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Executive Summary 
Abstract 
The price for ancillary services that ensures an efficient use of resources is equal 
to the marginal costs of providing these services. In an expanding hydro power 
system there are two optimal designs for expansion; one design is optimal when 
ancillary services are not to be provided and another design is optimal when 
these services are to be provided. The right price for ancillary services cover the 
net difference in costs between the two designs. The difference in design in an 
expanding system is specific for that particular system and hence no general 
number can be specified. In an expanding hydro power system, the efficient price 
typically covers parts of the marginal investment costs for excess capacity in 
turbine and generator, but no investment costs for waterways and reservoirs. 

Background and problem statement 
Landsnet and Landsvirkjun are negotiating contracts for ancillary services in the 
Icelandic power system. Landsvirkjun is asking for a price that is considerable 
higher than the prices paid in any of the other Nordic countries. This applies to 
frequency regulation in particular, but also for regulation power options. As 
system operator, Landsnet has an obligation to ensure system reliability and to 
purchase system services at minimum cost. The question therefore is as follows: 

What is the right price to pay for ancillary services?   

Conclusions and recommendations 
The reason for the price difference between Iceland and the other Nordic countries 
seems to be that Landsvirkjun includes not only production costs, but also 
investment costs in their asking price. The role of investment costs in efficient 
prices is hence important. We have the following conclusions and 
recommendations: 

Stranded costs should not be covered  

When a sector is deregulated there may be stranded costs in the system as actors 
have carried out investments that are not profitable in a market system. When 
stranded costs are a problem, which we doubt it is in Iceland, it is a political 
question if the companies should be compensated for their stranded costs. If there 
is a wish to compensate for stranded costs, it should be done in a way that does 
not distort the market. Compensation of historic costs carried out by Landsvirkjun 
to provide ancillary services should hence not be compensated through tariffs.  
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Full stand-alone investment costs should not be covered in an expanding system  

The Icelandic power system is a rapidly growing power system facing substantial 
investments over the coming years. The provision of ancillary services may 
change the optimal design of Landsvirkjun’s new power stations and upgrades of 
existing power stations. The additional costs incurred by this change in optimal 
design minus eventual benefits from ordinary power production should be 
compensated in the price for ancillary services:  

• Capacity of turbine(s) and generator(s). The increased capacity in these 
parts may be in the range from zero to the required reserve margin. In 
addition the payment should cover increased operation costs due to more 
unstable production (frequency control regulation). 

• Capacity of waterways. The efficient price may include compensation for 
investment cost according to a small increase in capacity. The upper limit is 
defined by the increased operation costs (increased losses) associated with a 
sub-optimal design (where supply of fast reserves is not included in the 
design decision).   

• Capacity of reservoirs. The efficient payment does not include any 
compensation for investment cost in reservoirs with yearly filling cycle. For 
reservoirs with very short filling cycle, it may be correct to compensate a 
minor part of the investment cost.  

Relevant costs are system specific and cannot be generally determined 

Without more detailed analysis, it is not possible to accurately say what the right 
price for ancillary services in Iceland is. It depends highly on the possible designs 
of the development of the power system. We do however suggest that 
compensation for the full investment cost in turbine and generator would be a 
generous payment. Using typical Norwegian costs as an example would yield 
approximately 79.94 mill ISK/year for the 90 MW used in frequency control 
reserve and 35.53 mill ISK/year for the 40 MW sold as options to the balancing 
market. 

Alternative sources of ancillary services should be activated 

Landsnet is responsible for the quality of the system. To fulfil this obligation the 
system operator must buy the ancillary services from Landsvirkjun who is in fact 
a monopolist in this market. This is a very unfortunate situation. In the longer 
perspective, Landsnet should explore various means to activate alternative 
providers, namely large industry or geothermal producers, so that a real market 
can be established. This will however take time. In the short run Landsnet should 
bring in the regulator as a mediator if Landsnet perceives Landsvirkjun’s asking 
price to be unreasonably high.  
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1 Introduction  
In deregulated power systems, the system operator is usually responsible for the 
quality and security of the system. To fulfil this obligation, the system operator 
typically buys ancillary services from market participants. Seen from a solely 
economic point of view there is a correct price for these ancillary services. The 
correct price is the price that leads to an efficient use of resources (capital, labour 
and natural resources) and where welfare is maximized. If the price of system 
services is set either too high or too low it induce too high system costs: 

• If the price is too high, transmission tariffs will be too high and there will be 
costs associated with distortion (customers use too little power because 
system services seem to require more resources than it actually does). 

• If the price is too low, investments will be too low and the system will not 
be sustainable. (Alternatively, providers of ancillary services may cross-
subsidise, in which case the energy prices will be too high.1)  

This motivates rising the question:  

What is the right price to pay for ancillary services?   

ECON has been commissioned by Landsnet to give some preliminary, rough 
estimates on the costs of providing two different ancillary services: Frequency 
control reserve and regulation power options in the Icelandic power system. This 
includes an overview of various cost components, an evaluation of the relevance 
of different cost components as well as a preliminary assessment of the cost level 
for the various elements for different providers of ancillary services. 

1.1 Background 
Traditionally, only hydropower stations have provided ancillary services in the 
Icelandic system. Following deregulation, the majority of the hydropower 
production capacity has been transferred to one publicly owned generator, 
Landsvirkjun. The transmission grid and system operation have been transferred 
to the national grid company, Landsnet, who is responsible for system stability 
and must acquire sufficient system reserves in order to keep the frequency 
balance, avoid black-outs in the system and more. In the first year after 

                                                 
1 From the efficiency perspective, the correct price of any good equals the cost (including external effects) of 

producing the marginal (last) unit. When we say that the energy price is too high, we mean that the price 
is higher than the marginal production cost. 
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deregulation, Landsnet has negotiated the purchase of 90 MW frequency control 
reserves and 40 MW regulation power options from Landsvirkjun. Especially the 
price for frequency control reserves is significantly higher than the prices paid for 
comparable services in the other Nordic countries.  

The main reason for the price difference between the countries seems to be that 
Landsvirkjun claims that the payment should include costs for investments in 
turbines & generators, reservoirs and waterways, whereas the providers in the 
other Nordic countries are being paid closer to short run marginal costs. Hence, a 
central question to be evaluated in this project is to what extent investment costs 
should be included in the payment for frequency control reserves. This is a central 
topic in this report.  

1.2 Structure of the report 
The structure of the report is as follows:  

• Chapter 2 gives an introduction to the two different services and discusses 
similarities and differences between them.  

• Chapter 3 gives a short introduction to the general question of prices based 
on long run or short run production costs. Also the topic of stranded costs is 
discussed in this chapter.  

• Chapter 4 discusses the consequences of the interdependency of regular 
power production and providing ancillary services.  

• Chapter 5 discusses the relevant situation for Landsvirkjun including a 
possibility to increase inflow to plants presently used to provide ancillary 
services. Also Landsvirkjun’s possibility to curtail consumers is discussed.  

• Chapter 6 gives a brief discussion of alternative sources of ancillary services 
in Iceland. It covers both geothermal power production and the use of power 
intensive industry in general and aluminium smelters in particular.  

• Chapter 7 presents our recommendations for Landsnet’s further work both 
in the short and the longer term. 

• Appendix A contains cost estimates for hydro power units.  
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2 Similarities and differences 
between the services 

Eurelectric uses the following definition for ancillary services [0]: 

Ancillary services are all services required by the transmission 
system operator to enable him to maintain the integrity and 
stability of the transmission system. 

Ancillary services are procured by the system operator and may be provided by 
network users (generators, customers) or system assets.  

The system operator does not have any interest "by himself" to acquire ancillary 
services. The ancillary services are more to be considered as tools needed by the 
system operator to ensure sufficient quality and reliability of supply. This is a 
benefit for all actors; generators, suppliers and end users. In the European UCTE 
system this is emphasized by distinguishing between the terms "Ancillary 
Services" that are purchased and/or required by the system operator, and "System 
Services" that are provided by the system operator to the users that are connected 
to the system.  

In the Nordel system we do not distinguish clearly between these two functions, 
and we need to be extra careful in our use of terms and definitions. In this report, 
we are focusing on Frequency control reserve and Regulating power options. 
These terms are defined in the following two sections. 

2.1 Frequency control reserve 
In Iceland, the ancillary service Frequency control consists of the following 
reserve groups [0]: 

• Frequency controlled normal operation reserve 

• Frequency controlled disturbance reserve 

• Slow active disturbance reserve 

In this report, we focus on the first two reserves which have the following 
functional characterization: 

• The reserve is automatic activated due to frequency deviations; either 
through unit droop response or AGC 
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• The capacity used for normal operating (balancing) reserve has to be 
spinning and capable of continuous control actions.  

• The capacity used for disturbance (contingency) reserve may be spinning or 
non-spinning, provided the response is within required time limits. Loads 
with frequency relays may thus provide disturbance reserve. 

Frequency control reserves are more or less constantly used, but the energy 
consumption is very limited when seen over time. Since the time deviation of the 
power system (the integral of the frequency deviation) is required to go to zero, 
there is symmetry between periods of over- and under-frequency. Energy losses 
will only occur due to differences in unit efficiency between activation of positive 
and negative reserves. See also Appendix A.  

2.2 Regulation power options 
Regulation power options is not formally defined as an ancillary service in the 
Nordel system agreement, neither is the Regulating Power Market (RPM) [0]. The 
RPM is used by the Norwegian TSO Statnett as a means to acquire the following 
Nordel ancillary services:  

• Fast active disturbance reserve 

• Fast active forecast reserve 

• Fast active counter-trading reserve 

The other Nordic system operators use other means to provide these services. The 
regulating power options are considered as a means to secure fast reserve capacity 
for the RPM in periods where the normal supply of regulating power might be 
insufficient. 

According to our information, the regulating power options in the Icelandic 
system can be characterized as follows: 

• The capacity must be offered at the RPM for certain time periods and within 
certain price limits, but will not necessarily be activated. 

• Manual adjustments of unit operating point in the minutes range (15 minutes 
in Norway), either due to load changes or disturbances. 

• Currently, only spinning capacity is used, but non-spinning generation 
and/or loads should be able to participate as long as they fulfill the response 
requirements. 

• Especially down-control (negative reserves) may be provided by loads.  

Compared to frequency reserves, the use of regulation power is more a discrete 
event triggered by system disturbances or load forecast errors.  

The payment structure is different between the two services. There is a fixed 
annual compensation for the frequency control, which is independent of the use of 
the reserves. There is also a fixed annual compensation for the regulation power 
options. In addition, the providers of these options are also compensated for the 
actual use of the regulating power through the price mechanism in the RPM (price 
according to last bid activated).  
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2.3 Similarity between the two services 
Both provision of frequency control reserves and regulation power requires that 
some of the production capacity is not used to produce energy, but is reserved for 
balancing purposes. A central question is therefore whether the investment costs 
for this additional production capacity should be included in the payment for these 
ancillary services. This question is similar for both services. Therefore we use the 
term fast reserves and fast regulation for both services when we are discussing 
this question in this report.  
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3 Short-term, long-term and 
stranded costs 

To discuss the right pricing of ancillary services, it is important to note the 
importance of prices in a market. We hence give a short introduction to this aspect 
and also to the problem of stranded costs.  

3.1 Efficient pricing in a market system 
In a well-functioning market place, the price is determined so that supply balances 
demand. The market finds the efficient price, which implies that: 

• The price covers the marginal costs of producing the last unit sold. If more 
units can be sold with a positive profit margin, supply will increase. If the 
price does not cover the marginal production costs, the supplier will sell at a 
loss, and withdraw units from the market.   

• The price is equal to the willingness to pay for the last unit bought. If there 
is a willingness to pay the market price or more for additional units, there is 
excess demand, and the price will increase. If the willingness to pay is lower 
than the market price, there will be excess supply, and the market price will 
fall.  

From the supplier’s point of view, it is important to cover both variable and fixed 
costs. Once an investment has been made, all sales at prices above marginal costs 
will yield a profit margin, and hence a contribution to capital costs.  

In the power market, it varies according to the time of day and according to the 
precipitation in different years, to what extent market prices yield sufficient profit 
margins, i.e. covers yearly capital costs. In general, generators have to earn their 
capital margin in periods when more expensive generation capacity sets the 
market price.  

If suppliers never, or rarely, experience prices above their marginal costs – or 
rather, if they do not expect to earn a sufficient profit margin – they will not invest 
in production capacity. This means that it is necessary in order to invoke 
investments, that demand is sometimes rationed in the market: When there is 
excess demand but capacity limits on the supply side, the price in the market will 
increase until the price equals the willingness to pay for the maximum supplied 
quantity. In this situation, the market price is above the marginal production costs 
(of the last unit), but is equal to the marginal willingness to pay.   
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It is profitable to invest in new production capacity when the (net present value 
of) expected income over the lifespan of the capital equipment is equal to the 
capital costs. Hence, in order to induce new investments in the market, it is 
important that future prices (are expected to) cover investment costs in addition to 
variable production costs.  

3.2 Deregulation and stranded costs 
In a regulated market, it is often the case that investments are not determined by 
calculating the willingness to pay and the net present value of the investment. E.g. 
in a regulated power market, investments are determined based on consumption 
forecasts and rules for an appropriate reserve margin. Prices are often regulated 
and set according to average costs, and all production costs may be passed on to 
consumers without any concern for competition from cheaper suppliers. Such 
regimes have a tendency to result in excess capacity, i.e. a situation where the cost 
of producing the marginal unit is higher than the marginal willingness to pay. In 
fact, the tendency of over-investing, and thus, experiencing excessive total costs, 
is often a strong motivation for deregulation.  

When such systems are deregulated, the market starts out in a state of over-
supply. If competition functions, market prices will be set according to the 
marginal production costs. Because of the excess capacity, the market rarely has 
to be rationed on the demand side. This means that most established suppliers will 
not get a sufficient profit margin to cover their capital costs. For older capacity, 
this is usually not a problem because they will have paid back their capital costs in 
the old system, but for capital equipment which is newly installed, and newer 
production facilities, deregulation may imply that their capital costs are not 
covered even in the long term. If this is the case, we say that these costs are 
stranded.  

Stranded costs are not an efficiency problem, but may be a problem for the 
affected companies. In most cases, the problem of stranded costs is left to be 
sorted out by the companies affected by the problem. In other cases, the 
authorities instigate compensation schemes to ease some of the burden and avoid 
bankruptcies. E.g. in California, after negotiations with the private generators, the 
authorities put in place a minimum price to end-users for a transition period in 
order to give the generator a chance to recover all or parts of their stranded costs. 
As far as we know, it is not common to make such arrangements for publicly 
owned companies. Since market demand is growing, most companies will earn 
positive profit margins after the initial setback of a newly deregulated market.  

Even if there is a case for compensation for stranded costs, it is important to find 
compensation schemes that affect price formation in the market as little as 
possible. Including stranded costs in market prices through minimum prices or 
through a levy on the transmission or distribution tariff, is not an efficient way of 
covering such costs.  

For Iceland, in view of the rapidly growing market, a relatively concentrated 
market, high degree of public ownership of generation capacities and a very 
favourable competitive situation compared to electricity prices elsewhere in 
Europe, it is hard to envisage that stranded costs are a serious problem.   
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4 Fast reserves from 
hydropower in an 
expanding system 

In chapter 3 we saw that the investment costs should be included in the price for a 
good when investments are required, i.e., in a long term equilibrium system 
development path. In a hydropower system, you would normally not build a 
power plant to provide fast regulation exclusively. Instead, several of the plants 
used for ordinary power production can be used for this purpose. Some of the 
investments will be used both to generate power and to provide fast regulation. So 
what are the costs of keeping fast reserves and provide fast regulation?  

When expanding the system, power plants are designed with optimal or near-
optimal unit capacity, reservoirs and waterways. The most profitable sizes of 
these components are interdependent – you do not build a very large generator for 
a very small waterway. The optimal design is clearly dependent on the particular 
site (inflow profile, uncertainty of inflow, etc.) and dependent on the market 
situation (system load pattern, price variation over the year and between years). 

The optimal design is also dependent on whether the hydropower plant shall 
provide fast reserves or not. There are hence two different optimal designs: one 
for a situation where the hydropower plant will not provide fast reserves and one 
for a situation where the hydropower plant will provide fast reserves. For the sake 
of readability we will denote these two optimal designs the 0-design* and the AS-
design* respectively. Both the income from energy production and the costs to 
build the alternative designs will differ. So there will be a difference in the net 
value (cost if the value is negative) from energy production. The right price for 
fast reserves is the difference in these net costs.  

We have looked at the three investment components, turbine & generator, 
waterways and reservoir, separately. 
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4.1 Investment costs for turbine and 
generator capacity  

For a given reservoir and waterways, the investor should chose the unit capacity 
of turbine and generator so that the extra costs of increasing the capacity by one 
unit, equals the expected extra income from that unit.  

The marginal unit of capacity provides income from three different sources:  

a) The possibility to shift production from low-price periods to high-price 
periods. This increases the value per unit energy produced. 

b) Reduced spill of water due to the possibility to increase generation when 
there is a risk of reservoirs overflowing. This increases the expected 
energy production from the station.  

c) Production levels in one or more generators that are generally closer to the 
generators’ best-points. By increasing the installed capacity in one 
generator, it is possible to reduce the load in one or several of the other 
generators. This can bring their production levels closer to their best-
points. This reduces the losses and thus increases the expected energy 
production from the station. 

In a well-designed system the marginal value of these three points are equal to the 
cost of a marginal increase in unit capacity. The relative value of the three sources 
vary between different systems and power stations. In some cases (with very 
stable inflow and low costs to increase inflow) the value from reduced spill may 
be zero for the last unit capacity. Alternatively (with highly variable inflow and 
high costs to increase total inflow) the contribution from this point may cover the 
full investment cost. In this latter case the AS-design* may not have more 
capacity in turbines and generators than the 0-design*. Consequently the correct 
price for fast regulation does not cover any investment cost in turbine and 
generator. In the case where the marginal units do reduce spill or losses, the 
correct price for fast regulation does not cover the full investment cost for the 
reserved capacity in turbine and generator unless all stations are spilling at the 
same time.  

The correct price for fast reserves cover the investment cost in turbine & generator 
for the required reserve minus the additional value from reduced losses and spill. 
The right share of the investment cost in unit capacity can hence range from 0 
percent to 100 percent. Usually one would expect the right price to be somewhere 
in between.  

The right share depends on the system characteristics and a thorough analysis is 
required to assess these.  A well-designed market based solution would reveal the 
costs and the buyer would not need to do this assessment. We do however have 
some general observations as presented below.  
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4.1.1 The reduction of spill  
If spills are to be reduced, at least one other power station must decrease its 
production or some customers must increase their consumption. Thus, there must 
be some flexibility in the market. Generally there are four major actors in the 
Icelandic system: large industrial customers and small end-users, geothermal 
producers and hydro producers. Their potential short-term elasticity is discussed 
below.  

Since there is no spot market in Iceland it may be difficult to realise the full 
potential for short-term elasticity. There are no price signals that tell the various 
actors that the price is low and hence that they should reduce their production or 
increase their consumption. This may however be overcome through contracts, 
but this is a more complicated process than a spot market and the full potential is 
less likely to be realised. Alternatively, the elasticity may be internalized if a 
company owns several hydropower stations. The discussion below is related to a 
situation where system flexibility may be utilized either through short-term price 
signals, contracts or integration: 

• The load of large industrial customers can be reduced, but normally not 
increased. However, customers with dual fuel options may be able to 
increase electricity consumption through fuel switching. 

• Small customers will probably have very little short-term elasticity in 
periods with low prices (spilling). They may reduce consumption when 
prices are high, but we find it unrealistic that they will increase consumption 
due to very low prices.  

• Geothermal production is a base load technology with low production costs 
(but somewhat higher than hydro). There is uncertainty about the cost 
of/possibility to down-regulate a geothermal plant. In any case, the value of 
reduced spill is very low if the result is that geothermal plants reduce their 
production. The value is only the difference in production cost. 

• Hydro power stations may have some flexibility. That is the case if there is 
at least one other station that is a) producing and b) not spilling. In long run 
equilibrium this will be the case if spilling does not take place at the same 
time for all the power stations or if some stations are never spilling. The 
reasons for different timing may be different height above sea level (snow 
melting at different time) or different climate (east and west Iceland?). The 
reason that some stations may never be spilling is different cost structure 
(relative costs of reservoir, waterways and installed capacity). A station 
located downstream from a very large reservoir may never be spilling. (The 
reservoir may be very large if it was relatively cheap to increase the capacity 
when it was built.) It is important to note that the value of this saved water 
equals the difference in water value between the time when the saved water 
is actually used and the water value at the time when it would otherwise be 
spilled (zero). It is hence not correct to say that the value of the saved water 
is necessarily low because water is saved in a time with spilling (and low 
water value).  

We can conclude that the main possibility for a positive value due to reduced 
spilling seems to be that some other hydro stations can reduce their production 
without spilling. Fuel switching in dual boilers may be an alternative. Without a 
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spot market, Landsvirkjun itself should probably own this station. Without further 
studies of the hydro system, it is hard to give specific numbers for the value of 
reduced spill.  

4.1.2 The increased energy production from increased 
efficiency  

How much energy that can be gained by higher efficiency in the turbines (through 
production levels closer to best-point) is not directly observable. The value is 
strongly dependent on both the shape of the load duration curve and on the 
configuration of existing stations. The value would typically be larger if there are 
some stations whose efficiency strongly depends on the production level (steep 
efficiency curve).  

4.2 Investment costs for waterways  
Energy losses in the waterways increase with increasing flow. This means that 
there is an upper limit to the energy that it is economical to produce for given 
waterways. Furthermore, there is a hydrodynamic stability limit to the amount of 
water that can be fed through a given waterway. However, there are strong 
economies of scale in construction of waterways, and in a well-designed 
hydropower system this upper limit will not be binding. In general, the capacity 
limit in generators and turbines will be lower than the maximum energy capacity 
of waterways.  

As a consequence, it will not be necessary to increase the capacity of waterways 
in order to provide a certain amount of fast reserves. However, although the 
provision of fast reserves does not require increased capacity of waterways, it 
may be profitable to increase them.2 This would be the case if the increase in 
investment cost would be smaller than the decrease in operating costs. The correct 
price for use of waterways in fast regulation is the cheaper of these two options:  

• Optimal capacity set regardless of reserves: Price equal to increased losses 
in waterways when fast regulation services are produced. 

• Optimal capacity taking reserves into account: Price equal to increased 
investment costs plus the additional operational costs (which may be 
negative). The losses in the AS-design* when fast regulation is provided 
may be either larger than or smaller than in the 0-design* when fast 
regulation is not provided. The additional operational costs may hence be 
positive or negative. 

                                                 
2 The increased operating costs come from increased losses since the losses may increase more with up-

regulation than they decrease with down-regulation (efficiency is a concave function of water flow but 
not necessarily symmetrical between up- and down-regulation). How large the optimal increase in the 
capacity of the waterways is, depends on: 

• The costs of increase  
• The loss as a function of flow 
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The efficient compensation for increased losses in waterways through fast 
regulation may hence include some compensation for investment cost and some 
compensation for increased operating costs. The maximum level is however 
defined by the increase operational costs in the 0-design*. 

4.3 Investment costs for reservoirs  
Reservoirs are used to store water from periods with high inflow and/or low load 
to periods with low inflow and/or high load. As future inflows and load are not 
fully predictable, there is a trade-off between increasing cost to increase reservoir 
size and the stochastic value of reduced spilling and reduced probability of energy 
shortage. A provider of fast regulation also faces uncertainty about the water used 
(or saved) by this service. The use of reservoirs for energy production may hence 
be influenced. This can be significant if regulation is strongly auto-correlated. 
This means that there are long, relative to the filling cycle of the reservoir, periods 
of up-regulation and long periods of down-regulation. For reservoirs with yearly 
filling cycles, this is not the case since slow reserves are used when there are 
contingencies. So the efficient price for fast reserves shall in this case not include 
any payment for investment cost.  

Providing fast regulation from very small reservoirs with daily filling cycle may 
however influence the use of the reservoir slightly. And the optimal reservoir size 
may be slightly larger when fast regulation is to be provided. It is however not 
correct to increase the reservoir size with the size of the fast reserves multiplied 
with duration time of the releasing period. There may be much cheaper solutions 
to protect against this highly unlikely situation. The use of slow reserves may be 
one option. Hence, the efficient price for fast reserves does hence not include any 
part of investment cost for reservoirs.  

4.4 Conclusions 
In a steadily growing hydropower system with no over-capacity, the AS-design* 
may be larger than the 0-design*. The correct price for fast regulation covers the 
cost of this additional investment minus the value of these differences in ordinary 
power production.  

• Capacity of turbine(s) and generator(s). The increased capacity in these 
parts may be in the range from zero to the required reserve margin. The 
efficient price includes compensation for a share of the investment cost for 
this increase. The share can range from 0 percent to 100 percent depending 
on the structure of the system. In addition the payment should cover 
increased operation costs due to more unstable production (frequency 
control regulation). 

• Capacity of waterways. The efficient price may include compensation for 
investment cost according to a small increase in capacity. There is however 
an upper limit to the efficient payment for both operation and investment. 
That is the increased operation costs (increased losses) with a sub-optimal 
design (where supply of fast reserves is not included in the design decision).   

• Capacity of reservoirs. The efficient payment does not include any 
compensation for investment cost in reservoirs with yearly filling cycle. For 
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reservoirs with very short filling cycle, it may be correct to compensate 
some minor investment cost.  

It should be emphasized that in a well-functioning market for fast reserves, these 
are the cost components a hydropower generator would include in his bids for 
provision of fast reserves. If other sources can provide fast reserves at lower costs, 
the hydropower producer will not be chosen as the provider. We will discuss 
alternative sources of fast reserves in Iceland in the following chapter.  

  15



- ECON Analysis - 
Costs for frequency reserve and regulation power in Iceland - 

5 Landsvirkjun’s situation 
Chapter 4 gave the theoretical analysis for the relevant cost associated to provide 
fast reserves from hydropower stations in a steadily growing hydropower system. 
In this chapter we go more specifically into the situation in Iceland.  

The challenges of securing fast reserve capacity in the Icelandic system are 
different in the short term and in the long term.  

1. The current system has been developed in a planning world with a high 
degree of integration. Hence, the existing capacities and station designs 
have taken the supply of fast reserves into account. At the point of 
deregulation, it is reasonable to assume that there is some capacity 
available for the provision of fast reserves based on prior investments. The 
economic cost of providing these services in the short run is hence limited 
to the short-term marginal costs.  

2. In the long term the principle for pricing fast reserves remains the same as 
stated in the previous chapter: Compare the ideal expansion plans in the 
situation where fast reserves are provided with the situation where fast 
reserves are not provided. The two alternatives give different yearly net 
income (negative income if costs are larger than income). Both the cost 
side and the income side (from energy production) can differ between the 
two alternatives. The cost of providing fast reserves from hydropower is 
hence equal to the difference in these net incomes. 

Since energy demand is rapidly growing in the Icelandic system the long-term 
situation is rapidly approaching, and in order to secure system stability and 
reliability of supply, it is of paramount importance to ensure that investment 
decisions are made taking the proper incentives for provision of system services 
into account.    

5.1  Expansion of the hydro system 
Currently Landsvirkjun is able to supply frequency reserve services with existing 
generation capacity. However, the demand for energy is growing, and 
Landsvirkjun is in a situation where they are considering different projects in 
order to increase energy production. One option is to invest in waterways to 
increase the inflow to existing power stations. The turbine and generator capacity 
presently reserved for fast reserves may instead be used to produce this additional 
water. There is hence an opportunity cost for the unit capacity. This cost is equal 
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to the foregone income from energy sales minus the yearly investment costs. If 
this expansion is the least-cost option of expanding energy production in the 
Icelandic system, and fast reserves cannot be provided at lower costs from 
alternative sources, this is the correct price. Based on this example it is important 
to notice that the correct price depends heavily on the alternatives available for 
system expansion at each point in time.    

The optimal expansion plan with fast reserves can differ from the optimal 
expansion plan without fast reserves in many different ways: 

• Increase the capacity of turbine and generator in one station by the required 
amount. For 90 MW this would probably also include an expansion of the 
waterways. The costs are hence larger due to investments in both turbine, 
generator and waterways. It is however important to note that the increased 
capacity will also reduce losses (generation closer to best-point, less spill 
and reduced losses in waterways) for ordinary energy production. The value 
of the reduced losses should be subtracted from the increased costs. The cost 
to provide fast reserves by this alternative probably includes parts of the 
investment costs for turbine, generator and waterways.  

• Increase the capacity of turbine and generator in several stations by a total 
equal the required amount of 90 MW. This would probably be possible 
without additional investments in waterways. The cost of providing fast 
reserves by this alternative includes parts of the investment cost for several 
(smaller) turbines and generators. 

• Advance the investment time for new power stations. The cost for provision 
of fast reserves would in this case be the difference in net present value 
between the optimal timing without fast reserves and the optimal timing 
including fast reserves. 

• Advance the reinvestment time for several existing power stations. The cost 
for provision of fast reserves is the difference in net present value. 

There may also be other alternatives, but it is not possible to complete the list 
without more detailed knowledge of the Icelandic hydro system. To find the 
relevant cost of providing fast reserves by hydropower, one needs to explore all 
possible alternatives.   

5.2 Curtailment of consumption 
Due to load variations there are a limited number of hours during a year without 
spare production capacity. The capacity needed for fast reserves can hence be 
provided without additional investments for the large majority of hours. The 
cheapest solution for Landsvirkjun to provide reserve capacity in those few peak 
load hours may not be increased investments. A better solution might be to use the 
flexibility in the contracts with the industry, which allows for curtailment of 
consumption for a limited number of hours. This implies that the price for fast 
reserves may not have to cover any investment cost at all, but only the cost for 
Landsvirkjun to curtail their customers in some hours (in addition to the increased 
operational costs for running hydro-power stations at a variable load). 

Generally, it would also be possible for Landsnet to acquire the additional 
capacity in the hours with a shortage of capacity. However, the ability of Landsnet 
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to purchase system services from industries is currently limited by clauses in the 
long-term supply contracts.   

5.3 Conclusion 
In the shorter term, with Landsvirkjun in effect being the only supplier of 
frequency control and fast reserves to Landsnet, the payment for these services 
should ideally cover the cheapest way for Landsvirkjun to provide them. The 
cheapest solution is probably to use existing hydropower stations, and to curtail 
consumption in the (few) hours when there is a capacity shortage. The correct 
price for these services then covers: 

• The compensation Landsvirkjun must pay to their curtailed customers. 
Without knowledge of the specific contracts with the industry it is 
impossible to quantify these costs. 

• Increased operating costs from a variable production. This includes: 

 Increased losses in turbine and waterways when the unit is operated 
outside optimum performance point 

• Increased risk of spilling during periods of large inflow. 

• Lost income if curtailed production during high price periods has to be sold 
later during periods of lower prices. 

In the longer term, fast reserves may be bought from different sources, e.g., 
geothermal stations or from industry directly. Which source is the cheapest one 
depends on the timing, because the least-cost options will change with the 
development of the system.  
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6 Alternative providers of fast 
reserves 

Presently, hydro power units are the only providers of fast reserves in Iceland. 
There may however be other alternatives. This chapter briefly documents the 
possibility for alternative providers in Iceland.   

6.1 Geothermal capacity 
Iceland has a lot of geothermal capacity which is presently not providing any fast 
reserves. There is also a large potential for increased power production based on 
geothermal energy. Their eventual ability to provide fast reserves is hence of large 
interest.  

6.1.1 General plant layouts 
The generation technology (steam turbine + generator) is in principle like most 
other conventional fossil fuelled steam power plants. The main difference lies in 
the way the steam is generated. There are three main categories of geothermal 
power plants, explained in more detail below [0]: 

• Dry Steam  

• Flash steam 

• Binary Cycle 

 
Dry Steam power plants as shown in Figure 1 use hydrothermal fluids that are 
primarily steam. The steam goes directly to a turbine, which drives a generator 
that produces electricity. This is the oldest type of geothermal power plant. The 
technology was first used at Lardarello in Italy in 1904, and is still very effective. 
These plants emit only excess steam and very minor amounts of gases. 
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Figure 1 Dry Steam power plant layout [0] 

Hydrothermal fluids above 182ºC (360 F) can be used in Flash Steam Power 
Plants to make electricity as shown in Figure 2. Fluid is sprayed into a tank held 
at a much lower pressure than the fluid, causing some of the fluid to rapidly 
vaporize, or "flash." The vapor then drives a turbine, which drives a generator. If 
any liquid remains in the tank, it can be flashed again in a second tank to extract 
even more energy.  

 

 

Figure 2 Flash Steam power plant layout [0] 

The Flash Steam technology is used in the Icelandic geothermal plants of 
Nesjavellir and Krafla. 

Most geothermal areas contain moderate-temperature water (below 200ºC). 
Energy may be extracted from these fluids in Binary-Cycle power plants as 
shown in Figure 3. Hot geothermal fluid and a secondary ("binary") fluid with a 
much lower boiling point than water pass through a heat exchanger. Heat from the 
geothermal fluid causes the secondary fluid to flash to vapor, which then drives 
the turbines. Because this is a closed-loop system, virtually nothing is emitted to 
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the atmosphere. Moderate-temperature water is by far the more common 
geothermal resource, and most geothermal power plants in the future will be 
binary-cycle plants. 

The 2.1 MWe Kalina Cycle power plant of Husavik is a variant of the Binary 
Cycle plant, using an efficient ammonia/water mixture as binary (secondary) 
working fluid.  

At least one Icelandic power plant (Svartsengi, by the Blue Lagune) uses a binary 
cycle on top of the main flash steam cycle.  

 

 

Figure 3 Binary Cycle power plant layout [0] 

 

6.1.2 Fast reserves from geothermal power plants 
From an electro-mechanical point of view it is possible to control the output from 
a geothermal plant up and down in the seconds range. The major problem is the 
temperature and pressure gradients that will occur in the well due to such control. 
This is especially true for Dry Steam and Flash Steam units, which have a direct 
connection between well and turbine.  

The production well drilling and construction costs are in the range of 100 mill. 
ISK. Temperature and pressure gradients might damage the well and/or associated 
equipment. Generally speaking, the higher the steam temperature, less changes are 
desirable. There is, however, very little fundamental research conducted on these 
effects, and the current reluctance to operate geothermal units in the seconds range 
is more to be "on the safe side".  

The Geysers geothermal plant in California (operated by the Calpine corporation) 
is based on the dry steam technology. It supplies a manual incremental reserve 
with 10 minutes response time to the California ISO, but is not able to provide 
online spinning reserve according to the Cal-ISO requirements.  
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Another possibility is to operate the well at constant steam pressure and control 
the turbine inlet pressure by blowing off steam. This is not a desirable solution, 
however, partly since the excess steam is a direct energy loss from the plant, but 
also due to pollution from sulphurous oxide etc in the steam.  

The most promising option would be to add frequency control to the secondary 
cycle in binary cycle units. E.g. the Kalina cycle can be retrofitted on top of an 
existing flash steam cycle to utilize low-temperature steam from the primary cycle 
turbine. This would enable fast control actions without endangering the steam 
wells, and would most probably also increase total plant efficiency. Currently, the 
costs related to such an expansion are not known.  

6.2 Aluminium smelters 
The following argumentation is based on conversations with employees of Hydro 
Aluminium and ABB Industries in Norway, further confirmed by scientists of 
SINTEF Materials and Chemistry and two international papers [0, 0]. 

6.2.1 Fast Power Control in Al Smelters 
Aluminium smelters use DC current to produce aluminium. Electrical power 
drawn from the grid is proportional to DC current times DC voltage. The 
aluminium cells are connected in series, such that the very high current (55-70 
kA) passes through all cells, but the voltage over each cell is low (3-5 V). 

Prevailing wisdom has been that for best performance, parameters like 
temperature, liquid levels, bath composition etc should be as uniform as possible, 
thus necessitating constant power to the potline. Motivated by the need to reduce 
costs, however, various schemes of power modulation and peak shaving may have 
been developed and applied as early as the mid-80's.  

During any power reduction, the temperature and volume of the cell bath will 
decrease, conductivity decreases, ledges build and dissolution of aluminium oxide 
will be suppressed. However, by modifications to the bath composition and 
special operational measures, a number of smelters in South America, Europe and 
USA have successfully implemented a power modulation of 5-10 percent. The 
rather extreme modulation of up to 30 percent has also been successfully carried 
out in several smelters [0]. E.g. the Brazilian company Alcanbrazil has 
documented 13 months of operation with 30 percent power modulation during 
three peak load hours per day without loss of efficiency. The loss of production 
was directly proportional to the decease in average cell current; 1.1 percent [0]. 

The documented cases of successful power modulation have been aimed at 
reducing energy cost by modulating cell current up to three hours. In the 
Alcanbrazil case, the bath temperature fell about 15oC during three hours, well 
above congelation temperature of the bath. However, there is some variation in 
heat capacity of the pot from site to site. E.g. the old Soderberg pots used in 
several Norwegian smelters may have somewhat higher heat capacity than newer 
technology used in Iceland. In any case, the DC current must be reduced to 
approximately 2/3 of nominal value before the electrolyte starts to congeal. 
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No cases have been found where the current has been modulated in the seconds 
range to provide frequency reserves, but this should be an even less problem since 
activated primary reserves are only utilized for a short period of time until they 
are replaced by secondary reserves, never for more than an hour.  

Modern Al smelters are equipped with thyristor rectifiers, where DC current and 
voltage can easily be modulated in the seconds range and below. This is well 
within current power system requirements for frequency reserves. Implementation 
of an additional control signal from grid frequency should be straight-forward, but 
has to be adapted to each specific plant design and operation. A possible adverse 
effect on reactive power consumption/voltage profile is not considered here. 

Thus, a fast reduction of at least 10 percent of rated power with a duration less 
than an hour is possible without adverse effects other than some reduction in 
aluminium production.  

In some cases, the operator might want to operate the smelter with higher voltage 
and/or current after reserve deactivation to recover the electrolyte temperature as 
fast as possible. This was the case for Alcanbrazil. 

6.2.2 Simplified economic evaluation 
Typically, 13-14 MWh electrical energy is needed to produce 1 ton of Al today. 
The international market price of Al normally lies in the range 3-5000 NOK/ton. 

An Al smelter of 500 MW rated capacity can provide 10 percent fast frequency 
reserve (50 MW) without other consequences than reduced volume of Al 
production. Cost samples are shown below: 

a) If the 50 MW reserve is required for 15 minutes, the energy and production 
loss (at maximum Al market price) will be: 

50 MWx0.25h = 12.5 MWh => ~1 ton Al => 5 000 NOK => 100 NOK/MW 

b) If the 50 MW reserve is required for 1 hour, the energy and production loss 
(at maximum Al market price) will be: 

50 MW x 1h = 50 MWh => ~4 tons Al => 20 000 NOK => 400 NOK/MW 

In addition to the simple production loss, there of course has to be a remuneration 
of additional equipment (e.g. the frequency controller and communication 
equipment) and a reasonable premium for maintenance, administration and the 
willingness to provide frequency control. In Norway, the smelters that offer 
emergency load control (100 percent modulation - full stop of smelter) typically 
charges costs for a production loss of double duration to recover these additional 
costs (i.e. 1 day stop incurs charges of 2 day production loss).  

A positive modulation (increased power), on the other hand, will generally not be 
economically feasible since this would require the smelter to operate at a constant 
load below rated capacity. 

Older Al smelters based on diode rectifier technology can also provide frequency 
reserves in the seconds range, but this requires more control equipment and 
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mechanical adjustments of transformer tap settings. This increases the risk of 
equipment failure and increases maintenance cost.  

6.3 FeSi smelters 
FeSi smelters is another possible source of frequency reserves, although this 
might not be as simple as Al smelters. FeSi smelters use AC power, and the 
product quality might be more sensitive to fast changes is current and voltage. 
Currently, we do not have information regarding fast control of FeSi smelters. 
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7 Recommendations 
There are several possibilities to produce fast reserves in the Icelandic system. 
(New) geothermal power production with modified design and aluminium 
industry with frequency feedback control are possibilities in addition to the 
current use of hydropower stations. There is however no tradition for theses 
alternative sources to sell fast reserves and there may hence be some difficulties to 
realise these solutions. This leaves Landsnet in a very difficult situation: They 
must buy fast reserves from a monopoly. Although the situation is one where a 
monopsony negotiates with a monopoly, the negotiation situation is not balanced. 
Landsvirkjun does not have an obligation to sell fast reserves whereas Landsnet is 
required to purchase. It is very important to get out of this situation.  

Above, we have argued that it is extremely difficult to assess the correct costs for 
fast reserves without intimate and detailed knowledge of the system 
characteristics. Ideally, Landsnet should pay a price for fast reserves that only 
covers the extra costs associated with the provision of them – taking all options in 
the entire system into consideration. The complexity of such a task increases 
when we take into account the need for ancillary services of different types, the 
fact that the least-cost option is probably a mix of sources and contractual 
arrangements and that the optimal solution changes over time – particularly in a 
rapidly growing system. It is not possible to calculate this without calculating the 
proper baseline, i.e., what is the optimal system design without requirements for 
ancillary services? 

7.1 Long-term solutions 
There is a strong need to change the way fast reserves are acquired. We see two 
alternative possible routes – market based solutions and regulatory solutions. 

7.1.1 Market-based solutions  
The beauty of an adequately designed market place is that competition among 
market players reveals the proper costs, without the purchaser having to indulge in 
comprehensive and detailed calculations and negotiations. In the case of ancillary 
services it is not easy to design such a well-functioning market. In Iceland the 
limited size of the market and the concentrated market structure adds to the 
problem. One way of circumventing the problem and create a market-like 
mechanism could be to set up an auction for future deliveries of ancillary services.   
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We hence propose to Landsnet to further explore the possibility to get more 
providers as bidders in an auction for longer term contracts to provide ancillary 
services. Before the auction is eventually carried out, Landsnet should have a 
closer look at aspects like: 

• Product specification 

• Length of contracts 

• Relationship between several prices (price for holding reserves vs price 
when activated). 

The purpose of the auction is to get the ancillary services that require the least 
resources. It is further a goal to get a correct price for the ancillary services. The 
auction would however have to be carefully designed in order to be able to realize 
the most efficient outcome.  

7.1.2 Regulatory solutions 
There may exist simpler solutions to the problem that involves changes in market 
design and the regulatory regime surrounding ancillary services. Preliminary 
suggestions include 

• Regulatory purchases of system services. In case of a regulated obligation to 
supply system services, one would avoid the unbalanced negotiation 
situation, and the obligated supplier (Landsvirkjun) would also be required 
to present documentation of the costs associated with the obligation.  

• An obligation by Landsvirkjun to supply system services for a given 
compensation each year.  

In both cases it would be up to Landsvirkjun to decide what source of system 
services is the cheapest one: Hydropower stations, purchases from other 
generators, or flexibility of their supply contracts.  

Applying such regulated, administrative mechanisms would most likely imply that 
the price of system services would not be correct. However, the administrative 
costs could be lower than in the case of an auction.  

7.1.3 Design solutions 
A third possibility is to put an obligation on each producer to provide a share of 
the fast regulation. The share may typically be according to it’s proportion of total 
production or total production capacity. We do however not recommend such a 
solution. It is still unclear whether you can actually do frequency control 
regulation in the existing geothermal plants.  

• If geothermal power plants can not provide fast regulation themselves, these 
producers must buy fast regulation. In this case, Landsvirkjun will still have 
a very strong position in a market for fast regulation. To go from a 
monopsony (Landsnet being the only purchaser of frequency control 
reserves) to multiply buyers will generally give a worse result when there is 
market power on the sellers’ side.  
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• If geothermal power plants can in fact provide fast regulation, it may be at a 
higher cost than in hydropower plants. If geothermal producers, due to 
market power, will produce these services themselves, the production of fast 
regulation will be carried out in a too costly way.  

7.2 Short-term solutions 
Since it does take time to arrange an auction, it seems right for Landsnet to 
negotiate new contracts with Landsvirkjun for 2006. We do however not believe 
that the cost of providing fast reserves for Landsvirkjun is as high as the price in 
the contract specified for 2005. As a starting point for discussions, we think it is 
right to include: 

A. All operational costs related to both provision and activation of reserves. 
The specific costs of this item cannot be calculated without more detailed 
knowledge about the Icelandic power system; plant operation, inflow, price 
variability, duration of frequency deviations etc. More details can be found 
in Appendix A. 

B. Parts of the investment costs for 90/40 MW in turbine and generator. Our 
estimate, based on Norwegian numbers, for the full cost of this item is 
115,5 mill ISK/year consists of 79.97 mill ISK/year for the reserves needed 
to provide frequency control and 35,53 mill ISK/year for regulating power 
options.  

C. No investment costs for reservoir. It is only relevant to increase the 
reservoir size marginally. The periods of activation of positive and negative 
reserves are symmetrical over time, so extra use of energy is caused by 
deviations from optimal operating point. Anyway, Landsnet could agree to 
include a clause in the contract saying that they guarantee the net use of 
water to be less than certain amount over the release period of the various 
reservoirs. 

D. No investment costs for waterways. Instead use the operational costs in 
sub-optimal waterways. 

The values of these components are not known. But we believe that by fully 
compensating the investment costs for turbine and generator, 90 MW and 40 MW 
respectively, the payment for fast reserves should be generous. The increased 
income from the additional capacity in turbine and generator can also be used for 
improved efficiency (closer to best point) and reduced losses. Especially the 40 
MW regulating power option may be used for regular energy production during 
most of the year.  

To come up with a yearly cost we have annualized the full investment cost with 
30 years expected life time and 8 percent discount rate. For the present situation, 
before new investments are actually carried out, we believe that these are 
generous parameters. As already mentioned, we believe that it may be better to 
have longer-term contracts in the future. For the present situation, with all the 
uncertainty, it is however very important not to go into long term contracts.  
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If Landsvirkjun is still asking a higher price than full costs of investment in 
turbine and generator without being able to convince Landsnet that this reflects 
the actual costs, we believe that the case should be brought to the regulator.  
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Annex A  Cost estimates of hydro 
power 

The numbers and statements given in this Appendix are based on Norwegian 
hydropower plants. Although the design criteria and layout of hydropower plants 
are fairly global, there might be local differences, especially with respect to 
operational aspects. Thus, these numbers are not automatically valid for Iceland 
and must be taken as general examples rather than absolute values. 

A.1 Definitions 
This section gives a brief overview of the typical layout of hydropower plants and 
defines technical terms that are used in the report. Those who are familiar with 
hydropower plant layout and operation may skip this section. 

The optimal economic design and operation of a hydropower plant is very much 
dependent on local conditions like geography/topology and hydrology (height 
differences, distances, inflow, reservoir etc). Still, a typical plant will include the 
elements shown in Figure A.1: 

• Reservoir with dam 
• Tunnel 
• Penstock 
• Pressure chamber 
• Main valve  
• Turbine drum with inlet valves, guides and servos 
• Turbine wheel 
• Generator 
• Breaker, main transformer etc 

Figure A.1 Simplified layout of hydropower plant 
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In Norway, modern power plants are built under ground, increasing the 
construction cost also of the machine hall. On the other hand, the tunnels and 
penstock are normally made as raw rock tunnels without any steel or concrete 
coating as may be the case in Iceland. 
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A.2 Investment cost 
For many years, a general rule of thumb is that Norwegian hydropower units 
(generator, turbine, drum, guide and main valves) over 20 MW rated capacity 
have a specific cost of 1000 NOK/kW. Today, this might be in the upper range. 
Specific data from a recent GE/Siemens tender (February 2005) for retrofitting of 
a Norwegian 55 MW unit are 350 NOK/kW for the generator and 375 NOK/kW 
for turbine (incl. drum, guide valves and main valve), including  assembly and 
installation. Some additional equipment might not be included in these numbers, 
however, so using 1000 NOK/kW still seems to be a reasonable estimate. 

Considering the complete plant with reservoir, dam, waterways and station, the 
turbine/generator unit typically constitutes only 10 percent of the total cost. Total 
investment cost could then be in the range 10 000 NOK/kW. 

There are considerable scale effects in hydropower investments. For dispersed 
generation typically smaller than 1 MW rated capacity, the unit investment cost 
might exceed 3-4000 NOK/kW. 

The costs given above are average costs for a new, complete plant. The marginal 
cost of adding some extra MW to the turbine/generator above original optimal 
design (e.g. for reserve purposes) is generally much lower. 

In the case where an existing plant is retrofitted with a bigger unit (again for 
reserve purposes), an increase of rated capacity of 10-20 percent compared to the 
original design is possible without doing any changes in the waterways. Typically, 
a new Francis turbine wheel costs 200 NOK/kW. However, increased flow of 
water through the waterways will increase losses during operation.  

A further increase in unit size will eventually reach a definite limit with respect to 
pressure wave stability in the waterways, and the waterways will have to be 
expanded.This limit might be in the order of 50 percent above original unit size, 
and will normally not influence the economic evaluations. 

As a numerical example, we may assume that the Norwegian value of 
10.000.000 ISK/MW is a valid estimate for the specific investment cost for 
turbine and generator also in Iceland. Limiting the life time to 30 years with a 
discount rate of 8% we would get the following annual capital cost of for the 
90 MW used as frequency control reserve: 

94,79901010 30,8
6 =⋅⋅⋅ ε  mill ISK 

If we use the same calculation for the 40 MW of regulating power option this 
yields: 

53,35401010 30,8
6 =⋅⋅⋅ ε  mill ISK 

These numbers of course have to be replaced by the relevant numbers of each 
specific plant/project in Iceland. 
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A.3 Operational cost 
A.3.1 Plant efficiency 
Provision of spinning reserves might incur operational cost for the plant owner if 
the reserve provision requires the unit to operate below (or above) optimal 
performance set point.  

In principle, three different operational situations might occur, as illustrated in 
Figure A.2: 
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Figure A.2 Efficiency characteristics by reserve provision 

A. The unit operates at optimal operation point with sufficient reserves. There are 
no efficiency losses incurred due to reserve provision, but either up or down-
response will cause efficiency losses 

B. The unit is operated above optimal operation point, normally due to high 
demand and/or high inflow with risk of spilling. If the unit has to reduce it's 
output due to the reserve requirement, this would increase (risk of) energy 
losses but also increase unit net efficiency. Activation of positive reserves 
would reduce efficiency, while negative reserves would actually increase the 
efficiency. 

C. The unit is operated below optimal operation point due to the reserve 
requirement. Net efficiency of the unit will then be reduced due to the reserve 
provision. During activation, a positive reserve would increase efficiency, 
while negative reserve activation would cause a further reduction of 
efficiency. 

It is very difficult to put numbers on these situations without detailed knowledge 
of the various plants, their operating modes and inflow situation. The amount, 
frequency and duration of each reserve activation is also important. Hydro 
turbines can be designed with "flatter" or "steeper" efficiency characteristics, 
depending on the expected mode of operation. In Norway, a typical Francis 
turbine unit is designed for an optimum operation point of 60-80 percent of rated 
output. In such a case there is normally sufficient reserves available in the unit for 
frequency control when it is run on optimal operation point (Case A above).  

  32



- ECON Analysis - 
Costs for frequency reserve and regulation power in Iceland - 

To obtain a worst-case estimate of the efficiency reduction around optimal 
operation, fundamental hydrodynamic calculations have been made for Francis 
turbines. Increasing or decreasing the unit load with 20 percent will then typically 
decrease efficiency with around 6 percent. For 40 percent load increase, the 
efficiency might decrease up to 25 percent. The situation will be different for 
other types of turbines. E.g. Kaplan turbines might have 100 percent overload 
capacity with relatively less efficiency reduction than Francis turbines. 

As a numerical example, we may assume that 100 MW is generated at 20 percent 
off-optimal operating point with 6 percent reduced efficiency for one hour. If we 
assume the energy price to be 2,0 ISK/kWh, the increased generation cost is then: 

hISKMWhISKhMWMW /766.12/20001
0.1

100
94.0

100
=⋅⋅⎟

⎠
⎞
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⎝
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A.3.2 Energy losses and lost sales 
In periods of high inflow and risk of reservoir overflow, the plant owner might 
want to operate the unit above optimal operating point. In such periods, reduced 
generation due to reserve provision might incur large energy losses. The value of 
these losses depends on the duration of the overflow periods, and whether the 
extra energy produced could have been sold at regular contract prices. Such 
information is currently not available. 

A second source of potential costs is the case where curtailed production at peak 
load (high prices) has to be sold later during low load/low price periods. This is 
often the case in a spot market based system, but not necessarily the situation with 
the energy contract structure currently used in Iceland. 

A.3.3 Maintenance 
A unit’s service life is a result of some decision making in order to maximize 
profit or minimize generation cost. Generally, the annual operation cost will 
consist of  

• fixed cost (operation, worker etc) 

• possibility of spilled water 

• maintenance 

• lost income due to outages 

• wear and tear  

• expected value of breakdown  

The last two elements will typically increase with unit service life, while the 
others are more or less constant. 

An optimal refurbishment strategy would be to re-invest the unit when the annuity 
of the re-investment cost is equal to annual operation cost. If the annual operation 
cost did not increase with service life, there was no incitement to re-invest in the 
unit.  
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The turbine design criteria takes normal operating conditions like starting/ 
stopping, part-load operation and frequency control into account. Thus, the wear 
and tear on the unit is already covered in the optimal maintenance and 
refurbishment strategy of the plant operator. Only in a case where the additional 
wear and tear causes the plant operator to modify the maintenance strategy (e.g. 
more frequency maintenance and/or shorter refurbishment intervals), is it 
reasonable to claim that this incurs extra costs for the operator.  

It is not uncommon, however, that units are upgraded or retrofitted before they are 
physically worn out. This might be the case if new improved technology is 
introduced, e.g. new turbines with improved efficiency. In this situation, the 
potential cost increase due to unit wear and tear is irrelevant. Similarly, if the 
plant owner has a higher level of maintenance than necessary, there are apparently 
no additional costs due to wear and tear, as the exaggerated maintenance schedule 
is “hiding” the real wear and tear costs of the unit.   
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