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allocated, causing the carbon price to collapse. Caps have, 
though, been tightened substantially for phase II. 

In the electricity generation industry, it is important to 
ensure that the total quantity of emission permits allocated is 
consistent with the realistic reduction targets for the industry. 
Determining these should take into account the state of the 
existing generation mix, the relative costs and availability of 
new and prospective cleaner and renewable generation 
technologies as well as practical delivery challenges for these 
technologies. 

If reduction targets are too relaxed, the target reductions 
would be lower than the available capability, giving rise to 
very low emission prices. As a consequence, there would not 
be sufficiently strong economic signals for investment in 
cleaner and renewable generation. If on other hand the targets 
are too stringent, emission prices could be very high. While it 
can be argued that this will present a very strong economic 
signal for investment in cleaner and renewable generation, the 
effect of other constraints in delivering these technologies 
must be taken into account. If the prices are high and capacity 
building is limited, then this makes it onerous on the 
consumers and could result in unfair windfall for some firms. 
This highlights that in order to effectively reduce emissions it 
is important to address all constraints in a coordinated 
manner. For example planning permission issues, energy 
market trading issues, network reinforcement and expansion 
issues and operational control techniques. In the development 
of all these areas, the inter-sectoral dependencies of the 
different energy markets should be considered as it is possible 
that we could end up in radical shifts in electricity demand 
patterns, for example the proliferatioin of battery powered 
electric vehicles, hydrogen powered cars, development of 
microgeneration and micro CHP e.t.c. 

This paper is concerned with ensuring that the targets set 
for the generation industry are: (i) consistent with the current 
technological status of the generation mix, (ii) taking into 
account of the relative costs of cleaner and renewable 
generation technologies that are commercially available and 
those in development. It considers different existing and 
upcoming generation technologies with respect to cost, 
operational characteristics, delivery limitations related to 
planning permission both on the technologies themselves and 
the infrastructure required to transport their outputs to the 
point of use. 

The rest of the paper is structured as follows: Section II 
briefly looks at the how emissions allocations are determined 
currently and discusses distribution methods of permits, 
Section III discusses the challenges are faced by renewable 
and cleaner technologies in general, Section IV discusses 
suitable technologies suitable for emission reduction, Section 
V describes the proposed approach for determining emission 
levels for the generation industry, Section VI gives the 
problem formulation, Section VII discusses the 
implementation procedure, section VIII presents the results 
and finally, conclusions are drawn in section IX. 

II.  EMISSION QUOTAS AND ALLOCATION 

A.  Setting the target – the cap 
Under the EU ETS, European Allowances are distributed 

to firms according to National Allocation Plans. The National 
Allocation Plans are determined by discussion and negotiation 
between Member States and the participating firms The plans 
are submitted to the European Commission for approval. In 
the second phase (2008 to 2012), allocation of free quotas 
were mostly based on historic levels before the system was 
initiated and for the first year of period 1 in (2005) [3]. There 
are also rules for new entrants and firm closures. 

Studying historic emission levels for the participating firms 
is a good starting point for setting emission targets. It is 
however important to ensure that the targets are set to levels 
that will not distort competition, but will reduce GHG 
emissions and promote development of efficient and 
renewable technologies. Phase 1 showed that the key to 
making the EU ETS work well is to set the right emission 
caps. When caps set at national levels were based on ‘bottom-
up’ assessments of industry’s ‘business as usual’ emissions, 
market allowances flooded the market and carbon prices fell. 
This suggested that in the future allowances need to be 
substantially reduced, to promote investment in low-carbon 
technologies and thus drive greenhouse gas emissions down 
[4]. While this paper considers how emission quotas may be 
determined in the electricity generation industry, it also 
recognizes that quota allocation method is also a critical 
factor. 

B.  Allocation of emission quotas 
In the EU ETS, nearly all allowances are allocated for free, 

according to historical emission levels, this practice is known 
as grandfathering. A very small proportion of the total 
allocations are auctioned (EU member states could auction up 
to 5% of allocations in phase 1 and up to 10% in phase 2. The 
total number of allowances allocated is generally not much 
less than 100% of historic emissions. Grandfathering 
allowances are allocated at 'need' or close to need based on 
historic emission levels, whereas benchmarked allocations are 
determined according to agreed industry sector standards. 
Grandfathering is viewed as not encouraging early action as 
well as rewarding polluters. Grandfathering does not provide a 
transparent cost of carbon and can be seen as equivalent to a 
property right being given away and represents a transfer of 
wealth from the community to polluters. Emission costs are 
real costs in the sense that they have a direct impact on the 
welfare of the ecosystem, for example, they impact on health, 
materials and crops. Auctioning on the other hand provides 
transparency in carbon price as well as a stable market 
depending on how often the auctions are held and how much 
allowances are auctioned each time. 

Generally economists favour auctions while firms tend to 
favour free allocations. These issues are often hotly contested 
and politicized. This makes it not an easy task even though 
technically it might not be difficult to implement any of these 
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schemes. Previous work on valuing external costs in 
electricity generation identified how different  generation 
technologies could pay for the external costs but it is unlikely 
that that approach would succeed in any political environment 
as the scheme would be considered as a tax and therefore not 
desirable. For this reason, the approach proposed in this paper 
aims to work within the established framework which has 
proved to be working so far. 

III.  CHALLENGES TO CLEANER GENERATION 

A.  Planning issues 
It is increasingly difficult to secure planning permission for 

new power plants and network reinforcement and expansion. 
For example, in the UK a windfarm developer has to apply for 
planning permission for the windfarm and is subject to the 
cost of the connection infrastructure up to the connection 
point with the grid. With many generation connection 
applications, the network companies have to reinforce and/or 
expand their networks, making the generation connections 
contingent on these network reinforcements. The network 
reinforcements would also be subject to planning consents, 
plus it takes some time to carry out the network 
reinforcement. It may be possible to connect more generation 
than the system can securely cope with and then employ 
constraint management to comply with security and quality 
standards, it may not be desirable to take that route in a 
deregulated environment as this can significantly increase the 
system operation costs due to high constraint costs, this can 
also reduce income to generation companies due to their 
generation potentially not being fully utilized. Thus the 
delivery process for cleaner and renewable generation can be 
constrained this way. It is important to take these limitations 
into account when setting emission reduction targets for the 
generation industry. 

B.  Operational issues 
Given the increasing difficulties in securing planning 

permission for large electricity generation projects, risks and 
uncertainties associated with such large projects and the huge 
capital outlays required, investors tend to favour relatively 
small projects that are modular and hence flexible, quicker 
and easier to construct and do not require excessively huge 
financial commitments. This has resulted in an increase in 
dispersed generation which varies from small plants like solar 
cells, small wind generators, micro-turbines, to large 
installations like large industrial combined heat and power 
(CHP) plants and wind farms. Most of this generation is 
embedded in distribution and sub-transmission systems.  

In most of the cases, these generators are non-dispatchable 
and some of them are intermittent and variable like wind. 
Some of the technologies also have inferior qualities to 
conventional generation, for example poor fault ride through, 
voltage support, poor controllability, e.t.c. With the bulk of 
renewable generation currently being wind generation, it is 
likely that the system would have to carry more reserve to 

cover for the intermittency of the output and wind speed 
forecasting errors. Although energy storage devices and 
demand management techniques may mitigate these 
operational issues, these remain limited in their application. 
Although nuclear generation (which is not renewable but 
considered clean) is controllable, it is far less flexible in 
operation compared to conventional generation. Thus a 
system dominated by nuclear and wind power would be 
considered to be ‘brittle’. The limits imposed by operational 
requirements on the amount of specific generation 
technologies should be considered in setting emission 
reduction targets. 

C.  Commercial issues 
The penetration of cleaner and renewable generation 

technologies is still low in most countries and they tend to 
face a number of barriers such as commercial viability and 
technical challenges in integrating them into the bulk power 
supply system. In order to meet the environmental targets, 
there is need to even out the playing field within the 
generation sector and as the penetration of these technologies 
increases, the market operation has to accommodate these 
technologies. 

Generators fired from fossil fuels tend to have lower 
internal costs compared to the less polluting ones. Therefore, 
external costs need to be accounted for in order to fairly 
compare different generation technologies. External costs 
could be incorporated directly as a tax or through an 
emissions trading scheme. Whichever way, it appears that 
accounting for external costs of electricity generation will 
raise the cost of electricity. However, this is a viable way of 
dealing with discrimination against dispersed generation 
making increased penetration into the power system and 
therefore reducing GHG emissions. The true commitment of 
any government to achieving the emission targets is tested 
when proposals suggest an increase in the price of electricity 
in order to meet the set targets. 

Previous work showed that a green field solution for a 
sustainable generation mix does not significantly increase 
electricity costs to consumers and yet it is very effective in 
reducing greenhouse gas emissions. However, the challenge 
today is that given tight financial constraints, the shift in 
generation mix has to be an evolutionary one, starting with the 
status quo. Time limited incentives could be used to 
encourage investment in renewable and cleaner generation. 
An example of such an incentive is the Renewable Obligation 
Certificates (ROCs) in the UK. Electricity suppliers are 
required to supply a certain proportion of their energy from 
renewable sources. To prove they have got their energy from 
renewable sources they have to buy ROCs, which are issued 
to generators of renewable energy, alongside any renewable 
energy they source. 

Apart from limitations that could be placed by operational 
requirements, it may not be desirable to overly rely on a few 
generation technologies. For example over reliance on 
generation powered by imported fuels or over reliance on 
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wind power could be disastrous under credible fuel scarce 
periods. Thus Electricity supply security requirements may 
also dictate the level of diversity and hence possible 
limitations on certain technologies even if they are cleaner. 

IV.  TECHNOLOGIES FOR EMISSION REDUCTION 
Within the electricity industry today, it is accepted that 

efficiency improvement in generation, transmission and 
utilisation of electricity contributes to mitigation of the 
emissions problems caused by electricity generation. Not all 
conservation and efficiency-in-use measures require large 
investments but they do require policies, regulation and 
promotion through public education and most importantly 
economic incentives through pricing mechanisms. Additional 
investment in carbon dioxide reduction technologies will 
increase the cost of electricity. Electricity markets need to 
recognize this fact. The regulator will need to allow these 
costs to be passed on to the consumers only to the extent that 
enables the environmental targets to be met efficiently and 
economically. This can be viewed as leveling the competitive 
playing field for the various generation technologies. Below, 
some of the technologies that could play an important role in 
reducing the emissions are briefly discussed. 

A.  Renewable technologies 
Renewable technologies not only reduce greenhouse gases 

but also present a sustainable way of generating electricity as 
the underlying energy conversion processes can be repeated 
many times without significant environmental degradation. A 
number of renewable technologies exist today, most notably, 
wind, hydro, biomass, wave, tidal, stream and solar. The first 
three are commercially viable technologies.  

Wind power plants have increasingly become more and 
more commercially viable, hence the rapid increase in their 
integration into the power system. One of the major concerns 
is the variability and intermittency their outputs which 
threatens system security and tends to increase system 
operation costs. 

B.  Fossil fuel technologies 
The main fossil fuels are coal, oil and natural gas. Coal 

plants still provide the bulk of electricity in many countries 
[5] – US (50 % in 2002), UK (37 % in 2003), Poland (94 %), 
Greece (50 %) and Germany and Denmark (47 %) in 2000. 
Local availability of large coal deposits in areas of high 
demand like the US and China and the amount of investment 
already made in coal technology mean that it will continue to 
be exploited into the foreseeable future. Gas and oil price 
rises also tend to increase the demand on coal. 

In the short term, emissions can be reduced by improving 
plant generation efficiency [1], [5]. This can be achieved by 
retrofitting a supercritical boiler and modifying the steam 
turbines, yielding reductions in carbon dioxide emissions by 
up to 20 %. Competing technologies can also be deployed 
such as integrated gasification combined cycle (IGCC) or 
fluidized bed combustion (FBC) especially when using high 

sulphur or high ash coal. Additional reductions can be 
achieved by co-firing biomass. 

Open cycle gas turbines (OCGTs) run on distillate oil and 
are relatively inefficient (c.31%) but are highly flexible 
operationally. They tend to be used as peaking plant because 
they can respond quickly to rising demand but are expensive 
to run, hence they exist in few and not so large units (typically 
less than 70MW). On the other hand combined cycle gas 
turbines (CCGTs) have higher efficiencies and come in large 
sizes. When fueled by natural gas, CCGT offers a significant 
reduction in emissions [6]. 

Fuel cells are yet another technology that can significantly 
reduce emissions. Common fuels ate natural gas, hydrogen 
and methanol. Fossil fuels are reformed by undergoing a 
chemical process that gives a hydrogen rich gas and CO2. The 
CO2 can then be captured at this stage. The hydrogen rich gas 
is fed to the fuel cell which produces electricity and heat. 
Depending on the quality of heat, it may be used to power a 
gas turbine or a steam turbine, both, or none. Thus fuel cells 
can be used in multi-cycle modes or as combined heat and 
power (CHP) plants. 

Carbon sequestration, also known as carbon capture and 
storage (CCS), is another way of reducing CO2 emissions. It 
consists of three stages; carbon dioxide capture before it 
enters into the atmosphere, its transportation and injection 
into storage reservoirs [7] (geological formations, marine 
waters or it can alternatively be used for industrial processes). 
Carbon dioxide can be captured before or after combustion 
[6]. CCS can therefore be used with any of the fossil fueled 
technologies and can be applied as a retrofit. 

C.  Nuclear technologies 
The most common nuclear technologies employed in 

electricity generation today are the gas cooled reactor 
systems, pressurised light water reactor systems and advanced 
reactor designs. The nuclear technology has been surrounded 
by controversy due to the high capital and back-end costs, 
risks associated with the radiation emitted from the operation 
of the plants and significantly, waste disposal from these 
plants. Because of the nature of reactions in the reactor, 
nuclear plants are relatively inflexible operationally and 
therefore they are generally used for base load This leaves 
other technologies to regulate their outputs to match 
electricity demand and supply. Nuclear generation does not 
directly produce CO2 emissions. It is sometimes considered as 
having zero emissions but strictly speaking this is not true as 
there are CO2 emissions associated with related processes like 
fuel preparation and disposal. In terms of reducing emissions, 
nuclear generation technologies can play a significant role. 

V.  PROPOSED APPROACH FOR DETERMINING EMISSIONS 
Starting with the existing generation mix and assuming a 

perfect market and transmission system, an economic dispatch 
that includes the cost of emissions in the existing system can 
be carried out. The cost of electricity and the emissions 
produced are noted. Without modifying the generation mix, 
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VII.  IMPLEMENTATION 
Seven technologies were considered in this study. These 

are (i) nuclear, (ii) Advanced Supercritical Coal (ASC), (iii) 
Advanced Supercritical Coal with Flue Gas Desulphurisation 
(ACS/FGD), (iv) CCGT, (v) CCGT with CSS (CCGT/CCS), 
(vi) IGCC and (vii) wind power. Three generation mix 
scenarios were considered where the base scenario 
represented the current generation mix of the system. The 
other two scenarios have different propotions of existing and 
prospective cleaner generation. Technologies introduced in 
the last two scenarios are CCGT/CCS and IGCC. One of 
these scenarios has no nuclear generation, hence we call it the 
‘non-nuclear green’ scenario. The other scenario has nuclear 
so we call it nuclear green scenario. A wind load factor of 
35% was assumed in this study. Its capacity credit was not 
specifically considered. Generation capacities were 
considered in generic unit sizes of 100MW. The three 
scenarios are referenced in Table I.  

TABLE I 
SUMMARY OF GENERATION SCENARIOS 

 

Technology 
Generation capacities [MW] 

Base Case Non-Nuc 
Green 

Nuclear 
Green 

NUCLEAR 400  500 

ACS 1300 500 300 

ACS/FGD 500 500 400 

CCGT 1700 1000 1000 

CCGT/CCS  900 900 

IGCC  500 300 

WIND 1000 2600 2600 

 
The system was modeled to have a peak demand of 

3600MW and a minimum demand of 1700MW. The annual 
load profile represented total energy demand of 23TWh. The 
demand profile was aggregated into 12 demand blocks. The 
analysis was based on a year of operation. The electricity 
costs were calculated based on both operation costs and 
investment costs. 

Table II shows the generation type parameters for the 
technologies used in this study. Parameters a, b, and c are the 
heat rate coefficients. Parametesr �·and � are CO2 emission 
coefficients and � is the sequestration as a fraction of CO2 
emissions. The economic lives of the technologies are given 
by parameter n while the capital cost is given by CCC in £/kW.  

Fuel costs were set as follows; gas: £0.41/therm, coal: 
£1.30/GJ and nuclear: £0.95/GJ. CO2 sequestration costs were 
set at £8/ton of CO2. An interest rate of 6% was used for 
armotising the investment cost. In the analysis CO2 emission 
costs and generation scenarios were varied and their 
correlations with emissions and cost of electricity were 
observed. 

 

 
TABLE II 

SUMMARY OF GENERATION TYPE PARAMETERS 
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W
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a* 7 25 15 12 16 10 0 

b* 2800 2900 48 3000 3100 2800 0 

c* 480K 450K 460K 150K 155K 550K 0 

� 0 0.84 0.82 0.38 0.38 0.62 0 

� 0 0.04 0.04 0.03 0.03 0.02 0 

� 0 0 0 0 0.9 0 0 

n 35 40 50 35 35 35 20 

CCC 1800 1000 960 500 590 1300 820 

* Multiply these parameters by 1000. 

VIII.  RESULTS 
The results of the simulation are presented in Fig. 1 and 

Fig. 2. Fig. 1 shows the relationship between the cost of CO2 
emissions with the amount of CO2 emitted into the 
atmosphere. Since the same demand profile was used, the 
absolute amount of emissions can be determined as the 
product of the kg/kWh values and the total energy delivered 
by the system i.e. 23TWh. Similarly, Fig. 2 shows the 
relationship between the cost of CO2 emissions and the cost of 
electricity considering both operating costs and investment 
recovery. 

The results show that for a give generation mix, the cost of 
CO2 emissions has a significant impact on the emission 
performance of the power system. Thus implementation of 
emission trading schemes can be an effective way of reducing 
GHG emissions into the atmosphere. 
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Fig.. 1.  Relationship between carbon emission costs and emissions 

 
The cost graph also shows that generation costs increase 

with reduction in emissions, the exact characteristic of the 
relation being dependent on the generation mix.  
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Fig.. 2.  Relationship between carbon emission costs and electricity costs 

 
The two results graph show in interesting phenomenon, i.e. 

for a given scenario, say base case scenario, for low carbon 
costs (below £15/ton), the emissions response is negligible but 
the cost of electricity increases fairly rapidly. This can be 
attributed to the fact the carbon price is not strong enough 
even to influence plant operation economics. Therefore if the 
carbon price is very low, there is a risk that the costs may be 
passed through to the consumers without any impact on the 
emissions both in the short term and long term. This could 
arise if the very generous allocations are made in the emission 
trading scheme. 

 
For the base case scenario, the emissions decrease rapidly 

from carbon prices of £15/ton to £25/ton. At this point carbon 
prices are sufficiently strong to influence operational regimes, 
for example, cleaner technologies such as CCGT begin move 
up the merit order and hence their load factors increase while 
dirtier technologies like ACS move down the merit order and 
their load factors decrease, hence emission decrease. 
Although the cost of electricity is still higher, the gradient of 
the slope becomes less steep indicating increased marginal 
benefits. 

 
Beyond a carbon cost of £25/ton, the emissions hardly 

decrease at all. This demonstrates an important point that 
once the system reaches its limits, the only benefit that could 
potentially be realized by keeping carbon prices higher could 
be the strong signal for investment in cleaner and renewable 
technologies. This situation arises when the emission 
allocations are too low. It is important to ensure that if this 
situation did arise, consumers should only bear the costs of 
carbon proportional to actual investment in cleaner and 
renewable generation, otherwise some generators, especially 
heavy polluters could benefit from an unintended windfall. 

The other two scenarios exhibit similar trends to the base 
case but they are more effective in reducing emissions and 
have lower cost trajectories compared to the base case, which 
represents the starting point. These results clearly show that it 
is beneficial to pursue cleaner generation technologies. 

In order to determine the right level of emission reduction 

targets, one ought to consider the time it takes to migrate from 
one generation mix to the next cleaner generation mix. The 
emissions targets would then be set according to what can 
realistically be achieved within that time. This reduces the risk 
of ending up with high electricity costs but with very little 
progress in real emission reductions. 

For purposes of illustrating the emission quota 
determination, consider the carbon emission cost to be £5/ton 
in the base case. Fig. 3 shows the percentage reduction in 
emissions for the two green scenarios compared to emissions 
in the base case at a base carbon emission cost of £5/ton. This 
could be done for however many scenarios need to be 
considered.  

Assume that the ‘Nuclear Green’ scenario can be attained 
in say 5 years. If we assume for now that the carbon emission 
costs remain at £5/ton, then the realistic emission reduction 
targets for year 5 can be determined as follows: 

 
Base emissions (from Fig. 1) = 0.56 kg/kWh 
% emissions reduction (from Fig. 3) = 46% 
 
Assuming demand is the same in year 5, 
Actual base emissions = 0.56 kg/kWh × 23TWh 
          = 13 × 106 tons CO2 
 
Actual emissions reduction = 0.46 × 13 × 106 tons CO2 
           = 6 × 106 tons CO2 
 
This is the reduction that can realistically be expected in 

year 5. This procedure can be repeated for all years between 
the base year and year 5. The emission reduction over the 5 
year period can be obtained by summing the reduction in the 
individual years.  
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Fig.. 3.  Reduction in emissions as a function of carbon emission cost 

 
It can be seen from Fig. 3 that if carbon emission costs 

increase beyond the base case of £5/ton, higher reductions can 
be achieved. Given the volatility in emission market prices, it 
may be desirable for emission trading schemes to have the 
opportunity to revise short term target more regularly, say 
annually. 

Fig. 4 shows the change in cost of electricity, again on the 
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£5/ton carbon emission cost base. These graphs represent a 
cost constraint for increasing emission reductions. If the 
emission targets are correctly set and revised accordingly, the 
carbon market should be able to give firm carbon prices that 
are consistent with the desired emission reduction targets and 
practical constraints in building cleaner and renewable 
generation capacity. 
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Fig.. 4.  Change in electricity costs as a function of carbon emission cost 

IX.  CONCLUSIONS 
The approach presented in this paper demonstrates that it 

is important to set the correct targets for emission reductions. 
It also demonstrates that it is possible to determine 
appropriate emission reduction targets in the electricity 
generation industry. The methodology duly considers 
generation technology characteristics as well as other practical 
considerations that influence the shift in generation mix.  

This emission reduction targets derived from this 
methodology can be used to decide on the emission 
allowances for the generation industry. Because the targets 
determined this way are realistic, they are effective in 
facilitating stable emission prices which in turn provides an 
enabling environment for investment in cleaner and renewable 
generation without hurting competition. 

Although the paper does not develop any concepts on the 
emission allocation methods to individual sectors, it notes that 
auctions provide a transparent way of administering emission 
allocations as auctions can be held as often as need be and the 
emission allowances to be auctioned each time can be 
determined and refined based on the approach proposed here. 

Further work will be required in the form of further 
developing the approach to consider multi-period scenarios as 
well as modeling network expansion and reinforcement 
constraints. 
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