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ABSTRACT 

The general opinion about nuclear power plants is that they are not flexible generating 
units characterized with low or no load following capabilities. Therefore they should be used 
as baseline units only. Given the economic perspective of this issue, it is clear that the reasons 
for use of nuclear power plants as baseline units are purely economic. They have the lowest 
variable costs compared with the other thermal generating units.  

It is of crucial importance to note that the flexibility and reliability of the power system 
directly depends on the flexibility and reliability of the generating units. Therefore it is very 
important to have flexible units which will be available to follow load in any time of the day. 
This is especially important in power systems where nuclear power has great portion in the 
power production. In such case the conventional units which are used for load following may 
not be enough to secure reliable operation of the power system.  

The objective of this paper is to investigate the parameters from nuclear safety, which 
may be affected by load following manoeuvres. For this purpose an existing probabilistic 
safety assessment model of nuclear power plant from generation III+ is used. The first step is 
identification of components and systems from the nuclear power plant which are affected 
from the load following and subsequent adaptation of the existing probabilistic model. The 
second step is testing of the model for any changes in core damage frequency. 

The expected results indicate no significant decrease in core damage frequency due to 
the extensive use of load following. 

1 INTRODUCTION 

Nuclear generation technologies provide more and more energy required for supplying 
the needs of the electrical energy market, therefore occupying large part of the whole 
electricity production in the world. This trend of growth of nuclear energy production requires 
from that nuclear power plants to be able to follow the load demands. Nuclear power plants 
(NPPs) are highly complex and non-linear systems in nature, which always depend on 
automatic control for satisfactory operation. Their parameters vary with time as a function of 
operating power level, fuel burn up and control rod worth. These characteristics must be 
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considered especially if large power variations occur in the load following condition. 
Therefore, in order to maximize the thermal efficiency and establish good operation 
performance on nuclear power plants, nuclear power and temperature of coolant should be 
properly controlled [1]. However, if power distribution in the reactor core of a pressurized 
water reactor (PWR) is not properly controlled during the power manoeuvre, xenon 
oscillation may occur, thus hindering operations. Generally, the way to avoid this problem is 
to maintain axial offset close to the target value, the so-called constant axial offset control [2]. 
Most of existing nuclear reactors are controlled under the conventional reactor regulating 
system, which controls the average temperature of the reactor core according to the referenced 
temperature determined by the turbine load. The conventional controller generates the 
insertion and withdrawal speed of the control rods using the average core temperature 
deviation and power mismatch of the reactor [1]. 

It is clear that the NPPs have high fixed costs and low variable costs (low fuel costs) 
when compared to fossil units (which have lower fixed costs but much higher variable costs). 
Hence in any system that has a mix of nuclear and fossil units, the commercially sensible 
arrangement, which minimizes fuel costs, is for the nuclear units to run at steady full output as 
much as they can, and for the fossil units to provide automatic frequency responsive 
operation, do load following, and reduce output at night, at weekends, and during lower 
demand seasons in the year. This would be true even if the nuclear units have the capability to 
be very flexible. Here comes the question why do we need load following? The answer can be 
simple, the power systems with dominant nuclear power have no choice except load following 
in certain periods of the day or the week and there are countries in which load following is 
beneficial. 

Not much information is available of practical usage of flexible changes of power level 
on a short time scale (one day period) with NPPs. The only countries known for such usage of 
their NPPs are France, Belgium and Germany. The reasons, why this is done, are briefly 
explained in the next chapter.  From safety point of view there are also no detailed reports of 
whatever negative effects caused by the load following manoeuvres. This is the main 
motivation for performing a study on this subject. The study is limited to application of 
probabilistic safety assessment (PSA) only. For purpose of the study, an existing PSA model 
of nuclear power plant from generation III+ is used. The most affected components and 
systems from the NPP are identified and according to that, the model is modified and tested 
for any changes in core damage frequency (CDF). 

PSA is a standard method for assessing, maintaining, assuring and improving the 
nuclear power plant safety [2-5]. It is generally used to find the weak points of a plant and to 
make recommendations for possible changes in design [6, 7]. 

2 EXPERIENCES 

French experience: French nuclear reactors comprise 90% of EdF's capacity and hence 
are used in load following mode especially during weekends and low demand seasons, so 
their capacity factor is low by world standards, at 77.3% [8]. However, availability is almost 
84% and increasing. Most PWRs in France have to be able to change their output quickly 
through its balancing mechanisms if the French grid operator RTE (French Grid System 
Operator) asks them to [9]. 

Differences between demand and generation give rise to frequency variations. Primary 
regulation acts within 30 seconds on plants generation level to limit variations of the 
frequency. Secondary regulation acts after primary adjustment to recover the reference 
frequency within the following minutes and balance transfer flows across boundaries. Those 
ancillary grid services (primary and secondary regulation) are provided by companies 
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according to contractual terms with RTE. EDF provides 1300 MW (average value) of 
ancillary services equally divided between primary and secondary regulation. As a rule-of-
thumb, gas and coal fired plants are the first choice to provide ancillary services (for a given 
power output, it is better to reduce the power of plants with higher variable cost), but fossil-
fired plants can contribute only when started at a minimum power level, which is not the case 
when they are outranked in the merit-order. Nuclear plants must then contribute [10]. 

German experience: Currently, nuclear power plants are used in Germany to cover the 
base load and are predominantly utilized in continuous operation at nominal load. Nuclear 
energy supplies 22% of the electricity requirement in Germany. At the same time, the Federal 
Government is pursuing the goal of continuously expanding the amount of renewable energy 
used for generating electricity. Its share of the electricity supply is supposed to account for at 
least 30% in 2020 and to continuously grow thereafter. A significant share of the growth of 
renewable energy is based on technologies feeding the grid at fluctuating rates (wind power, 
photovoltaic). A consequence of this is that the residual load, i.e., the load to be covered by 
conventional power plants (coal, gas, nuclear power), will fluctuate strongly to an increasing 
degree with the growing share of electricity supplied from renewable sources. In periods of 
simultaneous low demand for electricity and a high wind weather situation, it has already 
occurred that there has been an excess supply of electricity, which has resulted in negative 
electricity prices on the European Energy Exchange in Leipzig. It can be anticipated that such 
situations could occur more frequently in the future [11]. 

Due to these reasons and due to the fact that German wind turbines have “must run” 
rights, some of the German nuclear utilities have beneficial contracts with grid operators to 
reduce output on instruction occasionally at night or weekends if it is very windy at the time. 
Reference [12] states that the plants earn more money by doing such load drops, than by 
remaining at full output. But this does not seem to be the only reasons for load following with 
NPPS, it seems that the reason is more political. 

3 POWER CONTROL 

3.1 Flexibility expectations 

All nuclear units are able to cycle between full load, no load or full load again since 
they do that every time they are shut down for maintenance or refuelling. Yet, that amount of 
flexibility may not be of any practical use to the grid operator in controlling the system if it 
can only be done very slowly and infrequently [12]. The types of power control flexibility that 
should be considered are: 

•  The ability to reduce or increase output in a planned way, i.e. planned by the operator 
of the nuclear plant. 

•  The ability to reduce or increase output on instruction/request from the grid operator. 
•  The ability to reduce or increase output automatically in response to a control signal 

from the national or regional grid control centre,  known as “automatic generation 
control”. 

•  The ability to reduce or increase output automatically in response to changes in 
system frequency, sometimes called automatic frequency control. 

•  The ability to control voltage, which means to be able to change reactive power 
output either on instruction or automatically. 

The common thing for the above sorts of flexibility is that in all cases a fast change of 
power level is required. Table 1 gives a general picture of the ways how power control at light 
water reactors (LWRs) is established. As we can see from the table for both reactor designs, 
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pressurized water reactor (PWR) and boiling water reactor (BWR), are using control rods for 
fast control of reactor thermal power.  

Table 1. Power control regimes of LWRs [13]. 

 

3.2 Rod control mechanism 

The PWRs, as one of the most widespread reactor design, are reactors of interest within 
this paper. In order to understand the way in which plant operators can control electrical 
power output we will consider the most widely used tool, the control rod drive mechanism. 
The effects that control rods have on the chain reaction are much faster than injected diluted 
neutron poisons, such as soluble boric acid. The flexibility of power control depends on the 
number of control rods. PWRs in general have two types of control rods, known as black rods 
and gray rods.  The black rods are not optimized for controlling flexible reactor power levels. 
These rods have complete absorptive capacity of fission neutrons. The gray rods are used for 
flexible operation of the power output. These rods do not completely absorb the fission 
neutrons. It is important to mention that fuel enrichment also has influence on the flexibility 
of the rector. Reactors with higher levels of fuel enrichment are typically more difficult to 
control and have core neutron flux distributions that are less well suited to flexible operation 
[14]. For load-following manoeuvres, a clever management of control rods, soluble boron and 
fuel enrichment is found to be optimal [12]. The exclusive use of control rods for output 
power control would have negative consequences, such as: flux distribution disturbances, 
component materials fatigue, mechanical wear, and adverse impacts on fuel burn up. Many of 
these difficulties arise from the fact that, for instance, output electrical frequency control 
involves many low-amplitude rod movements (up to several hundred a day). This may limit 
the lifetime of rod control mechanisms [11]. This statement gives a clear picture of possible 
failure of the rod control mechanism i.e. possible failure of control rods injection in the 
reactor core when required. 

4 ANALYSIS AND RESULTS 

The model used for the performed analysis is made in PSA computer code and represents 
the complete PSA model of generation III+ NPP. The model includes internal events only. 
The changes are made only in direction towards increase of the failure probability of the rod 
control system. In principle, when reactor trip signal is generated, the control rods are inserted 
immediately following a turbine trip. Successful insertion of the control rods is assumed. The 
case of failure of the control rod drop is considered as an anticipated transient without scram 
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(ATWS) event. In case of a spurious reactor trip, the trip signal is directly generated by a 
spurious signal that is the initiating event. 

4.1 Anticipated transient without scram 

ATWS event is defined as one in which the reactor trip should occur but mechanical 
failure of rod control system or failure of the protection and safety monitoring system 
prevents dropping of the control rods into the core [15]. Therefore the ATWS event has the 
primary role in this study. The ATWS precursors were examined for the following three 
different subcategories.  

4.1.1 ATWS Precursor without Main Feedwater 

This ATWS subcategory applies to those transient precursors where the main feedwater 
is lost as a part of the initiating event. It consists of the following events: 

•  Loss of main feedwater to both steam generators 
•  Loss of condenser 
•  Loss of compressed air 

The ATWS precursor with main feedwater event (category 26) combined with the 
failure of main feedwater system, which results in a consequential ATWS precursor without 
main feedwater, is also included in this category. Figure 1 shows event trees of the ATWS 
event. 

4.1.2 ATWS Precursor with safety injection 

This ATWS subcategory applies to those events that start with the conditions leading to 
a SI signal and isolation of the main feedwater transients. It consists of the following events: 

•  Medium loss of coolant accident (LOCA) 
•  Core makeup tank line break 
•  Safety injection line break 
•  Small LOCA 
•  RCS leakage 
•  Passive residual heat removal tube rupture 
•  Steam generator tube rupture 
•  Main steam line break downstream of the main steam isolation valves 
•  Main steam line break upstream of the main steam isolation valves 
•  Main steam line stuck-open safety valve. 

4.1.3 ATWS Precursor with Main Feedwater 

This ATWS subcategory applies to those transient precursors where main feedwater is 
initially available as a part of the initiating event. It consists of the following events: 

•  Turbine trip 
•  Loss of reactor coolant flow 
•  Loss of main feedwater to one steam generator 
•  Core power excursion 
•  Loss of component cooling water/service water. 
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Figure 1. ATWS Precursor with safety injection event three (left), ATWS Precursor with 

Main Feedwater (right) 
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The spurious reactor trip, large LOCA, interfacing LOCA, and reactor vessel rupture 
events do not require a reactor trip. In the case of spurious reactor trip, the trip signal is 
directly generated by spurious signal that is the initiating event. For the cases of medium 
LOCA, large LOCA, interfacing LOCA, the nuclear process is shutdown due to voiding in the 
core. The approach used for modelling of the rest of the event threes can be found in [15]. 

For the purpose of this paper two independent studies were made. The first study 
considered the calculation of the CDF for the original model without any changes. The second 
considered the calculation of the CDF for three different hypothetical cases, increasing the 
ATWS frequency for 50%, 100% and 200%. Table 2 shows the results obtained for all four 
runs of the model. 

Table 2: Test results 

 Test 1 Test 2 Test 3 Test 4 
Increase of ATWS frequency original 50% 100% 200% 

CDF (per/year) 2.71E-07 2.73E-07 2.75E-07 2.8E-07 
ATWS in CDF (%) 1.59 2.48 3.16 4.75 

 
 The results obtained in the study show no significant increase in CDF for all cases, 
which is as result of small contribution of the ATWS event in the CDF of the studied plant 
model. 
  
5 CONCLUSIONS 

This paper stresses out the possible implications of usage of load following manoeuvres 
as part of NPPs operation. The study gives clear insights regarding the issues of why and 
when load following with NPPs should be used. It clarifies the reasons why NPPs are mainly 
used as base load units, which are purely economical, have low variable costs and high fix 
costs compared with other fossil units. While analysing the load following capabilities of 
NPPs, one should take in account the complexity of the power systems from technical and 
economical point of view and the requirements of the regulatory bodies which often differ 
from country to country. Therefore, a short preview of the politics of operation with NPPs in 
countries where load following is used is presented. It is clear that the reasons for load 
following in France are completely technical, which is not the case in Germany where the 
reasons seem to be purely political. 

To answer the question whether the load following manoeuvres represent a threat to 
safety of the NPPs, the paper analyzes the systems which are mainly affected from these 
operations. For that purpose, a PSA approach is used within this study. Therefore an existing 
PSA model of generation III+ PWR is used as a case study. In the beginning of the analyses it 
was identified that the only system that is significantly affected from the load following 
manoeuvres is the rod control system. The case of failure of the control rod drop is considered 
as ATWS event. Therefore, three different values larger from the nominal value of ATWS 
event frequency were considered in the analysis. The results show no significant changes in 
the CDF of the studied PSA plant model. These differences are also difficult to be pointed as 
relevant since the uncertainty of the input data can be significantly larger. 

From PSA aspect it is clear that the load following manoeuvres do not largely increase 
the CDF of the tested NPP. The ATWS event contribution to CDF in this model is relatively 
small compared to the other initiating events. Therefore, it is not difficult to conclude that 
increasing the ATWS event frequency dos not significantly increases the CDF. The simplicity 
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of the method presented in this paper allows convenient implementation to any generation II 
and III+ PWRs. 
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