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Abstract
This paper addresses the questions: How to calculate the cost of a start/stop cycle? 
How to calculate the cost of running one hour outside normal operating range, e.g., 
on part load? The paper presents a model for calculation of start/stop cost for indi-
vidual hydropower units comprising both direct costs incurring at each start/stop 
cycle, and indirect cost because of reduced rehabilitation intervals for the main com-
ponents. The fundamental assumption is that frequent start-ups lead to increased 
stress, degradation and wear reducing residual service life equivalent to a certain 
number of normal operating hours, thus accelerating the need for rehabilitation. The 
proposed model is used for calculation of both average cost and marginal cost for 
one start/stop cycle. When calculating the marginal cost, the technical condition of 
the turbine and generator as well as the length of the stand-still period can be con-
sidered. Applying a similar approach, the model is extended to calculate the cost 
of ramping, part load and overload operation, i.e., costs incurring when using the 
unit outside the normal operating range. This extension for operation related costs 
is important to include when deciding hydropower scheduling in systems with large 
shares of variable generation from wind and solar. Such operation related costs are 
very important to consider when calculating of the optimal operating strategy for the 
hydropower units in power systems where hydropower delivers flexibility in terms 
of load following and different types of reserves.

Keywords  Start/stop costs · Reinvestment costs · Maintenance costs · Hydropower 
scheduling
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F	� Failure cost (euro)
A	� Average cost (euro per start/stop)
M	� Marginal cost (euro per start/stop)
D	� Operating time (not calendar time) (hours) (also used for valve diameter)
ΔD	� Equivalent operating time, i.e., loss of service life, per start/stop (on aver-

age) (hours)
L	� Service life, time interval between subsequent rehabilitations in calendar 

time (years)
ΔL	� Equivalent service life reduction per start/stop in calendar time (hours)
c	� Cost (euro)
r	� Continuous interest rate (–)
i	� Cost index (–); 1.00 per reference year
n	� Number of start/stop per unit of time, usually per year (–)
�	� Share of calendar time a unit is in operation (–)
�	� Factor for equivalent operating time (–) as result of extra wear (for part 

load and overload operation)
t	� Calendar time
toperation	� Number of operating hours per year (hours)
Trehab	� Rehabilitation interval in calendar time (years)
T1	� Time to first/next rehabilitation in calendar time (years)
Ti	� Duration of the period in which the component is in condition i in calen-

dar time (years)
Tstandstill	� Duration of standstill (hours)
Tlimit	� Maximum duration of a ‘short standstill’ (hours)
TD	� Design life (not calendar time) (hours)
P	� Turbine power (MW)
H	� Head (m)
w	� Weight (of turbine) (tons)
f	� Factor modifying equivalent operating time depending on the technical 

condition ( fcond ) (–) (also used actual for type of valve ( ftype ) and the 
valve control system ( fcontrol)

�	� Adjustment for a given characteristics (hours)
U	� Generators rated voltage (kV)
Q	� Quality factor for a given characteristics; a number between 1 and 10 

where 5 is ‘average’ (–)
k	� Weight number for a given characteristics (-)

In this paper rehabilitation is defined as the preventive maintenance, including 
replacement, that is needed to bring the unit back to an ‘as-good-as-new’ condition.
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1  Introduction

In Norway hydropower plants have traditionally been designed for maximum energy 
production with continuous operation. Since the 1990 s many plants have experienced 
larger and more frequent load changes and an increasing number of start/stop cycles.

In the last decade, with an increasing share of new renewables like wind and solar 
power, hydropower units are more commonly used to provide operating reserves, 
e.g., to balance power consumption and regulate frequency. In addition, significant 
daily market price fluctuations encourage more intermittent operation by maximiz-
ing production during high-price periods and shutting down generation units during 
low-price periods.

The flexible character of, and the economic opportunities in, the new power mar-
kets lead to aggressively and highly fluctuating operation of the equipment by oper-
ating above or below the peak efficiency and starting and stopping more frequently. 
The increase in the number of start/stop cycles induces additional mechanical, elec-
trical and thermal stresses that initiates and accelerates the degradation processes. 
High wear may over time increase the number of failures and even lead to destruc-
tion of key components in the hydropower units.

Hydropower unit start/stop cost and the impact on generation scheduling has been 
discussed, e.g., in Ref. [1] and later in Ref. [2], but a critical literature review given 
in Ref. [3] concludes that “Few articles and technical reports can be found in the 
open literature due to the complexity of the subject and its relative novelty in the 
context of the hydro power industry”. However, recently a PhD thesis Ref. [4] and a 
corresponding paper Ref. [5] are published.

The theoretical foundation for calculating start/stop costs is described in Ref. [6], 
and this paper presents an update and extension of the cost model presented in Refs. 
[6] and [7].

The fundamental economic model for calculating start/stop cost is described in 
Sect. 2, while the extension of the model to include the unit’s technical condition 
and the duration of a standstill is described in Sect. 3. The extension of the model 
to include ramping is described in Sect. 4, and the extension of the model to include 
operation outside the normal operating range is described in Sect.  5. A tool and 
some examples of the calculations are presented in Sects. 6 and 7, and the discus-
sion and conclusion are presented in Sects. 8 and 9.

2 � The fundamental economic model

2.1 � Alternative methodological approaches

The fundamental assumption behind the proposed model is that different opera-
tion patterns can be associated with a measurable loss of service life. Additional 
start/stops will increase the cycles of heating and cooling of the equipment, and 
may also lead to more vibrations. Operating at low or high generation levels 
may lead to vibrations, cavitation and stressing temperature gradients in the 
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equipment. All this leads to increased wear and degradation that impact service 
life and/or required service intervals, hence it has an associated cost. These costs 
should be included as part of the production planning where the production 
planner makes decisions weighting income today against expected future costs.

The total cost for a given operating strategy with n start/stop cycles is in this 
context the sum of associated rehabilitation costs R, preventive maintenance 
costs V and failure costs F. The cost of one additional start/stop can then be 
calculated based on the difference in costs for two operating strategies divided 
by the difference in the number of start/stop cycles associated with the two 
strategies:

Estimation of costs related to operating patterns can be carried out based on three 
fundamentally different approaches: 

1.	 Maintain component service life, resulting in increased maintenance. The 
additional stresses are compensated with more frequent and/or costly preven-
tive maintenance to maintain the expected service life. The challenge is to give 
reasonable estimates of the cost ΔV  for this additional maintenance.

2.	 Maintain current maintenance practice, resulting in reduced service life. The 
additional stresses are not compensated by increased preventive maintenance, 
leading to a reduction in expected service life and a shorter time to reinvestment. 
All in all, this results in more frequent rehabilitation. The challenge is to give 
reasonable estimates of the cost ΔR of the more frequent rehabilitation.

3.	 Probabilistic modelling of the service life. Resulting ageing or deterioration of 
components subject to operation patterns can be found based on historical data 
and measurements. This approach requires large volumes of measured data for 
relevant key components in the power unit and access to analysis of faults and 
fault statistics in the equipment. The first are often considered as sensitive data 
and the last is extremely rare, and consequently it is very difficult to collect the 
data needed for a more precise calculation of operation related costs.

The proposed model is based on the second alternative, i.e., the assumption that 
an operating pattern deviating from the design parameters leads to a reduced 
service life with ΔR > 0 and ΔV = 0 , i.e., that the maintenance schedule includ-
ing planned condition monitoring does not change. The increased probability of 
failure during operation because of an increased number of start/stop cycles is 
implicitly taken into account in the estimate of reduced service life.

2.2 � Cost elements and their value in a start/stop cycle

The total start/stop cost for a hydropower unit includes several cost elements, 
and the model utilizes a bottom-up approach analysing degradation and start-up 
related cost for individual hydropower components. When individual costs are 

(1)Cstartstop =
(Ri + Vi + Fi) − (R0 + V0 + F0)

ni − n0
=

(ΔR + ΔV + ΔF)

Δn
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known they can be summed to obtain an estimate of the total start/stop cost. The 
model calculates and sums the following cost elements: 

	 1.	 Share of maintenance related to start/stop
	 2.	 Water loss related to start/stop (the value of the water lost during stop and start)
	 3.	 Failure related to start/stop (the cost of additional work to reset and/or restart 

the unit after a failed start-up procedure, and the value of the unavailability for 
a default duration, multiplied by the probability of a start-up failure)

	 4.	 Preventive maintenance of main valve
	 5.	 Service life reduction for main valve
	 6.	 Preventive maintenance of turbine
	 7.	 Rehabilitation of turbine
	 8.	 Service life reduction for turbine runner
	 9.	 Preventive maintenance of the generator’s smaller components
	10.	 Overhaul (preventive maintenance) of generator
	11.	 Service life reduction for stator winding
	12.	 Service life reduction for stator core
	13.	 Service life reduction for rotor winding
	14.	 Waterway/tunnel/pressure shaft, breakers, power transformer
	15.	 Other costs related to start/stop

Some cost elements are assumed to be time independent, e.g., the average cost 
of lost water. The maintenance cost is assumed to be independent of the age of 
the components or the rehabilitation interval. The model includes rehabilitation 
cost for all relevant components where each component has different expected 
service life. However, the model assumes that generator rehabilitation includes 
all generator components and is thus performed simultaneously. The service 
life of some components will therefore not necessarily be fully utilised. This 
makes the model more applicable without compromising relevance. Rehabilita-
tion often includes replacing several components in one operation when the cost 
of replacement is higher than the value of the residual service life. Components 
like waterway, tunnel and pressure shaft have long service life and are assumed 
to have limited effect on the start/stop cost. For components like breakers and 
power transformer it is also difficult to relate wear and tear to start/stop, ramp-
ing, operation on part load, etc. The same conclusion is also reached in Ref. [2]. 
Hence, there are no estimation of such costs, but still an option to add such cost 
elements in the methodology if or when information becomes available.

2.3 � Equivalent operating time

As a hydropower unit is normally not in continuous operation, it is important to distin-
guish between operating time and calendar time. Equivalent operating time at calendar 
time t with constant start/stop intensity is given by:

(2)d(t ∣ �, n,ΔD) = � ⋅ t + n ⋅ ΔD ⋅ t = (� + n ⋅ ΔD) ⋅ t
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A main assumption is thus that the stress during a start/stop cycle corresponds to the 
stress resulting from ΔD hours of operation with normal conditions, i.e., a start/stop 
cycle reduces the remaining available operating time by ΔD hours. Equivalent oper-
ating time for a given reference operating pattern with a given rehabilitation interval 
Trehab is given by

where �ref is the reference operating share per year (-) and nref is the reference num-
ber of start/stop cycles per year (-).

2.4 � Design life ( T
D

)

The unit’s expected total operating time until rehabilitation is assumed to be con-
stant and determined by the unit’s design. Design life ( TD ) is the expected lifetime 
with continuous operation within the normal operating range. It is implied that TD 
takes ‘normal wear and tear’ into account.

It is assumed that start/stop, ramping and operation outside the normal operat-
ing range leads to extra stress and accelerated degradation which again reduces the 
effective operating time until rehabilitation, e.g. Refs. [8] and [9]. For a given design 
with a given TD and a given operating pattern (with a given operating share and 
number of start/stop cycles per year), the following relationship is obtained between 
the rehabilitation interval and TD:

2.5 � Equivalent service life reduction

Costs are calculated in calendar time, and the equivalent operating time ΔD should 
therefore be transformed to an equivalent reduced service life ΔL in calendar time.

where �0 is the share of day the unit is in operation (–) and n0 is the number of start/
stop per day (–).

With a high equivalent operating time ( ΔD ), a high operating time ( �0 ), or a high 
number of start/stops ( n0 ), this equation may give a reduced service life ΔL that 
is lower than the equivalent operating time ΔD . In such cases reduced service life 
should be set equal to equivalent operating time ensuring that ΔL ≥ ΔD.

(3)
d(Trehab ∣ �ref, nref,ΔD) = �ref ⋅ 24 ⋅ 365 ⋅ Trehab + nref ⋅ ΔD ⋅ Trehab

= (�ref ⋅ 24 ⋅ 365 + nref ⋅ ΔD) ⋅ Trehab (hours)

(4)

TD = �ref ⋅ 24 ⋅ 365 ⋅ Trehab + nref ⋅ ΔD ⋅ Trehab

= (�ref ⋅ 24 ⋅ 365 + nref ⋅ ΔD) ⋅ Trehab (hours)

⇒ Trehab =
TD

(�ref ⋅ 24 ⋅ 365 + nref ⋅ ΔD)
(years)

(5)ΔL =
ΔD

�0 ⋅ 24 + n0 ⋅ ΔD
⋅ 24 =

ΔD
toperation

8760
⋅ 24 +

n

365
⋅ ΔD

⋅ 24 (hours)
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2.6 � Net present value of an infinite sequence of identical rehabilitation intervals

The starting point for a unit’s expected service life L is the maximum usable operat-
ing time given by the design, i.e., the TD . For calculation of the average start/stop 
cost, it is a prerequisite that the unit’s expected service life takes into account the 
expected number of start/stop cycles, and that the operating strategy (annual operat-
ing pattern) remains unchanged over the unit’s expected service life.

Assuming an infinite planning horizon with an infinite series of future rehabilita-
tions every Trehab year, the present value of all future rehabilitation costs is the sum 
of an infinite geometric series, but obviously without a rehabilitation at the time of 
commissioning (t = 0), hence the ‘- R’ part of the equation.

2.7 � Average cost of one additional start/stop cycle

The average cost of one additional start/stop cycle is calculated given that the addi-
tional start/stop is a consequence of a permanently changed operating strategy, i.e., 
repeated in all future rehabilitation intervals. All future rehabilitation intervals are 
reduced by ΔL , and the time of rehabilitation is accelerated by ΔL for each rehabili-
tation as illustrated in Fig. 1.

Assuming an infinite sequence of identical rehabilitation intervals, the average 
cost of one additional start/stop cycle is given by the difference between capitalized 
costs with and without the additional start/stop cycles:

The average cost of start/stop is relevant to use in investment analysis and long-term 
production planning for reservoirs with storage capability over multiple years.

(6)PV(r, Trehab,R) = R ⋅

1

1 − e−rTrehab
− R = R ⋅

1

erTrehab − 1

(7)A = R ⋅

e
−r(Trehab−

ΔL

8760
)
− e−rTrehab

(1 − e−rTrehab) ⋅ (1 − e
−r(Trehab−

ΔL

8760
)
)

Fig. 1   Impact on rehabilitation from one additional start/stop cycle in each rehabilitation interval
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2.8 � Marginal cost of one additional start/stop cycle

The marginal cost of one additional start/stop cycle is calculated given that the 
additional start/stop cycle is a temporarily changed operating strategy, i.e., affect-
ing only the current rehabilitation interval. All future rehabilitation intervals 
remain unchanged, and the time of rehabilitation is accelerated by ΔL as illus-
trated in Fig. 2.

The marginal cost of one additional start/stop cycle is given by the difference 
between capitalized costs with and without the additional start/stop cycle:

Note that because this additional start/stop cycle can occur any time during the reha-
bilitation interval, the marginal cost is slightly dependent on the time to the next 
rehabilitation because of the discounting factor e−rT1 , increasing as the time to first/
next rehabilitation T1 is decreasing. The marginal cost of start/stop is relevant to use 
if an extra start/stop is a single independent decision in the daily operation, mean-
ing that it will not be repeated in future rehabilitation intervals. An example is when 
calculating cost in short-term production planning for markets such as the day-ahead 
or regulating power market.

3 � Adjustment because of technical condition and duration 
of standstill period

3.1 � Adjustment of equivalent operating time according to the component’s 
technical condition

It can be argued that the extra stress the unit is exposed to during a start/stop cycle has 
larger consequences the older and more degraded the unit is. It can therefore be argued 
that the equivalent operating time Δd for a start/stop is dependent on the age or the 
technical condition of the unit. Hence, the start/stop cost is assumed to increase with 

(8)M = R ⋅

1

1 − e−rTrehab
⋅ (e

r
ΔL

8760 − 1) ⋅ e−rT1

Fig. 2   Impact on rehabilitation from one single individual start/stop cycle
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the operating time of the unit, or more precise, to increase with the declining technical 
condition of the unit.

Since the 1990 s Norwegian producers have used handbooks for condition monitor-
ing categorizing component’s technical condition using a discrete scale where 1 is ‘as-
good-as-new’ and 4 is close to failure as illustrated in Table 1 and Fig. 3 [10].

This information can be used to adjust the equivalent operating time and corre-
sponding reduced service life.

where fcond is a factor modifying equivalent operating time depending on the tech-
nical condition of the component (–). Recommended value ranges are fcond=1 < 1 , 
fcond=2 = 1 , fcond=3 > 1 , and fcond=4 ≫ 1.

(9)Δd =ΔD ⋅ fcond

(10)

ΔL =
ΔD ⋅ fcond

�0 ⋅ 24 + n0 ⋅ ΔD ⋅ fcond
⋅ 24

=
ΔD ⋅ fcond

toperation

8760
⋅ 24 +

n

365
⋅ ΔD ⋅ fcond

⋅ 24 (hours)

Table 1   Categorization of the technical condition

State Description

1 No indication of deterioration (‘as good as new’).
2 Some indication of deterioration. The condition is noticeably worse than ‘as good as new’.
3 Serious deterioration. The condition is considerably worse than ‘as good as new’.
4 The condition is critical. Serious considerations should be made to repair immediately.
5 Fault state. The component in unable to fulfil the function.

Fig. 3   Technical condition states as function of time (age), resulting in an estimated life curve
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It is assumed that the unit from commissioning to rehabilitation undergoes the 
technical conditions 1–3 (in practice, to reduce the probability of failure, rehabilita-
tion is carried out before reaching state 4), and that the equivalent operating time 
ΔD is an average value over the service life. fcond should therefore be adjusted so 
that the total equivalent operating time over the unit’s expected service life is the 
same as if one uses an ‘average value’ regardless of age/condition. This means that 
the modifying factors should comply with the equation

where Ti is the duration of the period in which the component is in condition i in 
calendar time (years) (assumed known).

ΔD is an average value and should be used when calculating average costs. This 
also means that ΔL corrected according to equivalent operating time for the regis-
tered technical condition should only be used when calculating marginal costs.

3.2 � Adjustment of equivalent operating time depending on the duration 
of the unit’s standstill

For stator windings the stress and expected reduction in service life as result of start/
stop is assumed to be primarily related to thermal cycling and delamination of the 
stator winding insulation. Detailed technical studies are discussed in e.g. Refs. [11] 
and [12].

In the basic model it is assumed that the duration of each standstill is so long that 
each start can be considered a ‘cold start’. But during a short standstill, the winding 
temperature will not decrease so much that it results in thermal cycling, and the stator 
winding is stressed less than for a longer standstill. The expected reduction in service 
life, and hence cost, associated with a short-term standstill followed by a ‘warm start’ 
is therefore lower than with a long-term standstill. How long a standstill must be to be 
considered a ‘cold start’ will depend on e.g., the generator location and the generator 
design including the cooling system.

It is not given that degradation because of thermal cycling only depends on the 
temperature difference, but may also depend on the highest and lowest temperature in 
each cycle, duration of cycle, etc. Hence, it’s not given that the start/stop cost is directly 
proportional to the temperature change. The model uses a linear relationship between 
duration of standstill and equivalent operating time:

(11)

Trehab
∑

Δd = Trehab ⋅ n ⋅ ΔD =

3
∑

i=1

Ti ⋅ n ⋅ ΔD ⋅ fcond,i

⇒

3
∑

i=1

Ti ⋅ fcond,i = Trehab

Trehab =

3
∑

i=1

Ti
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It has been assumed that the duration of standstill primarily affects the stator wind-
ing, i.e., that all other cost elements are independent of the duration of standstill. 
However, in Ref. [13] reference is made to a survey that concludes that the stator 
core and rotor also are affected by increased intermittent operation. It is typically 
slot wedges and pressure fingers that have shown an increased tendency to loosen 
because of thermal cycling. The ability to calculate an equivalent operating time that 
depends on the duration of the stop is therefore also recommended for both the sta-
tor core and rotor.

4 � Ramping

Ramping is usually defined as a load change of at least 25% of the nominal power of 
the turbine within one minute, and hence ramping is a specific event. Modelling of 
costs associated with ramping follows the same principle as for start/stop costs, and the 
marginal cost of a ramping is given by similar equations as start/stop where ΔL is given 
by the component’s service life reduction as result of ramping.

A ramping event does not include a start/stop. Therefore, specific costs related to 
start/stop failures should not be included. Because the unit is already running there is 
no water loss associated with ramping, and hence specific costs related to water loss 
should not be calculated. Up-regulation involves the turbine, and the main valve is not 
involved. The same applies to generator, transformer and circuit breakers. Hence, the 
unit primarily stressed during ramping is the turbine, and more specifically the runner.

There are no empirical data available, but it seems reasonable to assume that a 
ramping event is less stressful than a complete start/stop cycle. Hence, the equiva-
lent operating time as result of ramping, ΔDramping , is assumed to be less than the 
equivalent operating time of a start/stop of the turbine ΔDturbine.

5 � Operation outside the normal operating range

To handle cost of stress and degradation as a result of unfavourable operation, the 
model is extended by dividing the share of operation into a share for each relevant 
operating range. In this model, the three operating ranges normal load, part load and 
overload are assumed. In addition, factors �i that indicate how much the operating time 
reduction (‘wear’) is within each operating range. Effective operating time at time t 
(with constant start/stop intensity) is then given by

(12)
Tstandstill < Tlimit ∶ Δdstatorwinding = ΔDstatorwinding

Tstandstill

Tlimit

,

Tstandstill ≥ Tlimit ∶ Δdstatorwinding = ΔDstatorwinding
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where �partload and �overload are factors for equivalent operating time (-) as result of 
extra wear within part load and overload respectively, and where �normalload = 1 and 
removed from the equation.

For a given design, the total effective operating time is given by TD . This provides 
the following relationship between a rehabilitation interval adapted to TD and an operat-
ing pattern with a given constant proportion of normal load, part load and overload and 
a constant number of start/stop cycles per year:

Operating on low part load should normally be avoided but may still be considered, 
e.g., after activation of bids in the reserve market. After one hour operating on part 
load, with increased ‘wear’, the rehabilitation time will be reduced to Trehab,partload . 
However, the designed total operating time is constant, so that

The transition between normal load and part load, and between normal load and 
overload, does not include a start/stop. Therefore, specific costs related to opera-
tion of the main valve, water loss, start/stop failures and circuit breakers should not 
be included. Generator and transformer are not affected by the transition to the part 
load or overload range, and because long-term operation with significant overload 
is not recommended the costs associated with these components should not be cal-
culated. It is therefore primarily the turbine stress that should be considered during 
operation in the part load and overload range.

Modelling of costs associated with unfavourable loads follows the same principle 
as for start/stop costs, and the marginal cost of part load / overload is given by similar 
equations as start/stop where ΔL is given by the turbine’s service life reduction because 
of one hour operating on part load / overload.

6 � Tool implementing the model

The model was originally developed for ‘a typical Norwegian hydropower unit’ 
with a reservoir, a main valve and a Pelton or Francis turbine with 50–200 start/stop 
per year. Hence, the model is not suited for a run-of-river power plant or units with 
Kaplan or bulb turbines. The model is implemented in an Excel spreadsheet where 
a hydropower unit with a 150 MW Francis turbine with 150 start/stop per year is 
defined as a reference unit. The tool contains a number of default values (technical 

(13)

d(t∣�normalload, �partload, �partload, �overload, �overload, n,ΔD)

= �normalload ⋅ t + �partload ⋅ �partload ⋅ t + �overload ⋅ �overload ⋅ t + n ⋅ ΔD ⋅ t

= (�normalload + �partload ⋅ �partload + �overload ⋅ �overload + n ⋅ ΔD) ⋅ t

(14)

Trehab =
TD

(�normalload + �partload ⋅ �partload + �overload ⋅ �overload) ⋅ 24 ⋅ 365 + n ⋅ ΔD
(years)

(15)

ΔLpartload =
�partload

(�normalload + �partload ⋅ �partload + �overload ⋅ �overload) ⋅ 24 ⋅ 365 + n ⋅ ΔD
⋅ 24 ⋅ 365(hours)
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data, rehabilitation costs, maintenance costs, equivalent operating times, etc.) for 
this reference unit, and as an example the default values for the equivalent operating 
times per start/stop for the main components are given in Table 2.

To make it applicable for other units the tool requires 12 mandatory input param-
eters describing the main characteristics of the unit at hand. These parameters are 
described in Table 3.

To account for the actual rated power and technical solution of the unit at hand 
the tool contains a large number of equations using the mandatory input parameters 
given in Table 3 to scale the predefined default values for the 150 MW reference 
unit. Hence, all cost elements are a function of the unit’s rated power.

Equation (16) shows an example on how the default value for the rehabilitation 
cost of a valve, Rvalve,ref , is adapted to the actual unit depending on the actual type of 
valve ( ftype ), the valve control system ( fcontrol ), the valve diameter (D), and the head 
(H).

Table 2   Default values for the 
equivalent operating times per 
start/stop

Parameter Equivalent 
operating 
time

ΔDturbine 15 hours
ΔDstatorwinding 10 hours
ΔDstatorcore 5 hours
ΔDrotorwinding 10 hours

Table 3   Mandatory input parameters

Parameter Default value Valid values

Valve
Yes/No Yes  Yes, no
Type Spherical  Spherical, gate, butterfly
Control Water  Water, oil
Dimension 2000 mm
Installation / last rehabilitation 1990
Turbine
Type Francis  Francis, Pelton
Head 300 m
Rpm 375 o/min
Number of needles (Pelton) –
Runner diameter (Francis) 1.911 m
Generator
Rated power 110 MVA
Next planned rehabilitation 2030



	 A. O. Eggen, M. Belsnes 

1 3

Likewise, the annual cost of preventive maintenance for a Francis turbine, cV,turbine , 
is calculated as a share of the weight of a new turbine, wFrancis , (calculated using an 
empirical equation) compared to the reference turbine, e.g.

For generators, it might be relevant to decrease or increase the equivalent operating 
time per start/stop ΔD depending on whether the actual technical solution is better 
or worse than ‘average’. Some factors that are assumed to influence on the equiva-
lent operating time are rated voltage, cooling method, length of the winding bars, 
the solution to ensure sufficient axial pressure of the stator core, and the connection 
between stator housing and foundation. Hence, several equations are using ‘adjust-
ment factors’, e.g.,

The k factors are weight numbers defining how much a deviation from the ‘average’ 
will affect the final equivalent operating time. The calculated adjustment � may be 
both positive and negative depending on if the unit at hand is better or worse than 
average, and all such adjustments are added to the default ΔD to get the ΔD for 
the unit at hand. Hence, a ‘good’ unit gets a reduced ΔD while a ‘bad’ unit gets an 
increased ΔD compared to the average or default value.

To make the tool useful for a user without detailed knowledge of the underlying 
technical relationships, the tool can estimate the cost of start/stop etc. based on the 
mandatory input and the given default values. But in addition to the cost estimates, a 
number of intermediate results for the unit at hand are calculated. All these interme-
diate results can be inspected and evaluated. It is emphasised that the default values, 
as well as the intermediate calculations, are suggested values, and not necessarily 
recommended values. Hence, both the default values for the reference unit and all 
intermediate results for the unit at hand can be adjusted by the user if knowledge or 
experience indicate more appropriate values. By doing so, the accuracy of the esti-
mated operational costs for the unit at hand can be improved.

(16)Rvalve = Rvalve,ref ⋅ ftype ⋅ fcontrol ⋅
H

Href

⋅

D

Dref

⋅ i

(17)cV,turbine = cV,Francis ⋅

[

(1 − x) + x ⋅
wFrancis

wFrancis,ref

]

⋅ i

(18)�statorwinding,voltage =ΔDstatorwinding ⋅

[

U − Uref

Uref

]

⋅ kvoltage

(19)�statorcore,pressure =ΔDstatorcore ⋅

[

Qpressure − Qref

Qref

]

⋅ kpressure

(20)�statorcore,connection =ΔDstatorcore ⋅

[

Qconnection − Qref

Qref

]

⋅ kconnection
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7 � Examples and results

7.1 � Operation related cost for one specific unit

The following example shows the results for a hydropower unit with the same char-
acteristics as in the previous section. The calculations are based on 2021 as year of 
analysis, 6% interest rate, energy price of 50 EUR/MWh, labour cost of 100 EUR/
hour, cost of unavailability of 3 EUR/hour/MW, and a failure probability at start-up 
of 0.01. The operation strategy is an annual operation of 5000 h with no part load or 
overload operation, and 150 start/stop cycles.

Table  4 and Table  5 shows the average and marginal cost of start/stop respec-
tively, both including the costs closely related to each start/stop as given in Table 6.

Figure  4 shows the average and marginal start/stop cost as function of year of 
analysis. As can be seen in the figure, the average cost (the dark line) is constant 
during the period of analysis and not dependent on the time of analysis, while the 
marginal cost increases over the period of analysis because of the effect of discount-
ing to different years. The sudden change in marginal cost in year 20 is a result of 
generator overhaul every 20 years.

Figure 5 shows the effect of including the actual technical condition in the cal-
culations. The marginal cost is reduced in the early part of the rehabilitation inter-
val, and the increase towards the end of the rehabilitation period is because of the 
decrease in the technical condition. The sudden changes in cost are a result of the 
discrete characterisation of the technical condition.

Figures 4 and 5 show the importance of updating the marginal start/stop cost as 
the time to the next rehabilitation is getting closer, and as the technical condition is 
degrading.

The cost of ramping and cost of operation outside the normal operating range for 
the same hydropower unit have been calculated using the equivalent operating time 
per ramping ΔDramping = 2 hours, the factor for ‘equivalent operating time’ as result 

Table 4   Average cost of start/stop

Bold was used to better visualize the total start/stop costs, which are the sum of the figures above

Cost element (EUR) (EUR/MW) (%)

Costs closely related to each start/stop 343 3.46 47.5
Service life reduction for main valve 54 0.55 7.5
Rehabilitation of turbine 39 0.40 5.4
Service life reduction for turbine runner 122 1.23 16.9
Overhaul (preventive maintenance) of generator 44 0.44 6.1
Service life reduction for stator winding 88 0.89 12.2
Service life reduction for stator core 21 0.21 2.9
Service life reduction for rotor winding 11 0.11 1.5
Misc. 0 0.00 0
Average cost of start/stop 722
Specific cost of start/stop 7.29
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of one hour operation in the part load range �partload = 4, and the factor for ‘equiva-
lent operating time’ as result of one hour operation in the overload range �overload = 
3. The results are summarised in Table 7.

7.2 � Range of start/stop cost for different (turbine) rated powers

Assuming all other parameters unchanged, the range of start/stop cost for hydro-
power units with Francis turbine can be calculated. The curves in Fig. 6 show that 
the average start/stop cost is in the range of 600–1100 euros (or 4–13 EUR/MW) 

Table 5   Marginal cost of start/
stop

Bold was used to better visualize the total start/stop costs, which are 
the sum of the figures above

Cost element (EUR) (EUR/MW) (%)

Costs closely related to each start/stop 343 3.46 63.9
Service life reduction for main valve 8 0.08 1.5
Rehabilitation of turbine 39 0.40 7.4
Service life reduction for turbine runner 70 0.71 13.0
Overhaul of generator 8 0.08 1.5
Service life reduction for stator winding 50 0.51 9.3
Service life reduction for stator core 12 0.12 2.2
Service life reduction for rotor winding 6 0.06 1.1
Misc. 0 0.00 0
Marginal cost of start/stop 537
Specific cost of start/stop 5.42

Table 6   Costs closely related to 
each start/stop (included in both 
average and marginal cost)

Bold was used to better visualize the total start/stop costs, which are 
the sum of the figures above

Cost element (EUR) (EUR/MW)

Share of maintenance related to start/stop 166 1.68
Water loss related to start/stop 20 0.20
Failure related to start/stop 107 1.08
Preventive maintenance of main valve 19 0.20
Preventive maintenance of turbine 8 0.08
Preventive maintenance of generator 22 0.22
Waterway/tunnel/pressure shaft 0 0.00
Power transformer 0 0.00
Breakers 0 0.00
Misc. 0 0.00
Sum 343 3.46



1 3

Operation related maintenance and reinvestment costs for…

Fig. 4   Average and marginal start/stop cost as function of year of analysis

Fig. 5   Average and marginal start/stop cost as function of year of analysis including adjustment for tech-
nical condition

Table 7   Cost of ramping and 
operation outside the normal 
operating range

Average cost Marginal cost

Ramping 22 EUR 13 EUR
Part load 33 EUR/hour 19 EUR/hour
Overload 24 EUR/hour 14 EUR/hour
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and the marginal start/stop cost is in the range of 400–900 euros (or 3–10 EUR/
MW). An average value for the technical condition is used for all calculations. It is 
emphasized that these curves only indicate the values and ranges of start/stop cost.

7.3 � Change in start/stop cost for some selected hydropower units

Statkraft, the largest Norwegian hydropower producer, has used the new tool to calcu-
late marginal start/stop costs for some selected hydropower units, and compared the 
new values with the values they have been using. The result is shown in Fig. 7, where 

Fig. 6   Start/stop cost as function of rated power (Francis turbine)

Fig. 7   Old and new start/stop costs for some selected hydropower units
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the axis values are deliberately removed on request from Statkraft. The old costs are 
marked with a blue dot, while the new ones are marked with an orange dot. The figure 
shows that the new value is larger than the old one in some cases, while it is smaller in 
other cases. This is mainly an effect of including the technical condition of the compo-
nents involved. E.g., the newer units with the best technical condition get a lower cost, 
while older units with more tear and wear get a higher start/stop cost. In some cases, 
there are only one orange dot, hiding the blue one underneath, meaning there is no 
change in the start/stop cost.

8 � Discussion

Hydropower units are robust with very long service life and the reduction in residual 
life of the components are not immediately apparent, but usually appear many years 
later when defects become detectable. Moreover, the impact of increased start/stop and 
unfavourable operation may be obscured by the fact that the equipment is upgraded for 
other reasons than end of life.

The model calculates costs for a single unit, i.e., it is assumed that any failure or 
malfunction during start-up do not significantly affect (the water flow to) any other 
unit connected to the same penstock. Costs related to environmental constraints are not 
included since they are not directly connected to the service life of components.

In the current model a constant failure rate is assumed, i.e., an exponential distribu-
tion. For the calculation of the marginal cost that depends on the age of the compo-
nents, the model may be extended to include other failure distributions like the Weibull 
distribution. However, the contribution to the cost from failures are very small and will 
not affect the total cost significantly.

Finally, it is emphasized that there are insufficient empirical data to find good esti-
mates for some of the input parameters. Hence, increased measurements in, and digi-
talisation of, the power plants is important in order to provide more data on how dif-
ferent operational patterns affect wear and failures. In addition, metadata describing 
operational strategies in general, e.g., number of hours in operation per year, number 
of start/stop per year, share of hours operating on part load and overload, are crucial, 
and should be linked to e.g., maintenance records, condition assessments, and failure 
records. When such data are available it may be possible to calculate failure probability, 
estimated life distribution and life expectancy related to different operational patterns, 
and hence improve the accuracy of the cost estimates.

Despite the uncertainty in the parameters included in the presented cost calculations 
it is important to include the costs in practical hydropower operation where they will 
stabilise the generation schedules by avoiding larger generation changes that otherwise 
follows from marginal load and price variations [1, 14].
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9 � Conclusion

A model for calculation of cost for a start/stop cycle for a hydropower unit has 
been presented, and the model has been extended with cost associated with ramp-
ing and operation outside the normal operating range. This is increasingly impor-
tant as flexibility in the power system becomes more valuable and hydropower 
is one of the technologies that can provide such flexibility. To operate optimally 
it will be important for the hydropower operators to have control on the costs 
associated with new operating patterns as well as tools for understanding and 
prolonging the service life of their assets. With focus on O &M cost and energy 
prices the operation in multiple markets with varying prices must also consider 
the associated cost of unfavourable operation of the hydropower units.

Moreover, using the proposed model will help ensuring that the calculation 
of start/stop costs are consistent and comparable across hydropower units within 
the same company.  Although the exact values are exposed to great uncertainties, 
the estimated relative values are still important when deciding the appropriate 
sequence of units when calculating a production plan.
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