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Preface 

This report has been produced by IEA Clean Coal Centre and is based on a survey and analysis of published 
literature, and on information gathered in discussions with interested organisations and individuals. Their 
assistance is gratefully acknowledged. It should be understood that the views expressed in this report are our 
own, and are not necessarily shared by those who supplied the information, nor by our member countries. 

IEA Clean Coal Centre is an organisation set up under the auspices of the International Energy Agency (IEA) which 
was itself founded in 1974 by member countries of the Organisation for Economic Co-operation and 
Development (OECD). The purpose of the IEA is to explore means by which countries interested in minimising 
their dependence on imported oil can co-operate. In the field of Research, Development and Demonstration 
over fifty individual projects have been established in partnership between member countries of the IEA. 

IEA Clean Coal Centre began in 1975 and has contracting parties and sponsors from: Australia, Austria, China, 
the European Commission, Germany, India, Italy, Japan, Poland, Russia, South Africa, Thailand, the UK and the 
USA. The Service provides information and assessments on all aspects of coal from supply and transport, through 
markets and end-use technologies, to environmental issues and waste utilisation. 
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Abstract 

Coal-fired power plants are designed to run most efficiently and cost effectively when running at steady 

baseload. Renewable energy systems, such as wind and solar, are much more sporadic in their energy 

output, varying with weather conditions. The energy from renewable sources is currently prioritised for 

input into the grid in many countries, meaning that thermal plants such as those powered by coal or nuclear 

sources must now provide more flexible output to keep the available energy in the network at the required 

level. This ramping and cycling of coal plants puts a strain on the boiler and increases the risk of operation 

and maintenance problems. This report evaluates the different cost penalties of increasing the flexibility of 

coal-fired plants to cope with the intermittency of renewable power source, indicating that cycling 

operation can be expensive and, in some situations, costs can increase by orders of magnitude. 
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Acronyms and abbreviations 
ABS ammonium bisulphate 

CCC Clean Coal Centre 

CFBC circulating fluidised bed combustion 

DSS daily start and stop 

EC European Commission 

EFOR equipment forced outage rate 

EPRI Electric Power Research Institute, USA 

EU European Union 

FGD flue gas desulphurisation 

GW gigawatt 

IEA International Energy Agency 

IER Institute for Energy Research, USA 

IGCC integrated gasification combined cycle 

LCOE levelised cost of energy/electricity 

MIT Massachusetts Institute of Technology, USA 

MWh megawatt hour 

Mtoe million tonnes of oil equivalent 

NREL National Renewable Energy Laboratory, USA 

OECD Organisation for Economic Cooperation and Development 

PV photovoltaic  

RPS Renewable Portfolio Standards 

SCR selective catalytic reduction 

USC ultra-supercritical  

VRE variable renewable energy 

WSS weekly start and stop 
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1 Introduction 

Emission limits for pollutants from sources such as coal-fired power plants have been tightening for 

decades and continue to do so. Although a significant proportion of emissions can be controlled, many 

countries are moving away from conventional thermal-based power production to less carbon-intensive 

options. Individual countries and regions have set their own targets for increasing the proportion of energy 

produced from non-carbon sources, including the EU, North America and Japan. For example, more than 

30 US states now have Renewable Portfolio Standards (RPS) which place an obligation on electricity supply 

companies to source power from renewable sources. CalifoÒÎÉÁ ÈÁÓ Á ÔÁÒÇÅÔ ÏÆ ÏÂÔÁÉÎÉÎÇ σσϷ ÏÆ ÔÈÅ 3ÔÁÔÅȭÓ 

power from renewables by 2020 (Mills, 2011). Scotland set an ambitious target of 50% of power generation 

from renewables by 2015 and appears to have almost reached that goal. An even more ambitious target of 

100% renewables is set for Scotland for 2020 (Financial Times, 2015). Germany has a target of 35% by 

2020 increasing to 80% by 2050 (Schiffer, 2014). 

The European Commission's (EC) renewable energy progress report reveals that 25 European Union (EU) 

countries were expected to meet their 2013/2014 interim renewable energy targets. In 2014, the projected 

share of renewable energy in the gross final energy consumption of the EU was 15.3%. Europe is reported 

to have three times more renewable power per capita than anywhere else in the world (EC, 2015). Back in 

2010 Green and Vasilakos (2010) noted that the EU had committed itself to 20% renewables by 2020 and 

that this could involve more than 500 TWh of wind generation, nearly seven times the level it was in 2010. 

Within Europe there are now more than one million people working in the renewable energy sector, worth 

ÏÖÅÒ Όρσπ ÂÉÌÌÉÏÎ Á ÙÅÁÒȟ ÁÎÄ Όσυ ÂÉÌÌÉÏÎ ×ÏÒÔÈ ÏÆ ÒÅÎÅ×ÁÂÌÅÓ ÁÒÅ ÅØÐÏÒÔÅÄ ÁÎÎÕÁÌÌÙȢ The renewables target 

has resulted in 388 Mt of avoided CO2 emissions in 2013 and has led to a reduction in the EU's demand for 

fossil fuels 116 Mtoe (million tonnes of oil equivalent; EC, 2015). Currently the most common renewable 

energy sources are wind (as the lowest Capex and most mature technology) and solar PV (photovoltaic). 

Figure 1 is a simple graph which shows the growth in non-hydro based renewables in OECD (Organisation 

for Economic Cooperation and Development) countries since 1971.The share of renewables (around 22% 

in 2014, including hydro) in the OECD region is now greater than that for nuclear (around 19%) (IEA, 

2015a).  
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Figure 1 OECD renewable electricity generation 1971-2014  (IEA, 2015a) 

To help meet ambitious national and regional targets, renewable energy systems are often ÁÌÌÏ×ÅÄ ÔÏ Ȭfree 

ÓÐÉÌÌȭ ÉÎÔÏ ÅÎÅÒÇÙ ÍÁÒËÅÔÓ ɀ that is, whenever electricity is produced from renewable sources, this electricity 

is guaranteed to sell. This differs from most existing systems which are based on planned baseload and 

predicted peaks, where the demand for electricity is met according to supply and demand with cost being 

the main deciding factor.  

And so, whilst the growth in renewables is inevitable and necessary, it does not come without cost or 

complication. The intermittent nature of the electricity output of renewable systems means that they do 

not provide consistent electricity output to a demanding regional or national grid. In order to counter the 

intermittent and fluctuating nature of these systems, more reliable sources such as coal, oil and gas are 

called upon. Figure 2 shows the output from Minnesota wind farms throughout 2008 (Danneman and 

Lefton, 2009). The totals range from 0 MW to over 900 MW, varying significantly from day to day and, 

although not visible in the scale of this graph, from hour to hour. Solar energy systems tend to have a 

simpler, diurnal phase ɀ on during the day and off overnight, although cloud cover can significantly affect 

solar power in some regions, often on a seasonal basis. 
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Figure 2 Wind output intermittency through 2008 in MN, USA (Danneman and Lefton, 2009) 

Although weather, and thus wind and solar output, can be predicted to some extent, the accuracy of these 

forecasts is not ideal. For example, the UK wind output deviates from forecasts by 4% on average and, 

during 2013/2014, deviations were as high as 35%. Solar output deviates around 5% from forecasts. 

7ÁÖÅȾÔÉÄÁÌ ÐÏ×ÅÒ ÉÓ ÒÅÇÁÒÄÅÄ ÁÓ ȬÈÉÇÈÌÙ ÐÒÅÄÉÃÔÁÂÌÅȭ ÂÕÔ ÈÁÓ ÓÔÉÌÌ ÔÏ ÒÅÁÃÈ Á ÓÉÇÎÉÆÉÃÁÎÔ ÌÅÖÅÌ ÏÆ ÁÖÁÉÌÁÂÉÌÉÔÙ 

and market penetration (HP, 2014). As an indication of the potential variability in the output of renewable 

systems, Table 1 shows the contribution from different energy systems and their reliability during times of 

annual peak demand in the UK. 

Table 1 Contribution of technologies to electricity system reliability at times 
of annual peak demand in the UK (HP, 2014) 

Technology Capacity factor (dependable 
capacity) as a percentage of 
maximum capacity, % 

2013 UK maximum capacity, 
GW 

Wind 7ɀ25 11.0 

Solar 0 2.7 

Hydro 79ς92 1.7 

Tidal * 35 <0.001 

Wave* 35 <0.001 

Fossil and nuclear 77ɀ95 78 

*  Few data available for wave and tidal 

The table shows that, other than hydro, fossil fuel and nuclear plants provide the most consistent and 

dispatchable source of power at peak demand in the UK. Solar has 0% reliability simply because the table 

considers annual peak demand which occurs in winter, after dark, when there is a zero contribution from 

solar in the UK. In considering this and other data on the UK generating capacity, the UK Government 

concluded that the need for system flexibility will increase as the renewable capacity increases. 
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This means that, as countries such as the UK move towards more renewables, the stress placed upon fossil 

and nuclear plants to provide the balance of power will continue to increase (HP, 2014). However, fossil 

plants such as coal-fired units were designed to supply baseload energy with some capacity to ramp output 

up or down. These plants were not designed to ramp up and down rapidly in short periods of time to 

provide electricity to fill the gaps in grid output caused by renewable energy intermittency. It is this change 

in plant dynamics and the subsequent effect on plant operation and running costs that forms the focus of 

this report. 

Biomass cofiring with coal or dedicated biomass combustion is a renewable source of energy and a 

dispatchable one. At the moment, the EU produces over 60% of its renewable energy from various forms 

of biomass (including biofuels and anaerobic digestion). The Clean Coal Centre has produced several 

reports on biomass combustion and runs an annual international workshop on this subject. The interested 

reader is recommended to check out our website www.iea-coal.org for further details. 

Upgrading and/or addition of transmission lines, load demand control, energy storage and renewable 

curtailment are all options available to grid managers to control supply and demand. However, at the 

moment, some regions are still calling upon older coal-fired plants to alter their operation to ensure 

electricity demand is met and it is this situation on which this report focusses.  

Previous reports by the Clean Coal Centre have looked at different aspects of renewable technologies and 

intermittency and the effect on coal electricity production. Mills (2013) looks at directly combining 

renewables with coal, for example through combined biomass and coal gasification. Although not directly 

related to intermittency, Lockwood (2015) looks at advanced sensors and the technologies available to 

monitor and control power plant performance in real time. Many of these sensors will provide the data 

required to monitor the effects of ramping on coal cycles and may help to manage these to keep costs and 

potential system damage to a minimum. Henderson (2014) produced an excellent review of methods to 

increase the flexibility of coal-fired power plants and some of this information is summarised within this 

report. An earlier CCC report by Mills (2011) looked at integrating intermittent renewable energy with coal 

plants, concentrating more on combining renewables with coal at source. 

Many new coal-fired plants are being designed to operate at higher efficiency and with significantly more 

flexibility than older units. This report concentrates largely on the older units as it is these units which will 

be required to make the most changes in many countries. It summarises the effects of cycling on existing 

large thermal plants: ɀ to evaluate the effects of increased start-up/shut -down patterns and of operating 

units at reduced and varied loads; to determine the increased maintenance requirements; and, ultimately, 

to estimate the increased costs. Evaluating the cost impacts arising from increasing the flexibility of coal 

operation is not simple as it must include consideration of the variability of pricing of electricity from the 

intermitte nt generators. Potential costs may also arise from adverse changes in greenhouse and other 

emissions resulting from sub-optimal operation of thermal plants in support of intermittent generators. 

These costs could be in the form of lost revenue from carbon credits or increased control costs or even fines 

from increased emissions. But some of the most significant costs may arise due to the technological and 

http://www.iea-coal.org/
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operational changes required at the equipment level, the investment required in optimisation and 

modernisation of plant control strategies to mitigate impacts of variable load operation and/or  two-shift 

operation. 4ÈÅ ÌÁÒÇÅÓÔ ÃÏÓÔ ÔÏ ÕÔÉÌÉÔÉÅÓ ÍÁÙ ×ÅÌÌ ÂÅ ÔÈÅ ÃÏÓÔ ÏÆ ÐÒÏÖÉÄÉÎÇ ȬÒÅÐÌÁÃÅÍÅÎÔ ÅÎÅÒÇÙȭ ÔÏ ÃÏÖÅÒ ÆÏÒ 

plants out of service due to a forced outage (Danneman, 2016). 

Chapter 2 explains the challenges of intermittency ɀ of matching supply and demand and determining the 

order of dispatch. Chapter 2 also briefly looks at the potential issues of compliance with emission limits for 

plants operating in a more flexible mode. Chapter 3 then considers the cost of intermittency in broad terms, 

such as funding, electrical wholesale prices, required upgrades to the grid, and levelised costs. In Chapter 

4, the actual changes to, and effects on, plant performance and operation are reviewed, highlighting issues 

which may add to operation and maintenance costs. Although intermittency issues are common to many 

countries, Chapter 5 looks at just three example countries (USA, UK and Germany) to illustrate the common 

problems encountered. 

 



Intermittency ς understanding the challenges 

IEA Clean Coal Centre ς Levelling the intermittency of renewables with coal 
14 

2 Intermittency ς understanding the challenges 

The majority of coal-fired plants in operation around the world today were designed to work at baseload, 

occasionally ramping up or down at peak or quiet periods, as required. There appears to be no defined 

operation rate or capacity factor defining baseload but it is commonly held to apply to plants operating 

around 80ɀ85% capacity factor. As the variable output from renewable energy systems increases in many 

regional grid systems, it is becoming more common for these plants to have to increase their flexibility in 

order to change their output much faster and much more frequently than in the past. This puts new stresses 

on the plant which can require investment in changes in plant equipment and operation.  

At the 2011 MIT (Massachusetts Institute of Technology) Energy Initiative Associate Member Symposium, 

the published summary document included the following statement (MIT, 2011): 

ȰIn the absence of economically viable large-scale storage, the burden of maintaining system reliability will 

fall mostly on the flexible operation of thermal generating units, such as coal, natural gas and nuclear 

(hydropower is available in some regions). However, the ability of these plants to operate flexibly is limited by 

both physical constraints and economic profitability considerationsȢȱ 

This chapter briefly summarises the issues associated with increasing the flexible operation of older 

coal-fired units. 

2.1 Matching supply and demand 

Ideally, electricity output is managed and controlled through pre-arranged agreements between suppliers 

and generators to produce the required amount of power over a set period of time. When the time scales 

shorten and the amount of power required by consumers cannot be fully guaranteed, then balancing supply 

and demand is more of a challenge.  

In many places, such as the USA and some EU member states, the commitment to renewables generation is 

currently such that they are Ȭmust runȭ technologies. That is, in order to reach high targets for renewable 

energy, all the energy that these systems produce must be fed into the grid (IER, 2012). If the grid cannot 

accept this electricity at a certain time (such as a surge in wind power during the night when demand is 

low) then payments are still made. This represents a significant change in the way that electricity is bought 

and managed. Since the output from these renewable sources is significantly harder to predict in advance 

(due to the often inherent unpredictability of weather systems, see Figure 2), the required output from 

thermal plants to fill any gap between supply and demand must be changed more frequently and, often, as 

cheaply as possible. 

Figure 3 shows a typical Ȭload duration curveȭ for a region of the grid and represents the electricity demand 

(load) for each hour, from the highest demand hour down to the lowest demand hour.  
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Figure 3 Examples load duration curve and generation types (Lesser, 2013) 

As shown in Figure 3, baseload generators, B, operate for all 8760 hours of the year. There are two types of 

intermediate generators (I1 and I2), unspecified but shown to differ in terms of variable costs ɀ the higher 

cost intermediate generators run less often than the lower cost generators, for economic reasons. At the 

top there are the peaking resources, P, which operate for the least amount of time during the year. These 

units will only be called upon when absolutely necessary and will be chosen according to the lowest bidder. 

But the costs of running these units still tends to be significantly higher than running baseload units. Due 

to the intermittency of renewable power, coal-fired plants are now effectively being moved from zone B 

into Zones I1, I2 and even P. According to Lesser (2013) total payments made to generators depend on their 

overall availability when needed. A generator with a history of frequent breakdowns and forced outages 

will be less useful to the grid and will be paid less than a unit which is always available and runs in a reliable 

manner ɀ a peaking unit that is not available to meet peak demand has little or no  economic value. This is 

where coal fired plants are far more useful than intermittent technologies. However, coal plants run far 

more efficiently as baseload, B, plants than as peaking, P, plants and, of course, do so at lower cost to the 

plant operators. 

Danneman (2010) has produced Figure 4 which neatly summarises the ranking of electricity generation 

within an example market of the USA. The baseload of power is a combination of those renewable energy 

inputs that MUST be taken (due to renewable obligations and feed-in guarantees) and generation which is 

reliable and secured through long-term contracts, including some thermal. Many of these plants will be 

running at a minimum level, providing a small amount of electricity but effectively being Ȭhotȭ and ready to 

ramp up if required (this is discussed more in Chapter 4). The remaining, fluctuating portion of the dispatch 

is completed through generation from dispatchable sources (such as fossil fuel plants) which must compete 

to provide this energy and do so by the cheapest means possible ɀ Ȭeconomic dispatch in merit orderȭ. 
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Figure 4 Building the economic dispatch stack (US GOV, 2005) 

At the top of Figure 4, the moving red line indicates the variability of output from the non-dispatchable 

sources ɀ the renewable sources. When meeting sudden changes in demand, grid managers rely on the 

most flexible of plants for the fastest changes. Open-cycle gas plants and pumped hydro facilities are the 

most suitable for these rapid changes in output. When changes in demand are more predictable, mid-merit 

power plants such as combined cycle plants are used. Base load plants, which are largely nuclear, coal and 

gas-fired plants, have been designed for constant output and face more of a challenge when asked to 

respond quickly to changes in demand (Mills, 2011). 

The price of electricity as it is dispatched is dependent largely on the marginal costs ɀ the incremental cost 

due to the generation of one additional unit of kWh. Short-term marginal costs take into account fuel costs 

and any relevant CO2 costs whereas long-term marginal costs additionally take into account capital costs 

and operation and maintenance costs (discussed more in Chapter 3). And so, on a cost basis alone, the 

current (2014)  merit order of dispatch of plants in most EU countries is as shown in Figure 5 (Haas, 2014). 
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Figure 5 Merit order curve of supply (Haas, 2014) 

Figure 5 shows that coal is often the last option for providing flexible short-term electricity. Haas (2014) 

suggests that the long-term marginal costs of coal, nuclear and wind are similar, with coal being slightly 

lower. However, in terms of short-term marginal costs, coal has the highest values due to fuel costs. This is 

because, when considering short-term marginal costs, the costs of plant construction and maintenance are 

not included. Since wind and hydro do not have to pay for fuel and, with nuclear the fuel is within the plant 

budget, fuel costs have the most effect on the cost of electricity produced by fossil fuel plants. The use of 

coal to provide electricity in these circumstances is therefore a necessity rather than a choice. This merit 

order data was based on 2014 costs and this may change over time due to factors such as variations in fuel 

costs. Levelised costs, which do take plant construction and maintenance into account, give a different 

picture of plant costs ɀ these are discussed more in Section 3.4. 

2.2 Managing intermittency in practice 

Table 2 shows the options available to the grid when electricity supply from the available systems are 

suddenly lower than demand from end-users. 

Table 2 Response time of system inertia and balancing services (HP, 2014) 

Name of service Response time Time to maintain 

System inertia 0 seconds ~10 seconds 

Frequency response 2 30 seconds Up to 30 minutes 

Operating reserve 2 240 minutes 5ς120 minutes 

There is some inherent latent energy available within the system, especially from thermal plants with 

turbines. For example, if there are enough turbines available within the electricity grid, then these can 

provide a few seconds of continued power after plant operation is halted. The service options included in 

Table 2 are as follows: 

¶ system inertia may also be provided within some energy storage systems (hydro); 
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¶ frequency response represents power that can either be contracted in advance to act as a bridge or 

can be bought from a competitive market when required; 

¶ operating reserve covers plants which can be started up, after a short period (response time) to 

replace lost power from the system. 

Whilst the data in Table 2 suggest that reserve power can be met quite quickly, this depends on the systems 

available to the grid. Some of the required power will be met by drawing reserves from over production or 

from storage or by ramping up plants that are already in operation. However, it is important to note that 

the average coal-fired plant can take 12 hours to start from a cold-start situation (after sitting idle), 4 hours 

from a warm start and 1 hour from a hot start, although this does vary from plant to plant (Henderson, 

2014). This is discussed more in Chapter 4. In some systems, capacity may provide Ȭspinning reserveȭ which 

can be called into service within a very short period of time (minutes) to respond to the loss of a unit, 

transmission line or a rapid change in wind generation. Conversely, a unit may trip offline from high load, 

which may occur due to emergency safety switches designed to protect the system from accidents such as 

lightning strik es. During these events, the balance of units connected to the grid can absorb the loss of that 

unit for a few seconds through rotating mass (inertia) (Danneman, 2016). 

In Denmark, one operator has determined that 300500״ MW of back-up capacity is required for every GW 

of wind power. In the UK it has been shown that building 25 GW of wind capacity (around half of UK peak 

demand) would only decrease the need for conventional nuclear and coal by around 6.7%. Further, around 

30 GW of spare capacity would need to be on immediate call to provide a normal margin of reserve, around 

2/3 of this required  to cover for the intermittency of wind (Mills, 2011). And so, although the amount of 

renewable energy is currently increasing, there is not a concomitant or equal reduction in coal or fossil fuel 

capacity. What is actually happening is that many plants are being maintained and even new plants being 

built  with the main intention of providing back-up to more intermittent energy sources. This means that 

plants are being built on the understanding that they will not be running at base-load but instead will be 

required to ramp up and down to fill the gaps in supply. This report concentrates on the changes required 

in older plants to achieve this flexibility. 

In order to keep the stress on thermal units down and, more importantly, to keep the costs of electricity 

down, most grid operators will try to balance the input and output from the system as much as possible 

with the most cost-effective methods available. There are four main flexibility options within most grid 

systems (HP, 2014): 

¶ Connection to other networks ɀ for example, between states in the US and countries within the EU. 

¶ Electricity storage ɀ pumped hydro is available in some but not all regions. Electricity storage is 

commonly very limited, hence the problem of intermittency. If, and when new means of large-scale 

energy storage are made commercially viable and widely deployed, renewable energy will become 

more dispatchable. 

¶ Changing patterns of demand ɀ reduction in the demand for power to prioritise the available power 

to where it is needed most. This is commonly through load shedding agreements whereby large 
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electricity users, commonly industry, are paid to reduce requirements when the supply is low but 

may also be provided cheaper power at times of high or over supply. 

¶ Flexible fuel-burning generation ɀ coal, oil and gas-fired plants. 

The final option in the list above is the main subject of the remainder of this report. 

Figure 6 shows the principal elements of a system designed to promote the automation and coordination 

of input from different plants into a grid system. 

 

Figure 6 Central and local elements and tasks of future power generation control systems (Schröck and 
Dürr, 2013) 

The figure breaks down the requirements for integration into three main elements. For the generator, the 

priorities centre around scheduling to ensure that there is enough power available for when it  is required. 

For the power plants, the priorities are more performance based, focusing on programmes for monitoring 

and control of plant operation. Finally, the priorities for the analysis centre and the collation of information 

and data are to match supply with demand and to forecast and advise of potential future events (Schröck 

and Dürr, 2013). 

For generators or utilities with more than one plant available, there is a choice to be made as to which plant 

or plants are asked to ramp up or down ɀ there must be a balancing of the fleet. Lefton and Besuner (2006) 

reported on a study covering over 300 coal-fired units, including plants in the USA, Canada and Europe, 

covering plants from 15 MW up to 1300 MW. The study suggested that older coal-fired plants can be more 

rugged and cost effective to cycle than the newest combined cycle units, with low fuel costs helping to keep 

coal as a favoured option. During periods when electricity values are high, load following is easier than 

when electricity costs are low ɀ the latter requires a decision to be made as to whether the plant should 

shut down and incur cycling damage or operate at minimum load. In times of peak demand, plants may 

have to run above their maximum continuous rating. This may be a costly way to operate but may actually 
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be the most cost-effective option in a fleet, avoiding the start-up of another unit from cold. There is also the 

option of load-shedding ɀ asking consumers to lower requirements in periods when demand is too high. 

This can also be costly. 

Although less common, there is the issue of overproduction of electricity from renewables on especially 

windy or sunny days. Again, determining which plants should slow down or shut down will be determined 

depending on cost, ease of shift and so on. Since wind usually has priority into the grid, removing it from 

the system, as has been necessary in some incidences, requires approval from the grid operators (Mills, 

2011). 

2.3 Changes in emissions and compliance issues 

The change in operating requirements for coal-fired plants can have an effect on all emissions. Chapter 4 

contains more detail on technical changes which may be required to ensure that emission control 

technologies continue to work effectively within flexible operation while this section gives a more general 

overview of potential compliance issues. 

According to Kemp (2013), conventional coal plants can turn down their output by a maximum of about 

50% wi thout emission issues ɀ any lower and the efficiency drops such that they risk violating air quality 

controls. Kemp (2013) also suggests that existing coal plants which continue to operate to provide power 

up to ςπσπ Ȱ×ill operate in an increasingly inefficient and costly fashion, with increased carbon emissions 

ÐÅÒ ÕÎÉÔ ÏÆ ÐÏ×ÅÒ ÇÅÎÅÒÁÔÅÄȱ ÁÓ Á ÒÅÓÕÌÔ ÏÆ ÔÈÅ ÉÎÃÒÅÁÓÉÎÇ ÄÅÍÁÎÄ ÆÏÒ ÔÈÅÍ ÔÏ operate in a flexible manner. 

This suggests that any increase in CO2 from coal-fired plants which may arise as a result of less efficient 

operation will offset the benefit of the renewable systems being used ɀ that is, any increased emissions 

from coal plants running less efficiently will counteract some of the decrease in emissions due to the 

replacement of fossil fuel with renewable energy sources. In general, the proportion of CO2 savings from 

renewables offset becomes greater as the amount of intermittent generation increases. For example, it has 

been suggested that around 6% of the potential UK CO2 savings could be offset if around 25% of the 

ÃÏÕÎÔÒÙȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÉÓ ÐÒÏÖÉÄÅÄ ÂÙ ×ÉÎÄ ÉÎ ςπςπ ɉ(0ȟ ςπρτɊȢ  

Wagman (2013) appears to disagree somewhat, suggesting that, in the 20 states in the USA that have the 

highest wind capacity, the average efficiency of coal-fired plants declined by only 1% (basis not specified) 

between 2005 and 2010 compared with 2.65% in the other 30 states. Similarly, coal plant efficiency fell by 

1% in the top wind capacity countries in Europe and remained unchanged across all OECD Europe 

countries between 1999 and 2010.  

Wagman (2013) also argues that there is a correlation between increasing wind energy and declining 

emissions. He argues that if wind energy were causing large declines in the efficiency of fossil-fired power 

plants, zero or negative correlations between emissions and wind would have been found instead of 

correlations approaching 1 in countries such as Germany (0.86), Spain (0.90) and Ireland (0.96). To some 

extent this may not so much prove the lack of a negative effect from increased flexibility of coal units but 
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rather demonstrate the effectiveness of emissions control technologies and the experience of coal-fired 

operators to keep emissions under control. 

Any decrease in plant efficiency means more coal burned for less power which could mean more emissions 

of particulates. However, current particulate control systems achieve such high control efficiencies that 

there is little or no risk of exceeding emission limits at any time. According to Henderson (2014), particulate 

control systems can cope with partial load and rapid load changes without issue. However, gas temperature 

changes can affect conditions in the flue gas such that there is increased condensation on particles, which 

can affect both fabric filter and ESP performance. Intel ligent control systems can be installed to reduce the 

effect and also to reduce the energy consumption of particulate control devices during low load periods. 

Since flue gas desulphurisation (FGD) systems for SO2 emission control operate based on precise reaction 

conditions, including temperature and water flow, fluctuating plant operation can affect SO2 emissions. This 

can be particularly important during start-up and shut-down periods. Compliance with emission limits 

during these periods and during periods of rapid load changes can be an issue which requires sophisticated 

control concepts and changes in FGD operation (Henderson, 2014). According to Hesler (2011), start-ups 

of FGD systems should be minimised for several reasons: 

¶ to reduce the need to purge systems to avoid slurry solidification; 

¶ to reduce the impact of fuel oil residues on linings and fabric filters; 

¶ to reduce the requirement for lengthy warm-up times. 

Wagman (2013) suggests that the efficiency of modern scrubber systems and the expertise of those running 

them means that SO2 emissions can be controlled effectively during ramping and cycling. He notes that 

analysis of Ȭhundredsȭ of coal-fired units suggests that SO2 limits are seldom exceeded and only for brief 

periods during start-up or ramping. Danneman (2016) agrees that exceedances of SO2 limits due to 

increased plant cycling is uncommon.  

Emissions of NOx can increase by up to around 10% at some plants during periods of start-up due to 

increased fuel use at these times (Cochran and others, 2013). Changes in temperature will affect selective 

catalytic reduction system (SCR) operation for NOx control, especially in systems which use ammonia. This 

may mean greater ammonium slip and, as a result, more potential damage from corrosion in downstream 

areas. ABS (ammonium bisulphate) is formed from ammonia in SCR systems during periods of low 

temperatures. ABS is a sticky liquid which can fill catalyst pores and reduce the effective reactive surface 

area (Hesler, 2011). Economiser bypass systems can be established to reduce this effect. Alternatively, 

changes in temperature can be controlled through the use of static mixers (baffles) or the installation of 

heating facilities (Henderson, 2014).  

Wagman (2013) suggests that, although NOx emissions are harder to control than SO2 during flexible 

operation, any resulting increase in emissions is Ȭminorȭ. In fact, Wagman goes on to suggest that NOx 

emissions are actually lower (up to around 14%) during part load operation and that most emission rates 

changed by less than 2%. Danneman (2016) notes that any increase in emissions of pollutants such as SO2, 
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NOx and even mercury during changes in plant operation are minimal and can be controlled through best 

practice.  

Whilst these emissions arise from the coal fired units being operated to ensure energy capacity is met, the 

Massachusetts Institute of Technology (MIT) has published a report which suggests that some of the 

responsibility for these increases in emissions must ultimately lie with the renewable energy sources which 

force such situations to arise (MIT, 2011). 

2.4 Comments 

In order to ensure supply matches demand for electricity within a grid, operators will look for the most 

cost effective means of increasing or decreasing the input from various utilities. Many regional grid systems 

now require that priority be given to renewable technologies, which have fluctuating output, leaving less 

flexible plants, such as older coal units, to make up the difference. However, in order to keep this ramping 

up and down of coal plants to a minimum, grid operators will maximise the potential to store energy or to 

take advantage of any available system inertia. Not only will this keep costs down, it will also reduce the 

requirement of coal plants to run in a non-baseload manner which can lead to inefficient operation and, 

possibly, changes in the balance of pollutant emissions to air. 
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3 The costs of managing intermittency 

Intermittent renewable energy systems such as wind and solar are known as variable renewable energy 

sources (VRE, also known as renewables energy systems, RES). That is not to say that fluctuations in 

ÄÅÍÁÎÄ ÄÏÎȭÔ ÏÃÃÕÒ ×ÉÔÈ ÏÔÈÅÒ ÅÎÅÒÇÙ ÓÏÕÒÃÅÓ ɀ they do, and methods have been established to manage 

this fluctuation thr ough cooperation from dispatchable power sources. It is important to note that, for the 

moment, the increased renewables capacity is not entirely replacing fossil fuels. Because of the 

intermittency of VREs, back-up capacity is still required. Although it has been suggested that 100% back-up 

capacity is necessary, this is not the case. Back-up capacity requirements vary depending on several factors 

including the consistency of weather in different areas. Danneman (2016) suggests that diversifying wind 

farm locations can help generate power as wind fronts move, often predictably, through regions.  

Determining the additional costs incurred by coal-fired plants as a result of intermittency is not easy and, 

although there is published material on levelised costs and plant running costs, and potential damage and 

repair costs, there does not seem to be a standardised method of determining the total cost to a coal utility 

of providing services to help the grid cope with intermittency. For the most part, this is because the costs 

will vary on a plant by plant basis depending on the difference in plant use, change in running and fuel costs, 

operation and maintenance adjustments and potential changes in revenue from switching from baseload 

to ramping operation. There are other costs to be considered, including grid effects and the overall cost of 

supplying electricity to the consumer. These costs are significantly affected by intermittent and variable 

renewable systems. This Chapter looks briefly at the economics of prioritising and funding different energy 

systems, then at grid charges and then finally focuses on levelised costs. 

3.1 Prioritisation and funding 

In a level market place with no political influence, electricity would be produced by the cheapest means 

possible and, for most regions, this would be from thermal systems including coal. However, as mentioned 

in Chapter 2, policy is changing to prioritise the use of cleanest technologies first, despite the fact that these 

cleaner technologies may not be the most cost-effective options. Market mechanisms exist to promote the 

use of these cleaner technologies (such as carbon credits, guaranteed sales and favourable feed-in tariffs)  

which means that a premium price is paid for this cleaner energy. Renewable technologies may receive tax 

subsidies, direct subsidies, purchase obligations, and long-term contracting requirements which make 

them more affordable and more profitable than they would be on a stand-alone basis. But since there is 

insufficient clean energy to meet total electricity demand, the remainder is made up of the available fuel 

mix in the region. In some cases, there is no regard for how clean or efficient these load following options 

are which means that they are selected largely on availability and cost (lowest cost first). This prioritises 

clean energy at the top of the dispatch pile but can leave much of the remainder working in less than ideal 

conditions. 

Some older units, working in an increasingly flexible manner to fill the gap in electricity demand, will be 

operating at much lower profit margin than previously and are therefore less likely to have funding 
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available for potential investment in plant improvements and upgrades. It is beyond the scope of this report 

to review the funding or investment profiles of different energy generating technologies. But it is important 

to be aware that funding has a significant effect on the cost of electricity and of investment in existing and 

new technologies. The disparity of funding between technologies and regions is the subject of many papers 

and heated debates. For example, Darwall (2015) produced a paper for the UK Centre for Policy Studies 

entitled ȬHow renewables subsidies destroyed the UK electricity marketȭ. The paper argues that target 

driven policy objectives (such as 50% renewables by 2020) are inflexible and override the economics of 

fair trade which leads to an unstable marketplace. He states that any policy framework to encourage 

renewables that systematically conceals their true costs will result in higher costs and higher electricity 

ÂÉÌÌÓ ÆÏÒ ÔÈÅ ÓÁÍÅ ÑÕÁÎÔÕÍ ÏÆ ÒÅÎÅ×ÁÂÌÅ ÃÁÐÁÃÉÔÙȢ $ÁÒ×ÁÌÌ ɉςπρυɊ ÓÕÇÇÅÓÔÓ ÔÈÁÔ ÔÈÅ 5+ȭÓ ÒÅÎÅ×ÁÂÌÅ ÐÏÌÉÃÙ 

will result in a near trebling of grid costs. Several papers have been written in response to denounce 

$ÁÒ×ÁÌÌȭÓ ÐÁÐÅÒȟ arguing that it is based on incorrect values and calculations (Ottery, 2015; see also 

Chapter 5).  

According to the IEA report on the projected costs of generating electricity (IEA, 2015b), regulators the 

world over are reviewing capacity remuneration mechanisms as well as working towards better 

performing flexibility and adjustment markets. Where flexibility and capacity are lacking, regulators must 

create new revenue streams for providers of these services. The levelised cost of energy (discussed more 

later in this chapter) compares costs over the lifetime of plant operations. However, the IEA report suggests 

that four additional metrics would give a better understanding of the performance of both dispatchable and 

non-dispatchable markets: 

¶ Capacity credit  ɀ Á ÍÅÁÓÕÒÅ ÏÆ ÔÈÅ ÅØÔÅÎÔ ÔÏ ×ÈÉÃÈ Á ÐÌÁÎÔȭÓ ÃÁÐÁÃÉÔÙ ÉÓ ÁÃÔÕÁÌÌÙ ÁÖÁÉÌÁÂÌÅ ×ÈÅÎ 

needed, such as at peak demand. 

¶ Cost of new entry  ɀ the levelised cost of capacity at fixed costs. The ability to provide capacity alone 

at low cost, almost independent of variable cost, is a necessary complement to variable renewables 

production in liberalised markets. 

¶ Flexibility metric  ɀ to measure the ability of a technology to change its output or load at short 

notice. 

¶ Value factor  ɀ quantifying the market value of deploying variable renewables in different electricity 

systems, specific to each power system. 

Although this report does not look at the discrepancies in funding of renewables versus coal, it is important 

to note that the tipping of the balance towards greater financial security from wind investments has a 

negative effect on coal investment ɀ on both new plants and existing units. As coal falls out of favour, 

operators will find it more of a challenge to obtain funding for further investment in either upgrading or 

replacing older units and may find it easier to continue to run older, less efficient units for as long as 

economically feasible before closure. Whilst this does, theoretically, avoid new coal build, it does extend 

the life, and the associated emissions, from older, less efficient units.  
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3.2 Costs of electricity production 

This report does not consider electricity prices in detail. However, it is important to note that the 

profitability and thus feasibility of any power source is highly dependent on the profit made from selling 

energy to the grid. Non-dispatchable technologies such as renewables provide energy to the grid but do not 

provide sufficiently reliable energy to be considered as capacity ɀ they cannot be relied upon to meet 

demand. Because of this, it has been argued by some analysis that renewables should pay a capacity charge 

back to the system to cover the cost of building and operating the back-up technology required when 

intermittent technology is unavailable (IER, 2012). Without this, the additional cost of providing flexible 

power falls on thermal units such as coal-fired plants. !ÃÃÏÒÄÉÎÇ ÔÏ +ÅÍÐ ɉςπρσɊ Ȱthe actual costs of using 

baseload plants to follow load are poorly understood, but are likely to be substantialȱȢ 

It has been suggested that, in the UK at least, intermittency will add 1 pence/kWh to the cost of renewables 

when their share of total electricity rises to 24% in 2020. Currently the cost of generating a unit of 

electricity from onshore wind is around 7.5ɀ11.5 pence/KWh. According to a UK study, intermittency is 

increasing the cost of onshore wind by 8ɀ21%. For solar the additional cost may be two to four times higher 

than that for wind (HP, 2014). 

As mentioned in Section 3.1, in some countries, energy tariffs are structured such that renewable energy 

sources are guaranteed sale of their output to the grid whereas sources such as coal-plants are now being 

relegated to only being required to make up the difference when energy is in short supply. In these 

situations, it is not uncommon for thermal plants to have to bid to provide this shortfall in energy and 

therefore plants which offer to sell energy at the lowest price will make the most sales. However, there is a 

balance to be made between sales which produce little or no profit but guarantee plant operation and sales 

which occur less often but which provide greater income per megawatt hour. The choice between the two 

options is not necessarily simple and will depend on the flexibility of the plant in question.  

Figure 7 shows the changes in pricing as plants move from operating in different modes. Those operating 

at baseload do so for consistent and long periods, being paid an average amount which, arguably, will allow 

them to budget accurately over extended periods of time. Mid-merit plants will be expected to increase and 

decrease (ramp up and down) their output in a semi-steady manner, making a greater profit the longer 

they run. There will be a balance between those periods when they run with a lower income rate and those 

periods when the income is higher. For peaking plants, providing power only in periods of significantly 

increased demand (or when output from other sources has dropped for whatever reason), the income in 

terms of electricity price is potentially high but profit will only be achieved if there are enough peaking 

periods for money to be made. As shown in the bottom graph of Figure 7, the number of peaking operation 

hours available are significantly smaller than the number of baseload operation hours. 
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Figure 7 The derivation of optimal capacity (Green and Vasilakos, 2010) 

As emphasised by Green and Vasilakos (2010), once wind power forms a significant part of an electricity 

market, this will feed through to short-run price volatility ɀ prices will be lower when wind generation is 

high and higher when the wind is low. And so Green and Vasilakos point out that, although wind capacity 

has been added to a number of European markets, the amount of conventional capacity has not changed 

significantly. An increase in capacity will, however, generally lead to a reduction in the margin between 

price and variable cost. It is suggested that the increased capacity in Germany has led to the decline of 

wholesale prices and that this has offset the cost of subsidising wind (see Chapter 5). This means that the 

subsidies have effectively been paid by the conventional generating companies (the thermal plants) rather 

than the electricity consumers. The same effect has been reported for Spain. In the UK, it is expected that 

the rise in wind capacity will mean that a higher proportion of the conventional, thermal, stations will be 

expected to operate at low load factors and will be largely called upon only when the wind is below average. 

This means that in countries considering both renewable and conventional energy options, new plants with 

low capital costs may be favoured over those with low operating costs, compared to the opposite situation 

in the past. This also means that this thermal capacity will require higher prices during those periods to 

recover fixed costs from an energy-only market, such as that in the UK and most of the EU. 

3.3 Changes to the grid 

Although not a direct cost to coal plant operators, the performance of the electricity grid is of paramount 

importance to whether or not a new plant, especially an intermittent one, will be able to provide useful 

energy. Coal-fired plants are commonly built in areas which either have potential access to the power grid 

or where access can be provided in an affordable manner. Providing electricity to remote regions requires 

extension of an existing grid to take power out to locations further afield. For example, new grids are 

required to bring power in from offshore wind farms. But the expansion of older grids also puts additional 

strain on systems which were designed several decades ago, which are aging, and which are not designed 

for significantly expanded capacity. This can apply to small local networks but also to larger national grids 
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and grids which interconnect several countries within a continent. Grid infrastructure varies with age, 

geography, budget and design requirements. Germany is required to upgrade around 400 km of existing 

grid and to add 850 km of new grid to accommodate the expansion needed to attain their goal of >20% 

renewable energy by 2020 (Mills, 2011). According to Krishnaswamy (2015) global utilities are collectively 

spending around $25 billion per year on modernising and expanding electricity networks to support the 

addition of their renewable portfolio. 

Too much power to the grid can be as bad as too little. Countries such as the UK, India, Italy and parts of the 

USA have had to shut down windfarms during periods when too much power was being produced 

simultaneously and there was a temporary overload of the power lines. Italy lost 500 GWh of wind 

production from this problem in 2009 alone (Brook, 2013).  

Variable electricity production causes cost penalties due to Ȭsystem effectsȭ, including intermittent 

electricity access, network congestion, instability, environmental impacts and problems with security of 

supply. Brook (2013) reports that renewables such as wind and solar generate system effects which are at 

least an order of magnitude greater than for dispatchable technologies. And so there are grid level costs 

which arise directly as a result of the growth of renewable energy. These require extra investment to extend 

and reinforce the grid, including costs for increased short-term balancing and for maintaining the long-term 

adequacy of electricity supply. Brook (2013) presents recent work by the OECD which assesses the grid 

level system costs for six OECD countries with contrasting mixes of electricity technologies: Finland, France, 

Germany, South Korea, the UK and the USA. System costs were calculated for 10% and 30% penetration 

levels of the different generating sources available, based on short-term balancing, long-term adequacy and 

the costs of various grid infrastructures. The results indicated that, for coal, the system costs of 10% and 

30% penetration were similar at between 0.5 and 0.9 $/MWh. For solar the costs were an order of 

magnitude higher, at up to 57.9 $/MWh at 10% penetration to 83 $/MWh for 30%. Wind (onshore) could 

be as much as 36 $/MWh at 10% penetration and 43.9 $/MWh  at 30%. Brooke concludes that these costs 

can therefore be significant and should be included in any realistic analysis of the total system costs of any 

technology in a national electricity market. Brook simplifies this in Figure 8 which shows the total system 

cost for different electricity generation systems. Taking potential carbon costs into account means that 

nuclear, coal and gas are pretty much even in terms of cost. However, renewable technologies are still more 

expensive and the cost of grid-level effects, shown in red, is a significant portion of this extra cost. 
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Figure 8 Total system cost for generation technology (2012) including carbon and grid-level costs 
(Brook, 2013) 

Brook (2013) suggests that, like carbon prices, grid prices should be internalised ɀ the plant owner should 

have to pay for grid level costs. This would help to level the playing field with dispatchable technologies.  

The review by MIT (2011) looks at the different kinds of costs for integrating intermittency into the grid. 

These include: 

¶ Existing asset costs ɀ the costs to existing plants in terms of needing to cycle and ramp. This is 

similar to the idea of Ȭstranded assetsȭ where utilities may be left with long-term contracts (including 

fuel and transport contracts) that are no longer economically viable. 

¶ Direct integration costs  ɀ transmission interconnection/upgrade costs and increased regulatory 

services. Ideally the additional new costs would be allocated to the new renewable sources at a 

higher rate than to existing thermal utilities but this is determined by the local authority or regulator. 

¶ System infrastructure costs  ɀ for upgrading to maintain market operations and system reliability, 

including more complex scheduling frameworks and capabilities for forecasting the system net load. 

As the MIT (2011) report notes, the allocation of these new costs has to be carefully considered in terms of 

fairness. To do this there are questions to be raised with respect to reliability of the new intermittent 

sources, the market capacity and potential effects on investments, and the identification of beneficiaries as 

a lack of clarity could constrain investment. 

3.4 Levelised costs 

Comparing the cost of electricity from different sources is not easy as there are so many variables to be 

taken into account. For example, electricity production costs do not represent actual costs in a fair manner 

as the cost of building a nuclear plant can be significantly higher than building a coal or gas plant.  
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The cost of producing electricity includes several different inputs, some of which are harder to calculate or 

estimate than others. In general, electricity production costs include (IER, 2012): 

¶ Capital costs ɀ for building of the plant and establishment of related services. 

¶ Financing charges  ɀ repayment of loans.  

¶ Production/operating costs  ɀ including fuel costs as well as maintenance costs through the lifetime 

of the plant. 

Like mortgages on houses, capital costs for power plants are commonly paid off within 20ɀ30 years, after 

which the costs are simply those for production and operation. Plant-specific costs include regional labour 

costs as well as transport costs relative to the distance from transmission lines and fuel sources.  

To deal with these different factors, costs for electricity generation are often calculated as Ȭlevelised costs 

of energyȭ (LCOE). LCOE represent the total cost of the plant, from construction through operation for its 

lifetime, including capital and financing charges, converted to equal annual payments over the lifetime of 

the plant, based on an assumed lifetime and an assumed duty cycle. Over the lifetime of a plant, operation 

becomes more cost effective after initial debts are cleared. It can therefore be argued that, since many 

plants are being run for longer than originally planned and, more commonly, in a different way to their 

original design (with retrofits and more sporadic operation), the levelised cost values given at the 

beginning of a plant life will be very different from the actual levelised cost upon its closure.  

Because of the different lifetimes and operation of fossil fuel plants and renewables, the levelised costs of 

each are not considered directly comparable. This is largely because renewables are far more sporadic in 

their output, depending on the weather but also on their use, as defined by the operator. As discussed in 

Chapter 2, non-dispatchable technologies such as renewables supply energy but not capacity since they 

cannot be counted upon to continually meet demand (EIR, 2012). 

The IEA (International Energy Agency, 2010) has calculated the projected costs of generating electricity for 

plants commissioned in 2015 in different regions, based on levelised costs (real discount rates of 5% and 

10%), taking fuel prices and, for the first time, a carbon price of 30 $/t of CO2 into consideration. The report 

suggests that, even with this carbon cost included, coal will remain competitive with gas and onshore wind 

in some parts of Europe and North America. However, at the 10% discount range, onshore wind becomes 

far more competitive than all other energy options in Europe beyond 2015. The highest variables within 

the calculations related to local markets and finances, as well as CO2 and fuel prices. The lower the cost of 

financing, the better the performance of capital-intensive, low carbon technologies such as wind. Notably 

the IEA concluded that there was no technology that had a clear overall advantage globally or even 

regionally. 

Figure 9 shows the estimated LCOE of new electricity generating technologies in 2017. These data were 

estimated in 2012 based on 2010 $/MWh values in the USA and are included here to give an indication of 

the difference in costs for different electricity types. From Figure 9 it is evident that intermittent energy 

sources remain significantly more expensive in terms of levelised cost than more standard forms of energy. 
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Gas is cheaper, although this varies regionally with local gas costs. Coal costs are also relatively low overall. 

For all the sources other than gas, fixed operation and maintenance are the largest cost factors. For coal, 

operation and maintenance is the next largest cost factor at around one third of the levelised cost whereas 

for the renewable sources, this is much lower.  

 

Figure 9 Estimated levelised cost of new electric generating technologies in 2017 (2010 $/MWh) (IER, 2012) 

The values in the above graph do not include subsidies or tax credits (IER, 2012; see Section 3.1). It is these 

funds which make renewable energy more Ȭaffordableȭ to the grid. 

It has been reported that the levelised cost of wind production would be lower than the levelised cost of 

coal and nuclear in the US by 2020. However, Joskow (2011) argues that using levelised cost to compare 

the attractiveness of different technologies in this manner is flawed. Joskow argues that a direct 

comparison of levelised costs suggests that the electricity generated is a homogenous product governed by 

the law of one price. This does not take into account the fact that electricity costs (wholesale market prices) 

vary widely over the duration of a year and the difference in cost can be up to four orders of magnitude. 

Such high prices occur during critical peak hours. Although this may happen for less than 1% of the total 

time during the year, these periods and costs are still important. Joskow (2011) suggests that generating 

units which cannot supply electricity during these critical periods should be at an economic disadvantage. 

These output and electricity price fluctuations are not captured in the levelised cost calculations. A 

dispatchable and a non-dispatchable plant may have similar levelised costs per MWh whilst having very 

different net economic values and profitability (see Section 3.2). Electricity bidding frameworks which 

select suppliers based on lowest cost may actually undervalue solar (produced during the day when prices 

are high) and overvalue wind (which is usually produced during off-peak periods). 
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Joskow (2011) presents numerical examples based on the operation of dispatchable and intermittent 

technologies during two basic demand periods: 

¶ Peak: 3000 h/y, prices sit at 90 $/MWh  

¶ Off-peak: 5760 h/y, demand is 50% of that in the peak period, prices sit at 40 $/MWh . 

The dispatchable and intermittent technologies are not defined, but simply quantified in terms of cost, as 

shown in Table 3. 

Table 3 Hypothetical levelised cost calculations (Joskow, 2011) 

 Dispatchable Intermittent  

Construction and fixed O&M cost ($/MW/y) 300,000 150,000 

Operating cost ($/MWh) 20h 0 

Capacity factor, % 90 30 

MWh/MW/y 7,884 2,628 

Levelised cost ($/MWh) 58.1 57.1 

The comparison has been set up such that the levelised costs are virtually the same so that plants can be 

considered competitive based on this and other factors can be analysed separately. The dispatchable 

technology is twice as expensive in terms of construction and maintenance as the intermittent technology 

and the former has operating costs which do not apply to the latter. However, the dispatchable technology 

is available to generate power 90% of the time whereas the intermittent technology only has a capacity 

factor of 30%. Outages are assumed to reduce the actual production of the dispatchable technology to 7884 

hours although it is assumed that all these outages are taken during off-peak hours. The dispatchable 

technology has an actual on-peak power production time of 2628 hours during the operating year.  

Table 4 shows the economic value of each of the technologies. For the dispatchable technology the situation 

is relatively simple ɀ the plant earns enough revenue to cover all costs plus produces a small profit. For the 

dispatchable plant, the outcome depends very much on the actual circumstances. 

Table 4 Economic value of dispatchable and intermittent generating technologies (Joskow, 
2011) 

 Dispatchable 
all cases 

Intermittent 
Case 1 

Intermittent 
Case 2 

Intermittent 
Case 3 

Peak period, MWh supplied 3,000 0 50 2,628 

Off-peak period, MWh supplied 4,884 2,628 2,578 0 

Revenues, $/MW/y 465,360 105,120 107,620 236,520 

Total cost, $/MW/y 457,680 150,000 150,000 150,000 

Profit, $/MW/y 7,680 -44,800 -42,380 86,520 

The table shows the outcome of three different off-peak scenarios, which can be explained as follows: 
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¶ Case 1  Windy at night (off peak) but too calm during the day (peak) to produce power. Power is 

only produced during off-peak periods and only for 2628 of the 5760 off-peak hours. This indicates a 

100% off-peak production rate which is an extreme assumption but still achievable. Under these 

circumstances the wind plant does not cover its costs and loses $44,880. This is despite having the 

same levelised cost as the dispatchable plant, as shown in Table 3. 

¶ Case 2  The intermittent plant runs for 50 hours during the peak period and 2578 during the 

off-peak period. Although this means increased revenues it iÓ ÎÏÔ ÅÎÏÕÇÈ ÔÏ ÃÏÖÅÒ ÔÈÅ ÇÅÎÅÒÁÔÏÒȭÓ 

costs. 

¶ Case 3  An extreme assumption where all of the electricity produced by the intermittent plants is 

produced during the peak period. This would be more plausible for a solar wind farm than a wind 

turbine. This is why, although solar technology may actually have a higher levelised cost than wind, it 

has the potential to produce more valuable electricity and make significant profits. 

Joskow (2011) argues that this approach to calculating merit based on the expected market value of the 

electricity produced, total life-cycle costs and expected profitability would give a better indication of actual 

costs than the levelised cost alone.  

Lazard (2014) produced LCOEs for various technologies on a $/kWh basis including the implied cost of 

carbon abatement. The study looks at the changes in costs with fuel prices and levels of subsidy. The results 

are rather detailed and so the interested reader is referred to the original document for further information 

on both the techniques and comparisons. However, a summary of results is shown in Table 5. 

Table 5 Comparison of different levelised costs of energy in the USA, $/MWh 
(Lazard, 2014) 

 Coal Nuclear Biomass Solar PV 
rooftop, 
residential 

Solar PV 
utility 
scale 

Unsubsidised LCOE, $ 66ς151 92ς132 87ς116 180ς265 60ς86 

Subsidised LCOE, $ 66ς151 92ς132 67ς100 138ς203 46ς66 

Range reflecting sensitivity 
to fuel prices, $ 

61ς158 90ς134 83ς125 180ς265 60ς86 

Capital costs, $/kWh 3000ς8400 5385ς7591 3000ς4000 3500ς4500 1250ς1750 

A few general conclusions can be drawn from Table 5: 

¶ The various LCOE have relatively wide ranges to take into account variables such as fuel cost, local 

considerations and so on. 

¶ Coal and nuclear only benefit from subsidies in some regions whereas biomass and solar more often 

than not become more affordable as a result of subsidies. 

¶ Solar shows no variation in fuel cost effects whereas these can be somewhat important for coal, 

biomass and, to a lesser extent, nuclear. 
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¶ Capital costs vary significantly due to the range of technologies available and also due to local 

variations. However, capital costs can be significantly lower for biomass and solar than for coal and 

nuclear plants. 

3.5 Comments 

Prior to renewables commitments, a coal-fired utility would aim to have enough capacity available to 

provide a consistent amount of energy to the grid, as agreed in advance with the grid operators. Most 

regions comprised a core of baseload plants, ramping up and down in a relatively controlled manner to 

lower or increase power as required during low demand or peaking periods. Providing baseload capacity 

provided a consistent income which was used to cover the capital and operating costs of the plant in a 

relatively easy to calculate manner. The greatest amount of profit could be made in the shortest period by 

providing peaking capacity ɀ the actual profit being dependent upon the amount of hours run or the 

Ȭin-market availabilityȭ, the amount of time a unit is available to provide power during peak hours. 

As coal plants move towards providing lower and more intermittent levels of peaking and mid-merit power, 

the balance of plant profitability becomes tighter. Plant operators must bid low to win the option to provide 

power during more irregular and shorter periods of time. And so operators bringing new plants online into 

a grid with significant renewables available face far greater challenges for recovering capital and operating 

costs than in the past. As discussed in Chapter 4, the changes in plant operation put strain on the plant itself 

which can also add to increased costs and reduced income. 
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4 Changing plant operating mode 

This chapter reviews the different ways in which flexible operation can incur costs, firstly looking at how 

gross changes can be made in plant operation to offer flexible output and then moving on to the costs 

associated with any changes in equipment or operational practice. Possible costs due to increased 

maintenance and damage are then covered. Finally, options for minimising the effects through changes in 

plant management practices are considered.  

As discussed in Chapter 3, older coal-fired plants were designed to run mainly at baseload. Newer plants 

tend to be built with more flexibility. The cost of making changes to plant operation to adjust output will 

therefore vary on a plant by plant basis. In a previous report by CCC, Mills (2011) noted that new, flexible 

design plants will be expected to cycle from their first day of operation, making capital cost recovery slower. 

More flexible plants are also more advanced and so inherently more expensive. But for all coal-fired units, 

there are additional costs from flexible operation in terms of fuel costs and additional wear and tear. 

Upgrading of existing units to increase their flexibility is discussed in detail in the CCC report by Henderson 

(2014). Upgrading changes a less flexible unit into a more flexible one, representing a large one-off cost to 

save future costs. Costs for upgrading individual plant components can be significant but will be extremely 

plant specific, depending on the current state of the unit . The decision on how much to spend will also be 

affected by the projected lifetime of the plant and the expected additional revenue from increased flexibility. 

In addition, costs for upgrading and changes in operation cannot easily be extrapolated to other plants due 

to variations in age, design and history of operation. This chapter looks more at smaller changes to plants 

to increase flexibility without major structural or configurational changes. 

One of the key findings of a 2011 MIT report was that achieving economic flexible operation of a coal plant 

requires a detailed understanding by the owner of component-level impacts on operation and costs. It was 

suggested that plant owners are likely to continue to operate existing, older units with minimal upgrades 

as this is cheaper in the short term than undergoing equipment retrofits to improve plant flexibility. 

Financial incentives may therefore be required to ensure investment in flexible generation (MIT, 2011).  

The main impacts of a flexible generating regime on a coal-fired plant are summarised in Figure 10. This 

also includes other external influences forcing the intermittent generation (gas price and demand changes). 



Changing plant operating mode 

IEA Clean Coal Centre ς Levelling the intermittency of renewables with coal 
35 

 

Figure 10 Impacts of intermittent renewables on coal-fired power plants (MIT, 2011) 

The major impacts included in Figure 10 are discussed in more details in the sections to follow.  

4.1 Changing plant operating mode 

In order to evaluate the potential costs, it is necessary to understand the different options for changing 

output. Looking more specifically at the cycling variations for coal units, Hesler (2011) listed several 

options for altering plant operation. These included increased load and thermal ramp rates (changes to 

plant operation to allow greater loads and faster heating); high unit turndown during low demand 

(switching to deep cycle operation where the plant runs at the minimum safe load, including lower 

minimum load operation); frequent unit starts (hot, warm and cold) and reserve shut-down; and long-term 

plant lay-up (idling or switching off completely). For flexible operation, the most important factors, for a 

reliable and available unit, are (MIT, 2011): 

¶ partial load efficiency; 

¶ fast ramping capacity; 

¶ short start -up times. 

Modern coal plants can be designed to provide rapid output changes over a limited range of 5% and even 

up to 10% within 30 seconds when designed to provide primary frequency control on the grid. In addition 

to these short response times in some plants, other plants are designated to operate to provide secondary 

(within several minutes) frequency control. These plants will take over the output, freeing up the primary 

response plants to ensure they are ready should further immediate response be required. Coal-plants 

which are used in this manner for frequency control are kept running, and so synchronised, but operating 

below full load (known as Ȭspinning reserveȭ), ready to provide additional capacity when required. For 

example, three plants in Italy (3 x 660 MW ultra-supercritical, USC, units built between 2009 and 2010) 

have the capacity to produce a 4% change in power within 30 seconds. The response time of the boilers is 

around 90 seconds which allows the primary reserve from the turbine system to be recovered quickly for 

15 minutes, as required by the grid (Henderson, 2014). These, however, are USC plants ɀ built quite 

recently and with high efficiency output ɀ and so are suited to such flexible performance, unlike older units. 

The report by Henderson (2014) compares the flexibility capabilities of current state of the art plants and 



Changing plant operating mode 

IEA Clean Coal Centre ς Levelling the intermittency of renewables with coal 
36 

plants under development. Start-up times are being reduced from 2ɀ6 hours down to 1ɀ4 hours, minimum 

loads are being reduced from 40% down to 25% and even lower, if indirect firing is used. Primary 

frequency control times are being improved from 2ɀ5% within 30 seconds to 10% within 10 seconds. 

Plants are being designed and built to provide more flexible output to be of more use in a grid system where 

intermittency issues are likely to increase. These plants are significantly more expensive than standard 

subcritical systems.  

Coal plants can generally ramp up output at 1.5ɀ5% per minute. However, as ramp rates increase, expected 

maintenance costs also increase as the system is put under undue pressure (MIT, 2011). Table 6 shows the 

ramp rate of coal plants as compared to other power generating technologies. 

Table 6 Capability of different power generating technologies to provide flexibility (IEA, 2015b) 

Plant type Start-up time Max change in 30 s, % Max ramp rate, %/min  

Open-cycle gas turbine 10ς20 min 20ς30 20 

Combined cycle gas turbine 30ς60 min 10ς20 5ς10 

Coal plant 1ς10 hours 5ς10 1ς5 

Nuclear power plant 2 hours ς 2 days <5 1ς5 

Coal fired power plants in general take longer than gas plants to ramp up and down but are much faster to 

start than nuclear plants. Older plants tend to be used for fast ramp-up situations. This is because, although 

they were not designed for flexible operation, they tend to be smaller capacity units and, perhaps most 

importantly, they have already recovered their capital costs and are therefore cheaper to run (MIT, 2011).  

Figure 11 shows the load ramping for a typical coal-fired unit with six coal mills, two of which are required 

to maintain stable furnace combustion and minimum load and all six required for full load.  

 

Figure 11 Load ramp cycle for a six-unit coal plant (Danneman and Lefton, 2009) 
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The graph indicates the point (lower, in green) where the plant is running at the lowest point which is 

considered safe and compliant, involving two mills. More mills are required to provide minimum dispatch 

output and all mills are required to provide the maximum dependable capacity. There is a lag period 

between each break point in the graph indicating the time taken to bring each mill on line.  

Hesler (2011) notes that most plants will actually be able to start-up in less than half the time specified by 

baseline load procedures. Large machines can be synchronised within 35ɀ50 minutes and full load 

(500 MW) can be achieved within 60 minutes. Temperature transients can be Ȭcalmedȭ during changes in 

operation by introducing systems such as off-load circulating systems which pump water slowly around 

the evaporative sections to balance the temperature variations.  

Interestingly, Danneman (2016) notes that wind farms are being designed to be more flexible. This requires 

some wind to be Ȭspilledȭ but, as wind capacity increases, it will become possible in future to keep some 

spinning reserve in the form of wind farms, reducing the pressure on fossil plants to produce power within 

short time periods. 

4.2 Cost penalties of flexible operation 

There are two main types of coal plant cycling to facilitate changes in output, as mentioned in Section 4.1 

(Connolly and others, 2011): 

¶ On/off cycle ɀ the shutting down and restart of a unit . ɀ this need not actually involve turning the 

plant off completely. The cycles can be further divided into hot, warm and cold starts, depending on 

how long the unit is offline and the loss of heat during this period. For a hot cycle, the unit is offline 

for less than 24 hours, for warm the timing is 24ɀ120 hours and a cold cycle occurs over 120 hours 

after shut down. This, of course, may vary from unit to unit depending on design. 

¶ Load follow cycl e ɀ the increasing and decreasing of generation between maximum and minimum 

output. Load following can be in either shallow or deep cycles. A shallow load follow reduces 

generation to the economic minimum level ɀ the lowest level of net production that a generating unit 

can maintain continuously under normal system conditions. A deep load follow reduces generation to 

the emergency minimum level or to the lowest theoretical minimum level of operation where the unit 

is safe, stable and environmentally compliant. 

Connolly and others (2011) provide a summary of ways to estimate cycling costs, although these vary on a 

plant-by-plant and case-by-case basis. Hot start costs are reported to be in the range of tens of thousands 

of dollars, proportional to the size of the unit ɀ the larger the unit, the higher the start-up costs. Connolly 

and others (2011) also give the example of shutting off a 100 MW minimum coal unit. This would reduce 

the system minimum generation by 100 MW at a cost of over $50,000 for a cold start.  

Lefton and Besumer (2006) give different values for hot and cold start conditions than those mentioned 

above. Hot starts include temperatures of 370ɀ480°C (700ɀ900°F) within 8ɀ12 hours of being offline. This 

temperature refers to the steam turbines first stage, a critical parameter used to determine how fast a 

steam turbine can be loaded (Danneman, 2016). Warm starts 121ɀ480°C (250ɀ700°F) occur after  
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12ɀ48 hours and cold starts (ambient temperature) after 48ɀ120 hours offline. Lefton and Besumer (2006) 

advise that the definitions vary due to unit size, manufacturer and system operator.  

More recently, Lefton and Hilleman (2011) have collated data from around 300 plants in the EU and North 

America and have thus managed to identify ranges of costs, noting that the actual cost of cycling a coal plant 

are often higher than expected. Table 7 shows a summary of the values collected during the extensive study. 

Table 7 Typical costs for a 500 MW coal-fired power plant, in 2008 $ (Lefton and Hilleman, 2011) 

Type of 
transient 

Cost category 
Cost estimates (1000 $) 

Expected Low High 

Hot start,  

1ς23 h offline 

Maintenance and capital 53.2 42.6 67.4 

Forced outage 25.1 20.1 31.7 

Start-up fuel 8.5 5.9 12.7 

Auxiliary power 4.4 3.5 5.5 

Efficiency loss from low and variable load operation 2.1 1.7 3.4 

Water chemistry cost and support 0.6 0.5 0.7 

Total cycling cost 93.9 74.3 121.4 

Warm start,  

24ς120 h offline 

Maintenance and capital 57.0 45.3 71.0 

Forced outage 26.9 21.3 33.4 

Start-up fuel 17.8 12.5 23.7 

Auxiliary power 9.4 7.5 11.7 

Efficiency loss from low and variable load operation 2.3 1.9 3.8 

Water chemistry cost and support 2.3 1.8 3.8 

Total cycling cost 115.7 90.3 146.5 

Cold start,  

>120 h offline 

Maintenance and capital 85.4 67.7 106.2 

Forced outage 40.2 31.9 50.0 

Start-up fuel 26.8 18.8 10.2 

Auxiliary power 12.0 9.6 15.0 

Efficiency loss from low and variable load operation 2.6 2.1 4.1 

Water chemistry cost and support 6.9 5.5 8.6 

Total cycling cost 173.9 135.6 194.1 

Load follow  

down to 
180 MW 

Maintenance and capital 8.2 4.8 12.9 

Forced outage 3.9 2.3 6.1 

Efficiency loss from low and variable load operation 0.5 0.4 0.8 

Mill cycle gas 0.7 8.1 20.9 

Total cycling costs 13.3 8.1 20.9 

The data in Table 7, collated from numerous studies, indicate quite clearly that costs for cold starts are 

significantly higher than those for warm and hot starts. The most cost-intensive factors in each type of 

operation fall within operation and maintenance (see also Section 4.4.2). These can sometimes be 

significantly higher than expected. For example, the cycling cost for hot starts were expected to be, on 
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average, around $93,900 but could be as high as $121,400. The more accurately these costs can be 

predicted by models or even careful plant management, the easier it will be for them to be covered within 

the running budget of the plant. For further details on the cost data in Table 7 the interested reader is 

referred to the original article by Lefton and Hilleman (2011). 

A detailed report by the US National Renewable Energy Laboratory (NREL, 2012) agrees that median cold 

start costs are around 1.5ɀ3 times that for hot start capital and maintenance. EFOR (equipment forced 

ÏÕÔÁÇÅ ÒÁÔÅɊ ÉÓ Á ÍÅÁÓÕÒÅ ÏÆ Á ÕÎÉÔȭÓ ÅÌÅÃÔÒÉÃÁÌ ÇÅÎÅÒÁÔÉÎÇ ÐÌÁÎÔ ÕÎreliability. According to the NREL (2012) 

there is a trade-off between high capital and maintenance costs and corresponding lower EFOR values. 

Figures 12, 13 and 14 show the ranges of maintenance and capital costs per MW capacity for the plants 

studied over 25 years in the USA for hot, warm and cold starts respectively. Danneman (2016) stresses that 

these costs are the Ȭbest in classȭ (lower bounds) of these technologies. The worst in class (upper bounds) 

are not shown and could be substantially higher than these figures.  

Hot start maintenance and capital costs are lower than for warm and cold starts (Figure 12 versus 

Figures 13 and 14), but are still significant, ranging from below 40 $/MW up to almost 180 $/MW for the 

smaller subcritical plants. Larger subcritical plants have a lower cost range of between around 15 and 

120 $/MW and, although the average cost for supercritical plants is similar to that for large subcritical 

plants at around 50ɀ60 $/MW, the range for the former is much narrower (around 40ɀ80 $/MW). The 

ranges shown for gas plants show them to have similar cost ranges to supercritical coal plants but with 

lower average costs. 

 

Figure 12 Hot start, maintenance and capital cost per MW capacity (NREL, 2012) 
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Figure 13 Warm start, maintenance and capital cost per MW capacity (NREL, 2012) 

For warm starts (Figure 13) the costs are unsurprisingly higher than for hot starts, ranging up to around 

280 $/MW for smaller subcritical plants. Larger subcritical plants are shown to have a significantly lower 

cost range for warm starts, not too different from supercritical plants, indicating the advantage of being 

larger (economies of scale), amongst other things. Interestingly, the diagram suggests that large subcritical 

and supercritical coal plants have lower maintenance and capital costs per MW hour for warm starts than 

many types of gas plant. 

For cold starts (Figure 14), gas plants do have an advantage over all coal plants. For smaller subcritical coal 

plants, the costs can increase to as much as over 400 $/MW. The maximum cost for larger subcritical plants 

is around 200 $/MW and for supercritical plants it is around 140 $/MW. 

 

Figure 14 Cold start, maintenance and capital costs per MW capacity (NREL, 2012) 


























































