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Figure II.5 Differing economics for gas and coal as a function of relative fuel 
prices (graph from Gibbins et al. 2006b) 

Conclusions and recommendations 
• In a period of technical and regulatory uncertainty, firm recommendations 

for possible future actions to add CCS to NGCC power plants are difficult to 
make since a number of options appear to be available. 

• It appears possible that the owners of many NGCC plants may not opt to 
capture CO2 at all, but will operate the plant at low load factors if tighter 
carbon restrictions come into force. 

• This is in contrast to coal plant operators, and a natural consequence of the 
likely shorter lifetime for NGCC plants, their lower capital costs relative to 
coal plants and their higher fuel costs. 

• It might be feasible to make plants that elected not to fit CCS to support 
CCS elsewhere by way of recompense, through an appropriate mechanism 
(e.g. tradable CO2 Storage Certificate). This would be expected to 
encourage a transition in the fossil power generation industry to sites (and 
technologies) that favoured CCS. 

• It appears, however, that post-combustion capture of CO2 represents the 
lowest-cost option for capture from NGCC based on present studies and 
that this technology will be developed to commercial availability in the near 
future (and probably ahead of other options). 
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• It also appears that NGCC steam cycles could be designed to 
accommodate post-combustion capture with negligible performance penalty 
and cost. Additional costs for land would also be fairly low (and, ultimately, 
recoverable to some extent if the capture option is not exercised). 

• It therefore appears reasonable to require NGCC plants to make provision 
at least for post-combustion capture of CO2 as a low-cost ‘insurance’ policy 
against uncertain national requirements unless there are compelling 
reasons to consider that alternative options (e.g. hydrogen from an 
established network) will be available. 

• Transport of CO2 from some NGCC sites may be uncertain (as discussed 
elsewhere) but possibly instruments such as a tradable CO2 Storage 
Certificate may assist storage on sites that alone could not justify the cost 
of the necessary infrastructure, by effectively channelling funds from a 
number of sites to that location to undertake a higher level of CCS on their 
behalf. 
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Annex III: The economics of hubs 
and mains 

Summary conclusions 
In most studies reviewed as part of this project, cost estimates for transport are 
commonly based on the costs of natural gas pipelines. Construction costs make up the 
bulk of the costs involved, with materials representing a considerable proportion of 
construction costs, as well as labour. According to Parfomak and Folger (2007), which 
was prepared for the US Congress, material costs constitute between 15 and 35% of 
the total construction costs of a pipeline while labour costs constitute about 45%. As 
the diameter of a pipeline increases, costs increase sublinearly, while throughput 
increases exponentially (IEA 1994). Figure III.1, from MIT (2007), shows the 
relationship between volumes transported and unit costs. 

 

 

Figure III.1 Unit transport costs vs. total volume transported 
 

The theory behind using hubs and mains to benefit the economics of CO2 transport is 
that this approach reduces the length of pipeline needed through use of larger diameter 
pipes. Despite the intuitive theoretical advantage of hubs and trunks compared to 
individual project pipelines from source to storage, not all of the recent studies 
(including IEA GHG (2005b), Element Energy et al. (2007) and Poyry (2007)) are 
conclusive about significant cost savings ensuing from hubs and mains. The reasons 
for the inconclusive results may include: 

• Some degree of aggregation is included in the source-to-storage scenarios 
(e.g. use of offshore mains and individual onshore pipelines). 

• Backbones are compared with individual pipelines that are in fact re-used 
existing gas pipelines, used for enhanced oil recovery. 
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• Integrated transportation and storage modelling, with a focus on storage 
classification and minimisation of storage costs. 

 

Summaries of the analysed studies are presented below. 

The key types of networks considered for the UK include: 

• offshore trunks towards storage with either individual pipelines to the 
offshore trunk or onshore network (Poyry 2007); 

• re-use of existing gas pipelines, with individual connection between sources 
and storage (EEEGR 2006); 

• use of individual pipelines throughout Europe (IEA 2005); 

• use of European backbones covering the UK (IEA 2005). 

In the current regulatory, technical and commercial uncertainty about CCS, the 
following inferences can be made about the likely transport network scenarios: 

• Under continued uncertainty, there is a high chance that in the UK the first 
projects to be developed would use existing gas infrastructure, both 
because this would reduce the investment cost in pipelines and also 
because these pipes lead to depleted gas fields, which are the most 
straightforward storage option (Element Energy et al. 2007). 

• If re-use of existing gas pipelines is widespread in the initial stage of 
network development, it is likely that hubs will be formed at the current 
seven gas beach terminals. 

The EC published a map showing potential pipelines and mains (see Figure 
III.2) as an annex to the impact assessment of the proposed CCS Directive 
(EC 2008b). 

 

Figure III.2 Suggested UK CO2 transport network in EC (2008b) 
Provided that the volumes of CO2 to be transported are well understood, least-cost 
network development will maximise use of hubs and trunks (mains) subject to 
environmental safety and constraints.44 The market may fail to provide this long-term 
least-cost method by delivering undersized pipelines. In network development and 

                                                           
44 In other sections of the analysis it is shown that fewer, larger pipelines are preferred from an 
environmental and safety point of view than many small pipelines. 
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operation, market failure is the key reason for state intervention (OECD 2003). The 
following basic forms of potential market failure have been identified as part of this 
project, although more thorough research as part of a dedicated project is 
recommended for this important issue: 

• Due to the fact that actual requirements for the CO2 volumes to be 
transported and stored are not understood, an excess of individual 
pipelines may be developed or hubs and trunks may be undersized. 
Therefore, the first step towards least-cost network development is an 
overall CCS policy that is as clear as possible. 

• Balancing investment, costs, risks and benefits. Pipeline development 
requires high initial investments into an asset that has no salvage value. 
The majority of UK pipelines have been developed under national 
ownership or through risk-reducing ‘take-or-pay’ contracts. 

In the UK gas supply first developed through competition and private investment in 
pipelines (this applied to the supplies of town gas – made from coal – for lighting in 
London as early as 1830–1840) (Oxford Institute for Energy Studies 1999). However, 
as soon as natural gas was discovered offshore, the network was regarded as a 
natural monopoly and was assigned for national ownership – and investment. The 
development of gas networks through national investments applies to most gas 
networks in Europe. The principles of liberalisation and private ownership of pipelines 
is applied more successfully in a mature market and to an existing infrastructure basis 
than it is in a new market; the extreme illustrations of this are the failed electricity 
system privatisation programmes in developing countries (e.g. India, Nigeria and 
others). While other factors such as overall economic risks were involved in difficulties 
in building networks in developing countries, the novelty of CCS can make it difficult to 
attract private capital for a large-sized efficient network. 

Under a nascent CCS system there is the risk that the social benefit from CCS is not 
translated into specific and secure financial incentives (for example see the discussion 
on the role of EU ETS above). The state could intervene to address this problem with a 
number of methods, ranging from 100% state investment and ownership, to public and 
private partnerships (widely applied by the Department for Transport for example), to 
risk guarantees (widely applied by the World Bank for the development of networks in 
non-OECD countries and proposed by the EC for trans-European CCS networks45), to 
grants and guaranteed feed-in tariffs for CCS electricity. This would in turn increase 
confidence in transport revenues for pipeline operators if separate from power station 
operators, support per tonne of CO2 stored etc. 

There is concern about electricity sector operators using CCS in order to apply market 
power and prevent entry or competitive operation (EC 2008a). Abuse of market power 
can occur in particular as a result of the use of ‘take-or-pay’ contracts,46 which may be 
necessary in order to secure the investment in pipelines. Such contracts are very 
common in the gas markets but are not favoured under current EU energy markets 
which request third party access to networks. Similar third party access principles are 
introduced in the proposed CCS Directive – EC (2008a). 

In conclusion, government intervention will be required in order to ensure that 
investments in CCS transport networks are efficient in the long term – bringing 
maximum social benefits, while being secure and profitable for investors, as well as fair 
for third party players in the electricity market. 

                                                           
45 http://ec.europa.eu/energy/climate_actions/doc/2008_co2_comm_en.pdf. 
46 Under such contracts the developer would receive a payment independent of whether the 
customer uses the booked pipeline capacity or not. 
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Background on reviewed literature 
IEA GHG (2005b) find mixed results concerning the cost reduction potential of using a 
backbone pipeline system and this depends on which storage options are available. 
When all storage structures are available, backbones are found to make no significant 
difference to cost estimates. However, when storage is restricted to offshore storage, 
using a backbone lowers cost by almost €1 to €7 per tonne for the 26.1 Gt CO2 being 
stored. 

In the case where storage options are limited to hydrocarbon fields, costs are lower per 
tonne of CO2 when using the backbone with an 8% reduction in costs. For transport 
and storage of 16.3 Gt CO2, the backbone approach leads to costs of €7.98 per tonne 
compared with €8.65 per tonne without a backbone, a total cost reduction of €11 billion. 
The backbone approach also means that more CO2 can be stored for less than €20 per 
tonne (20.6 Gt compared with 16.3 Gt without a backbone); however, the additional 
CO2 transported and stored leads to relatively high costs. When storage is restricted 
even further to solely offshore hydrocarbon the backbone approach becomes much 
more financially attractive and costs are reduced by €2.5 per tonne of CO2. 

In Element Energy et al. (2007) a comparison is made between a ‘centrally planned’ 
CCS pipeline network and a ‘project by project approach’ in the UK and Norway. The 
two scenarios differ in terms of market and regulatory environment and these 
differences are highlighted in Table III.1. 

Table III.1 Assumptions for different pipeline scenarios (Element Energy et al. 
2007) 

Considerations/assumptions Centrally planned 
network 

Project by project 
approach 

Level of government action High Low 

Main drivers Maximum cost-effective 
CO2 abatement 

Enhanced oil revenues 

Degree of foresight High Low 

Assumed oil price $50/bbl $50–100/bbl 

Implicit carbon price High Low 

Choice of sources Main priority is highest 
CO2 abatement at lowest 
lifetime cost for the whole 
network. Diversity 
encouraged 

Sources nearest EOR 
opportunities favoured 

 

Choice of sinks Lowest risk and cheapest 
sinks encouraged. 
Diversity encouraged. 

EOR-only sinks 

 

Under the centrally planned scenario, hubs and mains play a crucial role. Existing 
offshore infrastructure is re-used wherever possible and this leads to a clustering of 
onshore sources close to the main pipelines. These are connected by hubs as shown 
in Figure III.3 for the UK. Clustering sources keeps costs low. 
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Figure III.3 The use of hubs under a centrally planned scenario in the UK 
(Element Energy et al. 2007) 

In the project by project scenario, ‘higher oil prices support a demand for CO2 for 
enhanced oil recovery from North Sea oil wells’. As only EOR sinks are utilised under 
this scenario, the storage options are far more limited. Infrastructure re-use is most 
likely for storage of CO2 in depleted gas fields and oil fields without EOR and 
substantial new infrastructure will be required for CO2 transport and injection for EOR 
(Figure III.3). 

Table III.2 gives a comparison of the total CO2 abated as well as the lifetime cost per 
tonne of CO2 abated (excluding capture costs) for the two scenarios described above. 

Table III.2 Comparison of different pipeline scenarios (Element Energy et al. 
2007) 

Variable Units Centrally 
planned network

Project by 
project 

Total CO2 abated Mt 1,889 836 

Total cost47 £ million 11,539 15,425 

Cost per tonne abated £/t 6 18 

 

The tendency is that lifetime system cost of carbon improves as connectivity and 
clustering increases (Element Energy et al. 2007). 

                                                           
47 A treasury discount rate of 3.5% is used to give total cost and system costs and this figure 
includes the cost of commercial loans (8% over 20 years). 
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The CO2-Infrastructure for EOR in the North Sea (CENS) project (Markussen et al. 
2004) proposed a CO2-pipeline infrastructure model in the North Sea capable of 
transporting more than 30 million tonnes of CO2 per year. The CO2 will initially be 
captured from onshore coal-fired power plants in the UK and Denmark, and used 
commercially for EOR in the maturing oil reservoirs in the North Sea. 

During a 25-year ‘economic’ lifetime, the project could produce 2.1 billion barrels of 
incremental oil obtained while sequestering 680 Mt CO2 in recognised secure 
depositories. The total transportation investment cost is estimated to be $1.69 billion 
with an ‘end-of-pipe’ cost for delivered CO2 assumed to be in the range of $32–35 per 
tonne. 

‘The main components of the project, as currently envisaged, consist of an onshore 
pipeline infrastructure in Denmark and the UK combined with two main (24-inch 
diameter) feeder lines joining a southern hub near Fulmar and Ekofisk. The main 
‘backbone’ is a 30-inch diameter pipe transporting the CO2 north to the fields in the 
Tampen area off the West Coast of Norway’ (Markussen et al. 2004). The project 
highlights the economic benefits of hubs and mains as these are included as an 
integral part of the network design to ensure the lowest cost solution. Figure III.4 gives 
an overview of the envisaged pipeline infrastructure. 

 

Figure III.4 Overview of possible CO2 pipeline infrastructure together with a 
portfolio of mature oil reservoirs that are representative candidates for CO2 
flooding (Markussen et al. 2004) 

Whichever scenario is examined for a possible evolution of a CO2 pipeline 
infrastructure, a recurring theme is the re-use of the existing pipeline infrastructure. The 
EEEGR (2006) report concludes that pipelines in general and particularly those in the 
Southern North Sea (SNS) can be re-used for a number of transportation options. Any 
future usage must, from an economic and practical viewpoint, take advantage of 
pipelines in place. The fact that central North Sea trunk lines will be used for oil and 
gas for many years to come is not a problem for re-use as it makes it more likely that 
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by this time CO2 capture costs will have dropped and CO2 credit values will have 
increased. The study suggests that there are over 200 separate pipelines in the UK 
continental shelf of a practical size for re-use, with a total length of over 9,000 km. 

However, Element Energy et al. (2007) have highlighted some limitations of re-using 
existing pipeline infrastructure. The main limitation of re-use of existing lines is design 
pressure, which varies between 90 and 180 bar depending on age and original duty. A 
new purpose-built CO2 line, on the other hand, is likely to vary between 200 and 300 
bar and utilising the lower pressure existing pipelines will lower the transportation 
capacity. However, most of the major existing North Sea trunk lines have a relatively 
large diameter and still offer significant CO2 capacity. A total of 28 pipelines identified in 
the UK sector appear to have a capacity in the range 10–50 Mt CO2/year. 

Assumptions in IEA GHG (2005b) report: These costs are based on the investment 
costs reported above in the previous table. They include operation and maintenance 
costs for the pipeline (assumed to be 3% of investment costs) as well as operation and 
maintenance costs for the booster stations (assumed to be 5% of the investment cost), 
a discount rate of 10% and an operational lifetime of 20 years. The base year is 2000. 

Assumptions in Poyry (2007) report: These estimates are based on a specific example, 
based on a power station located in Aberthaw in Wales and transporting to an aquifer. 
Costs are classified according to their onshore and offshore components. The onshore 
component looks at transporting the CO2 from Aberthaw to Bacton on the east coast of 
England. This is a distance of 444 km (adjusted for terrain). The estimates include 
three operational boosters (and three on standby) and assume a pipe diameter of 0.5 
metres. The offshore component looks at transporting the CO2 from Bacton to the 
aquifer, a distance of 102 km (adjusted for terrain). It assumes a pipe diameter of 0.6 
metres. The costs are estimated for 2015. They exclude industrial sites around the 
power plant (this has the effect of reducing the volume of CO2 that is transported, 
therefore affecting the unit cost). 
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Table III.3 Discount rate assumptions for transport studies 

Study 

 

Discount rate assumptions 

IEA GHG (2005) Operational lifetime – 20 years 
Discount rate – 10%  

Markussen et al. (2004) All net present values (NPVs) used are assuming an 18% 
discount rate for oil field operators, 15% for the pipeline 
operators, 12% for power plant owners and 7% for the 
governments 

Element Energy et al. 
(2007) 

The efficiency of the network is measured by its lifetime 
cost per tonne of CO2 abated. A treasury discount rate of 
3.5% is used to give present value system costs. System 
costs that account for the cost of commercial loans (8% 
over 20 years) are also shown 

EEEGR (2006) - 

IEA GHG (2006) 

 

IEA GHG standard assessment criteria (for power 
generation techs) are as follows:  

85% load factor 
10% discount rate 
25 year operating life 

Sensitivity to a lower (5%) discount rate was also tested  

IPCC (2005) Fixed charge factor (FCF, also known as the capital 
recovery factor) reflects assumptions about the plant 
lifetime and the effective interest rate (or discount rate) 
used to amortise capital costs. 

In its simplest form, FCF can be calculated from the 
project lifetime, n (years), and annual interest rate, i 
(fraction), by the equation: 

FCF = i / [1 – (1 + i)–n ]. 

As the IPCC considers a wide range of studies this is 
different for each and varies roughly between 10 and 15% 
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Annex IV: The interaction of 
potential environmental and 
health risks and CCS economics 
While environmental and health impacts of a pipeline/storage network is an area that 
requires very careful consideration to an extent of detail beyond this study, health and 
safety considerations affect the economics and other aspects of CCS relevant to CCS 
readiness. The main focus of this short section is a summary of the health and safety 
assessments undertaken as part of the Impact Assessment of the CCS Directive – EC 
(2008b). 

The Impact Assessment of the CCS Directive assumes that a 10% concentration of 
CO2 in air would lead to 100% fatalities among the exposed population, with a 
sensitivity run on the 7% concentration that may affect children and elderly. The 
dispersion modelling assumed a flat terrain, an average population density for each EU 
Member State and both onshore and offshore storage. The modelling was undertaken 
assuming a stylised pipeline type running at 100 bar pressure and with a size of 30 
inches (76.2 cm). 

The results of the modelling suggested that, under the base case of 10% 
concentration, for some of the scenarios (e.g. mandatory CCS for coal and gas power 
stations and mandatory retrofit for all fossil-fuel stations by 2020) the risk of 
asphyxiation would average at five fatalities per year, which contributed to this option 
being rejected. There is no indication in the Impact Assessment document of the 
number of fatalities associated with making CCS mandatory for new plants only in 
2020. 

The assumptions above, such as population density and types of storage, and 
therefore the assessment of impacts of options, are an exaggeration of the likely 
impact. In reality it is likely that pipelines would be routed away from densely populated 
areas, which would reduce the potential fatality risk. In the UK, offshore storage is 
expected to dominate, which would also reduce fatality risks. 

The EC (2008b) analysis suggests that at a certain network size the risk to the 
population can become unacceptable under certain criteria. It is likely that the network 
sizes currently envisaged for CCS do not reach critical levels (e.g. the natural gas 
pipeline network of Europe was assessed at 110,000 km compared to 30,000 km under 
the maximum pipeline deployment scenario considered as part of the impact 
assessment). The other consideration is the speed of policy development and 
implementation in what is a relatively new area in Europe. Given the novelty of 
supercritical CO2 transport for most European and UK regulatory bodies, it is important 
that health and safety aspects are given appropriate consideration. The proposed 
demonstration projects are likely to support this consideration. 
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Annex V: Questions raised by the 
Environment Agency to guide the 
study 
An initial literature review was undertaken to assess the following: 

1. How far technically can an operator go to be carbon capture ready? 

2. What is the Environment Agency’s legal position in terms of requiring operators to 
be carbon capture ready? 

3. What is the business case for an operator to be carbon capture ready? Will they do 
it themselves or does the Environment Agency have a case to require them to do 
it? 

4. Should the regulator refuse a licence for an operator if they haven’t purchased a 
storage site for the CO2 – is this a reasonable approach? 

5. What are the key factors in actual CCS deployment? / When would a power station 
be built with CCS (not just CCS ready)? / Will CCS readiness (CCR) turn into CCS 
at the same date as when new built plants will include CCS? 

6. Who/what controls these factors? 

7. What would be the regulatory framework that would promote CCS as compared to 
CCR? / Is it credible that the EU ETS will deliver CCS? / Is CCS more likely to 
happen through regulation (enforced behaviour) or will operators judge it is in their 
interest at some point? 

8. Is there anything the Environment Agency can do to promote CCS, as compared to 
CCR? 

9. What is the current position with regards to onshore storage in the UK? 

An interim paper was issued to the Environment Agency in January 2008 and a 
workshop with key staff was held on 6 February 2008. Following feedback from the 
staff involved in the workshop, additional analysis questions were identified, including: 

1. What factors should the Environment Agency consider in judging the feasibility 
of proposed transport routes to storage? 

2. Under what conditions should the Environment Agency challenge proposed 
transport routes and storage sites? 

3. Is there a role for the Government and regulatory bodies in securing the 
proposed routes once they have been agreed? 

4. If they don’t undertake such a role, will this undermine the ‘capture readiness’ 
of new plant? 

5. Are there planning issues related to a pipeline/storage network? Is central 
planning a ‘must do’ for CO2 transport? How is the Planning White 
Paper/Marine Bill be relevant to this discussion? What changes should the 
Environment Agency seek, if any? 

6. What is the evidence that hubs and ‘mains’ would benefit the economics of CO2 
transport? 
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7. What scenarios have been developed for how a pipeline network would evolve? 

8. What are the potential financial (e.g. risk distribution)/regulatory barriers to the 
development of infrastructure that is least-cost/unit CO2 transported? 

9. Is regulatory/government intervention believed to be necessary for the 
development of the least-cost infrastructure? 

10. What are the potential environmental/health impacts of a pipeline/storage 
network? Would this affect the conclusions of any of the above? 
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