EPC projects within the process and construction industries. Table 3
summarises the cost estimate classification system recommended by AACE. The system
contains 5 classes of cost estimate. Each class contains an increasing level of study detail
and definitions are provided with regards to:


The level of engineering knowledge required for the estimate class;



The effort required to prepare that level of estimate in man hours;



Relative estimate accuracy applicable to the class of estimate;



Generic estimation techniques utilised to produce the estimate;
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What each class of estimate can provide in terms of project use;



Alternative terminology utilised for equivalent estimates.

The classification system allows EPC contractors to provide their audience with information
about the estimate by quoting an equivalent AACE class, without going into excessive detail
or outlining company methodology. While this level of detail in defining estimate
methodologies isn’t ideal, it is a stepping stone towards improving transparency in producing
cost estimates for CCS projects
A similar classification system has been published by EPRI [6] and shares numerous
similarities with the AACE system. The one notable exception is that AACE classes 5 to 1
increase in the level of study detail, whereas EPRI classes decrease the level of study detail.
For this report, we have chosen to define the AACE system because it was the only one
quoted by estimate producers within the case studies section. A common failing is the
tendency for contractors or project owners to quote a certain class of estimate without having
completed the required level of engineering studies to support that estimate class.
3.1.3

Contingency

Project Contingency is an allowance made in all projects to reflect the expected increase in a
completed project outcome cost from the estimated cost of the project. All project cost
estimates should have a level of contingency allowed which will be dependent on technology,
location, experience of proponents and contractors and the confidence in the estimate as
reflected by the level and quality of completed engineering and costing studies. Process
contingency represents the final key point of contention in producing accurate and
transparent CCS cost estimates. Process contingency represents the level of extra funding
that is provided due to the maturity, or lack thereof, of a process and any development
problems that are subsequently associated with it. CCS integrated with power generation is
an extremely immature technology with no industrial scale reference projects. For this reason
such projects might be expected to attract a very significant level of process contingency. At
the other end of the spectrum, a pulverised coal fired power plant, of which there are many
reference projects, would attract minimal if any process contingency.
Levels for process contingency that are suggested by the White Paper and DOE/NETL are
based on those suggested by AACE and presented in Table 4. According to this standard,
CCS technologies would attract a contingency in the range of the highest three categories in
Table 4. Whether this value is acceptable, or is in need of revision is a matter for discussion.
The fact is that 20 to 40% represents a major impost on project cost estimates but could be a
cause for significant cost blowouts if inadequate.
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Table 3: AACE project estimate definitions as defined in Recommended Practice 18R-97 [3]

Class

Known details

Class
5

Produced using limited
information, time and effort to
produce high level estimates.

Class
4

Plant capacity, indicated
layout, main unit PFDs and
preliminary process and utility
equipment lists are known.

20-300

Class
3

PFDs, preliminary P&IDs, plot
plans, developed layout
drawings and complete
process and utility equipment
lists.
As above plus heat and
material balances, final plot
plan and layout drawings,
electrical equipment and
motor schedules, vendor
quotes etc.
Generally only for discrete
sections of the plant. Used for
subcontractor bids or owner
cost checking.

150-1500

Class
2

Class
1

Effort to
Prepare
(hours)
1-200

300-3000

600-6000

Project
Definition &
Accuracy
Definition: 02%
Accuracy:
-20/-50% to
+30/+100%
Definition: 115%
Accuracy:
-15/-30% to
+20/+50%
Definition: 1040%
Accuracy:
-10/-20% to
+10/+30%
Definition: 3070%
Accuracy:
-5/-15% to
+5/+20%

Estimating Methods
Used

End Usage

Alternative
Expressions

Stochastic methods: Cost/
capacity curves, Lang,
Hand, Chilton factors, other
parametric techniques.

Market studies, assessment of
viability, project screening, long
range capital planning, project
location studies.

Ratio, ballpark, idea
study, guesstimate,
rule of thumb,
prospect estimate.

Stochastic methods:
Equipment factors, Lang,
Hand, Chilton factors, other
parametric techniques,
gross unit costs/ ratios.
Deterministic methods:
Unit cost line items
(assembly level, not
individual)

Strategic planning, business
development, confirmation of
technical or economic
feasibility, budget or next stage
approval.
Support full funding requests,
control estimates, initial
budget. Can form last estimate
in owner organisations

Feasibility, screening,
top-down, pre-design,
pre-study, factored,
authorisation.

Prepared in great detail.
Tens of thousands of unit
cost line items, with forced
detail used in undefined
project areas.

Detailed control baseline for
monitoring for variations to
budget.

Detailed control,
forced detail, bid,
tender, master
control, execution
phase

Definition: 50100%
Accuracy:
-3/-10% to
+3/+15%

Highest degree of detail.
All items in the estimate
are unit cost line items
based on actual design
quantities.

Used to evaluate bid checking,
support vendor/contractor
negotiations or to resolve
claims and disputes.

Full detail, firm price,
bottoms-up, definitive
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Table 4: Process contingency allowances as defined in AACE Recommended Practice 16R-90 [2]

State of Technology

Process Contingency Allowances as Percentages of

Development

Total Process Capital Cost

New concept with limited
data
Concept with bench scale
data
Small pilot plant data
Full-size modules have been
operated
Process is used
commercially

40+%
30% to 70%
20% to 35%
5% to 20%
0% to 10%

4 Lessons from Past Case Studies into Early Mover Projects in the
Process and Energy Industries
It is tempting to stipulate that EM integrated CCS projects are

operating in

uncharacteristically difficult economic, political and societal environments; or that the failure
of the majority of these initial projects is clear evidence of the current techno-economic
inadequacies of the various technologies. Many have gone so far as to suggest that the
continued deployment delays are justification for shifting focus from CCS to other GHG
mitigation strategies [14-18]. However, FOAK technologies and EM process plants have
always posed the greatest risk of cost underestimation, project delays and performance
shortfalls [19]. This section seeks to analyse past experiences with the introduction of new
technologies in the energy and process industries and establish the relevant background
against which the current issues surrounding the techno-economic feasibility of CCS can be
discussed. In particular, the following studies have been analysed:


the Rand Corporation’s studies into pioneer process plants in the 1970’s and early
1980’s;



methods of estimating project contingency and industry attitudes towards it; and



the pitfalls of mega-projects, including an examination of two energy sector case
studies:
o

the nuclear power industry in the USA; and

o

the liquefied natural gas (LNG) industry.

Initial evidence indicates that CCS projects are certainly not unique in experiencing
significant and unanticipated cost estimate growth.
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4.1 Understanding cost growth in pioneer process plants (Rand
Corporation)
The Rand Corporation’s studies into pioneer (ie FOAK and EM) process and energy plants
clearly demonstrated that cost underestimation and performance shortfalls were endemic in
North America during the 1970’s [19]. The overarching aim of the study was to gain a better
understanding of the reasons behind the substantial growth in cost estimates and
performance difficulties of FOAK process plants and then identify strategies that industries
and government bodies could use to reduce cost and performance risks for the deployment
of a new commercial synthetic fuels industry [20]. In particular, they wanted an empirical and
quantitative analysis of all the factors responsible for cost underestimations, rather than
relying on anecdotal evidence and the traditional scapegoats of increasing inflation, everchanging regulatory requirements and other externalities associated with ‘bad luck’ such as
inclement weather and labour strikes. The remainder of this section is a summary of the
findings of the report entitled ‘Understanding Cost Growth and Performance Shortfalls in
Pioneer Process Plants’ [20].
To perform such a detailed and extensive analysis the authors gathered data from more than
44 plants, characterised by over 400 separate variables, across 34 different companies.
They deliberately included the full spectrum of the process industry with a wide variation in
corporate attitudes (innovators and followers) and company sizes (small contractors to
industry mainstays). The process plants themselves also varied significantly in the amount of
new technology employed, the process complexity and the site locations which were spread
across the USA and Canada. Most began construction after 1975 and had a combined
capital investment of $US 7.5 billion (1980 dollars). Companies were free to select which
plants they would provide information about, but were given selection criteria to help guide
their choices, key amongst these were that retro-fits were to be excluded and projects were
not to be chosen solely for cost blowout reasons. Initially data was received for 58 plants, but
incomplete datasets precluded 14 plants, reducing the total number to 44. The data
gathering stage was primarily undertaken by the companies, at their own expense, with each
plant typically taking 6 months and $10,000 (1980 dollars) to amass the necessary
information. The authors grouped the 400 variables into 4 main categories:


cost growth and performance,



physical characteristics of the plant,



measures of technological change, and



measures of project development.
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Cost estimates for each project phase were evaluated by means of a cost estimate ratio,
where the estimated cost at a particular estimate class was divided by the final actual cost. A
summary of the results can be found in Figure 2 where the solid lines represent the
conventional expectations of the cost estimate ratio whilst the data points refer to the pioneer
process plant sample.

Figure 2: Experience of the pioneer process plants sample with estimation accuracy [20]

Perhaps the most crucial step in the deeper level analysis was the identification and
normalisation of external factors such as unanticipated inflation and regulatory changes as
well as other unforeseeable events such as bad weather and labour shortages. Discretionary
changes in plant design capacity or product outputs would also necessarily unduly influence
cost estimates as the project progressed from one phase to the next. These ‘scope changes’
were also identified by the authors and their effects on cost growth removed by adjusting the
estimate to reflect the final scope. The contribution of these externalities towards cost growth
is summarised in Figure 3.
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Figure 3: Importance of cost growth vs external factors in underestimation of costs [20]

The authors comprehensively concluded that whilst external factors influenced excessive
cost growth in pioneer process plants, they were not the major causes. Further analysis,
using a statistical regression on a series of variables, produced an empirical formula whereby
83% of the cost estimate deviation (from estimated to actual) could be predicted by a
combination of only 5 variables, 4 of which are directly relevant to FOAK and EM projects
with integrated CCS including:
1. the percentage of capital cost in new technology compared with the capital cost of the
entire plant,
2. the complexity of the plant, otherwise defined as the number of continuously linked
process units,
3. the degree of project definition, and
4. the degree of process definition.
Whilst it is highly unlikely that the empirical formula (or even the exact combination of
variables) still holds true for pioneer process and energy plants constructed in the decades
hence; the major contribution of the authors was the qualitative identification that the primary
factors influencing cost growth in FOAK and EM over plants are:


the extent to which the new technology varies from previous experience;



the degree of definition of the project and project’s site, and



the complexity of the plant.

The implications of these findings are wide reaching and relevant to the CCS industry as it
moves forward with EM integrated power plant + CCS projects. They are summarised in as
follows:
(i)

Proponents should, where possible, minimise the amount of ‘new’ technology
included in the final project definition.
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- The more ‘new’ technology that is incorporated into the final scope, the larger the
expected growth in the cost estimate and the more likely the plant performance will
suffer in the 6 months following start-up.
- This strategy is ONLY useful if the proponents stage the adoption of new
technology appropriately by incorporating learnings from the pioneer plant/s.
(ii)

Proponents should develop and adhere to common methods for defining the project
scope.
- The companies that had established criteria for what constituted an acceptable
level of definition at a given project phase, produced better cost estimates in the
long run
- Companies that attempted to save money on initial planning and project definition
invariably encountered the greatest cost estimate growth and longest project
delays

(iii)

The industry should invest in analysing this phenomenon and publicising the study
outcomes.
- The authors of the RAND study noted that the companies involved in the study
typically did not invest in ‘remembering’ the lessons learned and even if they tried,
they typically did not keep the kind of data that would allow such an analysis
- Those companies that had attempted such an analysis often identified only the
immediate, specific causes and so were prone to repeating the ‘big picture’
mistakes.

(iv)

Proponents, and the wider community, should be wary of apportioning the major
blame for cost estimate growth to externalities.
- Externalities such as unanticipated inflation and regulatory changes as well as
unforeseeable events like inclement weather and labour shortages contributed
only around 25% to the total cost estimate growth.

4.2 Process industry contingency estimation
New process and energy plants are characterised as large complex projects with
uncertainties in project definition and risks in project delivery. One of the ways industry
allows for these uncertainties, especially during the initial concept, scoping and prefeasibility
phases of a project is by the inclusion of contingency funds to allow for possible, but
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unforeseen problems encountered during execution. This is particularly true for FOAK and
EM projects where the project definition is typically less and the risk of cost estimate growth
is typically more than for conventional process plants [19]. The amount of contingency
included in a cost estimate can have large and unintended impacts on project outcomes. For
example, if contingency funds are too high it may encourage poor cost management
practices, tying up valuable capital that could be otherwise used in more profitable
enterprises. If contingency funds are too low, it may set an unrealistic financial environment
for the project [21]. Project cost contingency appears as a basic element of project cost
management in most textbooks [2-5]. However, there is a limited amount of scholarly
literature discussing how contingency funds are best incorporated into a cost estimate at
each project phase and an even more limited within industry itself as to how contingency
funds should be estimated and the role they play in risk mitigation [22-24]. Notably, both the
scholarly literature and industry surveys focus on conventional processes and very little
information on contingency estimation for FOAK or EM projects is available.
A continuation of the original Rand Pioneer Process Plant Study [19, 20] found that
contingency estimating procedures used by the process industry in the 1980’s almost always
underestimated the contingency necessary and failed to prevent cost overruns [22]. They
also found that firms rarely adopted consistent contingency estimation procedures, more
routinely relying on individual estimators to make a judgement call. Furthermore, even those
firms that had standard procedures (for example a flat 10% contingency) did not routinely
follow them. Figure 4 shows the difference between the cost overrun (difference between
estimate and actual cost) and the allowed contingency (both expressed as a percentage
estimated cost) within the cost estimate as a function of the estimate type for the Pioneer
Process Plant Study database. Clearly the contingency allowed within the cost estimate by
the firms that participated in the Rand Study was woefully inadequate to account for cost
estimate growth. This was particularly true for type 1 or initial estimates where the project
description was least certain.
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Figure 4: Percentage of cost overruns (top line) and allowed contingencies (bottom line) [22].

Disturbingly, more recent studies into how firms apply contingencies in cost estimates has
demonstrated that attitudes range from applying no contingency at all to a deterministic
percentage to a formal probabilistic risk analysis [23, 25]. The most common method
reported by industry practitioners who have a formal contingency estimating procedure is by
applying a pre-determined percentage to the cost estimate sub-totals [23, 24]. This approach
often belies an attitude that cost estimates are deterministic (ie a cost estimate value) as
opposed to probabilistic (ie a cost estimate range) and is actively discouraged in the
literature [26-28]. The scholarly literature has often focused on conducting regression
analyses on historical data to determine the contribution certain variables play in the
accuracy of cost estimates [29, 30]. This can lead to powerfully predictive tools [31], although
the final models are characteristic of the industry being analysed and are not transferrable.
A significant, but seldom discussed factor in the selection of a contingency estimation
method is the effort invested in preparing the estimate and the level of project definition
required. The effort to prepare a cost estimate is often proportional to its accuracy and
inversely proportional to the degree of project definition [32, 33] and yet, paradoxically, the
accuracy of early cost estimates at predicting the range of final costs is vitally important for
large capital projects. Inaccurate estimates in the scoping or pre-feasibility stage can result in
unfavourable business outcomes, inappropriate resource commitment and wasted project
development effort [34]. Further, the project team is frequently judged on how well they
controlled costs with respect to the initial estimate, regardless of the validity of this
comparison [35]. This is particularly true in cases where projects are aggressively

Final Report

2014-06-19

P a g e | 17

championed by project proponents [13]. In reality, cost estimates in the scoping or prefeasibility stages, inherently lack definition and conducting a formal stochastic risk analysis to
determine contingency would be seem to be overkill, particularly as it may inspire a degree of
unjustified confidence. Merrow argues against ‘spurious sophistication’ in cost estimation
methodologies at this stage of project definition precisely for this reason [20, 36]. A predetermined percentage may therefore seem to be a more cost effective solution for
establishing contingencies in the initial cost estimates, particularly for EM projects like
integrated power and CCS plants. However, the dearth of literature dealing with contingency
estimation in demonstration or EM stage projects suggests that more research needs to be
conducted to establish appropriate values. Indeed, closing this research gap is one of the
primary goals of this report.

4.3 Mega-Projects
Mega-projects are typically defined as infrastructure projects costing more than $1 billion
USD (2003 dollars) that attract significant public attention due to their substantial impacts on
communities, the environment and economies [37]. They may be funded by the private
sector, the public sector or through private/public partnerships. Mega-projects rose to
prominence during the 1950’s, fed by a desire to exploit economies of scale and have
remained a prominent part of the economic landscape in the decades hence. However,
various studies examining multiple decades have demonstrated that mega-projects are
continually plagued by cost overruns, schedule delays and reduced performance regardless
of the funding source [13, 38]. A discussion of the prevalence of these issues and the
underlying reasons behind them is of particular interest for this literature review as most
early-mover, commercial scale, integrated power generation + CCS projects can either be
directly classified as mega-projects or bear remarkable similarities to them.
Following on from their work into pioneer process plants, the Rand Corporation were again
amongst the first to examine the outcomes of the first waves of mega-projects built around
the world (excluding the communist bloc) [38]. They examined 52 mega-projects
(predominately from the resource and energy sectors) and found that all but 4 experienced
substantial cost overruns. The average growth in cost estimates from the beginning of
detailed engineering design until project completion was 88%, whilst the average schedule
slippage was around 17% with a total of 15 of 52 projects completed on time. In addition,
only one third of the projects examined were achieving their original profit forecasts. The
authors identified conflicts between the project proponents and host governments as the
principal culprit for cost estimate growth and performance shortfalls. Furthermore, the
inclusion of any amount of technological innovation in a mega-project served to increase cost

Final Report

2014-06-19

P a g e | 18

growth and dramatically affected the likelihood of performance shortfalls and operational
problems.
Similar studies in the intervening decades have continued to show that mega-projects are by
and large delivered late, over budget and under-performing [39-41]. As a result there is a
myriad of literature surrounding these issues, much of which deals with the overriding need
to clarify the numerous uncertainties inherent in large or complex projects [2, 3] which are
seen by most as the principal causes of project failure [42, 43]. One of the schools of thought
most relevant to early-mover projects is captured in the work of Bent Flyvbjerg who
conjectures that the underlying reasons for forecasting errors in mega-projects can be
classified either as honest delusions, deliberate deceptions or plain bad luck [13]. Figure 5
examines the relative likelihood of delusion and deception in mega-projects.

Figure 5: Deception vs delusion in mega-projects [13]

In the first instance delusion is characterised by:


‘the planning fallacy’ or the tendency to underestimate the time taken to complete a
task [44], and



‘anchoring and adjustment’ or the tendency to allow the first number considered to act
as an anchor around which estimates are developed, regardless of whether it is
explicitly known that the anchor is demonstrably wrong [35].

Both of these cognitive delusions serve to produce overly optimistic cost estimates and
project returns. Furthermore, there is little opportunity for ‘learning by doing’ as these projects
are often a ‘once in a career’ event and so it is difficult for individuals to learn from their
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mistakes and even rarer for them to actively learn from similar projects. In the second
instance deception is characterised by:


‘principal-agent problems’ which describes a situation where a principal actor hires
an agent to act on their behalf, however problems arise from the conflicting
preferences and incentives for the various actors in the system [44]. Mega-projects
are characterised by multiple and complex principal-agent contracts, most of which
are resolved by the lowest bid. This incentivises actors (politicians, project
champions, EPC firms and sub-contractors) to underestimate costs, only promote
benefits, and deliberately leave risks unacknowledged in order to ensure the project,
or at least their part in it, proceeds over their competition [13].



‘asymmetric information’ whereby the project champion has access to information
that the principal decision maker does not which therefore means the decision maker
is more easily deceived. This is particularly relevant for new technologies or publicly
funded mega-projects where the principal decision maker (eg a government or other
funding agency) is unfamiliar with the real risks to project success.



‘asymmetric accountability’ whereby the agent or agents responsible for cost
overruns or schedule delays may not be the one held accountable. This may result in
agents taking more risk than they otherwise would. Again this is most true of publicly
funded projects where government agencies are frequently held accountable by the
taxpayers for schedule delays and cost blowouts that may have been the direct
result of deception by the EPC contractors.

The authors ultimately concluded that delusion and deception can be managed by correctly
aligning incentives for the relevant players and by taking an ‘external view’ of the project
whereby project specifics are ignored in favour of using a broader reference class of similar
historical projects to provide forecasting information [45]. These findings are especially
relevant to large, complex projects such as EM demonstration power + CCS projects.
Sections 4.3.1 and 4.3.2 examine two industries within the energy sector where megaprojects are relatively commonplace, namely nuclear power and Liquefied Natural Gas (LNG),
to examine the performance and cost outcomes of projects in those industries and to provide
insights and guidance to assist the future deployment of CCS.
Finally, it has been argued that underestimating project costs may be beneficial for two
reasons. Firstly, it serves as an incentive to cut costs in order to adhere to the original but
unrealistic estimate. In the words of one advocate ‘keeping costs low is more important than
estimating costs correctly’ [46]. Secondly, the perceived benefits of the project are so great
that they justify the deceptive means used to ensure the project proceeds. Both arguments
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are particularly compelling for promoting CCS (and other low carbon) projects in the face of
the overwhelming challenge of climate change. However this overlooks the fact that money
spent on the development and construction of uneconomical mega-projects may have been
better spent elsewhere. Hence, proponents must recognise that CCS is only one component
of the swathe of technologies and other measures required to satisfactorily mitigate the risks
posed by climate change.
4.3.1

The Nuclear Power Industry in the USA

The nuclear power industry is similar to the developing CCS industry in that it is
characterised by huge capital intensive projects, a complex value chain and initial technology
choices that had not been commercially evaluated at the required scale [47]. Furthermore,
nuclear power like CCS has an inherent, long-term environmental liability in the form of
nuclear waste whose technical, economic and social issues parallel the storage component
of CCS [48]. In both cases:


The waste (CO2 for CCS and spent fuel rods for nuclear) must be stored for
geologically long time frames to become ‘inactive’;



Unscheduled release of the waste may impact the direct (or wider) environment
surrounding the storage site; and



The risks associated with storage can be adequately mitigated through appropriate
engineering.

The domestic use of nuclear power in the USA grew out of the reactor development
programs of the United States Navy. In the years following the Second World War, the
Atomic Energy Commission and later the Power Reactor Demonstration Program were set
up by the US government to oversee the rapid deployment of nuclear reactor technology for
civilian power utilities [49]. The pace of deployment was so fierce that orders for commercial
sized reactors were placed (on both conventional and turn-key contracts) by private utilities
companies before the demonstration scale reactors funded by public R&D money, were even
constructed, let alone commissioned [50]. It is perhaps not particularly surprising therefore to
find that contrary to the theories of ‘learning by doing’ [51] and ‘economies of scale’, cost
estimates during this time grew dramatically despite the ever increasing installed capacity
[52]. Figure 6 displays the estimated capital cost of nuclear power stations at various stages
of project completion in the decade between 1967 and 1977.
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Figure 6: Average estimated capital costs of nuclear plants in the USA at different stages of project
completion [48].

The rise and fall of nuclear power in the USA has been debated in the public and scholarly
galleries for several decades now [48-50, 52], yet there are several clear reasons behind the
cost escalation, all of which are relevant to EM integrated power + CCS projects.
(i) The US government enacted a number of external risk allocation measures to incentivise
investment and limit environmental risks to early movers.
-

Billions of dollars of public money was invested into R&D to assuage investor
concerns concerning safe and efficient reactor operation.

-

The US government almost unilaterally absorbed the environmental and safety risks
of the nuclear power industry. Liabilities to firms in the event of an accident were
limited to $60 million, a fraction of the capital cost of a commercial nuclear power
plant, by the Price-Anderson Act of 1957 [53]. Furthermore, the plutonium buyback
scheme transferred all the risks associated with waste disposal to the government
[49].

(ii) The fierce growth of the industry overwhelmed Engineering, Procurement and
Construction (EPC) contractors and prevented standardisation that would have led to
economies of scale and efficient transfer of scale-up lessons [49, 54].
-

The first reactor was supplied at a considerable subsidy as a market penetration
strategy of General Electric [49]. Subsequent entries into the market also employed
aggressive pricing strategies such that when considered alongside optimistic returns
and minimal environmental liabilities created mammoth demand.

-

This was supposed to create economies of scale that would bring down installed
unit costs. However, EPC contractors were constantly changing designs to
accommodate client desires for larger capacities and this prevented any
standardisation or modularisation across the industry. It is entirely feasible therefore
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that EPC contractors were designing and constructing multiple new designs
simultaneously without any of the benefits of past experience and more importantly
no opportunities to incorporate current learnings into future projects.
-

In addition, the 1970’s were characterised by high inflationary pressures in the
engineering and construction industries [20] which led to further cost estimate
growth.

(iii) Lastly, as the industry grew, public consciousness focused more and more on the safety
and environmental concerns surrounding nuclear power [55]. This forced regulatory
bodies to impose stricter controls, precipitating costly last minute design changes and
construction delays [54].
The conclusions that can be drawn from the nuclear power case study are applicable both to
individual EM integrated CCS projects and governments around the world.
Firstly, the financial and environmental liabilities associated with long-term storage of CO2
are significant (although perhaps less severe than nuclear waste) and may require policy
intervention to satisfy the concerns of private investors. Safeguards will need to be taken to
ensure that the irrationally rapid deployment seen with nuclear power is not replicated in the
CCS industry if governments were to unilaterally underwrite these risks. Secondly, constantly
changing safety and environmental regulations make a mockery of initial cost estimates and
greatly hinders the forward planning capabilities of proponents. The concept of a social
license to operate has become a significant issue for all projects in many jurisdictions. If this
is coupled with an inherent public distrust of CCS technologies, then it is appropriate that
policy makers and regulatory bodies should progress very carefully. Lastly, if substantial
amounts of public money are invested in RD&D to assist the rapid commercialisation of a
new technology then it is imperative that deployment does not proceed at such a pace as to
hinder the diffusion of lessons learnt from past experiences. Interestingly, Zimmerman’s
analysis of learning effects in the nuclear power industry holds a contrary view. Rather he
reported that if additional government subsidies had been applied to the deployment phase
instead of just R&D, then the speed of learning would have reduced the rate of technology
diffusion but would have had little impact on cost growth [50].
4.3.2

The Liquefied Natural Gas Industry

The liquefied natural gas (LNG) industry, like nuclear power, is another industry dominated
by large infrastructure projects which bear many similarities to integrated power + CCS
projects. These similarities include very large capital investments, resource production and
quality uncertainty, complex value chains and some technological uncertainty associated
with the process (at least initially) [48]. The LNG value chain is complex and includes
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production, gas separation and liquefaction, transport, regasification and piped supply to
consumers. Liquefaction facilities represent the largest cost component of this value chain
(up to 50%) [56] and are the focus of this section.
The first LNG plant for trade was commissioned in 1964 in Arzew, Algeria and brought with it
the possibility of global gas distribution networks unattainable through conventional pipeline
technologies. Countries, devoid of natural gas reserves and geographically isolated, could
now visualise a future where natural gas formed a large part of their primary energy mix. The
most notable of these was Japan, who in the 1960’s and 1970’s embarked on diversifying
their energy imports to reduce their dependence on oil and coal. The concurrent discovery of
large gas reserves in Indonesia and Malaysia ensured that LNG featured heavily in their
national policy of greater energy security [57]. There are two particular periods during the
history of LNG which are of relevance to this literature review and potentially to FOAK and
EM CCS projects:
1. the atypical start of the LNG industry from the 1960’s through the mid 1990’s where
the installed unit cost of LNG plants continued to rise, despite continued deployment,
and
2. the recent spate of increased cost estimates reported during the construction and
commissioning phases (as compared to estimates reported at Final Investment
Decision) by Australian LNG projects in the past 5 years.
In contrast to the theory of ‘learning by doing’ [51], the first 35 years of the LNG industry were
characterised by rising installed unit costs (see Figure 7(inset)), particularly for liquefaction
facilities.
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Figure 7: LNG Imports (Mtpa) by country (source: [58]) (Inset) Historical unit cost of LNG plants (source:
[48])

The lack of cost reduction during the development and deployment phase has been
attributed to:
1. A lopsided market mechanism with a dominant buyer, namely Japan (see Figure 7), who
was primarily concerned with energy security as opposed to driving down the price of
LNG. Specifically:
-

Japanese companies invested heavily, or underwrote, many of the LNG
developments during the 1970’s, essentially absorbing the risk of development for
the industry. As utilities were permitted to pass on costs to domestic consumers,
LNG prices were not the primary concern [59].

-

The focus on security of supply lead to the ‘gold-plating’ of many LNG facilities
during these decades [48].

2. A lack of competition in process technology options, specifically:
-

The first 5 liquefaction plants were constructed using 4 different process
technologies; however competition was quickly removed from the market and only
one technology was used in ensuing 2 decades. Indeed it was only in the 1990’s
that competition returned to this section of the market and with came a reduction
in installed unit costs [56].
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3. A lack of competition amongst EPC contractors. With only 4 firms involved, often as joint
ventures [48], there was ample opportunity for uncompetitive margins and potentially a
lack of incentive for innovation.
4. A small number of LNG plants (~20) built globally during this time. Despite the use of a
single technology amongst a limited number of EPC firms, the geographical and temporal
spacing of new LNG facilities may have hampered the ‘learning by doing’ process during
this time.
In contrast to the development phase of the LNG industry, the last 2 decades have seen
substantial growth which has, until recently, brought about a reduction in the installed cost of
LNG facilities. The rising demand for gas has been driven by the fact it is an attractive fuel for
new power plants due to its lower carbon intensity, lower capital costs, and higher thermal
efficiencies compared to other fossil fuels. In addition gas-fired power plants offer faster build
times and greater operational flexibility than coal or nuclear plants [60]. Locally, Australia has
sought to profit from this ‘golden age of gas’ by drawing on its significant conventional and
unconventional reserves. Currently there are 3 operating LNG facilities (Darwin LNG, Pluto
LNG and North West Shelf Australia LNG) with a further 8 facilities under construction
following positive Final Investment Decisions (FID). However, the last few years have seen a
spate of cost overruns across all LNG developments. Table 5 presents the status of cost
estimates from FID to current day for 9 of the 11 projects.
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Table 5: Growth in Cost Estimates reported for Australian LNG developments

Project

Pluto LNG

Cost Estimate at

Current Estimate

FID

(% growth)

$12 billion AUD [61]

$14.9 billion AUD
(24%) [62]

Reasons for Growth

Weather delays,
increased
contingency, lower
productivity, error in
design of component
[61-64]

Gorgon LNG

$37 billion USD [65]

$54 billion USD
(46%) [66]

Labour costs,
currency impacts,
productivity, weather
[67]

Gladstone LNG

$16 billion USD [68]

$18.5 billion USD
(16%) [69, 70]

Brought forward
upstream
development [69]

Queensland Curtis

$15 billion USD [71]

LNG

$20.4 billion USD
(36%) [72, 73]

Local market effects,
regulatory
compliance, scope
change, currency
impacts [74]

Australia Pacific

$20 billion AUD [75]

LNG

$24.7 billion AUD
(24%) [76, 77]

Local market
increases, regulatory
compliance, scope
change, currency
impacts [76, 78]

PNG-LNG

$15 billion USD [79]

$19 billion USD
(27%) [80, 81]

Prelude FLNG

$10.8 – $12.6 billion

Currency impacts
[80, 82]

N/A

USD [83]
Wheatstone LNG

$29 billion USD [84]

N/A

Ichthys LNG

$34 billion USD [85]

N/A

A review of Table 5 indicates a degree of consistency in the reasons for the reported cost
escalation. Of the 5 projects that have experienced cost growth 4 have reported labour
market impacts and low productivity amongst the chief causes for cost estimate growth.
Furthermore, the problems are not limited to liquefaction facilities. Apache Energy compared
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the development costs for 2 of its offshore gas fields and found that, despite being of similar
size and design, the capital costs for the Reindeer field (first gas in 2011) was 2.5 times
higher than for the John Brookes field (first gas 2005) [86]. This is consistent with a recent
study that found that Australian resource projects are 40% more expensive to develop than
projects on the US Gulf Coast [87]. It is also significant to report that several proposed LNG
developments in Australia are expected to cancel or delay FID and / or are looking at
alternative development options. Woodside’s decision to explore Shell’s floating LNG
technology to commercialise its Browse reserves instead of the original onshore liquefaction
facility at James Price Point is a recent example of companies looking to reduce Australian
productivity and labour market impacts [88].
Analysis of cost growth in the LNG industry allows us to draw several important and relevant
conclusions for the developing CCS industry. The most important conclusion is that, as with
the nuclear power industry, cost reductions do not necessarily eventuate as predicted by
technology learning curves. Secondly, undertaking complex and capital intensive engineering
projects, even in mature industries like LNG, is more costly in Australia than practically
anywhere else in the world at this moment. Thus, the development of new integrated CCS
facilities in Australia is likely to be more expensive and be subject to greater uncertainty than
in other jurisdictions. Lastly, the social and political emphasis on engineering robust systems
may drive the limited number of EPC firms involved in gas processing to overdesign capture
and storage facilities, pushing up costs.

4.4 Summary of findings
In summary, it is clear that EM integrated power generation + CCS projects are not unique in
experiencing cost estimate growth. The literature clearly demonstrates that such trends,
while undesirable, are typical for pioneer plants and mega-projects. However, to avoid
excessive cost estimate growth proponents should:
1. Minimise the amount of ‘new’ technology included in the final project definition where
possible;
2. Develop and adhere to common methods for defining the project scope and
appropriate contingency funds;
3. Invest in analysing cost estimate growth within the industry and publicising study
outcomes;
4. Be wary of apportioning the major blame for cost estimate growth to externalities;
5. Engage an independent ‘external view’ of CCS projects and utilise reference class
forecasting methods to avoid delusion and deception problems;
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6. Engage with the regulators in forming appropriate safety and environmental
regulations;
7. Engage with the regulators in establishing appropriate methods for mitigating the long
term environmental liabilities associated with CCS (especially storage);
8. Be aware that cost reductions do not necessarily eventuate as predicted by
technology learning curves; and
9. Be aware that undertaking complex and capital intensive engineering projects is
currently more expensive in Australia than practically anywhere else in the world.

5 Early Mover Integrated Power + CCS Case Studies
5.1 Selecting Case Study Projects
The decision was made to create a database of all current and recently discontinued CCS
projects globally from which an organised and efficient search for case studies could be
made. Two primary databases were used in the creation of this report’s database. The first
was developed by the Global Carbon Capture and Storage Institute (GCCSI) [89] and the
second by the Massachusetts Institute of Technology’s (MIT) CCS Technologies Department
[90]. The GCCSI was established by the Australian Commonwealth Government to, among
other functions, facilitate CCS knowledge sharing. As such GCCSI has collected and
presented up to date data on many current CCS projects. However, it only retains currently
active projects on its database, which is updated quarterly. For this reason the MIT database
was required as it contained recently cancelled projects that had advanced significantly
through the project lifecycle.
Over 70 CCS projects were identified from both databases covering both electricity
generation and various chemical processes. For the purposes of the case study review the
projects were restricted to electricity generation only, and all other CCS case studies were
excluded. Additionally, the GCCSI recognises only Large-Scale Integrated CCS Projects
(LSIPs). These are projects that capture a minimum of 800 000 tonnes of CO 2 annually1.
This is a useful definition as it helps to rule out pilot plants and was adopted the current study.
Using these criteria forty-nine projects that integrated power generation + CCS projects were
identified. These projects ranged from recently cancelled to currently active and covered all
lifecycle stages from Identify to Execute. Note that there are currently no large-scale

1

Value for coal based power production facilities. Value is halved for other facilities and natural gas

power.
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operating CCS projects in the world which are integrated with power generation. Figure 8
illustrates the distribution of projects globally according to their method of CO 2 capture and
the life cycle stage they are/were in.
Numbers of Integrated Power Generation + CCS Projects at various
development stategs world wide
25
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Figure 8: Global distribution of power generation projects integrated with CCS.

It was next necessary to identify a list of projects from the forty-nine that were suitable to be
used as case studies for this report. To be useful for the purposes of this report the projects
needed to have published information including data relating to project scoping or cost
methodology. It was preferred that the data came from a project study documents (scoping,
pre-feasibility, feasibility or FEED) as these would be official, first hand project documents.
Only twelve of the projects had publically available information of this type. On further
inspection the authors deemed that only seven (fourteen percent of the total projects) of
them contained information of a standard useful for the case study. Possible reasons for this
include:


The projects were too early in the development lifecycle – most likely conceptual – to
have any published information;



Publishers,

while

attempting

to

facilitate

knowledge

sharing,

had

limited

understanding of what information is useful to do so;


Project reports contained information of a proprietary nature that could not be
published, in turn leading to;



A lack of incentive to make available redacted versions of reports for the purpose of
knowledge sharing.

Data for the majority of the case studies selected was found through the GCCSI. The GCCSI
engages with CCS projects globally in an effort to promote knowledge sharing. GCCSI also
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sometimes provides financial grants to major projects to in turn receive data that can be
accessed publically by other CCS proponents. Reports for projects from the United Kingdom
(UK) were acquired from the UK Government’s Department of Energy and Climate Change
(DECC).
In addition the authors were able to study documentation for the Queensland Government
owned ZeroGen project. ZeroGen completed a Scoping Study, Prefeasibility Study and
carbon storage exploration and appraisal program prior to being cancelled due to a lack of
commercial business case.
Eight case studies were selected for inclusion in the report. They include three IGCC and five
post-combustion power generation facilities. Five of these are dormant or recently cancelled
projects and two are still active. There were no oxy-combustion projects that contained the
necessary detail for the study.
The reports for these projects were of varying quality and detail, but did contain the following:


Outlines for what was considered within the project scope;



Cost estimates for the project and what was considered in the estimation;



The methodology for how the estimate was produced, and;



Lessons learned to contribute towards CCS knowledge sharing.

Finally, it was desirable to acquire data that described the development of a project
throughout its lifecycle from the Identify stage, through to Evaluate, Define and Execute. It
would then be possible to identify how projects evolved with regards to scope and cost
estimates as the level of project detail increased. Unfortunately, only one project contained
this level of information, which is detailed in the next section.

5.2 ZeroGen
5.2.1

Background

ZeroGen was a project commissioned in 2006 to demonstrate the viability of commercial
scale IGCC technology integrated with CCS technology. The project was undertaken under
the Queensland Clean Coal Act and funded by a combination of the Queensland and
Australian Governments and the Australian Coal Association Low Emissions Technology Pty
Ltd (ACALET) [91].
The project was cancelled in 2011 due to the lack of a business case, undefined funding
arrangements, problems obtaining appropriate CO2 storage tenements and uncertain
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revenue streams [92]. Whilst the various study documents contain proprietary information, a
comprehensive case study and lessons learned has been published [93].
5.2.2

Technical Details

ZeroGen was planned to be a 400 MW net (500 MW gross) IGCC power plant integrated
with CCS technology. It was to be located near the Ensham Mine Lease in Queensland,
Australia. The proposed plant was designed to initially capture 65% (2 Mtpa) of CO2
emissions during a demonstration phase before increasing to 90% during commercial
operation.
Mitsubishi Heavy Industries (MHI) was selected as the primary IGCC technology provider
and EPC contractor for the project. Royal Dutch Shell (Shell) was selected to assist with the
transport and storage of CO2, while other contractors would provide the remaining balance of
the plant. MHI and Shell were contracted on a fee for service basis to undertake engineering
studies, infrastructure and logistics analysis and cost estimation services.
The pre-combustion capture system comprised a sour shift reaction (Johnson & Mathey),
UOP acid gas removal (Selexol™) and wet sulphuric acid production (Haldor Topsoe) and
each technology provider was contracted, also on a fee for service basis, to provide
technology licences and engineering and cost estimating services.
In all cases the level of engineering definition, work breakdown structure (WBS) and cost
estimation methodology was specified by ZeroGen and subjected to review by independent
engineering contractors.
Several plant sites were examined with the preferred location determined by optimising:
access to fuel from the adjacent Ensham mine, minimised site development cost, a
favourable connection to the electricity grid and an inexpensive supply of process water.
Extensive CO2 storage exploration and appraisal activities were undertaken of the adjacent
Northern Denison Trough, but this site was found to not be technically and economically
feasible for storage [94]. Desktop studies using existing data of the Surat Basin suggested
indicative storage costs around one-eighth of those for the Northern Denison Trough.
However the project was cancelled before further field assessments could be undertaken.
This carbon storage exploration and appraisal program represented one of the most
exhaustive undertaken for the purposes of carbon sequestration globally.
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5.2.3

Project Costing Methodology and Finances

ZeroGen estimated a Total Capital Requirement of $6.99 billion2. The unescalated value in
2010 dollars was $6.34 billion. This value was developed in accordance with the ZeroGen
Estimating Guideline which is consistent with a combination of AACE Class 3 (power and
capture) and Class 4 (storage) standards. The accuracy of this estimate was considered to
be between -12% and +22%, which was derived from a line by line assessment of the
accuracy (based on the level of engineering definition and surety of vendor cost inputs
including contractual terms) within the individual elements used to build the capital cost.
ZeroGen claims to have invested some 200,000 man hours in engineering, logistics and
associated studies to support the cost estimate. The cost breakdown for the estimate is
presented in Figure 9.

2

Australian Dollars including escalation to a planned build schedule commencing in 2013 and

completing in 2016.
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The estimation methodology utilised a mixture of vendor quotations, factored estimates and
‘First Principle’ (materials, labour and facilities) build-up. The project was divided into
sections which included Owner’s costs, the power plant with carbon capture, pipelines,
enabling works and carbon storage. Four key processes were then used to calculate the
costs within each section:


Pre-FEED engineering to identify major equipment and bulk material needs;



Attaining budget quotations from equipment manufacturers based on project
specifications;



Attaining budget quotations from Australian contractors for plant construction and key
infrastructure and logistical requirements, and;



Utilising historical project data to estimate benchmark prices for certain elements of
the project.

In all cases labour cost and productivity was benchmarked in line with Enterprise
Agreements in place for major LNG projects being undertaken in Gladstone, Queensland,
Australia.
Contingency was applied to the project capital costs in three forms:


Quantity growth allowance which was detailed within base line cost estimates for
increase in work scope and bulk items;



Direct contingency allowance to address a range of known risk and probability events,
and;



A supplementary funding reserve to account for unknown events inherent in FOAK
projects, including: design changes, force majeure events, gross estimate errors, and
unforeseen changes to laws or regulations.

The methodology for calculating the contingency involved identifying all potential risk and
opportunity events and then removing those that were inherently procedural, or were
possible to include in base line estimates. A remaining list of 93 significant risks were ranked
based on likelihood and severity, and costed using Monte Carlo techniques and a P50 value
was chosen for the direct contingency allowance. Supplementary funding was then
calculated by subtracting the Forecast Outcome Cost from the Maximum Outcome Cost (P80)
estimate. The values for direct contingency and supplementary funding were approximately
$523 million and $423 million respectively.
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Escalation of the capital cost during construction was calculated over the period of 2012 to
2017. ZeroGen identified a number of key influences that were predicted to significantly
contribute to the value of any escalation. These influences included:


Construction wages and productivity;



Mechanical, electrical and drilling equipment;



Cement, piping and steel materials, and;



The balance of project.

These were assigned a range of escalation values based on escalation indices over the
2006-08 (pre-financial crisis) period and the project schedule was used to determine when
the escalation would be applied. The final value of $649 million was calculated using Monte
Carlo techniques and considered escalation (P50), Enterprise Agreement mandatory labour
cost escalation and residual escalation on project contingency.
Cash operating costs for ZeroGen were presented as an annual operating cost and a net
present value cost over the lifetime of the plant. Operating costs over the lifetime of the plant
were approximately $5,980 million for power generation and CO2 capture, transport and
storage (CTS). The equivalent annual cost is approximately $199 million or $67/ MWh
excluding the cost of capital. The breakdown for these costs are presented in Figure 10 and
are distributed between:


Plant materials, accounting for nearly 50% of the operating costs. This component
includes coal feedstock, plant chemicals and diesel fuel;



Coal supply costs were based on an export parity cost netted back to a “delivered at
site” basis;



Operations labour for the power plant and CO2 capture, transport and storage
separately



Area maintenance costs across the plant and CO2 capture, transport and storage
sections; and



Direct vendor quotations for contract maintenance for critical items like gas turbines.

This estimate of annual operating costs was considered to have an accuracy of -15% to
+35%. This is because operating costs were calculated with industry historical factors and so
may have some inherent error due to the FOAK nature of the project. Operating contingency
was developed for the power plant with an overall allowance of 6.3%. Operating contingency
for the CTS section was based on advice from Royal Dutch Shell who advocated
approximately 10% contingency.
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The project also calculated the levelised cost of electricity (LCOE) required to cover the
above mentioned cash costs, depreciation, debt repayments and provide specified returns to
equity providers. The LCOE was calculated at over $300 per MWh.
5.2.4

Estimate Growth during Project Development

The proponent originally pursued the 400 MW project on the basis of a benchmark project
cost estimate of $2.5 to $3 Billion dollars based on generally quoted industry benchmarks of
$4,000 - $7,000 per kW installed for the IGCC plant with capture [95-98].
A Scoping Study undertaken with MHI and an assessment of a possible number of injection
wells and pipeline costs increased that estimate to $4.2 Billion.
Upon completion of the Prefeasibility capital cost estimate in mid-2010 ZeroGen identified
significant increases in costs as compared to the preceding (2008) Scoping Study estimate,
from $4.2 Billion to $6.9 Billion. This increase was attributed approximately to:


Escalation and exchange rate variations (2008 – 2010)

$366 M;



Design growth (IGCC with capture)

$816 M;



Australian productivity vs US Gulf Coast

$300 M;



Omitted enabling & direct infrastructure

$505 M;



Escalation to 2016 completion date

$700 M.

5.2.5

Other Scope Items

The estimate produced by ZeroGen represents one of the most detailed analyses into the
development of IGCC technology integrated with CCS technology. A significant level of detail
not normally undertaken with projects at the prefeasibility stage was pursued in the
development of the estimate. In addition to capital and operations costs other analyses have
been undertaken into:


Business and financial models, including a review of the electricity market;



Laws and legislation;



Corporate ownership and stakeholder interactions, and;



Miscellaneous aspects integral to project development including environmental
studies, indigenous land rights, and fuel & water supply.
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5.3 Taylorville Energy Centre
5.3.1

Background

The Taylorville Energy Centre (TEC) was a planned, greenfield hybrid-IGCC power plant with
CCS announced by Christian County Generation, L.L.C. (the Proponent), an affiliate of
Tenaska, Inc.. Development of the project began as early as 2002 and in June 2007 the
Illinois senate passed HB 3388, legislation that supported the construction of clean coal
projects. A FEED study was initiated in April 2009 to establish facility performance, project
schedule and project costs.
The study was undertaken as a joint venture between engineering firms Kiewit and Burns &
McDonnell (KBMD). KBMD was selected to conduct both the FEED study and other key EPC
services for the project. WorleyParsons was selected to operate as the Owner’s Engineer for
the project. The study concluded early in 2010 and the results were published in the TEC
Facility Cost Report [99], which in turn contained the KBMD Feed Summary Report [100].
Approval for the project was initially rejected by the Illinois Senate in January 2011 but was
later allowed to proceed as a natural gas plant. The final air permit for the TEC was issued
by the Illinois Environmental Protection Agency in April 2012. The permit was withdrawn in
July 2012 when federal regulators required that the permit include allowances for coal
gasification and CO2 sequestration. Withdrawal of the permit makes it uncertain if the project
will continue and is considered cancelled [101].
5.3.2

Technical Details

The TEC was designed as a new hybrid-IGCC facility capable of supplying 602 MW net (716
MW gross) electrical power to the grid while capturing approximately 1.9 Mtpa of CO2. It was
expected to operate at a base load capacity factor of 75% with a lifetime of 30 years. A
greenfield location just north of Taylorville, Illinois, in the United States was chosen as the
site for the facility.
The TEC differed from other IGCC plants because it proposed not to combust hydrogen
(syngas) in the combustion turbines, but instead use pipeline quality substitute natural gas
(SNG). The SNG was to be produced via methanation of the hydrogen syngas in an
additional unit. Utilising SNG would allow the TEC to combine fuel produced from coal
gasification with purchased pipeline natural gas.
The power block was based on a 2x1 configuration, meaning that there are 2 gasification and
gas turbine trains and a single steam generator. The two train system would allow the facility
to operate in 3 modes:
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1. Operate on a 60/40 ratio of SNG and pipeline natural gas respectively. This is how
the plant would achieve its maximum capacity of 602 MW.
2. Operate with no pipeline SNG, utilising only a single combustion train and selling
excess SNG from the second turbine to the open market. Net output in this mode
would be 226 MW.
3. Operate solely on pipeline natural gas, with no SNG.
It was projected that the facility would operate predominately in mode one, which has
implications on the economic feasibility of the facility, discussed in the next section.
Siemens and Air Liquide were to provide proprietary gasification and syngas technologies for
the project. A third party was to be brought in to provide the air separation unit (ASU) for the
facility. The project plan was to have the third party build and operate an ASU on site and sell
oxygen directly to the TEC. Engineering, procurement and construction was to be
undertaken by a variety of contractors with KBMD responsible for overall contract and site
management.
The TEC was to apply the Siemens Rectisol™ process for the pre-combustion capture of up
to 56% of the CO2 that would otherwise be released to the atmosphere. The project
anticipated that enhanced oil recovery (EOR) would be the primary method of disposal for
the CO2, selling it to Denbury Onshore for use in the Gulf Coast Region. As a contingency,
the Proponent enlisted Schlumberger to conduct studies into geological sequestration sites in
the event EOR was not feasible. Acceptable sites were found near the TEC with an
anticipated storage depth approximately 2.1 km beneath the surface.
5.3.3

Project Costing Methodology and Finances

Data for the costing of the facility was taken from the FEED summary and the facility cost
report. This is because some information not covered in the FEED was later added into the
cost report to give a more accurate idea of the costs involved in the project.
KBMD estimated a Total Capital Requirement of approximately $3.42 billion3 for the hybridIGCC integrated with carbon capture. The estimate was claimed to have an accuracy of -10%
to +15% pre escalation with no range provided for escalation. The TEC was estimated to
have a levelised cost of electricity equal to $144/ MWh over the first 10 years of operation.
These values do not include the capital and operating costs for the standby storage field as

3

All costs in Australian Dollars. Converted from 2010 US Dollars using an exchange rate of 0.97 USD

= 1AUD with no inflation applied.
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the business case was based on selling CO2 for EOR. The breakdown of the TEC costs is
presented in Figure 11. The net power used was that of operating mode one.
KBMD did not reference the estimate to any published industry guidelines or standards but
outlined the methodology they used to produce the estimated cost. The project was broken
into 12 work blocks which included those outlined in Figure 11 (excluding escalation, owner’s
costs and contingency) plus additional sub-blocks for proprietary equipment which was later
rolled into the cost of its parent block. The division of processes was made to reflect the
project contracting structure during construction.
All of the estimates were detailed bottom-up, quantity based estimates, performed by Kiewit.
All estimates were checked through an in-house method of second independent estimates
developed by a different team of engineers. These were compared together with oversight
from Burns & McDonnell engineers before a final open book review was conducted with CCG.
The 12 work blocks were further subdivided into 8 cost categories including various plant and
equipment categories along with equipment rental, work labour, maintenance during
construction, subcontract’s and owner supplied items. Each of these had specific values for
escalation (ranging from 3% to 5%) and contingency applied to them. WorleyParson’s was
responsible for producing the estimate of owner’s costs. Indirect costs were also assessed
during the FEED study but these were rolled into a lump sum with direct costs.
It is important to note that the cost of the ASU and preparation of the standby underground
storage field are not included in the capital costs. A third party supplier and operator for the
ASU was not appointed at the time of publication. Schlumberger estimated the cost of
constructing the geological storage site to be approximately $42.7 million (plus a contingency
of $24 million). The Proponent suggested that its project contingency of $249 million will be
adequate to cover the cost of such an occurrence.
Cash operating costs for the facility were estimated to be approximately $65 million per
annum with the key contributors outlined in Figure 12 below. The net operating power was
once again defined as when the plant is operating in mode one. Historical data of similar
operating plants and a cost assessment report from Siemens were used to estimate
operation costs. It is important to note that coal and gas feedstock is not covered in the
operating cost estimate. Additionally, Schlumberger estimated that it would cost $43 million
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Figure 11: Total Capital Requirement for the Taylorville Energy Centre at the FEED stage.

2014-06-19

P a g e | 42

to operate and maintain the storage field over the life of the project with an estimated unit
cost of $5 to $10 per tonne of CO2 stored.
The economic outcomes arrived at by KBMD were evaluated in the Analysis of The
Taylorville Energy Centre Facility Cost Report that was produced by engineering consultancy
Boston Pacific Company, Inc. and its subcontractor MPR Associates, Inc. (BP/MPR) on
behalf of the Illinois Senate. Several conclusions were reached by BP/MPR regarding the
feasibility of the Cost Report’s, and by extension the FEED Report’s, findings:


The accuracy range is more likely -15% to +20%, resulting in a Total Capital
Requirement of $3.0 to $4.2 billion;



Power load from the air separation unit is not considered, which would decrease net
power by 58 MW to 544 MW. Leading to an increased in the levelised cost of capital
and operation expenditure;



The above 544 MW load is only for operating mode 1. Operating the plant on solely
coal derived gas, operating mode 2, would give a net power output of 296 MW.



That $44 million should be added to the capital costs for CO2 sequestration and that
operational costs should be increased from $67 million to $105 million to account for
exclusion of fuel supply and CO2 sequestration.

These findings suggest that much work can be done to clarify the findings as laid out in the
facility cost report. Additionally, it raises questions about how to consider the definition of the
plant’s output capacity regarding comparison to other integrated CCS facilities. Assuming a
net power output of 296 MW would double the cost per kilowatt electric sent-out and the cost
per mega-watt hour for operation.
5.3.4

Other Scope Items

In addition to the basis of estimate for the capital and operating costs, KBMD produced a
detailed project execution plan. Key aspects of the execution plan included, but are not
limited to:


Project goals;



Organisation and Engineering Plans;



Procurement and Materials Management;



Risk Management and Safety Plans;



Environmental Management Plan;



Scheduling and Management Plans, and;



Pre-commissioning, and Commissioning and Start-up plans.
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5.4 Surat Basin CCS Project
5.4.1

Background

The Surat Basin CCS Project (formerly the Wandoan Power Project) planned an IGCC
power plant integrated with CCS. The Proponent was a consortium between GE Energy (GE),
Stanwell Corporation (Stanwell) and Xstrata Coal subsidiary, Carbon Transport and Storage
Company Pty Ltd (CTSCo).
Initial concept and definition studies began as early as 2008. In September 2009 the project
was officially announced and nominated for consideration under the Australian Government’s
CCS Flagships Program. Prefeasibility studies began in early 2010 with the project scope
being divided into two key components, the IGCC plant with carbon capture and
compression, and the transport and storage component.
Development of the IGCC plant was the responsibility of GE and Stanwell (Wandoan Power
Consortium). Funding for the project was provided by the Australian Government, Australian
Coal Association Low Emissions Technologies Limited (ACALET) and Wandoan Power.
Development of the transport and storage scope was CTSCo’s role. Funding for this portion
of the project came from the Australian and Queensland Governments, ACALET and CTSCo.
The prefeasibility report detailed below refers only to the IGCC, capture and compression
facilities. CTSCo produced a separate report for its scope within the project, but this was not
made publically available.
The study was completed in June 2011 and published as the Wandoan Power Project Prefeasibility Study Knowledge Sharing Report [102]. At the time the Australian Government
indicated that it would be continuing to provide support to the advancement of the Surat
Basin CCS Project and other projects under the Government’s CCS Flagships Program. As
at January 2013 the project remained under the ‘evaluate’ criteria as defined by the GCCSI
and it is understood that the scope of the project is currently under review [103]. Commercial
operation of a completed facility was anticipated to be during or after 2017.
5.4.2

Technical Details

The Surat Basin CCS proposal was for a greenfield IGCC power plant. It was designed to
provide 341 MW net (503 MW gross) electrical power to the grid while capturing
approximately 2.49 Mtpa of CO2.The plant was expected to operate as a base load unit with
a capacity factor of 85% for the first 20 years of its life after which it will operate at a reduced
load for the remaining 10 years of the project life. A site was nominated near the town of
Wandoan, Queensland in Australia.
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GE was the primary technology provider for the project and was to be responsible for
providing the power, gasification, acid gas recovery, CO2 compression and water treatment
blocks. GE was not responsible for the ASU which was to be provided by a separate entity.
Stanwell was proposed as the plant owner and operator, while WorleyParsons was
nominated as the Owner’s Engineer and to provide balance of plant (BoP) work services.
Up to 90% of the CO2 from the process was proposed to be captured in the pre-combustion
acid gas recovery unit, using the physical solvent polyethylene glycol dimethyl ether. The
solvent is multipurpose, also removing sulphur compounds. It was anticipated that captured
CO2 would be sequestered in deep saline formations in the Surat basin. Work on CO2
storage was being separately undertaken by CTSCo and not covered in the prefeasibility
study.
5.4.3

Project Costing Methodology and Finances

Wandoan Power estimated that the Total Overnight Cost is $3.973 billion 5 for the IGCC
power station with integrated carbon capture. The proponent indicated that the estimate had
an accuracy of -20% to +25%. Levelised cost of electricity for the project was estimated
$192/MWh. Capital cost estimation was undertaken by GE and WorleyParsons with the
results detailed in Figure 13 below. Wandoan Power has stated that these adhere to AACE
Class 4 estimation standards. The levelised cost of electricity includes procuring the services
of CTSCo but otherwise all other lump sum figures exclude CO2 transport and storage.
The Proponent stated that it originally developed its scope for the prefeasibility study without
the use of any industry published guidelines. It then adopted the AACE framework to
determine how to refine the scope of the work already conducted. The specific AACE
standards utilised are not specified and no further details are touched upon in the report. The
method for calculating contingency is not specified and escalation has not been allowed, nor
mentioned in the report.
Costs are distributed between direct and indirect costs. Direct costs include the gasification
and power island, bulk materials and infrastructure, the ASU, and BoP. Indirect costs refer to
construction support, EPC engineering, contingency and owner’s costs. These were then
further sub-divided into equipment and materials, labour, and subcontractor distributables6.
Additionally, the study identified $200 million worth of possible cost reduction opportunities
including onsite fabrication, site layout adjustments and technical design enhancements.

5

All costs are in 2011 Australian dollars.

6

Subcontractor distributables refers to subcontractor equipment, overheads and profit.
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Figure 13: Total Overnight Cost for the Surat Basin CCS Project at the prefeasibility stage.
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Operating costs for the facility were provided as both an annual cost and a net present value
cost as calculated over the lifetime of the plant. The total operating cost over the lifetime of
the plant is approximately $3 billion calculated with an escalation value of 2.5%. Annual
operating costs amount to approximately $310 million per annum. Carbon transport and
storage, coal feed, and maintenance labour and materials costs account for over 70% of the
annual operating costs for the project.
Figure 14 below shows the 5th year annual maintenance costs for the project.
A methodology was provided outlining the estimation methods for the three major operating
costs highlighted above. Carbon transport and storage costs were estimated based on the
financial model developed by CTSCo. This model identified a base case levelised nominal
cost of $38.50/tonne CO2 assuming an annual rate of 2.5 Mtpa CO2 with a 10% contingency
provision.
Maintenance and labour costs were estimated by applying a factor of 2.48% to Total Installed
Costs, which includes provisions for sustaining capital and major overhauls. The Proponent
suggested that due to the high level of estimation applied, significant cost reductions could
be achieved through further engineering analyses.
Costs for coal were calculated based on plant capacity, using a combination of gross output,
capacity factor and heat rate to arrive at annual energy consumption in GJ per annum. This
value was then used in discussion with various coal vendors within the Surat Basin to arrive
at an estimated price range for coal of $2 to $3 per GJ.
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Figure 14: Annual operating costs for the Surat Basin IGCC project at the prefeasibility stage.7

7

“Other” refers to maintenance costs for electricity, natural gas, waste disposal, general plant overhead, insurance, feedstock flux and grid connection. Each

was less than $2/MWh.
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5.4.4

Other Scope Items

In addition to estimating the facility cost, the report itself contains the contributions from a
group of 20 firms that ranged from large multidisciplinary consultancies to those with
experience directed towards specific fields such as land access and cultural heritage. A
variety of high level topics were considered within the body of the report, which is to be
expected from a project at the prefeasibility stage. It is not clear whether the impact of the
findings from these studies was fed back in any assessment of cost estimates. These topics
include:


Economic assessments involving the current status and future growth of the electricity
market;



Project management, including aspects of project delivery, risk management,
legislative and regulatory processes, and public communication and shareholder
interaction;



Environmental, health and safety requirements and hazard analysis;



Key lessons learned from the study.

No EPC contractor had been nominated to execute the project. However, a shortlist of 3
candidates has been determined. Once selected, it was proposed that these firms would
develop a FEED report in conjunction with primary technology provider, GE, and then deliver
the project as part of a lump sum turn-key contract.

5.5 Tenaska Trailblazer Energy Centre
5.5.1

Background

The Trailblazer Energy Centre (Trailblazer) is a planned supercritical pulverised coal (PC)
plant integrated with post combustion carbon capture technology. The project is being
developed by Tenaska, Inc. in conjunction with Fluor Enterprises and Arch Coal.
Initial conceptual work began in 2007 when Tenaska foresaw the possibility that CO2
emissions would become regulated by the federal government. The project was officially
announced in 2008 and engineering firm Burns & McDonnell was contracted to serve as
Owner’s Engineer. In 2009 Fluor Enterprises was selected to provide EPC services followed
by the purchase of a 35% stake in the project by Arch Coal in March 2010. In June of that
year the Proponent received a USD$7 million grant from the GCCSI and initiated a FEED
study for the carbon capture plant. The FEED study concluded in June 2011 and a copy of
the Final Front-End Engineering and Design Study Report [104] was provided to the GCCSI
in February 2012.
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The latest project update coincided with the release of the project FEED report to the GCCSI
in February 2012. The Proponent concluded that power plants employing CCS technologies
cannot compete with those not employing CCS. It cited that the political climate had changed
markedly from 2007 when the project was initiated and that more incentives were required
from the federal government. For these reasons the Proponent proposed to continue slow
development of the project so as to maintain its “early mover” status and will reinitiate the
project fully when key project signals change.
5.5.2

Technical Details

Trailblazer is a greenfield supercritical PC plant integrated with post-combustion carbon
capture. The plant specification indicates a generation capacity of 600 MW net (760 MW
gross) of electrical power while capturing 5.7 Mtpa of CO2. Base load capacity factor for
Trailblazer specified to be 90%, operating over a project life of 30 years. A site has been
selected in Nolan County, Texas, in the United States.
Selection of process technologies was undertaken by Burns & McDonnell to avoid any
conflict of interest with Fluor as EPC. Fluor conducted two separate FEED studies for
Trailblazer. The first was for the PC plant and the second was for the carbon capture plant.
Studies for the PC plant were put on hold at 30% completion while the full capture plant
FEED was completed. Clear boundary limits were identified between the capture and PC
plant to increase the accuracy of the capture plant FEED.
Fluor’s Econamine FG+ process was selected as the CO2 capture technology for the project.
The capture plant would operate in two identical 50% trains that when combined would
capture up to 90% of the CO2 that would otherwise be emitted. The Proponent suggested
that it would be the world’s largest capture project, with a capture rate four times that of other
CCS projects currently operating or under construction. Captured CO2 was proposed to be
sold for EOR in the nearby Permian basin. No work was done on identifying standby storage
sites if EOR didn’t eventuate as a storage resource.
5.5.3

Project Costing Methodology and Finances

Fluor estimated a Total Capital Requirement of $4.05 billion 8 ($6 750/ kW net) for the
Trailblazer Project. This comprised $1.1 billion for owner’s costs, interconnects and interest,
and $2.96 billion for the PC and carbon capture plant (including escalation and contingency).
No explanation for how these values were derived was given notwithstanding that the PC

8

All costs in Australian Dollars. Converted from 2010 US Dollars using an exchange rate of 0.97 USD

= 1AUD with no inflation applied.
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plant FEED was put on hold when 30% complete. The capture plant was estimated to have a
Total Overnight Cost of approximately $647 million with an accuracy of +/- 30%.
As a part of its agreement with the Proponent, Fluor was required to produce an estimate
that complied with AACE Class 4 or 5 estimates as outlined in AACE International Practice
No. 18R-97. Tenaska and Fluor indicated that the resulting FEED scope met these
requirements resulting in a highly accurate, deterministic estimate with minimal contingency
necessary.
The capital cost for the capture plant was broken down into:


Direct and Indirect Costs;



EPC contracting;



Miscellaneous costs;



Owner’s costs, and;



Contingency and Escalation.

Direct equipment costs were estimated using vendor bids for critical equipment with a value
greater than $250 000. Labour costs were estimated using historical data adjusted with sitespecific factors. Indirect costs were calculated using the project execution plan due to their
time dependent nature. Various owner’s costs were identified but were grouped with the PC
plant estimate. Escalation was excluded as the project did not have a notice to proceed date.
Similar to owner’s costs, contingency was rolled together with the PC plant costs. Finally a
week long open book review was conducted by Tenaska, Burns & McDonnell and Fluor to
review the methods and results from the capture plant FEED study and agree on a final price.
Operating costs were determined for the carbon capture plant (excluding the PC plant) at an
estimated cost of $10.1 million dollars per year. The breakdown for this is presented in
Figure 15 below. Chemical quantities were determined assuming a 90% CO2 capture rate.
Operating labour was determined based on the estimated number of personnel with a set
salary. Finally, a maintenance allowance was calculated based on information from Fluor.
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Figure 15: Annual Operating Costs for the Tenaska Trailblazer Project (capture only) at the FEED stage.
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5.5.4

Other Scope Items

In addition to the capital cost estimation the Trailblazer capture plant FEED also contained
detailed information relating to:


Detailed definitions of boundary conditions between the PC and carbon capture
plants;



Technical information on the Econamine FG+ capture process;



Health, Safety and Environment Plans;



Key findings and challenges, as well as important lessons learned.

5.6 Scottish Power CCS Consortium (Longannet)
5.6.1

Background

The ScottishPower CCS Consortium (the Proponent) was a joint venture between
ScottishPower, National Grid and Shell. It was undertaken as part of the UK Government’s
first Carbon Capture and Storage Demonstration Competition (CCSDC). The project was to
be a retrofit of the existing Longannet Power Plant with post-combustion capture technology.
Work began in response to the CCSDC competition announced in 2007. In mid-2009
ScottishPower, National Grid and Shell formed the consortium to facilitate further
development of the project. An Outline Solution study was conducted between July and
November of that year and submitted as part of the competition. In March 2010 the
Proponent initiated a FEED study to determine key project requirements. Work on the FEED
concluded in March 2011 and the work undertaken was published in the FEED Close Out
Report [105].
The project was cancelled in October 2011. Upon review of the FEED study the Proponent
had determined that the financial viability of the project was questionable without further
funding above the GBP£1 billion grant offered to the competitions winner. When discussions
regarding further financial incentives were unsuccessful, The Consortium chose to withdraw
from the competition.
5.6.2

Technical Details

The Longannet Power station is a 2,400 MW gross, sub-critical coal fired power plant located
in Fife, Scotland, in the United Kingdom. It is configured as 4 X 600 MWe boilers each
feeding 2 X 300 MWe steam turbine generators. In operation since the 1970’s, The
Consortium sought to retrofit the plant with a full CCS chain capable of capturing up to 2.2
Mtpa of CO2 over a fifteen year lifespan. The project was proposed to have a life of 15 years.
The three aspects of the CCS chain were the CO2 capture and compression plant
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administered by ScottishPower, the onshore CO2 transport pipeline which was the
responsibility of National Grid, and the offshore transportation and sequestration being the
responsibility of Shell.
Aker Clean Carbon was to conduct the EPC work involved with the capture and compression
plant. Additionally, Aker was the key technology provider applying its Clean Carbon
technology for CO2 capture. The capture equivalent was 330 MW gross, laid out in two
identical trains of 165 MW. Flue gas was to be captured from either unit two or three, but not
both simultaneously. In addition to carbon capture and compression, a steam and power
supply (gas turbine, 47 MW) unit would have to be installed as it was not technically feasible
to integrate utilities from Longannet Power Plant.
Transportation of CO2 was to be the responsibility of National Grid. The work was to be
comprised of three sections. The first was the construction of two sections of new piping,
including a major crossing of the Firth of Forth estuary to connect Longannet to existing
pipeline infrastructure. Second was the modification work on 280 km of existing natural gas
pipeline to make it suitable for CO2 transfer. Finally, the construction of a compressor station
at the boundary with Shell was required to pressurise the CO2 to Shell’s specifications and
for transport 100 km offshore to the storage site before being sequestered.
Shell was responsible for development of the existing Goldeneye CO2 storage site including
necessary baseline monitoring and recompletion of five existing platform wells to be suitable
for storing CO2. The depth of the reservoir was approximately 2.5 km below sea level with
pressures starting at 140 bar and increasing to 265 bar which is close to the initial reservoir
pressure.
5.6.3

Project Costing Methodology and Finances

The Consortium estimated that the retrofit of the Longannet Power Plant with CCS would be
approximately $2.01 billion9 for the Total Plant Cost. This estimate included contingency but
no escalation. Additionally, Owner’s Engineer costs have been mentioned, but owner’s costs
have not been explicitly stated leading to the assumption that they are either embedded in
costs, or were not calculated. The Consortium indicated a cost estimate accuracy level of -12%
to +15%. The breakdown for capital costs is available in Figure 16.

9

All costs in Australian Dollars. Converted from 2010 GBP using a conversion rate of 1 GBP = 1.5

AUD with no inflation applied.
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The Proponent identified the main components of each of the capital cost areas as Core
Costs which made up the majority of the plant capital cost and included equipment, civil
works and pipework etc. These Core Costs were calculated using a combination of external
quotes, external factored estimates and internal estimates based on the technical
specifications outlined in the FEED. “Scope Development” was the next main component
which appears to be an ambiguous reference to part of project contingency being expected,
scope growth. Contingency & Risk was calculated with the Proponent’s in house approach
and based on a central or P50 estimate. Finally, developer fees made up the final cost
component.
For the purposes of expressing project costs, the Proponent arranged the WBS into the three
sections administered by ScottishPower, National Grid and Shell. These were then further
broken down into a number of smaller sub blocks, which are shown in Figure 16.
Operating costs for the project were estimated to be $80.19 million per year, or $27.74 /
MWh (gross), excluding costs for the existing power facility. No detailed methodology was
provided but it was stated that internal cost estimating processes particular to each
consortium partner were used. It was also stated that the key principle was to determine
costs in terms of “key volume drivers” so that the pricing model could change based on
different operating conditions. The breakdown of the operating costs is available in Figure 17.
5.6.4

Estimate Growth during Project Development

The Scottish Power CCS Consortium case study was the only one of the seven (other than
ZeroGen) that also included the costing data from earlier studies. The original Outline
Solution study was estimated to have an accuracy of -30% to +50%. Capital costs were
found to have changed for the capture (+17%), transport (+42%) and storage (-35%) blocks
between the Outline Solution and FEED studies. Furthermore, contingency allowances were
increased by 82%. The method for estimating the operating costs changed between studies
so a direct comparison of these was not possible.
The Consortium attributed the increase in the capture plant costs to refined BoP and utilities
costs that was only possible at the FEED study level. The large increase in transport costs
was because the method for crossing the river changed from horizontal drilling to tunnelling
underneath it. The decrease in storage costs came from a better understanding of the scope
required to characterise and develop the reservoirs which had originally been overestimated.
Finally the contingency increased due to the better identification and quantification of risks.
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Figure 17: Annual Operating costs for the Longannet Power Plant CCS Project at the FEED stage .

10

Capacity factor and net slipstream power equivalent not provided. Estimated assuming capture plant runs at maximum capacity and using the gross power

equivalent.
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5.6.5

Other Scope Items

The FEED close out report contains details on numerous topics beyond the capital cost
estimate. All appendix documents pertaining to the FEED report, not containing proprietary
information are available on the UK Government’s DECC website. Topics covered include:


Design and End to End CCS Chain Operations Abstract;



Key FEED Decisions;



Health, Safety and Environment abstract;



Risk Management, Consents and Permitting Abstract, and;



A detailed lessons learned report.

5.7 Kingsnorth CCS Project
5.7.1

Background

The Kingsnorth CCS Project was studied by UK power and gas company E.ON. It involved
the repowering of Kingsnorth power station, which is due to close in 2015, with two new
supercritical coal fired boilers integrated with CCS. The project was conducted to coincide
with the UK Government’s first Carbon Capture and Storage Demonstration Competition.
Feasibility, or Pre-FEED studies were concluded in early 2010 to support a bid for the UK
Government’s first CCS Demonstration Competition. Following on from this, the plan was to
conduct two FEED phases. Phase #1 was to encompass long lead procurement, consenting
and licensing as well as the main design work for the CCS chain, power plant integration and
capital costs. Phase #2 involved the engineering design of the CCS chain from the capture
plant, through transport and finally to storage. It was to also to include increased
procurement negotiation to provide more certainty in capital cost estimates.
In October 2010, E.ON announced its withdrawal from the competition just over half way
through Phase #1. E.ON cited that work undertaken throughout the process of the FEED had
identified changes to the energy market such as the economic recession and an
overcapacity in UK electricity generation. For these reasons the project was unable to move
ahead within the time frame of the competition. Prior to withdrawal, E.ON discussed with the
UK Government how best make use of the work that had been done. From this, the FEED
program was streamlined to produce the knowledge sharing report [106] discussed below.
5.7.2

Technical Details

The Kingsnorth CCS project is a repowering project of the aging Kingsnorth Power Plant in
the county of Kent, within the United Kingdom. The project proposed to repower the existing
facility with two 819 MW supercritical, pulverised coal boilers integrated with carbon capture
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and storage. The plant was expected to operate for a minimum twenty-five years, with an
initial capacity factor of close to 100% for the first fifteen years of generation, before
changing market conditions may have seen it shift towards either a mid or low merit order
dispatcher.
The plant was to operate using post combustion CO2 capture with an amine based capture
system. The capture plant was designed to capture a 300 MW (net) equivalent of process
flue gases from one of the boilers at a time. This is equivalent to a 90% capture efficiency for
a 47.3% flue gas slip stream from one 819 MW boiler, equivalent to 5,987 tonnes per day
(nominally 2 million tpa) of CO2.
Storage for the project was to occur offshore at the Lower Bunter reservoir, within the Hewett
field offshore from the UK. Transport to the injection platform includes a 10 km onshore and
260 km offshore pipeline. Injection pressures were estimated to begin at 32 bar and increase
to 40 bar over fifteen years of CO2 injection, totalling approximately 20 million tonnes of CO2.
Studies also indicated that the original reservoir pressure was 122 bar, indicating that it is a
suitable site for storage.
5.7.3

Project Costing Methodology and Finances

E.ON estimated a Total Cost for Kingsnorth Power Plant repowering as approximately $1.8
billion11. This cost includes contingency, but excludes owner’s costs and escalation and was
considered analogous to Total Plant Cost. E.ON considered that these costs were equivalent
to an AACE class 3 or 4 estimate. Figure 18 below presents the cost for the process blocks
in cost per kilowatt electric installed (net).

11

All costs in Australian Dollars. Converted from 2011GBP using an exchange rate of 1.5AUD = 1 GBP

with no inflation applied.
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Figure 18: Total Plant Cost for the Kingsnorth CCS Project at the FEED stage.
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Each of the process blocks above were further broken down into a variety of categories
where applicable. These included, land costs, block specific equipment, civil works,
insurance, testing and mobilisation. Key process equipment covered in the costs were the
post combustion capture plant, the compressor plant and ancillary equipment, transportation
plant and piping, injection infrastructure and storage costs. The costs of the supercritical coal
boilers and associated power block related equipment was not provided in the FEED report.
The methodology for estimating the capital expenditures of the projects is not clearly defined
within the FEED report. E.ON briefly mentions that the basic principle should be a “top-down”
approach with costs for substantial items obtained and then broken down into the process
block categories outlined above. The brevity of the FEED program after restructuring may
have led to the simplicity of the estimate.
E.ON did not publish any values relating to the operational costs for the Kingsnorth CCS
Project.
5.7.4

Other Scope Items

The Kingsnorth CCS Project FEED covers a variety of topics in addition to the capital cost
estimation. All of the documents associated with the FEED, not related to proprietary
information, are available to view on the UK Government’s DECC website. Topics covered
within the FEED include:


Project design philosophy relating to items such as design lifecycle and project
integration;



Technical design basis for the CO2 capture and compression plant, including PFDs;



Technical design basis for the pipeline and platform including assumptions, concepts
and key issues;



Technical design basis for wells and storage including site studies, well construction,
monitoring, HAZID and risk assessment;



Health, safety and environmental considerations for the project.

E.ON indicated that it shared these in the hope of disseminating the lessons learned from the
project in able to speed the advancement of carbon capture and storage.

5.8 AEP Mountaineer II
5.8.1

Background

The Mountaineer CCS II Project is a joint project that is being undertaken by American
Electric Power and the United States Department of Energy (DOE). The project is centred on
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the capture and storage of 1.5 Mtpa of CO2 from AEP’s Mountaineer pulverised coal plant
through a facility retrofit. It is a 4 phase development proposal. The four phases in order are,
front-end engineering and design, detailed engineering and design, construction and start-up,
and operations. The FEED report detailed below is concerned with Phase 1 front-end
engineering and design which was published in 2012 [107].
AEP’s involvement with the project began in 2003 when it undertook site characterisation
studies for suitable storage sites near its Mountaineer plant, sponsored by NETL. In March
2007 AEP agreed to work with Alstom as the provider of the CO2 capture technology which
was demonstrated at a 20 MW equivalent pilot capture facility. Captured CO 2 was injected
into the sites considered for future storage to validate their compatibility. In August 2009,
after 2 years of pilot operation, AEP submitted an application to the DOE for additional
funding to demonstrate the capture technology with a 235 MW equivalent scale up. Later that
year the DOE approved the project for funding under round 3 of the DOE’s Clean Coal
Power Initiative and began producing its Phase 1 front-end engineering and design report.
AEP decided to postpone any further activities and dissolve its cooperative agreement with
the DOE upon reaching the gateway between phase 1 and 2. It cited policy uncertainty
regarding climate change regulations and a weak economy as the reasons for doing so, but
did not rule out restarting the project if conditions improved [108].
5.8.2

Technical Details

The AEP Mountaineer plant is a 1300 MW pulverised coal facility located in New Haven,
West Virginia, in the United States. A plant retrofit with a 235 MW net equivalent CO2 capture
system capable of capturing 1.5 Mtpa of CO2 was proposed. After completion, the retrofit
was expected to operate for approximately 4 years, upon which further evaluations would be
made.
The project proposed to utilise Alstom’s Chilled Ammonia Process (CAP). AEP chose the
CAP system for several reasons, these were:


Firstly, AEP was interested in trialing a new and innovative technology when it started
operating the pilot capture plant;



CAP uses commodity reagent (ammonia) instead proprietary reagents used by other
suppliers;



CAP can deal with higher flue gas contaminants, removing the need for flue gas
cleaning. Additionally CAP blowdown (ammonium sulphate) can be sold as fertiliser,
and;
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Alstom was interested actively participating in the pilot program and sharing costs
with AEP.

Sequestration sites for the project are located 19 kilometres from the plant in the Copper
Ridge and Rose Run geological formations. Injection pressures as determined by prior
experience at the Mountaineer CCS validation facility are expected to be below a maximum
of 207 bar. The target point CO2 injection is approximately 2.4 kilometres below the ground
surface.
5.8.3

Project Costing Methodology and Finances

AEP estimated a Total Capital Requirement of approximately $969 million 12 . This cost
includes all phases of the project from phase 1 to 3 including all direct and indirect costs and
the associated EPC. Phase 4, operations, was also considered and is detailed in operational
expenditure below. AEP believes this estimate has an accuracy of +/- 20% with the
confidence interval as 99.5%. Owner’s costs were not specified. The costs for capture,
storage, escalation and contingency are shown in Figure 19 below in costs per kWe installed
(net).
Cost breakdowns for the capture and storage systems were not explicitly detailed, and only
the base costs for each section were published. However, the FEED report did investigate
aspects such as compression equipment, by-product handling and flue gas handling, and the
costs associated with pursuing different plant configurations for each of these.
The FEED report clearly and concisely details the methodology utilised by AEP to deliver its
capital cost estimate, while presenting the changes to cost at each stage. The estimate was
undertaken by AEP, Alstom and WorleyParsons. The project was broken down into capture
and storage components before being further delineated using a WBS. At each successive
level of delineation, AEP and its partners were able identify and agree to scope changes until
a suitable level of estimation detail had been reached. At this point budgetary quotes were
obtained on 95% of all major equipment and material costs, and an overnight construction
cost produced.
Escalation was then applied to the categories of civil, mechanical and electrical work,
purchased and professional services, and travel. It was assumed construction would take
twenty-six months with a five day, eight hour work schedule and that interest was
approximately 9% per annum.

12

All costs in Australian Dollars. Converted from 2011 US Dollars using an exchange rate of 1USD =

0.97 AUD with no inflation applied.
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Figure 19: Total Capital Requirement for the AEP Mountaineer II Project at the FEED stage.
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Finally risk based contingency was added. AEP used the double triangle method advocated
by AACE in Risk Analysis and Contingency Determination Using Range Estimating. This
involved finding risks or opportunities that contributed greater than 0.5% to the total project
cost and then applying the Monte Carlo method. The identified significant risks were:


Number and cost of intermediate, injection and deep wells;



Volatility in the escalation estimate;



Labour overtime;



Cost for structural steel, and;



Important seismic surveys.

With all these factors considered, AEP calculated the Total Capital Requirement stated
above utilising a confidence interval of 99.5%. AEP believes that this value will be
recalculated as the project moves through development from phase 1 to 4.
Operational expenditure is not covered within the FEED report, but AEP has provided a lump
sum cost for Phase 4 of the project called ‘Phase 4 Operations’. The value of $64 million was
claimed to be analogous to the operating costs for other facilities. This value was divided by
the operating life of 3.75 years used in the project overview to give an operating cost of $17.6
million per year or $8.34 / MWh13. Note that this is an incremental value that applies only to
the capture and storage operations of the Mountaineer plant and not the power plant itself.
5.8.4

Other Scope Items

The AEP Mountaineer FEED report covers a variety of other topics in addition to cost
estimation. A great amount of detail is placed on investigating and describing system design
and unit operation for process equipment related to the capture of CO 2. Additionally, there is
extensive work on the sequestration component of the project with detailed descriptions of
well and injector design, including construction materials, control systems and monitoring of
storage sites. Finally, there is a section devoted to how integration between the retrofit
components and the plant should be undertaken.

5.9 Kårstø
5.9.1

Background

The Kårstø Integration Pre-feasibility Study [109] represents the work undertaken by
Gassnova and Gassco (G&G) to integrate CCS technology with Naturkraft’s natural gas

13

Capacity factor while not provided, was assumed to be 100% as the capture plant is taking a 235

MW slipstream from a 1300 MW facility, so should be operating at maximum capacity at most times.
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combined cycle (NGCC) power plant and the natural gas processing plant at Kårstø, which
represents Europe’s biggest natural gas export port. The project was to capture 1.1 Mtpa of
CO2 from both facilities for sequestration.
Work on the project began in 2006 when the Norwegian Water Resources and Energy
Directorate conducted a study into the implementation of carbon capture from Naturkraft’s
gas fired power plant at Kårstø. The report [110] was published in the second half of 2007
and set an ambitious goal or having CO2 capture operating at the site by 2009. These
ambitious targets never came to fruition and by 2010, no progress had been made. In the
interim G&G had produced the Kårstø integration study which increased the scope of the
project to include further integration with the Kårstø natural gas processing plant and this
was released in March of that year.
In October 2010 the Norwegian government presented the National Budget for 2011. The
Budget made no consideration for CCS project at Kårstø but the Government stated that
they would take it into account when conducting work on climate policy later that year. Since
then no update has been made as to the status of the project [111].
5.9.2

Technical Details

The Naturkraft plant is a 360 MW net NGCC facility located adjacent to the Kårstø natural
gas processing facility in Rogaland, Western Norway. Approximately 20% of the net power is
consumed by the processing plant with the rest distributed to the public grid. The proposed
capture facility was to capture CO2 from the NGCC plant and the processing facility for
offshore sequestration.
The Kårstø Integration Pre-feasibility Study established nine alternative modes of integration
between the NGCC, processing and capture plants. The amount of CO2 captured ranged
from 1.1 Mtpa for integration with only the power plant, up to 2.3 Mtpa for full integration with
the process plant. For the purposes of this review, the scenario involving the only integration
with the NGCC plant was used as it is the most comparable to other CCS power plant
studies.
The capture plant will utilise Amine based technology to capture the CO 2. Five depleted
offshore gas fields have been studied for sequestration of the CO 2. These sites vary in depth
and offshore distance (180 km – 250 km) and no particular site was selected by the time of
the latest studies publication.
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5.9.3

Project Costing Methodology and Finances

G&G estimated the capital cost for the project to be approximately 1.78 billion 14 ($4,944/kWe
installed). This is for the scenario that involves integration of a CO2 capture plant with the gas
power plant only. No escalation was applied to the estimate as at the time G&G did not have
a time line for construction of the plant. This would make the estimate equivalent to a Total
Overnight Cost.
The capital cost estimate was presented as a lump sum figure for all aspects of the project,
involving capture, transport and storage. However, they provided a summary for the cost
breakdown structure, which included:


Owner’s costs, including contingency, Owner’s Engineer and Gassnova’s services;



Cost of the capture and compression plant, including CO2 absorption, solvent
regeneration, civil works, compression facility, all interconnects, and indirect costs;



Transport and storage including, booster pump, pipeline to offshore storage, marine
operations, and drilling and platform work.

G&G did not specify a method or cost estimation, but cited two previous reports that did so
[112, 113]. These were not submitted to the GCCSI and were not found to be available for
public access.
G&G termed the estimates generated in the pre-feasibility study to be ‘unclassified estimates’.
This simply means that at this time G&G does not believe that the estimate can be classified
under any standardised AACE category. G&G states that the next stage in the engineering
process would be to produce an estimate with accuracy in the range of +/- 40%.
Operating costs for the plant are estimated to be $81.6 million per annum ($25.86/MWh) for
plant operation, transport and capture. Again this would be an incremental value that applies
only to the capture and storage operations of the Kårstø plant and not the power plant itself.
The two studies cited above were provided as the source for the cost estimation, but no
further information was provided.
5.9.4

Other Scope Items

The Kårstø pre-feasibility was primarily directed towards reviewing the different integration
scenarios possible for the carbon capture plant. Over 70% of the report is dedicated to this
and looks at the different unit combinations, and power and steam loads associated with

14

All costs are in Australian Dollars. Converted from 2009 NOK using an exchange rate of 1 NOK =

0.17 AUD with no inflation applied.

Final Report

2014-06-19

P a g e | 68

each scenario. The report briefly touches on the economics of all the scenarios. The
remainder of the report is dedicated a quick and very high level overview of health, safety
and regulatory requirements, as well as commercial issues related to implementation.

5.10 Duke Energy Edwardsport
The Duke Edwardsport project is a 618 MW net IGCC power plant developed by Duke
Energy for the state of Indiana in the United States [114]. The project is not integrated with
CCS technology, but Duke has undertaken studies into the prospect of capturing and
sequestering CO2 produced by the plant [115]. Duke has centred these studies on locating a
suitable geological site for CO2 storage, citing that the design of the plant (IGCC) will allow
for reduced complexity when undertaking a retrofit to included CO 2 capture. While the project
does not contain CCS technology, it represents a rare case study for the advanced coal fired
power sector to examine the cost increases currently faced by early mover projects, as a
result of multiple time delays and cost increases during the execution phase.
Work on the project started in late 2006, with the FEED study being completed in April 2007
at a cost of approximately $15 million [116]. This study predicted the cost of the project to be
approximately $1 985 million ($3 212/ MW) [117]. These costs were subsequently increased
to $2 350 million before construction began in March 2008. During the execution phase the
project experienced multiple cost increases requiring Duke to appear before the Indiana
Utility Regulatory Commission (IURC) in order to continue recovering costs from rate payers.
The last published estimate was $3 533 million ($5 717/ MW), as presented to the IURC in
October 2012 with the project greater than 95% complete [117]. This represents a project
cost increase of $1 548 million from completion of the FEED to near 100% completion of the
execution phase, equivalent to a 78% increase in costs. The costs for the project along with
the project completion rate are presented in Figure 20 below [117].
The construction of the Edwardsport IGCC has been controversial and resulted in legal
disputes for both Duke Energy Indiana and the Indiana Utility Regulatory Commission (IURC).
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Figure 20: Cost and project completion rate for the Duke Edwardsport IGCC project.

5.11 Southern Company Kemper County Project
The Kemper County IGCC project is a 582 MW net IGCC project currently being developed
by Mississippi Power for the state of Mississippi in the United States. The facility will be a
hybrid design with 524 MW of power coming from coal and 58 MW from natural gas. It is
integrated with CCS technology and is expected to capture 65% of the CO 2 emissions that
would otherwise be released, equating to a capture rate of approximately 3.5 Mtpa of CO2
[118]. The captured CO2 will be utilised for EOR.
Project studies commenced in 2006, with Mississippi Power achieving FID in May 2010 [119].
Costs for the project at the FID stage were estimated to be $2,400 million ($4,124/ MW).
Construction began in 2010, whereupon the estimated cost increased to approximately $2
900 million. The estimated cost for the project as of May 2013 is $3,420 million ($5,876/ MW)
[120].
The most recent reports are that the capital cost has climbed to more than $5 billion. This
represents a project cost increase of more than $2,600 million, equivalent to a 110%
increase in project costs from the FID to the current state. The project is expected to be
complete and come online in 2014 [121].
15

Costs have not been escalated from the year each summary was published. No completion rates

were published pre-2009; however the project had begun construction in March 2008 and can be
assumed at >0% but <29%. Additionally, no completion rates were published for beyond October 2011,
but can be assumed at >95% complete.
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During the 3rd quarter earnings call to analysts Southern Company CEO, Thomas Fanning
said “…I mean, we believe the problem at Kemper was essentially at the time that we made
a fixed price commitment with 10% engineering done at 6.7% contingency. In other words,
the problem has been more and more a lack of engineering that was completed, rather than
construction. By all accounts, the construction of Kemper has gone very well.” [121]
In Southern Company’s most recent quarterly earnings report, the company reported that as
a result of decreases in construction labour productivity due to a combination of adverse
weather, labour turn over and inefficiency, and the risk that additional unanticipated factors
could have on the construction and start-up of the project, an additional pre-tax charge of
$380 million had been recorded.

5.12 Summary
The case studies identified in the preceding sections represent the most recently published,
publically available information on power projects integrated with CCS technology. It is
important to note that there are a large number of other FOAK and EM CCS projects not
presented here because there was no published information on them. A large number of
these projects are still in an early conceptual phase, some are in detailed engineering, and a
few have entered the execution phase.
While the case studies presented above are not an exhaustive example, they do provide
insight into the current process used to estimate CCS project costs in the industry today.
Analysis of these case studies yields the following key findings:
(i)

There is a significant difference in the normalised ($/kWe) cost estimates of different
project proposals.

(ii) There is also a significant difference in the scope, level of study detail and estimating
methodology between different organisations. This difference extends both to the
different categories of study (e.g. pre-feasibility and FEED) and within a defined level
of study.
(iii) The level of study detail presented in these reports with regards to cost estimates is
frequently not entirely transparent to the audience of the reports.
If knowledge sharing is to be an effective method for improving the development of CCS
technologies, then a concerted effort towards greater transparency and compliance with
accepted best practice project development and estimating approaches will be necessary on
behalf of the project proponents and EPC contractors currently involved. Table 6 presents a
summary of the key characteristics for the case studies reviewed.
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Table 6: Data summary for all case studies analysed
ZeroGen
Data Source
Year Published
Build Type
Plant Type
Location

Gross Output
(MW)
Net Output
(MW)
Capacity Factor
16
(%)
Operation Life
(years)
CO2 Capture
(Mtpa)
Cost
Equivalent
Total CapEx
($/kW net)

16

Taylorville

Surat Basin

Pre-feasibility
Study
2010
Greenfield
IGCC

FEED Study

Denison Trough,
Queensland,
AUS
500

Taylorville,
Illinois, USA
716

Wandoan,
Queensland,
AUS
503

400

602

341

85

75

30

Longannet

Kingsnorth

Mountaineer

FEED Study

FEED Study

FEED Study

FEED Study

2012
Greenfield
Supercritical
Coal
Nolan County,
Texas, USA

2011
Retrofit
Subcritical Coal

2011
Repowering
Supercritical
Coal
Kent, UK

2012
Retrofit
Subcritical Coal

760
600

330
Slipstream
Not specified

85

90

30

30

2

1.9

Total Capital
Requirement
17,481
Power, Capture,
Transport and
Storage

Total Capital
Requirement
5,674
Power and
Capture

2010
Greenfield
Hybrid-IGCC

Prefeasibility
Study
2011
Greenfield
Coal IGCC

Trailblazer

Fife, Scotland,
UK

Kårstø
Prefeasibility
Study
2010
Retrofit
NGCC
Kårstø, Norway

Not Specified

New Haven,
West Virginia,
USA
1 300
235
Slipstream
100

360

100

300
Slipstream
100

30

15

25

4
Initial Operation

25

2.49

5.99

2.2

2.19

1.3

1.1

Total Overnight
Cost
11,652
Power and
Capture

Total Capital
Requirement
6,750
Power and
Capture

Total Plant Cost

Total Plant Cost

6,090
Capture,
Storage and
Transport

6,038
Capture,
Storage and
Transport

Total Capital
Requirement
4,124
Capture and
Storage

Total Overnight
Cost
4,944
Capture,
Transport and
Storage

Not Specified

100

Capacity factor of 100% assumed for plants that process slipstreams. Capture plants are assumed to operate at max capacity regardless of main plant

usage.
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ZeroGen
Estimate
Growth During
Project
Development
OpEx
($/MWh net)

Power
($/kW net)

Capture &
Compression
($/kW net)
Transport
($/kW net)

Scoping

Surat Basin

Trailblazer

No Comparison

No Comparison

Longannet
Outline

Kingsnorth
No Comparison

Mountaineer
No Comparison

Kårstø
Scoping

Prefeasibility

FEED

Prefeasibility

$1 335M (+33%)

$240.3M (+14%)

$334 M (+23%)

66.93
Power, Capture,
Transport and
Storage

4 607
Includes ASU,
Gasifer and
Power block
2 263

2 301

Storage
($/kW net)

Included with
transport above

Contingency
($/kW net)

1 307
Detailed method
Monte Carlo
method
595
Components
listed

Owner’s Costs
($/kW net)

Taylorville
No comparison

16.40
Power and
Capture;
Does not include
fuel or CO2
storage
3 841
Does not include
ASU

121.97
Power and
Capture

2.1
Capture only;
Chemicals,
labour &
maintenance

27.74
Capture,
Transport and
Storage

Not considered

3.84
Capture and
Storage

25.86
Capture,
Transport and
Storage

9 579

Separate study;
Cost included in
total CapEx

521

N/A

N/A

Included with
Power Cost

Included with
Power Cost

Lump sum with
total

Outside of
scope;
Study done by
CTSCo
Outside of
scope;
Study done by
CTSCo
1 045
Method not
outlined

1 036 (+545 for
BoP, +667 for
other)
1 278

2 745

Assuming EOR;
Extra $110.8/kW
for standby
storage
Assuming EOR;
Included in cost
for standby
storage
414
Method not
outlined

1 078
Includes
Contingency
Assuming EOR;
Standby storage
not considered

Separate study;
Cost not
included in total
CapEx
1 335 (+361 for
Development
Costs)
2 399

Not considered;
Negligible
distance

Lump sum with
total

Assuming EOR;
Standby storage
not considered

944

886

660

Lump sum with
total

Included in Total
CapEx

1 058
Method not
outlined

1 028
No list provided

425
Double triangle
& Monty Carlo
method
Not considered

Lump sum with
total

1 132
Components
listed

884
In house method
based on P50
value
Not Considered

1 833
Components
listed
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Escalation
($/kW net)

Assumptions

Current Status

ZeroGen

Taylorville

Surat Basin

Trailblazer

1 622
Calculated with
Monte Carlo
method
No inflation from
2010 AUD
Utilities and
balance of plant
shown

289
3-5% per year,
based on WBS
group
1 USD = 0.97
AUD No inflation
from 2010

Not Considered

Included with
Owner’s Costs

Not Considered

Not Considered

No inflation from
2011 AUD

1 USD = 0.97
AUD No inflation
from 2010 USD

1 GBP = 1.5
AUD No inflation
from 2010 GBP

Cancelled as of
2010

Cancelled as of
Jul 2012

Cancelled as of
Dec 2013

On hold as of
Feb 2012

Cancelled as of
Oct 2011
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Kingsnorth

Mountaineer

Kårstø
Not Considered

1 GBP = 1.5
AUD No inflation
from 2011 GBP

293
9% per year to
specific work
items
1 USD = 0.97
AUD No inflation
from 2011 USD

Cancelled as of
Oct 2010

On hold as of
Jan 2012

Cancelled as of
Oct 2010

1 NOK = 0.17
AUD No inflation
from 2009 NOK
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6 Existing industry attitudes towards project scoping and cost
estimation in FOAK and EM projects
Interviews were conducted with executives associated with early mover CCS projects and
technology. These interviews were conditional on the interviewee not being identified and
that comments made could not be attributed to an organisation or person. The principal
reasons for requiring confidentiality were:


Ongoing litigation; and



Confidentiality agreements with technology providers and owners.

Interviewees ranged from executives in owner organisations directly involved in projects or
studies; engineering, EPC and OEM technology companies involved in proposals and
projects; engineering consultants advising government agencies and industry associations
on technology costs; and academics working on technology costs.
On reasons for cost overruns on projects:




Owners Project Team
-

Failure to lock the EPC contractor(s) into a fixed, lump-sum contract price;

-

Foreign Exchange rates;

-

Unforeseen shortages and high cost of trade labour; and

-

Unforeseen weather disruptions.

OEMs / EPC Contractors
-

Budget was never adequate but project probably would not have proceeded if
the true cost was known;





-

Scope increases directed by Owner;

-

Unforeseen shortages and high cost of trade labour; and

-

Unforeseen weather disruptions.

Engineers undertaking Feasibility Studies
-

Poor management of OEM’s and EPC contractors by Owners; and

-

Scope increases directed by Owner.

Academics & Government representatives
-

All of the above but emphasis on Owner management and OEM/EPC
performance and profit.
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On the difference between published technology cost benchmarks and as-built plant
costs:




Engineering companies preparing estimates
-

Benchmark costs prepared were for Nth-of-a-Kind;

-

OEMs / EPC contractors gouging opportunistic profit levels; and

-

Poor project management by Owners.

Academics & Government representatives
-

Benchmark costs prepared were for Nth-of-a-Kind; and

-

If the real costs of projects were known, demonstrations might never be built.

On pre-investment study effort levels and estimate accuracy


Engineering Consultants
-

AACE Guidelines inadequate;

-

Clients always want to minimise budget so effort level needs to match budget;
and

-

By focusing on few critical equipment items, effort level minimised but integrity
of estimates can be maintained.



Owners
-

AACE Guidelines are inadequate;

-

Pre-investment in studies needs to increase but funds available is limited;

-

But competence / motivations of engineers and OEM’s / EPC contractors
means a better result is not assured.



OEMs / EPC Contractors
-

AACE Guidelines inadequate;

-

Pre-investment in studies needs to be higher but owners never willing to
invest adequately.



Academics & Government representatives
-

AACE guidelines reasonable; and

-

Pre-investment study costs seem inordinately high.

On appropriate contingency levels


Owners
-

Guidelines followed in general but discretion can be applied;
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-

Government funding usually won’t allow AACE or typical corporate
contingency levels;



Engineering Consultants
-



OEMs / EPC Contractors
-



AACE Guidelines or as prescribed by client are generally adopted;

Contingencies are confidential within specific OEM scope cost estimates;

Academics & Government representatives
-

Reasonable levels are 10% or as per government guidelines.

The responses and attitudes reflected in this summary point to the continued behavioural
issues among most participants involved in the CCS field. These include honest delusion and
deliberate deception, which leads to a tendency to understate risk and uncertainty and
underestimate costs. This leads to ‘anchoring and adjustment’ of estimates to meet earlier
investment expectations (such as published technology benchmarks). This behaviour also
encourages or otherwise directs the various stakeholders to blame poor project outcomes on
external factors and underperformance of others.
Only two very senior executives, not directly associated with the projects or CCS technology,
were honest enough to admit that:


The level of effort and quality of work performed prior to the Final Investment
Decision was inadequate;



The level of contingency included in estimates was not sufficient; and



Project personnel including those at high level had become “wedded” to a project
which had adversely affected the investment decision making process.
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7 Conclusions
Many of the proposed carbon capture and storage (CCS) demonstration projects have failed
to achieve a positive investment decision, both in Australia and internationally. This is
especially so for coal fired power projects. There has been a range of reasons for projects
being delayed, suspended or terminated which include the failure to secure CO2 storage
capacity, high capital and operating costs, regulatory uncertainty (and changes in regulation),
community activism / public acceptance and shifts in government incentives / funding
arrangements.
In many cases cost estimates for proposals have grown markedly from initial conceptual
proposals through the various study phases and there remains significant uncertainty and a
lack confidence in the integrity of costs estimates for large scale CCS projects. These issues
have resulted in high levels of uncertainty and misinformation among project proponents,
funders and policy makers, globally, regarding the cost of CCS demonstrations.
This literature review examines the publicly available cost estimate literature for First-of-aKind, early mover or commercial demonstration scale fossil fuel power plants integrated with
CCS technology and also looks at experience and learnings from other early mover energy
industries and ‘mega-projects’.
The review concludes:
(i)

There are no standardised procedures for cost estimation of commercial scale fossil
fuel power plants integrated with CCS technology. The organisations responsible for
constructing these estimates typically use their own in-house techniques, or loosely
base their method on industry accepted practices.

(ii)

Cost estimate growth and uncertainty is not restricted to CCS projects. Indeed, all of
the past experiences we studied implied that such experience is typical of First-of-aKind or early mover projects.

(iii)

There is evidence that contingency estimating procedures used by the process
industry tends to underestimate the contingency necessary and fails to prevent cost
overruns and proponents rarely adopt consistent contingency estimation procedures,
more routinely relying on individual estimators to make a judgement call.

(iv)

Previous studies have shown that behavioural issues among project sponsors
including honest delusions and deliberate deceptions contribute to a tendency to
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underestimate and ‘anchoring and adjustment’ of estimates around the first number
considered, regardless of whether it is explicitly known that the anchor is
demonstrably wrong.
Notwithstanding the increased dissemination and purported application of best practice Front
End Loading (FEL) of development projects, a review of recent projects indicates that these
pitfalls continue to be a feature of modern day, complex process and energy projects.
An assessment was made of eight CCS project case studies where there was a reasonable
access to scope and cost data suggests:
(i)

There is a significant difference in the normalised ($/kWe) capital cost estimates of
different project proposals which does not seem to be explained by scope or location
differences alone.

(ii)

There is also a significant difference in the scope, level of study detail and estimating
methodology between different organisations. This difference extends both to the
different categories of study (e.g. pre-feasibility and FEED) and within a defined level
of study.

(iii)

The level of study detail presented with regards to cost estimates is frequently not
entirely transparent to the audience of the reports. This can lead to information being
taken and used out of context.

If knowledge sharing is to be an effective method for improving the development of CCS
technologies then a concerted effort will be necessary on behalf of project proponents,
investors, technology providers and EPC contractors to align methodologies and standards
for scoping, estimating and reporting on CCS projects. Failure to do so will see continuing
uncertainty and a lack of confidence by investors. Furthermore, the potential to achieve
reduced costs through learning by doing and thereby maximise deployment of CCS, will be
at risk.
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Part B – Guidelines for Scoping and
Estimating Early Mover CCS Projects
8 A Framework for CCS Projects – Scoping Guidelines
8.1 Introduction
The scale and complexity of projects together with the lengthy, at-risk, front-end development
investment required to achieve an investment decision has typically put large scale CCS
projects beyond the political commitment of governments. For the private sector, whilst there
are various technical, commercial and regulatory risks to projects, it is typically a lack of
commercial rationale which precludes them from investing alone. Therefore, while early
projects may be led by private sector proponents, they will require significant support from
governments in order to proceed. This is especially the case in the power sector in which no
large scale projects involving greenhouse gas storage are currently operating world-wide.
Another specific characteristic of CCS is the necessity of large up-front investment in
securing storage capacity. This is a critical aspect in the process of investing in CCS. Final
investment decision for a large capture facility cannot be taken without a high level of
certainty that the resulting CO2 can actually be stored in the envisaged site or sites.
Therefore, the whole investment framework and its various stages are either strongly
influenced, or actually defined, by the development of the storage site.

8.2 Capital Investment Frameworks for CCS Projects
It is generally accepted that any capital investment framework must mandate that all
significant projects be developed in stages, for the purpose of managing exposure and
pacing financial commitment to the level of development and understanding of the project.
Between these stages are investment decisions which govern the continuation, or otherwise,
of spending on the project. Therefore, for the purposes of this report, the nature of project
investment decision making is assumed to be stage or decision-gated. Each stage-gate
represents an investment decision of the kind “stop, go or recycle”. Therefore a degree of
investment ‘due diligence’ is required at each decision gate commensurate with the funds to
be put at risk and the risk tolerance of the investor.
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Investors describe the project development stages and stage gates differently but in essence
each description involves a phasing of investment in studies so as to increase the level of
project definition, reduce risk and uncertainty and increase confidence in financial metrics.
Examples of project phasing terminology are provided in Figure 21. It is important to note
that, especially given the likely involvement of government or public sector investment, the
end of any stage may result in the cancellation of the project and writing off of previous
investment.
The level of due diligence and the confidence required by investors in order to invest in the
next phase will increase through the early stage gates of Scoping, Prefeasibility, Feasibility
and so on until some Final Investment Decision which marks the decision to invest to project
completion. Different investors (especially government and commercial investors) are likely
to have difference risk tolerances related to their ability to afford and accept financial loss
and may have different due diligence requirements. Thus there is unlikely to be a universal
standard or check-list at the end of each stage-gate decision by which to judge the prudence
of the next investment phase. However, there is likely to be a common core of due diligence
requirements and these will be elucidated in Section 8.4, among others.

Figure 21: Project Development Frameworks illustrating phasing of studies from Concept to Operations
[93, 122]

8.3 Confidence in a CO2 storage resource drives pre-FID investment
The nature of investment in integrated CCS projects is such that while capital expenditure
tends to be weighted heavily towards the power (or other industrial process) plant with CO 2
capture; the project technical (and arguably non-technical) risk is dominated by storage
availability and performance along with public acceptance and its political implications. Such
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risks remain until such time that significant funds have been spent on “proving” a storage
resource to an acceptable level of performance and residual risk. A decision, stage-gated
storage project roadmap has previously been developed by DNV and industrial collaborators
(CO2RISKMAN [123]). Some lessons from the ZeroGen project about risk-based phasing of
investments are discussed in Kvien et al, 2010 [124] and in Garnett, Greig & Oettinger, 2012
[93].
It is unlikely that a Final investment Decision (FID) can be taken until storage is proven to a
high standard of confidence which has been pre-agreed with investors. Consequently,
considerable early stage-gate due diligence efforts are required to look at the nature and
maturity of the proposed storage resource within the project. The critical early investment
question is “How much confidence in storage presence and performance is required in order
to invest much larger amounts in plant and capture?” This question applies as much to
investment in pre-FID studies associated with plant and capture as it does to the decision to
invest in actual physical plant because the potential scale and technical details of plant
options may well be constrained or otherwise influenced by the scale and nature of the
storage resource.
In any new, early mover CCS project, investment confidence is also likely to require firm
indications that an Environmental Impact Statement (EIS) or assessment has been declared
acceptable by the regulator prior to FID. Depending on the jurisdiction, a detailed EIS may
well require considerable storage appraisal and engineering definition (as indicated in Figure
22 and Figure 24). Confidence in permanence of CO2 storage (containment) is of particular
interest for FID because of the implications for extinguishing or transferring the proponent’s
CO2 leakage liability upon project closure after the cessation of injection operations.
In any case, a high level of confidence in the presence and performance of the storage
resource will be a necessary but not sufficient requirement for FID. Hence for CCS projects,
like many projects which rely on a natural resource, the characterisation of that natural
resource ought to precede significant investment in engineering and locking-in of CO2 source
and capture plant details. This leads to a refinement of the project development framework
as illustrated in Figure 22.
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Figure 22: Indicative timeline for development of a CCS project illustrating the relative timing for
characterising CO2 storage resources, pipeline transport and plant feasibility.

8.4 Due Diligence via Expert, Independent Reviews
Notwithstanding that project investors may undertake their own due diligence, independent
reviews are proposed to inform the project investors (which may be represented by project
company board members, shareholder / joint venture partner representatives and other
funding body representatives) on the appropriateness of proceeding to the next stage of
development of the project. Obtaining a recognised ‘external view’ of large complex projects
(such as integrated CCS projects) helps to avoid potential problems of honest delusion and
deliberate deception [13] which may be seen amongst project proponents seeking to
compete for investment dollars and government incentives or project contractors and
consultants seeking to establish or maintain a preferred position in new projects. This can be
especially the case in frontier projects where a desire to “be first” and access “free”
government money can lead to a tendency to understate risks, uncertainty and cost.
Therefore, within a due diligence approach for CCS projects, it is wise for the Investment
Decision Framework to mandate that all significant projects be developed in stages
punctuated by significant, external, Independent Reviews. Such Independent Reviews
should examine all of the deliverables from a particular stage including, but not limited to,
health and safety, environmental, commercial, technical and stakeholder relationships. In
particular they should focus on 5 or 6 main areas to justify the next, final and largest
investment required (more details are provided in Table 7 and Table 8. For example, the
review process should seek to assure that:
(i)

The quality of technical work done to date is of sufficient standard and has
adequately covered all risks and that predictions are robust - this is likely to require
an in-depth end of stage Technical Review which pre-dates and informs a more
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holistic Project Review.
(ii)

The quality of non-technical studies done to date is of sufficient standard and has
adequately covered all risks such that predictions are robust.

(iii)

The future study, capital and operating cost estimates and commercial and business
models are robust against future downside scenarios for price, costs and
performance.

(iv)

All necessary regulatory consents and authorities are, or will be, in place.

(v)

The project organisation has the necessary skills and competencies to deliver the
next phase of work.

(vi)

The project organisation and major contractors have the depth of resources (human
and financial) to manage the project, including resilience against schedule slippage
and cost over-runs.

(vii) The project has sufficient support in the socio-political sphere.
The role of the Independent Review team is to review industrial development decisions. It is
therefore likely that the team is comprised of senior members with relevant development
experience in major resource projects rather than just detailed technical or scientific
knowledge. Based on their analyses, the Independent Review team should make a
recommendation to a Decision Executive or Funders’ body (e.g. a Board or Project Steering
Committee) as to whether they should accept the project team report and proceed to the next
stage, request additional work or stop development of the project.
Additional interim Technical Reviews in specific technical sub-areas should also be
convened at times other than a stage gate boundary as part of the project proponents’
Quality Assurance process. These Technical Reviews may also involve external specialists.
This process and any applicable standards should be documented and be subject to external
scrutiny. Further interim reviews may also be triggered if, in the opinion of the project
leadership, shareholders or funders, an issue emerges that warrants such a review.
Finally, Post Investment Reviews are strongly recommended after the projects have been in
commercial operation for a period of time and again following project closure and
extinguishment of liabilities. These reviews will be critical to facilitate learning and knowledge
transfer to maximise the potential deployment of CCS.
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8.5 From a Sequence to a Decision Roadmap
The general review sequencing in Figure 23, ultimately informs end-stage decisions.

Figure 23: Recommending timing of Independent Reviews

Figure 24, shows an illustration of the decision path way with the main review requirements.
For example:


Do the storage screening studies support investment in exploration drilling, testing
and seismic studies?



Do the exploration results and Scoping study outcomes provide sufficient confidence
to invest $X million in storage appraisal and $Y million in engineering and
Prefeasibility studies? Is there sufficient knowledge of a likely capture project that can
be serviced by the storage resource?



Do the appraisal results and the Prefeasibility study outcomes provide sufficient
confidence to invest $X million in storage appraisal and $Y million in engineering
Feasibility studies? Has the proponent demonstrated that the preferred project
configuration (technology, scale, location, etc.,) delivers the maximum value?



Do the Field Development Planning, Environmental Impact Study and FEED study
outcomes support the business case to invest $X million (potentially some billions of
dollars) in the integrated CCS Project?
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There is a considerable amount of literature in both oil and gas industry professional and
academic journals which address the economic evaluation of exploration plays, portfolios
and prospects and which can be used in addressing the above points. A full exploration of
this literature is beyond the scope of this report. However, virtually all evaluation techniques
include a risk-coverage philosophy whereby for an exploration investment to be made, the
present-value cost of that investment should be covered by the risked-NPV of a full successcase development.
In the case of parallel plant, engineering studies, the costs of these i.e. choosing to conduct
these in parallel, rather than after exploration, should also be risk-covered. Levels of
sophistication vary from single prospect considerations, to plays or set of prospects [125] to
an efficient frontier approach to diversified, exploration investment [126]. Real option price
valuation has also been considered a useful tool by some [127]. In each case, the
assessment of risk or “probability of success” requires some subjective estimate of technical
and non-technical risk factors, albeit calibrated by experience. Where investment in
exploration has to be considered in detail – how much should be spent on what data – “Value
of Information” techniques can be applied [128]. Recently, some attempts have been made
to apply these techniques to GHG storage applications [129]. An a priori evaluation of
probabilities of success (usually the most sensitive economic parameter) for GHG storage
can be made using techniques and tools developed for the oil and gas sector. However,
calibration of risk judgement remains problematic without a track-record of storage, resource
development. Technical and non-technical assessment can however be informed and
matured through internal and independent project reviews.
It is recommended that a valuable addition to this work would be to develop a set of
quantitative and qualitative support tools to assure quality decision making for CCS project
and portfolio investments. Such support would focus on improving investment decision
making at the early stages of CCS deployment/development which are characterised by
relatively high risk and uncertainty and which require investors to judge whether and how
much funds to invest at-risk (e.g. for storage exploration and appraisal, early plant
engineering and other feasibility study activities).

Final Report

2014-06-19

P a g e | 86

Note that the CO2 Transport and Capture Prefeasibility stage may also be delayed
until after the Storage Appraisal of Selected Sites, depending on the residual postExploration risk and the estimated cost of the Prefeasibility Study.

Figure 24: Decision roadmap indicating the main focus of investment decisions towards an integrated project.
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8.6 Scope Checklists
Achievement of the minimum requirements and standards for all aspects of the project scope
that should inform the key decision gates of the project are defined in Appendix A. In line with
a stage-gated process, it is assumed that there will be several levels of expert review which
inform the due diligence processes; for example:1.

Technical Reviews – these may be internal to an operator e.g. in the case of a
major international company, or external, independent reviews e.g. in the case of a
small special purpose project company. They are expected to be at individual
discipline level as well as across technical disciplines and to have taken place
within a documented formal, technical review process.

2.

Independent, Integrated Project Reviews – at FID these will be major events and
will be external or at least have a significant expert external input (as discussed in
Section 8.4) to the Project Proponent. They will build on the results of the technical
review process and examine project risks and deliverability issues across the
technical, environmental, economic, commercial, organisational and socio-political
areas.

3.

Legal Reviews – because of the nascent nature of GHG-related legislation and
little or no experience with its operation, it is expected that for CCS projects,
specific legal and regulatory expert reviews will also be required. These will include
overlap from the Independent Review process.

An example of the checklists that might be utilised for a power project integrated with CCS is
provided in Table 7 through Table 13.
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Table 7: Example Scope Checklist for an integrated CCS Project (Scoping and Prefeasibility Stages)
Categories
HSSE

Scoping Study—“Are there any show-stoppers?”

HSSE Leadership

Project HSSE policy

HSSE management

HSSE management plan

HSSE philosophy

Health, Security,
Environment
Commercial opportunity

CO2 transport and
storage

Technology and
engineering

Project management

PSCM

Pre-Feasibility Study—“What does one viable project look like?”

HSSE management system

HSSE assurance plan

Emergency response
plan

Driving standard

Permitting plan

Training plan

Appoint HSSE advisors

Health baseline survey

Travel and hotel safety
standard

Security plan

Environmental Impact
Statement for early
works

Compliance plan

Partner alignment

Updated
economics

Commercial

Preliminary business case

Commercial plans

Preliminary economics

Updated business case

Finance strategy

Utility and service
agreement options

Land strategy

Feedstock / Products

Major product sales
options

By-product sales options

Feedstock supply

MoU for main product offtake

By-product sales plan

MoU for feedstock
supply

Feedstock reserves
assurance

Government policy

Policy options for
achieving required
outcome

CO2 storage

Preliminary storage site
assessment

Data acquisition

Analysis of storage options

Reservoir
Characterisation

Injection and operating
plan

Drilling and
Completions
Uncertainty Report

CO2 migration
prediction and
monitoring

CO2 transport

Identify transportation
routes to be studied

Route studies

Preliminary pipeline cost drivers

Preliminary Major
Accident Risk assessment
for pipeline

Land options

Pipeline permitting
plan

Further appraisal
plan

Technology development

Technology map

Assess key technology risks

Technology qualification plans

Technical definition

Appoint engineering
authority

Engineering plan

Appoint process safety Technical
Authority

Define RAM targets

Base case concept

Design safety

Assign SPA for integrity
management

Integrity management
plan

Inherent Safe Design plan

Design hazard management plan

Preliminary HAZID

Major Accident Risk
assessment

Quality management

Develop phase
procedures

Governance and Assurance

Governance and
assurance plan

Project management and
execution

Delegation of authorities

Interface management
plan

Action tracking system

VIP planning session

Exit / cancellation strategy

Plan for next stage

Coordination procedures

Contracts

Development phase
contracting plan

Pre-feasibility stage
contracts

Draft EPC contract
map

Market analysis

Feasibility stage contracts

Preliminary EPC contract
strategy

Project budget

Schedule for
development phase

Capital cost estimate

Benchmarking

Indicative schedule

Project controls systems

Project MoC process

Preliminary organisation
strategy for project execution

Organisational MoC procedure

Assessment of likelihood of
required policies in place
Preliminary appraisal
plan

Obtain access rights
for data acquisition

Quality plan

Procurement
Project services

Capital cost and schedule
Project controls

People

Own staff

Appoint Project Director

Organisation strategy for
project development

Job descriptions for
project development

Contractors

Operations

Options for sourcing,
transporting and
accommodating site workforce

Stakeholders

Identify stakeholders and
key interests

Government engagement plan

Community engagement plan

Pre-operations

Early Operations plan

O&M philosophy

Preliminary ops budget

Financial contributors
engagement plan

Commissioning and start-up
Risk management

Risk management

Appoint risk specialist

Risk management plan

Risk workshop

Risk workshop

Risk management plan update

Information
management

Information management

Appoint Information
Management specialist

Information
Management plan

Lessons learned
register

IP review

Lessons learned capture
workshop

Table 8: Example Scope Checklist for an integrated CCS Project (Feasibility Stage)
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Categories

Feasibility Study—“What does the best project look like?”
Selection Process

HSSE

Commercial
opportunity

CO2 transport and
storage

Technology
engineering

and

Project
management

Construction
managment

Project services

HSSE Leadership

HSSE
responsibilities

HSSE management

HSSE
contractor
competence

Health,
Security,
Environment

HSSE
assessments

Commercial

Final business case

Financing
sheets

Feedstock/Products

Term sheet
power sales

Term sheet for
feedstock supply

Government policy

Agreements
in
principle
with
policy makers

CO2 storage

Final
acquisition

Target Setting

HSSE
communication
process

risk

for

data

HSSE management systems
Health plan
term

Review
external
security services

Environmental
Impact Statement

Environmental
management plan

HSSE risk assessment and
mitigation plan update

Site confirmation

JV
agreement
agreed in principle

Working
estimate

Business case update

Financing
agreement subject
to FID

JV
agreement
executed

Working
capital
estimate updated

MoU
for
by-product sales

Term sheets for
any
utility
connections
or
purchases

Power sales agreement
contingent on FID

Feedstock supply
agreement
contingent on FID

By-product sales
term sheets

Agreements
for
any
utility
connections
or
purchases

Injection lease granted

Update Injection
and
Operations
Plan

Detailed well and
completions
design

Drilling
rigs
contracted subject
to
provisional
sanction

Land
access
option
agreements
executed

Pipeline permits granted

Land access option
agreements
executed

Final
flow
assurance studies

Major equipment
specifications

Line
pipe
specification

Piping and Instrument
Diagrams to Rev 0

Major equipment
orders ready to
execute

Plot plan and
general
arrangements to
Rev 0

Operating modes
and constraints

Line list

Single line diagram

HAZOP

Operations design
review

Safety
devices

Transmission
system

Primary control
system selected

Instrument index

Updated Reservoir
Characterisation

Updated Drilling
and Completions
Uncertainty Report

Optimised
injection
and
operating plan

Updated
dispersion
prediction
monitoring

Pipeline
permit
applications

Identify long lead
items

Final
route
selection study

Updated MAR for
pipeline

Preliminary flow
assurance studies

Technology
development

Update technology
risks

Technology
selections

Licence
agreements

Technical definition

Appoint Technical
Authorities

Project
design
philosophies

Preliminary
logistics studies

Geo-tech studies

RAM model

Design safety

Prelim HAZOP

Hazard register

Layout review

Safety
critical
design measures

Technical
procedure

Quality management

QMS

Criticality
system

Governance
Assurance

Shareholder
reviews

CO2

Injection
application

lease

and

Confirm
selections
Basis of Design

MoC

Codes
Standards

rating

and

Shareholder reviews

Provisional
sanction request

Draft PEP

Exit / cancellation
strategy

Coordination
procedures update

Final
Plan

Execution

Exit / cancellation
strategy

Contracts

FEED contracts

Contract strategy
workshop

Project Execution
pre-qual packages

Final
contracting
strategy

EPC contracts executed
subject to provisional
sanction

All
major
equipment orders
ready for issue

Procurement

Procurement plan

Identification
of
long lead time
items

Approved vendors
list

Bulk
material
contracts ready
executed

Long lead orders
placed subject to
cancellation

Project schedule

Class IV capital
cost estimate

Owners
estimate

Accounts systems

Forex strategy

Reporting plan

Project controls

related

QMS implemented

Project objectives

and

Casing,
tubing
orders ready to
execute

technology

Project management
and execution

Capital cost
schedule

Insurance
policies
negotiated

Agreements with policy
makers contingent on FID

CO2 transport

and

capital

cost

EPC

Probabilistic cost
and schedule

Benchmarking
update
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Table 9: Example Scope Checklist for Storage as a function of Independent Review type

Technical Review

Independent, Integrated Project Review
Tech, Comm, Reg, Finance

Data room

Y

Y

Very high containment confidence (performance and risk assessments)

Risk assessment

Y

Y

Injectivity

Very high confidence that injection rates will match source over time (performance and risk assessments).

Risk assessment

Y

Y

Technical

FDP

Field Development Plan

Plan

Y

Y

Technical

Operations Plan

Field Operations and Operability Plan

Plan

Y

Y

Technical

MMV

Monitoring, Verification & Response Plan

Plan

Y

Y

Regulatory

Permits

Injection Lease / Permit Granted (conditions & tenure)

Permit

Regulatory

Permits

Water use or water interference permits if applicable

Permit

Regulatory

Consents

Approved Environmental Impact Study or Assessment (conditions)

Study & conditions

Y

Y

Regulatory

Consents

Approved FDP Field Development (and Ops) Plans (conditions)

Plan & conditions

Y

Y

Regulatory

Consents

Approved MMV Plan (conditions)

Plan & conditions

Y

Y

Regulatory

Closure conditions

Remediation and well abandonment requirements

Regulations

Y

Regulatory

Title

Ownership of stored CO2.

Regulations or legal opinion

Y

Regulatory & Commercial

Long term liability

Position on transfer or otherwise of long term (leakage) liabilities.

Regulation

Y

Commercial

Landholders

Landholder access agreements (terms & conditions)

Agreements

Y

Y

Commercial

Other resource holders

Coordination or cooperation agreements for overlapping or neighbouring resource rights holders

Agreements

Y

Y

Commercial

Procurement & Supply

Contracting strategy (suppliers)

Strategy document

Y

Commercial

Procurement & Supply

Status of all critical procurement contracts and suppliers (T&Cs)

Market analyses

Y

Commercial

Cost Estimates

Capital & Operating cost estimates (and basis)

Estimates

Y

General

Risk Management

Risk assessment and RMP for delivery of storage sub-project.

Plan

Y

Project Element

Issue

Headline

Description

Typical Evidence

Storage

Technical

Data

Data room (full access to all data and technical reports)

Technical

Containment

Technical
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Table 10: Example Scope Checklist for CO2 Source as a function of Independent Review type

Technical Review

Independent, Integrated Project Review
Tech, Comm, Reg, Finance

All engineering reports

Y

Y

Technology risk assessment.

Assessment

Y

Y

feedstock

Feedstock analyses and tests

Results & data

Y

Y

Technical

Infrastructure

Enabling infrastructure (power, water, roads ..)

All engineering reports

Y

Y

Technical

Waste

Waste analyses and disposal plans

Plans

Y

Y

Technical

Risk

Plant HAZOP study

Study

Y

Y

Technical

Reliability

Reliability and Maintenance study

Study

Y

Y

Commercial

Supply chain

Feedstock supply chain risk assessment

Risk assessment

Y

Commercial

Operations

Operations readiness plans

Plans

Y

Commercial

EPC

EPC contracts (T&Cs)

Contracts

Y

Regulatory

Construction

Construction Permits

Permits

Y

Regulatory

Consents (env)

Environmental Impact Study (conditions)

Study

Y

Regulatory

Consents (power)

Regulatory approval for new power generator in market/grid

Approvals

Y

Regulatory & Commercial

Treatment of captured CO2

Impact of capture on plant emissions cap and trade allowance

Regulations

Y

Project Element

Issue

Headline

Description

Typical Evidence

Base power plant (CO2 source)

Technical

Engineering

FEED results and other engineering & conditions

Technical

Risk

Technical
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Table 11: Example Scope Checklist for CO2 Capture as a function of Independent Review type

Technical Review

Independent, Integrated Project Review
Tech, Comm, Reg, Finance

All engineering reports

Y

Y

Approved Construction and constructability plans

Plans

Y

Y

Operations

Operations management plan

Plans

Y

Y

Technical

Risk

Technology (performance) risk assessment

Risk assessment

Y

Y

Technical

Waste

Waste analyses and disposal plans

Plans

Y

Y

Technical

Risk

Plant HAZOP study

Study

Y

Y

Technical

Infrastructure

Enabling infrastructure (power, water, roads ..)

All engineering reports

Y

Y

Technical

Reliability

Reliability and Maintenance study

Study

Y

Y

Regulatory

Consents (env)

Environmental Impact Study (conditions)

Study

Y

Commercial

Operations

Operations readiness plans

Plans

Y

Commercial

EPC

EPC contracts (T&Cs) & critical high tech suppliers

Contracts and guarantees

Y

Commercial

Procurement

Supply of critical reagents

Market analyses

Y

Project Element

Issue

Headline

Description

Typical Evidence

CO2 Capture

Technical

Engineering

Results of FEED and other engineering

Technical

Construction

Technical
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Table 12: Example Scope Checklist for CO2 Transport as a function of Independent Review type

Technical Review

Independent, Integrated Project Review
Tech, Comm, Reg, Finance

All engineering reports

Y

Y

Approved Construction and constructability plans

Plans

Y

Y

Operations

Operations management plan

Plans

Y

Y

Regulatory

Consents

Environmental Impact Study (conditions)

Study & conditions

Regulatory

Permits

Construction permit

Plans

Regulatory

Consents

Award of Easements (conditions)

Conditions

Y

Commercial

Landholders

Landholder access agreements (terms & conditions)

Agreement

Y

Commercial

Cost Estimates

Capital & Operating cost estimates (and basis)

Estimates

Y

Commercial

EPC

EPC Contracts (T&Cs)

Contracts

Y

Project Element

Issue

Headline

Description

Typical Evidence

Transport

Technical

Engineering

Results of FEED and other engineering

Technical

Construction

Technical
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Table 13: Example Scope Checklist for Integrated Elements as a function of Independent Review type

Issue

Headline

Description

Typical Evidence

Integrated

Stakeholder

Political

Positive indications of cross-party support

Letters, statements

Stakeholder

Political

Government funding agreements (conditions), if applicable

Agreements

Stakeholder

Public

Record of engagement and resolution of disputes

Records

Y

Stakeholder

Public

Stakeholder engagement and feedback strategy and plan

Strategy

Y

Stakeholder

NGOs & activists

Record of engagement. Indications of "no showstoppers"

Records

Y

Regulatory

Inter-agency

Assessment of inter-agency regulations.

Regulatory assessment

Y

Y

Organisation

Skills

Management team and full team resources and resourcing plan.

CVs, org charts, plans

Y

Y

Organisation

Organisation

Accountabilities and responsibilities in line with delivery plan.

Org plans

Y

Organisation

Financial

Ability of project operator to raise and manage finance. Financial strength of operator (and main
suppliers).

Statements, financials, accounts

Y

Commercial

Standards

Status of critical industry standards in contracting strategy(s)

Standards register & compliance

Commercial

Counter parties

Counterparty agreements between capture, transport and storage entities

Agreements

Y

Commercial

Power offtake

Details of power sales agreement (availability, price, penalties etc)

Agreements

Y

Technical

Commissioning

Commissioning plans

Plans

Financing

Full
financing

Assurance of whole of project funding (including contingency and reserve).

Estimates,
insurances

Financing

Governance

Details of project governance and superiority of debt / funders

Financing

Modelling

Financing

Government

project

Technical
Review

Independent, Integrated Project
Review
Tech, Comm, Reg, Finance

Project
Element

Legal
review

Y

Y

Y

Y

Y

Y
scenarios,

funding

agreements,

Y

Y

Agreements

Y

Y

All of project and sub-element cash flow analyses and sensitivities / scenarios.

Models

Y

Details of any ongoing government assistance and conditions

Documents

Y
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8.7 Conclusions
The nature of many large-scale, integrated CCS projects and their funding mix is such that
investment due-diligence will need to consider both FID and pre-FID decision gates. These
project stages are typical for equity investment in resource projects. Due diligence is thus
likely to be both (expert) resource intensive and complex. It will therefore be time consuming
and will need to consider both the content of the results of the development stages as well as
the proponent’s internal quality assurance processes and its overall management capabilities.
Complexity arises on several fronts:
1. A combination of public and private funding, involving parties with varying technical
capability and tolerances to financial and reputational risk means that it may be
difficult to align goals around the achievement of a commercial return versus
minimising risk exposure.
2. Achieving a Final Investment Decision on an integrated project is likely to have
required significant at-risk investment in CO2 storage exploration and appraisal,
framing and designing of process and capture facilities and then making an even
larger (sometimes multi-billion dollar) investment in constructing the plant.
3. In traditional resource industries, this exploration and appraisal investment has been
funded with private-sector equity however there is no commercial model which
supports such equity investment for CO2 storage.
4. Investors in CO2 storage resources may, in many cases, be dependent on one or
more investors in capture technology associated with the power or industrial
processing sectors for the CO2 source and revenue. In such instances, in order to
assure a return on their investment in exploration, appraisal and development, it is
likely that the CO2 source investor will be required to enter “send-or-pay” contracts
with the CO2 storage operator. Such agreements will be time consuming to negotiate
and complex to review.
5. Deployment of the key capture technology is relatively new and commercial lenders
will need to seek to lay-off the technical risk. This is especially true for integration
(including counter-party) risk.
6. Process plants (industrial or power) with CCS will be more expensive to run and likely
to have lower availability (at least while ramping up). In the case of power plants,
operating

in

highly

competitive

electricity
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agreements including electricity price guarantees are likely to be needed. Such
agreements will be time consuming to negotiate and complex to review.
7. The result is business case complexity which will manifest as additional project cost
and schedule slippage.
Management of risk arising from such complexity requires rigorous adherence to an
investment decision-gated roadmap, including clearly defined due diligence guidelines for
investors at each stage. Under such due diligence guidelines, it is a mandatory requirement
for investors to commission rigorous independent expert-reviews at least at each decision
gate.

Final Report

2014-06-19

P a g e | 97

9 Guidelines for CCS Project Cost Estimates
The section seeks to provide a framework and guidelines for the preparation of cost
estimates so that project owners, investors and policy makers can be assured, as early as
practicable, with a robust understanding of:


the likely cost estimates, and,



the limitations and uncertainties of those estimates, together with,
•

the integrity of and completeness of inputs to estimates;

•

the methods used to incorporate uncertainties in the estimates,

•

the quantum and timing of additional cost requirements, and,

•

the schedule to develop and deliver projects.

Especially in the early (concept) stages of project development, cost benchmarks, estimates
and schedules must be used with caution.
This section provides the basis of and recommended guidelines for the development of
investment cost estimates including:


Plant capital costs,



Owners Costs, and



Interest during construction;

With specific attention to:


appropriate Contingencies,



escalation allowances and,



appropriate Supplementary Funds.

9.1 Formation of the Project Estimates
It is important to note that a capital cost estimate for any major project, including energy
projects, is never a single fixed number. An estimate always consists of a range of cost
outcomes. Furthermore, a project should only be committed or sanctioned by investors
based on funding requirements determined after considering:


Project (Overnight) Cost Estimates based on


a definable scope, and,



most likely costs within accuracy limits, and,
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contingencies to cover those parts (usually most parts) of a project which cannot
be completely specified and costed.



Supplementary funds, which may be required when possible, but less likely
situations eventuate during the course of the project.



Working capital requirements to support establishing the project entity.



Interest During Construction incurred on capital invested up to commencement of
operations.



Initial Operating Cost estimates to definable and most likely scope and accuracy
limits which are incurred during commissioning and start-up.

Taken together, these elements form the Total Investment Cost (TIC) of the project.
Detailed approaches and checklists for the formation of capital cost estimates are presented
in Section 10.
For a project to proceed, investors must provide seed funding and certain authority to the
project proponents to progress the project through pre-investment decision studies. To
enable investors to provide authority and seed funding, the proponent must first provide
some conceptual estimates to the investors for their consideration. The initial conceptual
estimate of the project cost and project schedule for early-mover energy projects are typically
at a very preliminary stage of definition and based on generic benchmarks published at $ per
installed MW sent out. This is quite usual and reasonable because the site may be unknown,
the exact fuel source and technology configuration are uncertain and there are few, if any
reference projects. Furthermore, these preliminary cost estimates typically relate to successcase development costs and do not generally include exploration or exploration and
appraisal costs for the storage resource. Indeed, the decision to expend funds on exploration
and appraisal at the first storage decision gate.
Figure 24 must be tested against a ‘screening’ NPV estimate of the success-case
development costs. Therefore, investors and project proponents are forced to proceed using
these benchmark estimates based only on indirect measurement and/or experience because
the actual scope and conditions cannot be known. Nonetheless, investors are forced to make
important decisions about potential technology “winners” and competing investment
proposals and so it is vital to have the most reliable and realistic cost estimates.
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In most cases, the early conceptual estimates are found to be grossly underestimated (refer
to Sections 4 and 5 for CCS and energy related examples) as more investment in
engineering and other studies improves project scope and definition. Indeed, in many
projects, capital cost estimates continue to escalate at each phase of development from
Concept to Scoping Study to Prefeasibility Study to Feasibility Study to FEED to Completion.

9.2 Project Costs
Project Costs are estimated in categories to cover:






Bare Erected Cost:


Equipment Supply



Bulk Material Supply



Construction Labour

Indirect costs:


Engineering-Procurement-Construction-Management (EPCM) Services and Fees



Construction Facilities (Temporary)



Contingency (Direct and Indirect)

Owners costs:


Project Management



Study Costs (prior to the final investment decision)



Corporate and Business



First Fills and Spares



Commissioning



Pre-production (pre-start up operating component)



Permitting & Legal Expenses



Enabling Infrastructure



Contingency (Owners Costs)

Section 10 provides detailed guidelines for the formation of the Project Costs.

9.3 Project Contingency
Project Contingencies are allowances added to all estimated costs for costs which cannot be
qualified or specified, due to the incomplete nature of the definition of the work, but which
experience indicates will be incurred. Normally, the Contingency included in an estimate is to
cover the following categories:
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Process Contingency is an allowance that reflects the level of maturity of the process
technology upon which the project is being based. Projects which are very mature, for
example Supercritical Pulverised Coal Power Plants have many hundreds or
thousands of reference projects worldwide and so would attract no process
contingency. On the other hand an IGCC plant for which there are a few (<10)
reference projects, integrated with carbon capture for which there are references in
other industries but none for coal fired power, would attract significant process
contingency.



Scope Growth (Design) allowances are allowances for shortcomings in the quantities
in the estimate detail. For example, a footing for a pump has been omitted, or bracing
steel has been omitted from a structural steel take-off from a drawing. Such
shortcomings tend to reduce in number and impact as more engineering and
constructability studies are done. However, they can be very large early in the project
development and include for example the provision of major enabling infrastructure
(water supplies, HV power, transport).



Scope Growth (Quantities) allowances are allowances on quantities that have not
been specifically estimated, but the estimator knows will occur. Amounts should be
determined by qualified, experienced estimators, based on an assessment of the
quality and completeness of the base input data.
These Scope Growth allowances are calculated and included within the Contingency
estimate, as a percentage of the base estimate.



Rate Change Allowance is an allowance based on the estimators’ assessment of the
validity of the unit supply and installation rates used in the estimate build-up.
Construction difficulty, market influence, labour availability, budget pricing and quality
will all influence the rate allowance used. This is normally allowed as a percentage of
the estimate, and is included within the Contingency estimate.
These influences are highly region and site specific and vary over time depending on
market conditions. For example, in Australia in the late 1990’s and early 2000’s,
design and construction of projects was possibly more competitive than similar
projects in the United States Gulf Coast. By the early 2010’s, the cost of developing
major resource and energy projects in the northern part of Australia had reached 1.5
to 2 times US Gulf Coast benchmarks [87].
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Of course it is a not a simple matter to evaluate these site specific influences,
because depending on the technology, scale and location of the project, it may be
possible to manufacture preassembled modules in lower cost jurisdictions to minimise
the impact on investments in high cost, low productivity countries.


Contingency for events that are statistically likely to occur, but not included in the
base estimate. These are to cover such items as changes to the execution plan,
allowances for weather problems, strikes or delays. The likelihood of these events is
again location specific. Importantly contingency should not be allowed for schedule
delays outside the agreed project schedule which would include a reasonable float
allowance. In such cases, contingency for costs associated with such additional
delays would be allocated within Supplementary Funding.

9.4 Total Project (“Overnight”) Cost & Total Investment Cost
Total Project (Overnight) Cost reflects the estimated costs required to deliver the project, if it
could be done so “overnight”. Total Project “Overnight” Cost is equal to the Sum of Project
Costs and Project Contingency. Total Project “Overnight” Cost does not include estimates of
forecast cost escalation from the estimate reference date to the date of procurement, or
interest incurred during the period from the Final Investment Decision until the project is
operating, also known as Interest During Construction (IDC). Expenditure generally follows
an “S curve” and so IDC can be estimated by applying the interest rates in the currency of
the project through an estimated S curve for the proposed project delivery schedule.
Escalation costs are also very dependent on market conditions and so it is important to have
experienced project developers consider the likely future trends of local material and
contractor availability, productivity and costs. The estimates for cost escalation can be
particularly significant for projects which have a long lead time through studies and/or
construction and commissioning, such as CCS and Nuclear power projects. It is important in
such cases to make a reasonable estimate of such additional costs especially in early mover
technology projects where a portion of the prospective investment funds are often fixed or
capped grants.
Total Investment Cost is equal to the sum of Total “Overnight” Project Cost, Escalation and
Interest during Construction.
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9.5 Supplementary Funding
Supplementary Funding provisions should be established to cover the risk of events or
outcomes which are worse than the most likely cost outcome. Investors must possess both
the appetite for such risk and the capacity to bear the downside consequences. The basic
capital cost estimate including contingency allowances gives the most likely or central
outcome (lying at the 50th percentile) and it is called “the P50 estimate”. This means that there
is equal likelihood of the actual cost outcome being higher or lower than the P50 estimate.
Figure 25 illustrates where the P50 estimate sits in relation to the Total Funding Allocation
which is the estimated aggregate funding that all of the investors (equity, grant and debt)
must have available in order to safely commit to a project. Total Funds Employed is the sum
of the likely Total Investment Cost and the estimated Supplementary Funds. Note that Figure
25 is illustrative only and not intended to imply a normal distribution.

Figure 25: Normalised probability distribution of the Total Funding Allocation

It is important for investors to have some knowledge of a cost outcome with a higher
probability in which there is less risk of downside. Sometimes investors describe this as the
“worst case scenario”. This is especially important in cases such as early mover low
emissions power projects, e.g. integrated CCS projects because usually, at least part of the
funds are fixed or capped grants. In addition many of these projects are undertaken by
special purpose project companies which lack the balance sheet resilience necessary to
underwrite investment cost overruns. It is also critical for projects which have a very long
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development and construction lead times. This is relevant to most energy mega-projects
such as integrated CCS and nuclear power projects, which span multiple government
election cycles and often exist in environments of regulatory uncertainty and community
unrest.
To arrive at a more certain number than the P50 estimate, it is necessary to consider
additional risks, then make some additional cost allowance for them over and above the P50
estimate. The additional cost allowances made to cover these additional risks and create a
more certain estimate are called the “Supplementary Funding”. This describes the cost
allowances which are additional to the P50 estimate and which will be required to be spent if
the less likely but more adverse conditions actually are encountered during the project.
For mature technology proposals that have advanced through studies to a Feasibility Study,
Supplementary Funding provisions may be estimated through a statistical assessment of the
uncertainties associated with each cost item in the estimate. However with First-of-a-Kind
and Early Mover Demonstrations, uncertainties tend to be more closely linked to major items
of scope change and growth rather than variations on the quantities or rates associated with
a reasonably well defined scope. For example, the selection (or change) of site could lead to
changes in coal characteristics, significant plant design changes, a requirement to re-route
CO2 pipelines, and/or changes in access to high voltage transmission, water supply and
other critical infrastructure. In many early-mover CCS proposals, during the early (Scoping
and even Prefeasibility) study phases, cost estimates are based on a nominal or generic site
in a particular province. Even after a project passes a Final Investment Decision and the site
is fixed, regulatory changes, unprecedented weather events, extraordinary pressure on
available skills, prolonged industrial action or even community protest action can lead to very
significant cost and schedule impacts which cannot be forecast.
Of course, it is not always possible to identify these risks ahead of time, and even when
identified it is difficult to place a value on such risks and uncertainties, especially early in the
Concept and Scoping phases of a project. As such the value of Supplementary Funding is
often decided by judgements of the various risks and set as a general percentage derived
from the project total cost estimate. Alternative methods of assessing Supplementary
Funding include:


Simulation of the sensitivity and distribution of the accuracy of the capital costs of the
project.



Simulation of the business risks on a probability basis.
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Assessing the potential value of specific scope changes and impacts of events
beyond the control of the Owner.

One approach is to adopt as part of the Supplementary Funding, an allowance to lift the cost
estimate to the P80 estimate. The P80 estimate means that there is an 80% probability of
project completion within the estimate and only 20% probability that the cost outcome will
exceed the estimate. To achieve such certainty may require, in the initial project framing and
concept development, a provision of at least 50% of the Project Cost Estimate to be included
in the Supplementary Funding, in addition to the project cost estimate contingency provisions.
Investors and project proponents are faced with many uncertainties and risks during any
major project but especially those involving immature technologies. Investors should
recognise the potential for such risks and uncertainties, and make provision for them until
there is more certainty. This is especially so in the early project phases such as conceptual
and scoping studies. As the project matures and more knowledge is available, uncertainties
are reduced and risks are either mitigated or confirmed, and so the Supplementary Funding
provision may be reduced.
Supplementary Funds should be managed differently to the Project Control Estimate (which
includes contingencies) because it is only for use in extraordinary and unforeseen emergent
situations or emergencies and should be specifically justified by the Project Proponent for the
situations described. In other words, while the Project Leader owns the Project
Contingencies allowances, the investors own the Supplementary Funds. The Supplementary
Funding allowance provides a financial buffer for project investors to deal with these issues if
and when they arise. Very large energy companies may carry such a buffer within their
balance sheets, but special purpose companies or smaller utility companies of which several
have been CCS proponents, may be reliant on strictly limited funds. If investors can’t afford,
or don’t have ready access to, the “Supplementary Funds”, then they probably should not
proceed with the project.

9.6 Contingency Allowances & Supplementary Funding Provisions for
Complex Process Projects
The authors have examined a number of energy sector projects, to develop the following
guidelines for the application of contingencies and supplementary funds. The projects were
all multi-billion dollar, greenfield projects related to CCS, LNG and mature resource
infrastructure. The cost-growth, excluding contingency through the phases of project
development is illustrated in Figure 26.
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For the purposes of this analysis, the following technology maturity classifications were
applied:


Integrated Power + CCS (1)

First-of-a-Kind (FOAK)



HELE Power (1)

Early Mover (EM)



LNG (6)

Early Mover (EM)



Resource Infrastructure (2)

Mature or Nth-of-a-Kind (NOAK)

Figure 26: Illustration of project estimate escalation through the phases of 10 greenfield projects untaken
since during the last 10 years

The cost growth data was then compared against the AACE guidelines for estimate accuracy
as outlined in Table 3 and displayed in Figure 27. It is important to note that the analysis is
indicative only and based on a mix of publically available information and confidential, private
communications with proponents. In discussions with proponents, it was clear that views on
the level of engineering which constitutes Pre-FEED and FEED detail varies between
industries and between companies. There was also some ambiguity in the minds of
interviewees as to the scope (usually scale and configuration) prevailing in early stage
estimates compared to the scope of the finally sanctioned project. The graphical
representation of these projects highlights the issues of cost overruns reflected in the review
of case studies in Part A of this report.
Based on an assessment of these projects, guidelines for the setting of contingencies and
supplementary funding provisions are proposed in Table 14. Whilst it is acknowledged that
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these guidelines have been established from only a very small sample size and imprecise
data, they are considered to offer a reasonable basis for project proponents and can help
guide investors when assessing the risks associated with project estimates.

Figure 27: Comparison of project estimate escalation through the phases of 10 greenfield projects
untaken since during the last 10 years against AACE Cost Estimate Accuracy Guidelines as defined in
Recommended Practice 18R-97 [3]
Table 14: Recommended guidelines for application of contingencies to projects dependent on technology
maturity and stage of project development.

Project Phase
Estimate
Allowances

Type

Contingencies
Process Contingency

Estimate Contingency

Total Contingency

Supplementary Funds

Total Additional
Allowances

Concept

Scoping

Prefeasibility

Feasibility

Engineering
Complete

All figures are percentages of the Project Overnight Cost Estimate
FOAK

50

35

20

15

10

EM

25

15

10

5

5

NOAK

0

0

0

0

0

FOAK

50

35

20

15

10

EM

40

30

20

15

10

NOAK

30

25

20

10

5

FOAK

100

70

40

30

20

EM

65

45

30

20

15

NOAK

30

25

20

10

5

FOAK

50

40

30

20

10

EM

30

20

15

10

5

NOAK

25

15

10

5

2.5

FOAK

150

110

70

50

30

EM

95

65

45

30

20

NOAK

55

40

30

15

7.5
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Table 15 provides a possible guide for characterising the level of technology deployment for
a project. Based on these guidelines any large-scale integrated CCS project planned in
Australia should be considered FOAK.
Table 15: Guidelines for characterising level of technology development

FOAK

<10

commercial

scale

demonstrations

world-wide

or

first

demonstration in a particular region

EM

>10 and <20 commercial scale demonstrations world-wide or <3
demonstrations in a particular region

NOAK

>20 demonstrations world-wide and >3 demonstrations in particular region
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10 Scope and Formation of Project Cost Estimates
A properly scoped project is a necessary but not sufficient requirement for cost estimate
integrity. The scoping exercise must precede the formation of estimates and should be
subject to both high level executive and, at Feasibility / FEED stage, independent expert
review. Figure 28 provides an illustration of the broad scope which must be considered and
included in the estimate formation.

Figure 28: Scope for cost estimate formation

10.1 Estimating
Estimates are broken down into the smallest level of detail required to adequately define the
scope and then summarised by the WBS. The estimate, WBS and schedule all need to be in
alignment as the information contained in all the documents and systems must be compatible.
There are five estimating approaches which reflect the level of engineering available. Table
16 and resulting explanations describe the acceptable approaches to producing estimates
depending on the stage and maturity of a project. The effort level indicated in Table 16 is
indicative for an industrial-scale, integrated CCS project including the base plant (e.g. power
or industrial process) with CCS (CO2 capture and CO2 transport and storage). Such projects
are likely to cost in the order of several billion Australian dollars, and so the indicative effort
level for studies (as a percentage of the project total investment cost, TIC), excluding CO2
storage field exploration and appraisal can be in the order of:


Scoping Study

0.1 % of TPC



Prefeasibility Study

0.5 – 1 % of TPC



Feasibility Study

5 % of TPC
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Table 16: Guidelines for scoping, estimating methods and engineering effort levels to support CCS cost estimates
Class

Known details

Indicative Effort
Level
(Man hours)

Scoping

Preliminary scope, scale, product mix, process, nominal
site, feedstocks, CO2 storage basin specified.
Produced using limited information, time and effort to
produce high level estimates.
Regulatory environment assessed.

0.1% of TPC
but at least
5,000 man
hours

Prefeasibility
Study

Concept plant layout, PFD, Equipment list, Preliminary Plot
Plans, GA’s and Engineering sketches to derive quantities.
Infrastructure corridors for CO2, water, HV identified.
Preliminary Environmental Impact Assessment complete.
Preliminary CCS well design complete and number of wells
estimated.
Preliminary Freight & transport study complete.
Preliminary Contracting Plan.

0.5-1% of TPC
but at least
200,000 man
hours

Feasibility
Study

Plant layout, PFD, Heat & Mass Balances, Preliminary
P&ID’s, Equipment list, major line list, major cable schedule,
GA’s and Engineering drawings to derive quantities – on
core facility, balance of plant and enabling infrastructure.
All necessary site investigations complete.
Infrastructure corridors finalised and basic design studies
complete.
HAZOP & MAR studies completed.
Suite of well CCS designs complete with preliminary Field
Development Plan.
Environmental Impact Study complete and ready for
submission.
Ready-to-execute contracts for major engineering,
procurement & construction developed.
Detailed logistics studies & Preliminary Operations Plans
developed.

5% of TPC but
at least
1,000,000 man
hours

1

Project
Definition &
Accuracy

Estimating Methods Used

Definition:
Concept only
~1% of
engineering
effort
Accuracy:
-20/+50%
Definition:
~10% of
engineering
effort
Accuracy:
-15/+30%

Stochastic methods: Cost/ capacity
curves, Lang, Hand, Chilton factors, other
parametric techniques.
Prescribed Contingency & Supplementary
Funding provisions mandatory.

Definition:
>40% of the
engineering
effort
Accuracy:
-10/+20%

Limited use of Lang Factors. Some use of
Factored First Principles. As much use of
First Principles based on material takeoff’s as engineering detail allows. Use of
Multiple Budget Quotes for high value
items, Budget quotes for remainder of
items.
Prescribed Contingency & Supplementary
Funding provisions mandatory.
First Principles, Multiple Budget Quotes
on all major items & packages. Detailed
proposals and where possible tendered
contracts for design and construction
packages. Prescribed Contingency &
Supplementary Funding provisions
mandatory.

End Usage

Market studies,
assessment of
viability, project
screening, long
range capital
planning, project
location studies.
Strategic planning,
business
development,
confirmation of
technical and
economic
feasibility, budget
or next stage
approval.
Support Final
Investment
Decision, control
estimates and
basis for project
delivery cost
control.

1

Estimating Methodologies are outlined in more detail in Appendix A.
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10.2 Structure of Estimate (Prefeasibility & Feasibility Level)
In order to complete the Project estimate, estimates from several sources need to be
completed and then compiled into an overall master estimate. The structure of these
estimates will reflect the Project contracting strategy, which is expected to look similar to
Figure 29.

Master Capex
Estimate

Base Plant
1

Estimate

BOP

HV

Estimate

Transmission
Estimate

CO2 Storage -

Owners

Transmission,

Well Heads &

costs, Project

Distribution, Water

Drilling Estimate

team &

CO2

& Gas Pipelines

operations

1

Includes CO2 source (e.g. power plant), gas processing, CO2 capture and compression, substation as per the EPC scope in
Figure 28.

Figure 29: Structure of Master Capex Estimate

Note that in the case of CO2 Storage estimates, until appraisal is complete and the Field
Development Planning is well progressed, the sub-surface uncertainty dominates storagerelated cost uncertainty; such that well-type, well-count and field lay-out uncertainties far
outweigh component cost estimating uncertainties.
Owner’s Master Estimate
The Owner should compile the overall project estimate and as such each estimate
component from contractors should comply with the required structure and estimate
guidelines.
Owner’s costs


Owners Project team



Land acquisition or leasing costs



All first fills for the project



Lubricants & greases



Coal supply cost, Flux, Diesel, Start-up gas, Water, Ammonia, Nitrogen



Catalysts



Workshop equipment or tools, furnishings and fit out, vehicles and plant, laboratory fit
out
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Insurances other than Professional Indemnity, workers compensation & statutory
insurances



Common Shared Construction Support services – Construction accommodation camp,
heavy lift cranes, construction plant & equipment hire yard, scaffold



Licensing & Regulatory costs



Import Duties – Permanent equipment and bulk materials only. Contractors to provide
for temporary equipment



Tax burdens



Financing costs



Operations Start-up costs.



Operations Staff accommodation costs



IT & Communication System



Pre Start up connection and access charges



Stakeholder engagement costs

Owner defined rates for contractors use
Most OEM’s with the capability to supply CCS project plant will have limited experience in the
construction of projects in Australia and therefore minimal knowledge of regional Australian
construction costs. The project owner should be responsible to specify and/or verify the
following items as a minimum:


Labour rates (Statutory on-cost including Labour Agreement items. Not inclusive of
any other Provisions)



Cost of construction water rates



Cost of hydro-test water rates



Cost of mains electricity rates during construction



Commissioning electricity rates



IT and Communications for Australian based staff



Diesel supply cost

The owner should also require the following exclusions from contractor or OEM estimates:


Foreign Exchange risk (hedging cost)



Any Risk and Opportunity Costs (to be workshopped together and applied in the
master estimate)
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Overhead Costs
Contractor overhead costs and owner’s team costs are directly linked to project schedule. In
order to have a common alignment amongst estimates for the generation of overhead
indirect costs related to time, the Project Completion time should be defined and agreed in
the project schedule through the phases of Design, Construction, Testing, Mechanical
Completion, Pre-Commissioning, Commissioning, Practical Completion and Operations
Handover.

10.3 Estimating Plans
The Owner should require that each contractor provide a specific plan detailing how they
propose to estimate their scope of work for inclusion in the overall Owner’s master estimate.
Plans should detail how the contractor should address the following:


Defining their scope of work & ensuring that there are no duplications or missing
scope between other contractors.



Determining how the contractors WBS will be mapped with the Owner’s WBS to
eliminate lengthy translation and the possibility of errors occurring in integration with
the Owner’s Master estimate.



Provide traceability through the different levels of the estimate to the base
engineering documentation.



Assumptions underpinning the estimate.

10.4 Basis of Project Delivery
The estimates produced should align with the approved Owner project execution strategy
(e.g., EPC, EPCM & C, D&C, etc.) and expected methods of construction and commissioning.
These must be explicitly communicated and consistent across all estimates in order to have
compatibility of individual estimates into the overall Owner Master Estimate. The basis of
Project Delivery, Estimate and Schedule must be in alignment.

10.5 Schedule Plans
The Owner should require that each contractor provide a specific plan detailing how they
propose to program their scope of work for inclusion in the overall Owner’s master schedule.
Plans should detail how the contractor should address the following:
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Integration between other contractors and Owner’s master schedule.



Integration and compatibility between the estimate and the schedule WBS.



Detail how the schedule shall reflect the basis of Project delivery.



Include vendor deliverable loops back through engineering for the management of
certified data and drawings and vendor manufacturing lead times.



Assumptions from the estimate regarding productivities and their use in the schedule.



Key interfaces and identifiable milestones to enable linking to the Owner’s master
schedule.



Contingencies and allowances clearly identified.

The basis of the Feasibility Study estimate should include a project calendar following and
complying with all legal requirements for working hours and statutory holidays.

10.6 Work Breakdown Structure / Estimate Codes
The WBS should be developed to allow as much flexibility as possible in moving forward with
the Project from phase to phase and to allow comparison between phases, grouping of
estimate discipline costs and appropriate sorting and filtering capability in order to extract
costs as simply as possible.

10.7 Quotations and Procurement Register
In developing costs for packaged plant, vendor equipment, material supply, fabrication, hire
or purchase of items solicited quotations should be used to determine costs to be applied in
the estimate. All quotations should be detailed in a separate Procurement Register
communicating the specifications that quotations are based upon, quotation supplied from,
prices of the quotations and the specific quotation amount applied in the estimate and an
explanation as to why the quotation has been used.
The Estimate methodology for determining pricing should be based on:


One-off specifically selected sole-source process equipment – written quotation on
letterhead.



Multiple sourced vendor equipment items (major items) – 3 written quotes with
preferred selected.



Multiple sourced vendor equipment items (minor items) – 1 written quote with
preferred selected.
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Fabricated items – minimum of 3 written rates based quotations from each localised
geographical area.



Hired Plant, Equipment & offices- minimum of 3 written rates based quotations from
each localised geographical area.



On site services – 2 written rates based quotations.



All Materials – 3 written rates based quotations from each localised geographical area.



Low volume Minor items between $10,000 and $4000 – Historical database (adjusted
as required) or Phone confirmation of price (not to be used for bulk material rates).



One off items less than $4000 experienced-based plug value (not to be used for
material rates).

All quotations should reference a specific paragraph detailing the following terms:


Local and international taxes applying or excluded.



Date reference for quotation to ensure an aligned date for escalation purposes along
with a validity period.



Compliance or variance with standard vendor manuals and Fabrication MDR’s.



Warranty start and durations.



Performance tests Guarantees.

Vendor supply quotations are to contain a separate price for:


Transport,



Training, and



Commissioning

Where an estimate has any equipment, materials or services provided by the contractor
where the procurement will not be performed in a competitive manner (and / or already prior
agreed with the Owner). The contractor should verify the supply pricing by either obtaining an
equivalent estimate from a similar supplier or provide the basis of the contractors sell price
for the equipment in an open book arrangement.

10.8 Governing Law and Applicable Standards for Estimating Use
The estimate should be based on the relevant local, state and federal laws, standards, codes
and requirements. For example, for a project in the state of Queensland, Australia such laws
would include but not be limited to:
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Governing law of Queensland Australia.



Workplace Health and Safety Act 1995.



Workplace Health and Safety Regulation 2008.



Workplace Health and Safety Queensland Codes of Practice.



Petroleum and Gas (Production and Safety) Act 2004.



Greenhouse Gas Storage Act 2009.



Coal Mining Safety and Health Act 1999.



Coal Mining Safety and Health Regulation 2001.



Civil Works - AS 3600.



Structural works - AS4100.



Mechanical works - API Standards.



Piping works - ASME B31.3 Process Piping, AS 2885.



Electrical works – AS 3000 & EESS regulations.

10.9 Project Criteria
Prior to commencement of any project study the following project criteria must be specified
as the basis for design and cost estimates. Such project criteria should be made final upon
commencement of the Feasibility Study. Table 17 presents an example for a generic IGCC
with CCS project. While only an example, if indicates the level of detail required.
Table 17: Project criteria for generic integrated IGCC with CCS plant (Queensland based example)

Criteria
General
Design Life
Operating life
Site Region
Site Elevation
Max mean temp
Min mean temp
Max recorded
Min recorded
Mean annual Rainfall
Flood event
Wind loading
Seismic design criteria
Local Content
Degree of Automation

Estimate to be based on Specification
Minimum 25 years
40 years
Surat Basin
250 m
28.6
10.8
44.5
- 4.3
684 mm
1:1000
AS 1170 Part 2
Site Class D No liquefaction
The aim is that the facilities should have local content as per
Queensland State Purchasing policies.
Plant & systems are to have a high level of automation minimising
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Dust
Noise Criteria
Aircraft Warning Lighting
Maximum Logistics Size
Maximum Logistics Weight
CO2 Transmission, Distribution,
Boost, Wellheads and Drilling.
Water & Gas pipelines
Final CO2 Composition
(determined by rock-brine
sensitivity studies)
Maximum Flowing Bottom Hole
Pressure
Sparing & Well redundancy
Operational Venting
CO2 Monitoring
Pipeline buried depth
Distribution Pipeline offices
Trunkline Offices
Expansion capability
Distance between wells
Water pipeline head tank at site
Power Plant
IGCC plant output (gross)
IGCC plant output (net)
CO2 capture %
Overall Plant Availability
Final CO2 Composition (from
subsurface requirements)
Coal Feed rate to Gasifier
Raw water feed rate
Natural Gas consumption rate
Diesel consumption rate

plant operator shift requirements and appropriate for skill levels
found in the Queensland power industry.
This will be detailed in the control philosophy document when
drafted.
Dust mitigation measures will need to be provided.
Acoustic protection will be required.
If site is located in proximity to any airfields CASA stack
illumination will be required.
To be developed
To be developed

CO2 > 98% v/v, Total Sulphur < 10 ppm, CO < 0.9% v/v, N2 <0.8 %
v/v, H2 < 0.8 % v/v, HC < 0.06 % v/v, Moisture < 310 ppmv
17 MPa
N x 1.3
Venting capability at all well heads, booster discharges and and
high points on trunk lines.
CO2 Leak detection and monitoring will be required for both the
pipeline and sequestration area.
Initially base on 1200 mm. Remediated with suitable vegetation.
Initially base on a dedicated well fields office with satellite mobile
offices for the distribution piping.
Initially base on a dedicated trunkline office with satellite mobile
offices.
Pipeline facility to be designed to allow for carbon capture rate of
90 %.
Initially base on 4 km between wells.
Allow for a 10 m high tank head.
530 MW
400 MW
80 %
85%
CO2 > 98% v/v, Total Sulphur < 10 ppm, CO < 0.9% v/v, N2 <0.8 %
v/v, H2 < 0.8 % v/v, HC < 0.06 % v/v, Moisture < 310 ppmv
Estimated 3720 t/d
Estimated 16.5 ML/d
Estimated 105 GJ/d
Estimated 1,200 t per start
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Captured CO2 for sequestration
Sulphuric acid production rate
Slag production rate
Ammonia And NOx Monitoring
Solid waste sludge treatment
production rate
Potable water consumption
rate
Flux Consumption rate
Ammonia consumption rate
LPG consumption Rate
Coal total moisture (AR)
Ash
Top size
Expansion capability

Infrastructure
Water Discharge
Landscaping
Laydown Area required

Car parking
Labour Engagement
Emergency services
Workshop
Number of Administration and
plant operational personnel
Peak construction staff
Peak construction labour
Peak off site Camp
accommodation
Accommodation Camp
standard
Operations Staff
Accommodation
Gasifier Slag handling
Waste water sludge

Estimated 7,000 t/d
Estimated 60 t/d
Estimated 420 t/d
Ammonia and NOx monitoring will be required
To be developed
To be developed
To be developed
To be developed
To be developed
Estimated 8 %
Estimated 15 %
50 mm
Facility to be designed to allow for a future carbon capture of 90%.
Plot plan is to accommodate for a future expansion of an
additional IGCC + Carbon Capture system.
Zero Process liquid discharge site. The facility should be designed
to discharge clean treated stormwater.
Landscaping and revegetation will be required over all
excavations.
Multiple laydown sites, main construction workshop area with
multiple container yard support. Main laydown area a minimum of
600 m x 200 m. (To be developed together).
Initially base on 2000 spaces. (To be developed together).
Gate Start
Fully equipped first aid room, Helipad
Initially base on 30m x 20m x 8m complete with 5 t overhead
crane. (To be developed together).
Initially base on 120 People. Open Plan office with 15 offices,
common area. (To be developed together).
Initially base on 200 (To be developed together)
Initially base on 1500 (To be developed together)
Initially base on 1800 (To be developed together) Permanent
Operations Staff will NOT be accommodated in the camp.
Senior Staff (VIP rooms), Staff (Ensuited rooms) Labour (Ensuited
rooms). Full recreation facilities.
Initially base on 100 People (To be developed together)
Initially base on truck disposal on site
Initially base on truck disposal offsite
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10.10 Standard Specifications for Feasibility Study Capital Costs
The Feasibility Study should nominate standards for the basis of capital cost estimates to be
produced by the owner, nominated engineering consultants, equipment vendors and EPC
contractors. Such standards should clearly specify high level requirements such as:



All materials should be new.



Australian (or other jurisdiction, as appropriate) standard structural steel sections,
grating, handrail, bolts and piping & fittings should be used.

In addition, the Owner should provide a set of standards for all work to be delivered. Table 18
provides an example of the level of detail that should be included in such standards.
Table 18: Standard specifications for capital costs by estimate line item (Queensland based example)

Estimate Line Item
Site Clearing

Bulk earthworks

Detailed excavation

Engineered Fill
General Fill
Underground Services

Thrust Blocks
Valve Pits
Underground Valves

Estimate to be based on Specification
No delay to removal of trees and shrubs due to
any cultural heritage sites. Disposal of trees by
burning.
No rock excavation, bearing pressure 250 kPa.
Disposal onsite within 2 km or balanced cut to fill
as may be designed. No contaminated soil.
No rock excavation, bearing pressure 250 kPa.
Disposal onsite within 2 km or balanced cut to fill
as may be designed. No contaminated soil.
Required to be imported from a quarry close to
site to be determined.
Suitable fill material gained on site
Firewater – HDPE
Sewer pipe – PVC
Stormwater – Concrete
Oily Water –
Chemical Drains – FRP
Inc. of thrust blocks, valves, valve pits etc.
Mass concrete
Injection moulded HDPE, concrete precast at
trafficable areas
Painted Cast Iron body, manual actuated with
extendable spindle
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Estimate Line Item

Estimate to be based on Specification

Cable Pits
Plant Roads & car park
Plant minor access roads
CO2 Access roads
Hardstand
Landscaping
Buildings, warehouse &
laboratory
Workshops

Concrete precast at trafficable areas
Sealed bitumen
Unsealed
Unsealed
All weather
Grass and native trees
Precast & Fully fit out including furniture, IT
cabling and electrics. Excluding computers.
Including OHT crane. Exclude machinery or
tooling
Fully integrated independent site complex with
large open plan furnished office complex and 40
individual crib rooms. All toilets and sanitation
facilities, water storage and waste disposal
6’ chain link gal fence
Supplied from plants in the local region. Blinding
used instead of membrane. Max concrete
strength 60 MPa
One steel supply or similar
Galvanised Gr 4.6
As per designers spec
Galvanised Mild Steel
Packers 100 x 100 mild steel

Temporary site offices

Fencing
Concrete

Rebar
HD Bolts
Special HD Bolts
Concrete Embedment’s
Column and Equipment
bearing
Cementicious Grout
Epoxy Grout
Structural Steel (Building
stick steel, Modules,
skids, fabricated pipe
supports, access
platforms etc.)
Pipe racks
Structural Bolts
Guarding
Grating
Handrail

Epirez or equivalent
3 coat paint system, Australian sections,
standard Australian bolted connection details. All
structural steel to be categorised as Light,
Medium, Heavy or Ex Heavy.
Inorganic zinc paint spec. modularised
construction.
Gr 8.8 gal Australian standard compliance TB
bolting procedure
40 x 40 x 4 mm gal mesh. Equipment 10mm dia
4mm thick perforated plate painted yellow
Gal grating WB253 webforge or equivalent.
FRP for chemical sensitive areas.
Monowills handrail painted yellow Y15.
Panelised construction.
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Estimate Line Item
Stair Treads
Stair ways
Australian Equipment
Items

International Equipment
Items

Catalyst
Mechanical Equipment
Bolts
Process Valves
Balance Of Plant Valves
Acoustic Enclosures
Pumps / Valves
Process Pipe - GRP
Process Pipe - Carbon
Steel (Firelight)
Process Pipe - HDPE
Process Pipe Polypropylene
Process Pipe - uPVC
Process Pipe - 316L
Process Pipe - Exotics
Process Pipe – X70
Process Pipe - Site
Welding (FFW, FW)
Process Pipe - Site GRP
Laminations
Small Bore Piping
Pipe - Pipe Clamps

Estimate to be based on Specification
Grating stair tread with yellow nosing.
Pre-fitted treads and handrail modularised
construction
Vendor standard item with modified Owner 3
coat paint specification, common or grouped
lubrication system. Numbering to contractors
standard till Owner issues a standard.

Vendor standard item with modified Owner 3
coat paint specification, common or grouped
lubrication system. Compliance to Australian
electrical, and access specifications. Vendor
representative in attendance to verify
installation and commissioning. Numbering to
contractors standard till Owner issues a
standard.
Specifications by designers
Gr 8.8 gal Australian standard compliance, TB
bolting procedure and / or high tensile Gr 10.9
machine bolts as needed.
As per designers spec
As per designers spec
Standard ventilated vendor enclosure

Quantity of
Measurement
Ea
m
$ per item inclusive
of documentation,
packaging, manuals.
Transport, training
and site reps
detailed separate.
$ per item inclusive
of documentation,
packaging, manuals.
Transport, training
and site reps
detailed separate.

m3
kg

Ea
Ea
$ per enclosure

Per spec, linear m and fittings
Per spec, linear m and fittings

m
m

Per spec, linear m and fittings
Per spec, linear m and fittings

m
m

Per spec, linear m and fittings
Per spec, linear m and fittings
Per spec, linear m and fittings
Per spec, linear m and fittings
% of total piping welds, Number of field fit welds

m
m
m
m
$

# laminations by dia

$

% of total piping cost
Vendor Standard

$
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Estimate Line Item
Pipe Supports
Pipe Supports Proprietary, U bolts
Bellows
Cable Tray for Pipes
Pipe Flange bolts ( Stud
Bolts)
Insulation
Gaskets
Hydro-test Gaskets
Spades
Hydro-test Water
Lubrication
Safety Showers
Fire Hydrants
Fire Hose reels
Fire Extinguishers
HV cable
MCC rooms
MCC’s
Cable & Electrics
Instruments
Cable Tray
Local Control Stations
(LCS)
CO2 Pipeline and Well
Communications

Estimate to be based on Specification
Fabricated 3 coat painted mild steel
Galvanised
Metallic
Galvanised, GRP for chemicals
As per designers spec
Aluminium cladding
As per designers spec %
50 % of Gasket Cost
Mild steel
Potable Water
Common point 8mm stainless steel lubrication
systems.
Stainless steel
Carbon steel Painted
Carbon Steel Vendor item Wormald or similar
Wormald or similar
Direct buried
Where
non-integrated
use
stand-alone
demountable bottom entry

Quantity of
Measurement
t
Ea
Ea
m
Ea
m
Ea or % $
Ea
t
kL
Ea
Ea
Ea
Ea
Ea
m
Ea

PVC / PVC
As per designers spec
Galvanised
Stainless steel cabinet IP56 rated enclosures

Ea
m
Ea
m
Ea

Fibre Optic & telemetry

$

10.11 Standard Specifications for Feasibility Study Operating Costs
The Feasibility Study should nominate standards for the basis of operating cost estimates to
be produced by the owner, nominated engineering consultants, equipment vendors and EPC
contractors. The following table provides an example of such standards.
Where operating costs are expended over multiple years the costs should be expressed as
those incurred in Year 1 dollars so that the financial model can make the appropriate
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adjustments for the time value of money. Table 20 provides an example of the level of detail
that should be included in such standards.
Table 19: Standard specifications for operating costs by estimate line item (Queensland based example)

Estimate Line Item
Facility raw materials for operation

Utilities (Electricity, Telecoms, natural
gas, LPG gas, diesel, nitrogen etc.)
Chemical Usage
Operating Labour

Routine Inspections & Maintenance
Labour
Scheduled Maintenance (Shutdowns)
Capital Renewal Costs

Relocating / New production wells
Annual Inspections
Annual Regulatory Inspections
Spare parts (consumable)
Spare parts (strategic)

Catalyst Replacement & Major Refill

Solid Waste Disposal (Water Treatment
Plant sludge)

Estimate to be based on
Specification
Consumption rates provided by
designers. Cost per quantities by
Owner
Consumption rates provided by
designers. Cost per quantities by
Owner
Consumption rates provided by
designers. Cost/ quantities by Owner
Manning levels and trades provided
by designers / vendors. Rates
provided by Owner
Manning levels and trades provided
by designers / vendors. Rates
provided by Owner
Designers to provide scope and
schedule over life of project.
Designers to provide equipment
replacement scope and schedule
over life of project.
Designers to provide scope and
schedule over life of project.
Designers to provide scope and
schedule over life of project.
Owner to provide scope over life of
project
Consumable spares per year as
required by designers and vendors.
Strategic spares for 2 years
operation as recommended by
designers and vendors.
Catalyst replaced on an annual basis.
Consumption rates and costs
provide by designers.
Consumption rates provided by
designers. Cost per quantities by
Owner
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Estimate Line Item
Solid Waste Disposal (spent catalyst)
Solid Waste Disposal (special ceramic
filter elements, etc.)
Solid Waste Disposal (Gasifier Slag)
Waste Disposal (Oily water)

Lubrication
Site Office Rubbish Removal
Office cleaning
Office costs
Insurances
Property taxes
License fees / royalties
Finance costs
IT costs
Technical Support
Travel
Facility Mothballing (Power plant &
Infrastructure, CO2 Transmission, CO2
Distribution, Well heads etc.)
Legal Costs
Community
Environmental
Marketing

Estimate to be based on
Specification
Consumption rates provided by
designers. Disposed of yearly.
Consumption rates provided by
designers. Disposed of yearly.
Consumption rates provided by
designers. Disposed of daily.
Consumption rates provided by
designers. Cost per quantities by
Owner
Designers to provide scope and
schedule over life of project.
Weekly
Daily
Initially for 120 people
By Owner
Paid yearly by Owner
Paid yearly by Owner
Paid monthly by Owner
For 120 people
By Owner
By Owner
Designers to provide scope and
schedule over life of project.
By Owner
By Owner
By Owner
By Owner

Quantity of
Measurement
$ / t per yr
$ / t per yr
$ / t per yr
$ / t per yr

$ / yr
$ / yr
$ / yr
$ / yr
$ / yr
$ / yr
$ / yr
$ / yr
$ / yr
$ / yr
$

$ / yr
$ / yr
$ / yr
$ / yr

10.12 Construction Labour
The Owner should supply the trade labour rate to be used in the estimates. The trade labour
rate is the cost of a tradesperson on site to construct the work. The labour rate is based on a
number of concurrent running Enterprise Bargaining Agreements (EBA’s) in the local region
and standard statutory requirements. Contractors are to provide details of the crew / gang
rate makeup as used for particular resources.
Examples of trade labour categories include:
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Plant operators,



Crane operators,



Form workers,



Steel fixers,



Concreters,



Riggers,



Fitters,



Boilermakers,



Coded pressure welders,



Electricians,



Instrument technicians, and



Leading Hands

Where contractors may develop up a compound distributed costs rate that includes multiple
items they are to be separately detailed individually outside of the rate and included in the
Owner interface spreadsheet. For example, when including items such as cranes & mobile
plant, construction plant, supervision etc., in any labour rates.

10.13 Productivities
Design and construction productivities vary by country and region. Australia and in particular
the regional areas impacted by the recent resources boom have been exceptionally impacted
by declining productivity [87]. Many major project proponents cited this as a key reason for
project cost and schedule overruns.
All productivities for installation of items used in the estimate should be detailed in a Master
Productivity Schedule. Specified lost time allowances must be applied for activities such as
travel to and from site, safety pre-start meetings and pre-activity hazard assessments. The
basis of any productivities used should also be detailed (e.g., piping man-hours per m
installation from Contractor X).

10.14 Manpower Histograms
Manning histograms matching the produced estimate and nominated schedule should be
developed by contractors in support of estimates. Such estimates are critical to assessing
requirements and costs for fly-in-fly-out, accommodation camps and the like.
The manning histograms should specify:
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Total Staff,



Total Direct Labour,



Total Indirect Labour,



Combined Direct and Indirect Labour, and



Combined Total Staff and Labour.

10.15 Cash flow
Contractors should be required to advise on any early payments required to secure
equipment or services, the amounts and the schedule in which the payments are required to
be made. The key assumption here is that no orders will be committed until after FID.
Cash flow histograms (i.e., costs incurred) should be produced according to the expected
spend and provided schedule. The cash flow curves should show the time when the costs
are to be incurred and the timeframe within which the contractor is expected to be paid by
the Owner.
This information is critical for assessing interest during construction.

10.16 Foreign Exchange Rates (Forex)
The Owner estimate should clearly establish the currency basis. The policy for project
currency may vary depending on the Owner’s specific circumstances. For example, oil and
gas multinationals often specify projects in USD notwithstanding the jurisdiction, partly
because the main products will be sold in USD. Similarly in the power sector it is advisable to
use the local currency as the basis for the project estimate as it is the same as the currency
used for electricity sales.
Regardless of the basis of the final cost estimate, the estimate should be built from multiple
currency rates, as required, to provide a clear view of: the amount of local vs international
content, the amount of import duty payable on overseas equipment and for the quantification
of the foreign exchange component of the estimate. The Owner should specify the various
exchange rates to be applied for conversion to the base currency.

10.17 Escalation, Rise & Fall Provisions
Escalation is a component of the price rising or falling in line with world commodity prices,
local market conditions, availability and inflationary pressures. A specific detailed escalation
analysis should be performed by the Owner using official national statistics data. Escalation
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should be applied to the Master Estimate by the Owner. Contractors should indicate
escalation items not included within their estimate build-up and the rise and fall provision for
the Owner’s action. Escalation should not be applied to any estimates of capital cost items
but should be dealt with in the Financial Model. In the project financial model, escalation will
need to be applied to all items in accordance with the project cash flow forecast.

10.18 Rebates
All estimates from vendors and contractors should be exclusive of any rebates. All
anticipated rebate amounts are to be assessed and completed by the Owner.

10.19 Taxes
All estimates should be exclusive of taxes applying in the owner’s jurisdiction, e.g. Australian
GST. International taxes are to be included as per the indirect cost types by each contractor.

10.20 Duties
Duties should not to be applied to any permanent works items, for example permanent
equipment or plant materials. Duties are to be only applied to specialised temporary
construction equipment or test equipment that shall not remain in the owner’s country on the
completion of the project. Duty costs and concessions for permanent capital equipment /
materials should be included in the estimate by the Owner.
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11 Conclusions
The scale and complexity of large integrated CCS projects together with the lengthy, at-risk,
front-end development investment required to achieve an investment decision has typically
put large scale CCS projects beyond the political commitment of governments. For the
private sector, whilst there are various technical, commercial and regulatory risks to projects,
it is typically a lack of commercial rationale which precludes them from investing alone.
Therefore, while early projects may be led by private sector proponents, they will require
significant support from governments in order to proceed.
Management of risk arising from such complexity requires rigorous adherence to an
investment decision roadmap, including clearly defined due diligence guidelines for
investors at each stage. Investment decision should be stage or decision-gated where each
stage-gate represents an investment decision of the kind “stop, go or recycle”. In this regard
integrated CCS projects are no different to any major resource project.
Due diligence is thus likely to be both (expert) resource intensive and complex. It will
therefore be time consuming and will need to consider both the content of the results of the
development stages as well as the proponent’s internal quality assurance processes and its
overall management capabilities. This report contends that clearly defined guidelines for due
diligence, supported by independent review, are required at each stage of project
development. This is in recognition that public funds, rather than solely private equity, are
likely to be employed in earlier phases of CCS projects, which is generally not the case for
traditional resource development projects. Guidelines are presented for this staged due
diligence together with checklists for Independent Reviews.
Early mover integrated CCS projects have traditionally been plagued by cost growth during
pre-FID studies and very significant cost overruns for the small number of projects
sanctioned. This was in part due to the initial application of published benchmark estimates
($ per kWe) published by research organisations and government agencies, followed by
anchoring to and insufficient adaption of said benchmarks as more detailed engineering
studies were undertaken. As such this report recommends that such cost benchmarks,
estimates and schedules must be used with extreme caution, especially in the early (concept)
stages of project development where the scope is vague and little design has been
undertaken.
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It is critical for projects to be rigorously scoped including not only the core plant but also
balance of plant, associated infrastructure and owner’s costs. The scoping exercise must
precede the formation of estimates and should be subject to staged high level executive
reviews as well as independent expert review at the Feasibility / FEED stage.
A properly scoped project is a necessary but not sufficient requirement for cost estimate
integrity. Design, engineering, logistics and operational studies must be sufficient to support
a high level of confidence in cost estimates. This report provides a framework and guidelines
for project scoping and the preparation of cost estimates so that project owners, investors
and policy makers can be assured, as early as practicable, with a robust understanding of:


the likely cost estimates, and,



the limitations and uncertainties of the estimates, together with,
•

the integrity of and completeness of inputs to estimates,

•

the methods used to incorporate uncertainties in the estimates,

•

the quantum and timing of additional cost requirements, and,

•

the schedule to develop and deliver projects.

The guidelines describe the effort levels and deliverables considered necessary to support
cost estimates at the various stage gates of project development. Such effort levels are much
higher than AACE Guidelines and have typically not been invested in the early mover CCS
projects, which is a key reason for the cost growth.
Detailed approaches and checklists for the formation of all elements of capital cost estimates,
especially for feasibility / FEED estimates are presented in the report.
The report also recommends guidelines for contingency levels and supplementary funding
provisions. A review of 10 major projects of similar complexity to CCS, suggests all project
proponents failed to include adequate contingencies and, especially for early mover projects,
faced extraordinary issues or events that led to major changes to scope and cost for which
no Supplementary Funding provisions were allowed.
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Appendix A: Estimating Methodologies
(i)

Very high level $ per product quantity

For example if a plant costs $637 M installed to produce a plant of 250 MW capacity then you could
express the plant cost as $637 M / 250 MW = $2.55 M per MW. So for a larger plant this could be
factored out to express a very high level estimate. For a 480 MW plant you would expect the cost to
be around $2.55 M x 480 MW = $1,224 M. This type of estimating is typically used in plant
benchmarking and is not considered appropriate for the Owner’s purposes other than to perform
benchmarking.
(ii)

Lang Factors

Based on the project’s major equipment list & budget pricing only. Used where a core process
equipment list and costing has been performed. The Lang Factors then estimate the Project costs by
applying a specific factor based on the type of plant and the type of technology employed to derive an
estimate. This type of estimating is typically used in high level plant estimating and benchmarking at
concept / Prefeasibility Phase and will be used to back check the estimate.
(iii) Factored First Principles
Used where a known scope is accurately estimated and any unknowns are factored from the known
scope as a percentage of the total job cost. Multidiscipline projects tend to adhere to comparable
ranges of percentages of direct and total job costs. For example electrics costs are typically anywhere
from 16 – 20 % of the total job cost. Other ready reckoners are also used to help estimate quantities
and hence costs. The Owner’s Estimate may be made up from this type of estimating however this is
not as accurate as a first principles estimate
(iv) First Principles
Used where quantities are known through the design or can be easily obtained or derived from
preliminary designs, often from previous experience or previously designed and constructed projects.
First principle estimates apply rates and productivity man-hours to the known quantities and execution
strategies to develop a comprehensive estimate with good levels of accuracy. The Owner’s estimate
will target as much first principles information as possible. In order to produce meaningful information
and project controls the Owner requires that quantities, rates and man-hours are known, managed
and produced as much as possible for the estimates.
(v) Combination
Combination estimates are a mix of all of the above for particular parts of the estimate and typically
form the norm when delivering large complex estimates. It is critical that all estimates define and
clearly communicate the type of estimating employed for each line item of the estimate.
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