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ABSTRACT 
All reactor designs take advantage of favourable inherent 

characteristics and compensate for unfavourable ones. Because 
of a very short reactor period for some postulated accidents, the 
Pressurized Water Reactor (PWR) design requires, and 
possesses, large negative values of fuel temperature and 
moderator temperature reactivity coefficients to ensure that rod 
ejection accidents can be compensated, and to stabilize 
reactivity transients from the operating state, which would 
otherwise be fairly rapid. In contrast, the CANDU1 design does 
not require strong negative feedback, given the small values of 
the reactivity coefficients around the operating point and the 
low reactivity worth of the control devices, both individually 
and collectively. Even for positive reactivity insertions near 
prompt critical, the rate of increase in reactor power in a 
CANDU reactor is inherently limited by its relatively long 
prompt neutron lifetime (about 40 times longer than that in a 
PWR), so that the reactor period is much longer and the rate of 
rise in power and enthalpy is much slower. Consequently, 
control and shutdown mechanisms are a practical and effective 
means for reducing total reactivity in the CANDU reactor. 

Although there are many international initiatives to align 
nuclear regulations and hence eliminate nation-specific 
requirements, many are still design-specific. The regulators 
who deal primarily with Light Water Reactor (LWR) designs 
tend to embed the LWR requirement of negative reactor 
reactivity coefficients in their regulations, whereby the 
regulations become very design-specific. In contrast, regulators 
who deal with various reactor designs typically favour a more 
technology-neutral approach – as in International Atomic 
Energy Agency (IAEA) standards, stating the safety goals to be 
achieved rather than defining reactivity coefficients. 

This paper presents a comparison of reactivity coefficients 
between typical modern LWRs and CANDUs. It discusses the 
relative importance of the reactivity coefficients in reactor 
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safety, identifies major design differences and their influence 
on the type and value of the reactivity coefficients, and explains 
key features of the reactor operation and reactor behaviour in 
transients. 

ACRONYMS 
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INTRODUCTION 
Reactivity characteristics of nuclear power reactors must 

be considered in the context of the overall safety characteristics 
of the plant. Without considering the interdependent effects of 
reactivity characteristics, the measure of any one reactivity 
characteristic is an insufficient measure of reactor safety. This 
integrated approach is fundamental in understanding how 
reactor concepts differ from one another.  Reactor designs take 
advantage of their favourable inherent characteristics and 
compensate for their unfavourable ones. 

Ideally all accidents would induce negative reactivity 
feedback. However this is not possible, as a large negative 
coefficient in one event can become a large positive one for the 
complementary event. The internationally accepted approach, 
which is technology neutral, measures reactor safety through 
the implementation of the defence in depth concept. Defence in 
depth includes inherent and engineered safety features, 
equipment, and procedures, and the appropriate balance must 
be struck among all these [1]. 

In both PWR and CANDU, the reactivity effects 
important to safety are those which are both large in magnitude 
and driven by fast-acting phenomena. Each reactivity 
characteristic can act in a negative or positive direction.  In the 
negative direction, large fast reactivity effects can stabilize or 
stop an accident. Limiting accidents – rod ejection and rapid 
cooldown for PWR reactors, and large loss of coolant for 
CANDU reactors – are those that exercise these effects in the 
positive direction.  

In terms of application of defence-in-depth to reactivity 
control, the design must demonstrate reactor control in all 
operating conditions and limit the impact of reactivity changes 
during accident scenarios. 

The Power Coefficient of Reactivity (PCR) measures the 
change in reactivity per percent change in reactor power; the 
power coefficient is the summation of the effects of the coolant 
and moderator temperature coefficients of reactivity, the fuel 
temperature coefficient of reactivity, and the void coefficient of 
reactivity. The PCR is one element in the assessment of the 
reactor safety case. Its importance, as we will show, depends on 
the other reactivity characteristics of the design, and the 
spectrum of Anticipated Operational Occurrences (AOOs), 
Design Basis Accidents (DBAs) and Beyond Design Basis 
Accidents (BDBAs). 

The reactivity characteristics of a modern reactor design 
must also support sophisticated digital control, with high 
reliability requirements. The trend toward a higher percentage 
of digital components in the plant protection system followed 
from the high reliability experienced when digital components 
were introduced. In a review of the instrumentation, control and 
safety systems by the IAEA, it was concluded that ‘Fault 
tolerant digital instrumentation and control (I&C) systems have 
been demonstrated to be effective automation and control 
technology for nuclear plant applications. These digital I&C 

systems use redundancy and signal validation methods, and 
provide a wide range of algorithms with more optimized 
performance and higher reliability than previous analog I&C 
systems They have been shown to reduce plant outages and 
trips, and reduce safety challenges to the plant’ [2]. 

LICENSING REQUIREMENTS OF REACTIVITY 
COEFFICIENTS 

A review of national regulations shows that regulators 
who deal primarily with LWR designs tend to embed the LWR 
requirement of strong negative feedback in their regulations, in 
particular a negative power coefficient of reactivity. In contrast, 
regulators who deal with various reactor designs typically 
favour a more technology-neutral approach, stating the safety 
goals to be achieved rather than defining reactivity coefficients, 
and considering the design holistically. Such an approach 
recognizes not just the upside but also the downside of a strong 
negative feedback – that under the right circumstances, it can 
cause strong positive feedback (e.g. main steam line break in a 
PWR). 

In the last twenty years there has been a drive to align or 
standardize safety requirements of various nations and various 
nuclear reactor designs. The objective of the Convention on 
Nuclear Safety, adopted in 1994, through the IAEA, is to align 
the safety requirements of various nations. All parties to the 
convention legally commit to maintain a high level of safety by 
meeting a set of international benchmarks, which are in the 
IAEA document ‘Fundamental Safety Principles’ [3]. These 
safety principles are a means to achieve the fundamental safety 
objective for nuclear power plants. ‘The fundamental safety 
objective is to protect people and the environment from harmful 
effects of ionizing radiation’. The primary means for the 
principle of prevention and mitigation of accidents is ‘defence 
in depth’, which is achieved by the incorporation of good 
design and appropriate combination of inherent and engineered 
safety features that provide safety margins, diversity and 
redundancy. 

The IAEA’s standard on ‘Design of the Reactor Core for 
Nuclear Power Plants’ [4] states the following expectation: 

 ‘The performance of these functions should be ensured by 
means of appropriate design of the core and its associated 
systems to ensure that they are capable and robust.’…and 
‘The design of the reactor core should be such that the 
feedback characteristics of the core rapidly compensate for 
an increase in reactivity. The reactor power should be 
controlled by a combination of the inherent neutronic 
characteristics of the reactor core, its thermal-hydraulic 
characteristics and the capability of the control and 
shutdown systems to actuate for all operational states and 
in design basis accident conditions.’   

Each reactor design has different means to counteract an 
increase in reactivity, as discussed in IAEA’s ‘Basic Safety 
Principles for Nuclear Power Plants’ [5]. ‘There are two 
features of a nuclear power plant that are important in 
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counteracting an increase in reactivity. One is negative 
reactivity feedback, and the other is the system which 
introduces a neutron absorber or reduces the reactivity by some 
other means, to compensate for the reactivity increase or to 
curtail power generation. Both features are influenced by 
design choice. Negative reactivity feedback coefficients alone 
cannot prevent all conceivable reactivity induced accidents or 
damage due to such accidents, but they can be effective in 
doing this in many cases, through stabilizing effects. Therefore, 
the design of a reactor core usually relies in part on such 
inherent features to assist in preventing reactivity induced 
accidents. Where inherent characteristics alone cannot prevent 
reactivity induced accidents, control systems are designed to 
ensure reliable reactivity control under all operating 
conditions.’ 

Canadian Licensing Requirements 
The Canadian Nuclear Safety Commission (CNSC) 

developed a technology-neutral requirements document for 
new-build water-cooled nuclear power plants (NPPs): ‘RD-337 
- Design of New Nuclear Power Plants’ [6].  RD-337 identifies 
safety objectives and safety goals for NPPs, based on the 
principles in [1]. The requirement of RD-337 on the design of 
the reactor core is technology-neutral; the demonstration of 
reactor control in all operating conditions and a sufficient safety 
margin for all shutdown states is required: 

‘The maximum degree of positive reactivity and its 
maximum rate of increase by insertion in normal operation, 
AOOs, and DBAs are limited so that no resultant failure of 
the reactor pressure boundary will occur, cooling capability 
will be maintained, and no significant damage will occur to 
the reactor core.’  

and 

‘The shutdown margin for all shutdown states is such that 
the core will remain subcritical for any credible changes in 
the core configuration and reactivity addition.’ 

Reactivity characteristics are to be managed in the design 
of the control system: 

‘The control system and the inherent reactor characteristics 
keep all critical reactor parameters within the specified 
limits for a wide range of AOOs.’ [6]. 

Furthermore, on the topic of PCR, the CNSC has issued a 
public statement that is quite clear: 

“A reactor design that has a positive power coefficient of 
reactivity is quite acceptable provided that the reactor is 
stable against power fluctuations, and that the probability 
and consequences of any potential accidents that would be 
aggravated by a positive reactivity feedback are maintained 
within CNSC-prescribed limits.  These are known safety 
issues that have long been addressed by the CNSC’s 
regulatory and safety regime” [7]. 

 

International Licensing Requirements 
A special effort on standardization of safety approaches 

has been made in Europe and the United States.  
Standardization of nuclear power plants is often cited as 
necessary to minimize cost and licensing difficulties. These 
regional approaches are nevertheless design-specific, and 
therefore align their requirements to the specific characteristics 
of the most common reactors built in the region. The French 
Institute of Nuclear Protection and Safety (IPSN – Institut de 
Protection et de Sûrete Nucléaire) and the German Nuclear 
Reactor Safety Institute (GRS - Gesellschaft für Anlagen und 
Reaktorsicherheit) began working in 1989 on a common 
approach for the safety of pressurized water reactors. By 1993 
these experts established a common safety approach for future 
pressurized water reactors [8]. Subsequently, a European Utility 
Requirement program, led by France, Germany, Belgium, Great 
Britain, and Spain, was established to define a common set of 
utility requirements for future European nuclear power plants. 
In 1990, the utilities drafted the European Utilities 
Requirements (EUR) document [9] which established common 
requirements for LWR plants to be built in Europe. The EUR 
document was issued in 2001. It provides detailed requirements 
for safety design, safety targets, safety criteria and assessment 
methodology, standardization of environmental qualification 
requirements, plant performance targets, and design features of 
main systems.  The requirements are geared to LWRs – e.g. 
those on core reactivity control are specific to reactivity 
characteristics of the LWR design: 

‘2.2 3.5 Negative Power Coefficient; 

The power reactivity coefficient shall be negative under all 
DBC (Design Basis Conditions) and DEC (Design 
Extension Conditions).  This power reactivity coefficient 
includes Doppler, void, and moderator temperature’; 
further ‘Nevertheless, a negative moderator temperature 
coefficient cannot be assured in either BWR or PWR plants 
at certain low power states.’ [9] 

Similarly, the United States utilities began an 
industry-wide effort to establish the technical foundation, under 
Electric Power Research Institute (EPRI) for the ‘Advanced 
Light Water Reactor’ [10]. The Utility Requirements Document 
(URD) was issued in 1985 and its requirements are based on 
forty years of U.S. and international experience with light water 
reactors. The URD comprises three volumes that provide 
detailed requirements for PWR and BWR (Boiling Water 
Reactors). The requirement for power coefficient is 
design-specific: 

‘Negative Power Coefficient 

The reactor shall be designed so that nuclear reactivity 
feedback compensates for rapid power increases under all 
operating conditions.  The power reactivity coefficient shall 
be negative under all conditions. The power coefficient 
includes the fuel doppler, moderator temperature and 
moderator void coefficients, as appropriate’ [10]. 
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WENRA, Western European Nuclear Regulators’ 
Association, has been founded quite recently (1999) by the 
heads of the Nuclear Safety Authorities of Belgium, Finland, 
France, Germany, Italy, the Netherlands, Spain, Sweden, 
Switzerland and the United Kingdom. Its main objective is the 
development of a common approach to nuclear safety and 
regulation, in particular in the European Union, to provide an 
independent capability to examine nuclear safety and regulation 
in applicant countries [11]. WENRA expects the design of new 
nuclear power plants to take into account the operating 
experience, lessons learned from accidents, developments in 
nuclear technology and improvements in safety assessment. 
WENRA developed reactor safety ‘reference levels’ [12] as 
expectations for new reactor designs, which are founded on the 
IAEA’s fundamental safety principles and safety strategy. 
Countries assess themselves against the reference levels and are 
further reviewed in peer review. The premise is that 
harmonization is assured by member countries in meeting the 
reference levels [11]. The WENRA reference levels list 
expectations of safety in design, operation, and for the 
management of nuclear activities, such as a system for 
investigating events and operational feedback as well as for 
plant modification [12]. These are high level requirements, and 
reflect the current plant technology of the member countries -- 
PWR, BWR, AGR (Advanced Gas-Cooled Reactor), CANDU, 
and RBMK (Reaktor Bolshoy Moshchnosty Kanalny, or High-
Power Channel Reactor). There are no specific requirements on 
the reactor core design; rather the focus is on demonstrating 
reasonable conservatism and safety margins in the design 
process. 

An effort to bridge the gap between design-specific 
regulations and standardization has been initiated by the 
CORDEL group (Cooperation in Reactor Design Evaluation 
and Licensing), established by the World Nuclear Association 
(WNA). The CORDEL working group was founded in 2007 
and is composed of WNA members representing reactor vendor 
companies and utilities which are involved, or will be involved, 
in the reactor licensing process with national regulators. The 
objective is to harmonize safety requirements, which would 
lead to standardization of reactor designs. The concept of 
standardization does not apply to any one design, rather to 
individual vendors. Therefore, with several vendors, there 
would be several internationally standardized designs [13]. In 
January 2010, the CORDEL group  presented the three phase 
integrated approach to a regulatory framework enabling 
standardization; 1) share design assessment, 2) validate and 
accept design approvals, and 3) issue international design 
certification [14]. The presented approach considers the IAEA 
Safety Standards a benchmark for harmonization in all 
countries utilizing nuclear energy for peaceful purposes. 

United States Licensing Requirements 
Nuclear energy in the Unites States consists of light water 

reactors (PWR and BWR). The United States Nuclear 
Regulatory Commission (USNRC) developed a regulatory 

guide in 2007 for the design of nuclear power plants, which 
specifies the requirements for construction and operating 
licenses [15]. The design requirements are specific to LWR 
designs, and include ‘negative reactivity feedback’ [15]. 

A similar requirement is provided in the high level Code 
of Federal Regulation (10CFR50) pertaining to ‘Domestic 
Licensing of Production and Utilization Facilities’ under 
‘General Design Criteria for Nuclear Power Plants’, GDC-11: 

‘Reactor inherent protection. 

The reactor core and associated coolant systems shall be 
designed so that in the power operating range the net effect 
of the prompt inherent nuclear feedback characteristics 
tends to compensate for a rapid increase in reactivity’ [16]. 

European National Licensing Requirements 
The French nuclear power reactor fleet is comprised of 58 

PWRs. The French nuclear safety authority is ‘Autorité de 
Sûreté Nucléaire’ (ASN). As expected, legislation and 
regulations are PWR design-specific [17]. The European 
Pressurized Water Reactor (EPR) was designed to meet the 
EUR and also the US EPRI Utility requirements. This was 
confirmed in 1995 as the new standard design for France and it 
received French design approval in 2004. The scope of the 
Integrated Regulatory Review Service (IRRS) 2006 review to 
France was specific to the safety of PWRs [18]. 

In the United Kingdom, the Office for Nuclear Regulation 
(ONR) is responsible for regulating the safety of nuclear 
installations. U.K.’s nuclear sector is comprised of a majority 
of Gas Cooled Reactors (GCR) and minority of PWRs. The 
Safety Assessment Principles (SAPs) together with supporting 
Technical Assessment Guides (TAGs) are used in regulatory 
decision making. The SAPs are consistent with IAEA Safety 
Standards and WENRA reference levels. Due to the mix of 
reactors used in the UK, the SAPs and TAGs are technology-
neutral. 

The requirements of SAPs include demonstration of 
sufficient safety margins; 

‘A reactor should be provided with safety systems that can 
shut it down safely in normal operating and fault conditions 
and maintain it in the shutdown condition.  There should be 
a margin of reactivity that allows for systematic changes 
and uncertainties in nuclear characteristics, variations in 
plant state and other processes or mechanisms that might 
affect the reactivity of the core, even for the most reactive 
conditions of the core.’ [19] 

The safety functions for the design of the reactor core are 
similar to the NS-R-1 requirements. Reactivity characteristics 
are to be controlled and reactivity effects are to be identified, in 
particular: 

‘Changes in temperature, coolant voiding, core geometry or 
the nuclear characteristics of components that could occur in 
normal operation or fault conditions should not cause 
uncontrollably large or rapid increases in reactivity.’ and 
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‘Effects of changes in coolant condition or composition on the 
reactivity of the reactor core should be identified.  The 
consequences of any adverse changes should be limited by the 
provision of protective systems or by reactor core design 
parameters.’ [19] 

In the mission of the IAEA IRRS in October 2009 to the 
United Kingdom, it was concluded that the regulatory 
organization used the SAPs as a reference for technical 
judgments on the adequacy of licensees’ safety cases. The level 
of detail provided by SAPs is at least equivalent to that usually 
provided by regulations of other countries [20]. 

Chinese and Korean Licensing Requirements 

Nuclear safety in China is regulated by the Chinese 
National Nuclear Safety Administration (NNSA). Chinese 
reactor technology includes PWR and CANDU designs. The 
document ‘Application and Issuance of Safety License for 
Nuclear Power Plants’ identifies applicable regulations, codes, 
guides and national standards which are applicable to the 
design of nuclear power plants. The regulatory requirements for 
the design of nuclear power plants, found in ‘Code on the 
Safety of Nuclear Power Plant Design’, are consistent with 
NS-R-1 requirements and are for ‘stationary land thermal 
nuclear reactors’ [21]. The July 2010 IRRS review of China’s 
regulatory system found ‘extensive use of IAEA Safety 
Standards in the development of China’s legislative framework’ 
[22]. 

In Korea, the Ministry of Education Science and 
Technology (MEST) is the government regulatory authority.  
The Korea Institute of Nuclear Safety (KINS) is the technical 
expert group established to support MEST in the development 
of nuclear regulatory policy and in the enforcement of nuclear 
safety laws and regulations. The Korean nuclear fleet consists 
of four CANDUs and a majority of LWRs. For the first 
CANDU (Wolsong 1) in 1973, Canadian laws and regulatory 
requirements were applied as mandatory requirements, as 
domestic laws and regulations applicable to licensing NPPs 
were not fully developed [23]. Korean requirements were 
increasingly applied to the three successor plants (Wolsong 2, 3 
and 4). Recent Korean regulations are geared towards PWR 
designs. Regulatory requirements include ‘prompt inherent 
nuclear feedback characteristics’ [24]. 

SAFETY AND OPERATIONAL ASPECTS OF 
REACTIVITY COEFFICIENTS 

The defence-in-depth concept currently has five levels of 
protection, as per INSAG 10-1996 [25]. The strategy for 
defence in depth is twofold: first, to prevent accidents; and 
second, if prevention fails, to limit the potential consequences 
of accidents and to prevent their evolution to more serious 
conditions. The plant is designed such that its sensitivity to any 
postulated initiating event (PIE) is minimized. The first 
expectation is that the PIE results in either no significant safety 
related effect or uses inherent characteristics to return the plant 
to a safe condition. For a power reactor, inherent characteristics 

alone cannot be relied upon to render the design safe, and 
therefore passive safety features or the action of engineered 
systems are required as the next level of protection. 

Fundamental Differences between CANDU and PWR 
The CANDU reactor is a Canadian-designed power 

reactor that uses heavy water (deuterium oxide instead of 
ordinary water) for moderator and coolant, and natural uranium 
for fuel. A natural uranium design has to pay close attention to 
neutron economy, and requires frequent refuelling. The 
CANDU reactor uses pressure-tubes as the core pressure 
boundary to enable easier scale-up in size.  Fuel channels also 
made it much easier to implement on-power refuelling, so that 
the plant capacity factor would not be limited by refuelling 
outages. A further consequence of the fuel channel design is 
that it permits physical separation of the heavy-water coolant 
inside the fuel channels from the heavy-water moderator and 
reflector outside the fuel channels; and allows the latter two 
(separate functions but a common fluid) to run at low 
temperature and pressure (typically ~70°C and close to 
atmospheric pressure). 

In parallel to the development of CANDU in Canada, 
PWRs evolved from the nuclear submarine programme in the 
U.S.A. PWRs in land-based power stations inherited the 
concept of the submarine version of these reactors, but have 
modified the design parameters – relative to submarines, 
land-based PWRs have much lower fuel enrichment (<5% U235) 
and shorter times between refuelling. In a PWR, the light-water 
performs the triple role of coolant, moderator and reflector, and 
while these are separate functions, the fluid is common. 

These fundamental differences between CANDU and PWR 
reactor designs are key in understanding the difference in 
reactivity characteristics that must be safely managed by the 
reactor. There are certainly differences among PWR designs in 
terms of reactivity characteristics, but the differences are small 
with respect to the comparison to CANDU. Similarly, different 
CANDUs have certain small differences in the design features 
that have a very small impact on the reactivity characteristics, 
and these are not relevant for the discussion in his paper. 

Reactivity Coefficients - Differences between PWR 
and CANDU Reactors 

Reactivity, denoted by ρ, is the fractional increase in the 
number of neutrons per each fission generation. Thus the value 
of reactivity in a reactor core determines the behaviour of the 
neutron population, and consequently the change in reactor 
power, at any given time. It is apparent that at normal 
steady-state operation globally in the reactor the reactivity must 
be zero. Reactivity can be changed by altering the amount of 
neutron production or absorption in the core, for example by: a) 
depletion of U235 as the fuel burns up, and conversely, addition 
of U235 through refuelling; b) movement of control devices into 
or out of the core; c) addition/removal of liquid neutron 
absorbers; d) changes in the concentration of neutron-absorbing 
fission products such as xenon; e) use of burnable neutron 
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absorbers in the fuel; f) production of plutonium from U238; and 
g) physical changes (temperature, density) in absorptive core 
materials. 

Reactivity coefficients measure the amount of change in 
reactivity per unit of change in the parameter of interest, while 
other parameters are kept unchanged. The combined effect of 
all short- to medium-term reactivity coefficients is defined as 
the power coefficient of reactivity and it is a measure of 
reactivity changes per unit power change in the reactor. 

Slow reactivity changes are relevant for normal operation 
in different reactor states, and are introduced in the reactor core 
by: a) burnup and refuelling, b) control device movement, and 
c) xenon changes in the core in operation. Details follow: 

a) PWR reactors are designed to operate in cycles of 
eighteen months to two years between refuelling outages.  
In order to allow for fuel burnup over this cycle, the initial 
core must have significant excess reactivity, achieved by 
enriching the fuel far more than initially needed. The 
excess reactivity, typically 150 mk2, is then suppressed by 
a combination of adding boron to the coolant, and 
insertion of control rods into the core – some PWR 
reactors supplement this with burnable absorber rods, so 
the rods lose negative reactivity worth as the fuel loses 
positive reactivity worth. CANDU reactors are refuelled 
routinely at power (about two channels per day), at a rate 
that compensates for the reactivity loss due to the 
depletion of U235 and the build up of fission products in 
the core, typically 0.4 mk / full-power-day. The fuelling is 
bidirectional (from each end of the reactor) to ensure axial 
symmetry.  This is a continuous process throughout the 
reactor life that obviates the need to carry excess reactivity 
to compensate for fuel depletion.  Hence reactivity control 
devices are used only for day-to-day control of reactor 
power. 

b) As a consequence of the need to suppress fuel reactivity, 
and because of the compact core size in PWR reactors, the 
control rods tend to have large reactivity worth. A typical 
PWR has a total worth of all control rods of about 110 
mk, and the maximum worth of a single rod (using the 
Westinghouse Advanced Passive 1000 (AP-1000) PWR as 
an example) can be of the order of 7.5 mk, under the most 
pessimistic conditions (hot zero power in a core just to be 
refuelled) [26], or larger than the delayed neutron fraction. 
CANDU control devices are used mainly for routine 
power operation rather than reactivity compensation. 
There is no neutron absorber in the coolant for reactivity 
control. Boron or gadolinium is used in the moderator 
only during startup after a long shutdown, to compensate 
for xenon decay; it may also be used to allow fuelling 
ahead, where extra fresh fuel is inserted into the core to 
allow the fuelling machines to be taken off-line for 

                                                             
2 Everyone uses different units. As an example: 2% Δk is about 20 mk or 

2000 pcm or (for CANDU reactors) 3.5β or 3.5$ or 350 cents. Note that the 
relationship between mk and $ depends on the reactor type. We shall use mk. 

maintenance. When used, the boron concentration in parts 
per million is small compared to the boron concentration 
in a newly-refuelled core of a PWR. 

c) Xenon-135 is formed mostly as part of the beta decay of its 
precursor Iodine-135 (half‑life 6.6 hours), but also as a 
direct fission product. It has a high neutron absorption 
cross-section, so is an unavoidable absorber or “poison” in 
an operating nuclear reactor. Xenon builds up as the 
reactor is started up and the power is increased, and 
reaches an equilibrium level after about 30 hours of power 
operation. It is destroyed by two mechanisms: a) it can be 
changed to Xenon-136 by neutron absorption, and b) it 
decays naturally with a half-life of 9.2 hours – the former 
mode dominates in an operating reactor, and the latter in a 
shutdown reactor. If the flux shape in a reactor is not well 
controlled, Xenon can lead to a flux instability.  PWR 
reactors are inherently stable with respect to Xenon 
oscillations over much of the fuel cycle, due to the 
compensating effect of negative fuel temperature 
feedback; but may require control rods compensation in 
cases where the feedback is not sufficient to stop a Xenon 
oscillation. CANDU reactors are inherently stable up to 
40% power and require automatic control rods 
compensation above that level to stop a Xenon oscillation. 

Fast reactivity changes are observed in postulated reactor 
accidents, when fast changes occur in some of the parameters 
that have large impact on the core reactivity, such as: a) coolant 
(and moderator) changes (volume, temperature, density), b) 
fuel temperature changes, c) fast movement of reactivity 
devices, and/or d) fast changes in the reactor core geometry. 

Two neutron kinetics parameters are of particular interest, 
as they influence the rate of rise in power for a given increase 
in reactivity: the delayed neutron fraction β and the prompt 
neutron lifetime lp.  For a PWR, lp is typically 20 – 30 µs; for a 
CANDU, lp is about 900 µs, or 30-45 times longer than a PWR 
– since heavy water does not absorb neutrons as much as light 
water, their lifetime in CANDU reactors is much longer.  In 
PWRs, the delayed neutron fraction β decreases slowly over the 
fuel cycle, from ~0.0073 in a refuelled core to 0.0054 just 
before next refuelling cycle. For CANDU it remains constant 
for most of the reactor lifetime at 0.0053, since the average 
in-core burnup remains more or less constant once the 
equilibrium fuelling condition is achieved. 

Figure 1 shows the relationship between reactivity and 
reactor period for various values of prompt neutron lifetime 
[27].  For ρ << β, the period for CANDU and PWR reactors for 
the same reactivity insertion is about the same. As ρ approaches 
β, the period for PWR reactors decreases sharply, whereas for 
CANDU it also decreases but fairly smoothly.  For ρ > β, the 
period for PWR reactors is about 40 times smaller (i.e., faster) 
than for CANDU. This difference is important when comparing 
the relative  safety  and  mitigation  of  each  reactor  type. The   
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FIGURE 1  REACTIVITY AS A FUNCTION OF REACTOR PERIOD WITH  

PROMPT NEUTRON LIFETIME LP AS A PARAMETER 
 

transition to a very fast power increase is sudden in the case of 
reactors cooled by light water, and much more gradual in 
CANDU design. Figure 1 also shows typical values of 
reactivity changes during certain accident classes for a PWR 
and a CANDU reactor, shown by coloured areas. 

This is such a fundamental difference that an illustrative 
example is useful. Consider the fastest reactivity accident in 
PWR, i.e., rapid ejection of the largest worth control rod in a 
PWR. Using the value of 7.5 mk for “worst” rod worth, the 
reactor period can be estimated of the order of a hundredth of a 
second following rod ejection. It is not practically possible for 
engineered shutdown systems to stop such a fast rate of rise in 
power. For PWR reactors it is not necessary to have such fast 
shutdown system – because of a strong negative fuel 
temperature coefficient. Hence PWR reactors can partly 
mitigate this event through negative feedback, but engineered 
shutdown is still required after the initial transient. 

Consider now the fastest reactivity accident in CANDU – 
the large LOCA. Since there are inherent physical limits to the 
speed and extent of channel voiding, the net result is that the 
maximum rate of reactivity addition is about 4 mk/sec, and the 
reactor period is about a second or so. At that rate of reactivity 
insertion, engineered shutdown systems can be reliably 
designed to terminate the power rise. Normally, a large LOCA 
in CANDU does not result in prompt criticality – but even if it 
did, the period would not change dramatically. In other words, 
prompt criticality is not the threshold of a sudden change in 
behaviour for a CANDU. 

A more detailed and quantitative comparison of power 
transients in LWRs and CANDUs has been performed by 
Meneley and Muzumdar, in two papers. The first [28] gives an 
overview comparison of positive reactivity insertion accidents; 
while the second [29] looks specifically at large LOCA in 
CANDU. 

In summary the same reactivity insertion that would result 
in a very fast power increase in PWR reactors results in a 
relatively slow one in CANDU. It is therefore appropriate that 
the mitigation mechanism is quite different. 

Reactivity Coefficients and Safety Implications 
Table 1 provides a general comparison of the value of 

various reactivity coefficients. 

a) Fuel temperature coefficient. The fuel temperature 
coefficient is one of the fast coefficients, with the 
timescale being set by slowing down of the fission 
products in the fuel just after fission.  Its value is 
determined by the effect of temperature on absorption and 
production of neutrons in the fuel. As temperature 
increases, the energy level at which substantial absorption 
in U238 takes place (resonance region) broadens, resulting 
in increased neutron capture and decreased reactivity. This 
occurs in both PWR reactors and CANDU.  However the 
opposite effect occurs in Pu239 – the increase in 
temperature moves more neutrons into a resonance region 
where the fission cross-section for Pu239 is increased.  An 
operating CANDU reactor has a higher Pu239 / U235 ratio 
than a PWR, since the fuel for the latter is enriched, so 
proportionately more fission will occur in Pu239 in 
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CANDU. The net result is that the fuel temperature 
feedback coefficient in a PWR is negative and strong - 
0.023 to 0.029 mk/oC from Beginning of Cycle (BOC) to 
End of Cycle (EOC), whereas in CANDU is close to zero. 

TABLE 1 
REACTIVITY EFFECTS IN PWR AND CANDU 

 

Reactivity 
Effect 

PWR CANDU 

Fuel 
temperature 

increases 

Large Negative 
(-0.023 to -0.029 

mk/oC) 

~0 

Fuel 
temperature 
decreases 

Large Positive 
(+0.023 to +0.029 

mk/oC 

~0 

Coolant voids Large Negative 
(-2.5 mk/% void) 

Large Positive 
(+0.15 mk/% void) 

Coolant void 
collapses 

Positive 
(+2.5 mk/% void) 

Negative 
(+0.15 mk/% void) 

Coolant 
temperature 

increases 

Negative 
(-0.09 mk/°C at 
BOC to  -0.54 
mk/°C at EOC) 

Small Positive 
(+0.04 mk/°C) 

Coolant 
temperature 
decreases 

Positive 
(+0.09 mk/°C at 
BOC to  +0.54 
mk/°C at EOC) 

Small Negative 
(-0.04 mk/°C) 

For a PWR, the negative fuel temperature coefficient has a 
significant impact on operation and safety. When acting in 
the “negative feedback” direction, it is highly effective in 
mitigating the speed and severity of accidents which 
increase reactor power; and it provides inherent stability 
against unwanted increases in power during reactor 
operation. In the “positive” direction, it leads to a reactivity 
increase on rapid cooldown. For CANDU, the fuel 
temperature coefficient does not have a significant effect 
on operation or safety, and the slow reactor response 
permits control and shutdown by engineered systems. 

b) Coolant void (or density) reactivity coefficient. The coolant 
void reactivity coefficient is slower than the fuel 
temperature coefficient, but is still relatively fast, with the 
timescale being set by heat transfer to the coolant 
(seconds) or by depressurization (tenths of seconds). In a 
light-water reactor, the coolant and moderator are the 
same fluid, so a significant loss of coolant accident 
(LOCA) causes a loss of moderator and leads to a rapid 
power reduction. Typical values of the coolant void 
coefficient in the power operating range are -2.5 mk/% 
void for a PWR. The negative coolant void coefficient 
therefore provides an inherent shutdown mechanism for a 
large LOCA. However this can also act in a “positive 
feedback” mode – when the Emergency Core Cooling 
System (ECCS) refills the core after a LOCA, cool water 
replaces the void and reduces the fuel temperature. 
Although cold-water refill is slower than voiding, the 
ECC water must be borated in order to prevent a return to 

power – effectively the borated ECC acts as an engineered 
shutdown system, required to mitigate the positive 
feedback. The boron concentration in the ECC water must 
also be sufficient to account for mixing of recovered 
coolant with any light-water spills from other systems. In 
a CANDU, the coolant and moderator are separate. The 
coolant void coefficient is positive and relatively large – 
typically ~+15 mk for a 100% voided core. Thus, the 
strong positive coolant reactivity coefficient results in a 
power pulse after a LOCA event, which requires fast 
safety system shutdown. 

c) The moderator temperature coefficient. Since the 
moderator and coolant are the same fluid, PWR reactors 
generally have a negative moderator temperature 
coefficient in the power operating range, although it can 
be positive at very low powers. It provides inherent 
negative feedback as a result of an increase in coolant / 
moderator temperature caused by an increase in power. As 
above, it can act in “reverse” and cause a positive 
reactivity effect for events such as main steam line break, 
opening of the main steam safety valves, or rapid plant 
cooldown. The situation in a CANDU is quite different 
because the moderator and coolant are physically 
separated and at different temperatures and pressures; so 
the conditions of each are controlled separately. In 
CANDU the moderator temperature coefficient is very 
small (typically +0.08 mk/°C [30]), and the moderator 
mass very large (~250Mg or more, depending on the 
design). The normal heat load to (and heat removal from) 
the moderator is ~100 MW(th), so even if all heat removal 
from the moderator were suddenly lost, the adiabatic 
heatup rate would be small, thus causing a small and very 
slow reactivity change. Therefore it has little safety 
significance. 

 
 

FIGURE 2:  IMPORTANCE OF REACTIVITY COEFFICIENTS 

In summary, reactivity coefficients can be characterized as 
follows: fast or slow3, large or small, and positive or negative. 

                                                             
3 A reactivity coefficient in itself is not fast or slow – the physical 

phenomenon driving it is inherently fast or slow; however sometimes 
the adjective is applied to the coefficient. 
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Figure 2 illustrates the safety significance of these 
characteristics: 

We explain: 

a) Speed.  Generally only reactivity coefficients driven by fast 
phenomena are highly important to safety – if the 
phenomenon driving a coefficient acts slowly, whatever 
its sign or size, its impact can easily be compensated by 
reliable engineered reactivity control and shutdown 
mechanisms.  

b) Size.  The size of a reactivity coefficient is clearly 
important to safety, as it sets the magnitude of inherent 
effects or engineered systems that must control or 
compensate it. Generally a small reactivity coefficient is 
not important, as the amount of compensation needed is 
also small – regardless of the sign or speed. Conversely, a 
large reactivity coefficient is important regardless of the 
sign. 

c) Sign.  If the reactivity coefficient with respect to a certain 
parameter is negative, then the reactivity change will be 
negative if the parameter increases, but positive if the 
parameter decreases - and conversely if the coefficient is 
positive. It is often believed that a large and 
quickly-driven reactivity coefficient should be negative.  
For example, if the fuel temperature coefficient of 
reactivity is negative (rise in fuel temperature leads to a 
reactivity decrease), this would compensate for 
inadvertent power addition. However as we noted, almost 
every reactivity coefficient can act in two ways, and if the 
phenomenon is reversed, the feedback effect from the 
reactivity coefficient will likewise be reversed – sudden 
cooldown in a reactor with a negative fuel temperature 
coefficient leads to a reactivity increase. The ideal reactor 
would be one where all coefficients provide negative 
feedback at all times, so that any perturbation away from 
the operating point would result in a reactivity decrease – 
but this is of course not possible. This two-sided 
behaviour is of particular interest if a coefficient is large.  

Modern commercial reactors all have some large 
coefficients, and safety analysis has to pay particular attention 
to the behaviour in which these coefficients act in their positive 
regime, as well as where they act in their negative regime. 
Figure 2 summarizes this concept – that the importance of a 
reactivity coefficient increases with the speed and the size, but 
not the sign (as it can always be reversed). Table 2 provides an 
overview of the important examples of reactor postulated 
accidents in PWR and CANDU designs, and the implications of 
the various values of reactivity coefficients. 

 

CONCLUSIONS 
All reactor designs take advantage of favourable inherent 

characteristics and compensate for unfavourable ones. Because 
of a very short reactor period for some postulated accidents, 

PWR reactor design requires, and possesses, large negative 
values of fuel temperature and moderator temperature 
coefficients to ensure that rod ejection accidents can be 
compensated and to stabilize reactivity transients from the 
operating state, which would otherwise be fairly rapid. In 
contrast, the CANDU design does not require strong negative 
feedback, given the small values of the coefficients around the 
operating point and the low reactivity worth of the control 
devices both individually and collectively (long reactor period). 
Even for reactivity insertions near prompt critical, the rate of 
increase in reactor power in a CANDU reactor is inherently 
limited by its relatively long prompt neutron lifetime (about 40 
times longer than that in a PWR), so that the rate of rise in 
power and enthalpy is much slower. Consequently, control and 
shutdown mechanisms are a practical and effective means for 
reducing total reactivity in the CANDU reactor. 

 
TABLE 2 EXAMPLES OF REACTIVITY RESPONSE TO 

ACCIDENTS FOR PWR AND CANDU 

 

Accident PWR CANDU 
Large 
LOCA 

Power decrease, ECC boration 
required in medium term to 
ensure shutdown 
(void reactivity coefficient, fuel 
temperature reactivity coefficient) 

Rapid power 
increase 
terminated by 
engineered 
shutdown 
(void reactivity 
coefficient) 

Cold Water 
Injection 

Power increase, terminated by a 
combination of inherent feedback 
and engineered shutdown – 
e.g., boron addition 
(moderator/coolant temperature 
and fuel temperature reactivity 
coefficients) 

Power 
decrease 
(coolant 
temperature 
and void 
reactivity 
coefficients) 

Main Steam 
Line Break 

Power increase, terminated by a 
combination of inherent feedback 
and engineered shutdown; 
possible return to criticality 
terminated by boron addition 
(moderator/coolant temperature 
and fuel temperature reactivity 
coefficients) 

Power 
decrease, 
engineered 
shutdown 
required in 
medium term 
(coolant 
temperature 
and void 
reactivity 
coefficients) 

Control Rod 
Ejection 

Rapid power increase with local 
power peaking terminated by 
combination of inherent feedback 
and engineered shutdown 
(delayed neutron fraction, 
moderator/coolant temperature, 
and fuel temperature reactivity 
coefficients) 

Not physically 
possible 

 

Although there are many international initiatives to align 
nuclear regulations and hence eliminate nation specific 
requirements, many are still design-specific. Regulators who 
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deal primarily with LWR designs tend to embed the LWR 
requirement of negative reactivity coefficients in their 
regulations, whereby the regulations become very design-
specific. In contrast, regulators who deal with various reactor 
designs typically favour a more technology-neutral approach – 
as in IAEA standards, stating the safety goals to be achieved 
rather than defining reactivity coefficients. The comparison of 
safety aspects as outlined in this paper is a good example of the 
latter view. 
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