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Summary 

The Dutch energy supply must make a significant contribution to a CO2 less energy 
production in the world. Together with a world wide increasing power demand this is 
a challenging problem for the future. One way of meeting this challenge is electricity 
production by wind energy with a High Temperature Nuclear Reactor (HTR) as a 
back up system. The dynamical behaviour of the energy production by a large off 
shore wind farm requires that the HTR must be flexible in the amount of energy it 
produces. The question is whether the reactor core of the HTR is capable of 
adjusting its power output in a fast manner. Besides the question of the technical 
feasibility of the HTR-wind combination, the question arises whether this combination 
is cost competitive with other energy systems. 
  
The dynamic capability of the reactor core of the HTR is investigated by computer 
modelling in MATLAB. A simplified model in MATLAB of the small ACACIA reactor is 
validated with a comprehensive model in Aspen Custom Modeler. This validation 
proved that it is possible to use a simplified model in order to predict the power output 
of a HTR reactor dynamically, although it is not possible to simulate the temperature 
profile of the reactor and pebbles accurately. 
 The model in MATLAB is altered for the modelling of the larger reactor of the 
Pebble Bed Modular Reactor plant (PBMR). This reactor model is further validated 
with the results of calculations made with the program FLOWNET. Some additions 
had to be made to the reactor model. Implementation of the inner reflector and the 
description of the temperature profile of the inside of the pebbles led to an improved 
validation of the model. 

Besides the modelling of the HTR, the dynamical power output of an off shore 
wind farm was investigated and modelled as well. This is done by calculating the 
power output of an off shore wind farm that will be realised in the future near Egmond 
in the North Sea. Wind speed data of this particular area of the North Sea was 
analysed together with the wind turbine characteristics and this resulted in a worst-
case scenario the HTR. In this scenario it was assumed that the HTR must be able to 
compensate for a drop in power output of the wind farm. The worst-case scenario 
consists of a rapid increase in power demand after a period of virtually no demand 
and thus build up of Xenon. It was concluded after the investigation of the wind 
power production that this type of scenarios can occur within wind power back up. 

 
Simulations of these scenarios with the reactor model in MATLAB show that 

by changing the reactor mass flow, the reactor power output can be varied quite fast. 
However, by solely controlling the reactor power by the mass flow, high mass flows 
can occur of two times the nominal value for a worst-case scenario. The high mass 
flows can be omitted if the control rods contribute to the control of the reactor power. 
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In that case the control rods compensate for the Xenon poisoning effect. Further 
optimising the controllers, thereby temporarily deviating from the demanded power 
results in even lower mass flows. In practice the limits of maximum helium outlet 
temperature and maximum mass flow will determine the exact values for the 
feedback controllers.   

It is concluded that the PBMR reactor can adjust its power output in a fast 
manner and is thereby a suitable back up system for wind energy from a technical 
point of view. 
 
The economical feasibility of wind energy with HTR back up was investigated by 
calculating the life cycle costs of different energy systems.The costs of energy 
generation by a combination of a HTR and wind energy are estimated between 46 
and 56 euro/MWh. When a conventional gas fired plant would have been used as 
back up, the costs would have been between 52 and 63 euro/MWh. This makes the 
HTR-wind combination more cost competitive than a combination of a conventional 
system and wind energy. If the HTR (PBMR) is used to generate all the demanded 
energy by itself, a cost of 24 euro/MWh is found. Cost of power generation by wind 
energy only (70-114 euro/MWh) or only conventional (39 euro/MWh) is more 
expensive than the HTR.  
 
It was concluded that the HTR is a feasible back up system for wind power, both from 
a technical and commercial viewpoint. It is recommended to investigate the dynamic 
capabilities of the other plant components of the HTR plant also. A further study on 
the implementation of the HTR-wind combination as part of the total energy market is 
also recommended. 
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1 Introduction 

The Dutch energy supply must make a significant contribution to a CO2 less energy 
production in the world. Together with a world wide increasing power demand this is 
a challenging problem for the future. Much attractive is such a system that is 
depending on the use of renewable energy and wind power in particular. However, 
large-scale wind energy poses a risk for the security of supply as it has a rather 
capricious nature. Therefore, it is necessary to have a back up system, whereby the 
quality and quantity of the energy production is guaranteed. Preferably, this back up 
system can also generate energy in a CO2 free mode. 
Hydropower seems fit to comply with the criteria and is used in Scandinavia as a 
back up system for wind energy production. However, the application of hydropower 
is limited and in a flat country like the Netherlands even impossible. The production 
by other energy systems such as solar or biomass energy will also be limited or 
costly. Other options for CO2 free back up systems are: fuel cells, batteries, import of 
energy produced in a CO2 free way. Another CO2 free option for the back up is a 
nuclear power system, which is normally used for base load energy consumption.  
 
A High Temperature Nuclear Reactor (HTR) can be chosen as the backup energy 
system as it is one of the new generation nuclear reactors. Advantages of the HTR in 
comparison with other nuclear reactors are the inherently safe character and the 
ease of operation. Another positive aspect of the HTR is that it can be used for co 
generating purposes. 
The dynamical behaviour of the energy production by a large wind farm requires a 
flexible energy production system to maintain a constant power level and power 
quality. On physical grounds, it can be said that problems may arise with the start up 
of nuclear reactors, because of the self-poisoning effect that is present in all nuclear 
reactor cores including the HTR. The HTR has to comply, in this particular case, with 
variable loads, fast start up and shut down. 
 
In paragraph 1.1 the wind power dynamics that are characteristic for large off shore 
wind farms are described. This paragraph is followed by the descriptions of two HTR 
designs, the ACACIA and PBMR reactors.  Finally the thesis objective and scope are 
stated in 1.3. 
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1.1 Wind power  

In the last decades developments in wind energy technology led to more efficient and 
larger wind turbines. In the nineteen eighties wind turbines of 75 kW were the norm, 
while nowadays the norm is 3,000 kW and tends to go to 5,000 kW in the near future. 
These large wind turbines are placed offshore, because of their large dimensions and 
because the energy content of the wind can be one and a half times greater then on 
land. These off shore wind farms can easily produce 100 MW or more.  
 
Denmark is considered one of the countries among the frontrunners in wind energy 
technology. The Danish government decided, by drawing the ‘Energy 21’ plan 
(Energy 21, 1996) that 50% of the electricity production must be covered by wind 
energy in the year 2030. This corresponds with 18 TWh. In 2003, 5 TWh of the 
electricity production has been covered by wind energy (Eltra, 2003). 
 
Most of the knowledge of off shore wind energy comes from Denmark, because one 
of the first off shore farms was build in this country. The particular wind farm is Horns 
Rev, which is located approximately 20 nautical miles to the west from Blåvandshuk. 
"Duivel's Hoorn" (The devil's horn) was the designation of the reef in ancient Dutch 
navigation books. 
Horns Rev consists of 80 turbines of 2 MW, which results in a capacity of 160 MW. 
See figure 1.1. The tip of the rotor reaches 110 meters above sea level. 
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Figure 1.1: Wind turbines at Horns Rev Figure 1.2: Power output curve at different wind 
velocities [kW] 

 
The power output curve of the turbines is shown in figure 1.2. From this curve it can 
be seen that the power production by the wind farm is strongly dependent on the 
wind velocity. The power output of the wind farm is approximately 0 MW at a wind 
velocities up to 3 m/s and 120 MW (75 % of maximum) at a velocity of 10 m/s. This 
makes the output of the wind farm very dynamic and the need for a back up system 
for energy production is obvious. 
 
Figure 1.3 shows the power production by wind energy in western Denmark (Eltra, 
2003). Indeed a dynamical behaviour of the power output can be seen. Steep drops 
and rises can be identified. For example August 27, the output at 16:00 was 1338 
MW, while six hours later the output was just 150 MW.  
The power consumption for the same period of time in Denmark is shown also shown 
in figure 1.3. The difference in day and night consumption can be recognized by the 
separate waves. 
 

0
500

1000
1500
2000
2500
3000
3500

Po
w

er
 [M

W
]

Wind production
Consumption

 
Figure 1.3: Wind power production and total consumption in Western Denmark 2003 [MW] 
 
The difference between wind power production and power consumption has to be 
compensated by other energy systems to maintain power balance. In Denmark this is 
done by power production by Combined Heat and power units and import of power 
from other Scandinavian countries and Germany. By importing power by a special 
HVDC link from Norway, where power is generated for 99% by hydropower, the 
power production will always be CO2 free. This combination of wind and hydropower 
is not applicable for a flat region like the Netherlands. Also, the possibilities for power 
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production by hydro power plants are limited. In Norway, the limitations of the 
application of hydropower are already seen and therefore a decision is made to 
construct gas-fired plants in the future, to meet the growing power demand (Nordel, 
2002). 
 
When conventional power plants that use fossil fuel are used to back up the wind 
farms, they will have to operate at different loads. In many cases this will not be the 
design load of the power plant, in which case the plant will produce even more CO2 
per kW. In this way the CO2 reduction that was accomplished by the production by 
wind energy is largely reduced. (van Eck, Rödel and Verkooijen, 2003) 
It can be expected that the power output of a single wind farm, such as Horns Rev, 
will show the same dynamic behaviour as in figure 1.3. A HTR that serves as a back 
up system for such a farm has to compensate for the lack of power production in a 
fast manner.  
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1.2  The High Temperature Reactor design 

Several HTR designs emerged in the past decades. The design and working of the 
HTR plant is explained by the ACACIA design by Nuclear Research Group and the 
South African Pebble Bed Modular Reactor of ESKOM. Both designs are based on a 
direct Brayton cycle (Cohen et al., 1996), in this way they are in fact nuclear gas 
turbines. Although the two reactors have a lot of similarities, there are some 
differences. The two designs are now discussed in more detail. First the ACACIA is 
described and after this description the differences of the PBMR are given. 

1.2.1 The ACACIA design 

The flow scheme of the ACACIA power plant can be seen in figure 1.4. Compressed 
Helium gas is heated in the reactor (3). The work of the gas is then used in a turbine 
(4) to drive a compressor (1) and generator (G). After the turbine the helium flows 
through a recuperator (2) where it is cooled by heating up the helium that is entering 
the reactor. After passing the recuperator the gas is cooled in the pre-cooler (5) prior 
to the compression stage. The cooling of the gas improves the compressor efficiency. 

Before going in to the 
reactor the helium goes 
through the recuparator, in 
this case to receive heat 
from the helium exiting the 
turbine. The special 
inventory system for the 
control of the mass flow 
consisting of pressure 
vessels is not drawn in 
figure 1.4. 
The water that is used in 
the pre-cooler can be 
applied for co-generating 
purposes. In this scheme a 
cycle for steam generation 
is also included. 
. 
 
 

 
Figure 1.4: ACACIA plant flow scheme (NRG, 2004) 
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1.2.2 Helium coolant 

For several reasons helium is chosen as a working fluid. For one reason, helium is an 
inert gas, both chemically and neutronically. It has relatively good values for heat 
capacity and thermal conductivity. From the viewpoint of turbo machinery, helium is 
not the perfect gas for the job, because it has a high value for the specific heat ratio. 
Helium has a high velocity of sound, which makes it possible to use high velocities in 
the machinery. 

1.2.3 Reactor Core 

In the reactor core, fuel pebbles and graphite pebbles form a porous bed through 
which the helium gas can flow. The gas flows from top to bottom, receiving heat from 
the pebbles. 
The dimensions of the reactor are a diameter of 2.5 m and a height of 4.5 m (van 
Heek, 1997). Surrounding the reactor is a reflector of graphite. 
The reactivity in the core is controlled with the amount of helium flowing through the 
reactor. There is no need for special pebbles, like for example pebbles containing 
boron, to control the reactivity. Although a special system for shut down is available 
consisting of dedicated tubes in which absorber spheres can be released. During 
operation new fuel pebbles are put into the reactor from the top and only after a long 
period of time a large amount of pebbles is unloaded. This way of fuel management 
is called the Peu-à-peu concept. By fuelling the reactor in this way the core over-
reactivity is kept low through continuous supply. Also the complex defuelling during 
operation is being eliminated.  
 
It is the dynamical capability of this core, which will determine if the reactor is suitable 
for use as a back up system for wind energy. The core can poison itself after a large 
decrease in power output, causing difficulties with increasing the reactor power in a 
later stage. The thermal capacity of the pebbles and reflectors and the heat transfer 
phenomena will also have a large impact on the dynamical capability of the core.  
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Figure 1.5: Pile of pebbles used in the PBMR ball     Figure 1.6:  Fuel pebble interior 
                    next to a tennis ball 

1.2.4 Fuel pebbles  

The pebbles that make up the core consist of a graphite shell surrounding a graphite 
matrix. In this matrix, thousands of Uranium dioxide (UO2) particles are imbedded. 
See figure 1.5 and 1.6. In order to have a self-sustaining or “chain” reaction, the 
pebbles contain uranium enriched to about 19.75% in U-235. The UO2 particles 
themselves are coated. These coated particles can withstand a temperature of 1600 
ºC. The reactor is designed in such a way, that temperatures of the pebbles never 
exceed 1600 ºC. This is even true in a worst-case scenario. Therefore this reactor is 
called inherently safe. In figure 1.7 is shown at which temperature the pebbles begin 
to fail and release radioactive material. 
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Figure 1.7:  Fuel pebble failure fraction vs temperature 
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1.2.5 The Pebble Bed Modular Reactor design 

Besides the ACACIA, the PBMR plant is also considered in this thesis. 
The mayor differences with the ACACIA design are as follows (see figure 1.8) 

• The PBMR has a larger power output of 165 MWe. 
• The PBMR uses three independently rotating shafts instead of one, thereby 

making the power cycle a bit more complex. The advantage of this cycle is 
that the shafts can rotate at speeds that lead to higher efficiencies.  

• The PBMR uses a more complex online fuelling system. Spent fuel pebbles 
are extracted from the bottom of the reactor and checked for reusability.  

• The average enrichment of the fuel in the PBMR is 8.5 % instead of the     
19.5 % of the ACACIA. 

• The PBMR has an inner reflector and therefore an annular core. In the 
demonstration module of the PBMR the inner reflector is made from graphite 
pebbles, but in the final design the reactor has a fixed reflector. 

• The PBMR is equipped with control rods.  
 

 
Figure 1.8: Flow scheme of the Pebble Bed Modular Reactor power plant 
 
In short, the PBMR is larger and more complex than the ACACIA, but has more 
control options. 
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1.3 Thesis objective and Scope 

The objective of the thesis is to investigate feasibility of a High Temperature Nuclear 
Reactor (HTR) as back-up energy system for a large wind energy farm. The 
investigation of the feasibility can be split into two subjects, namely: investigation of 
the dynamic capability of the core and an economical assessment. 
 
It is expected that the dynamical behaviour of the reactor core include phenomena 
that have long-term effects on the power production. Therefore, the investigation on 
the dynamic capability of the HTR is focused on the reactor core. Questions that 
come with this investigating: Can the HTR reactor core cope with fast load changes 
due to the fast transients in power supply by the wind energy plant? How fast can the 
HTR do a start up after a shut down, with regard to the self-poisoning effect by the 
build up of Xenon in the reactor core? What are the options for fast control of the 
reactor power? 
The combination of a wind farm and HTR must be commercially competitive with 
present day energy systems to be a commercial success. Questions that arise in this 
case are: What are the costs of energy production with a HTR? What are the costs of 
a combined energy system of a HTR and an off shore wind farm? Is this combination 
competitive with present day energy systems? 
 
The structure of this thesis is as follows. A dynamic model of the HTR reactor core is 
developed to answer the questions on the dynamical behaviour of the reactor core. A 
literature survey is made in chapter 2 on HTR reactor types and computer modelling 
of HTR reactors, in order to select a HTR reactor type and appropriate modelling tool. 

The development of a reactor model in MATLAB of the ACACIA reactor is 
described in chapter 3. Important assumptions are mentioned and important 
equations of the model are presented. 

To proof the validity of the MATLAB reactor model, a validation is made with 
the comprehensive reactor model in Aspen Custom Modeler (chapter 4). Differences 
between the two models are described and the validity of the MATLAB model is 
checked by several simulations. This validation is used to show that it is possible to 
use a simplified reactor model for modelling the power output of a HTR. 

Because the ACACIA plant is to small to back up a large wind farm of 100MW, 
additional data has to be used from the larger PBMR design. Chapter 5 describes the 
MATLAB model of the PBMR and its validation with FLOWNET. 

The MATLAB model of the PBMR is used in chapter 6 to simulate a combined 
system of wind energy and the PBMR. An investigation on the dynamic power output 
of an off shore wind farm in the Netherlands is made, from which a worst-case 
scenario for the nuclear reactor is derived. The off shore wind farm project that is 
planned in the near future at Egmond aan Zee in the Netherlands is chosen as a 
reference. 
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 In chapter 7 an economical assessment is made of the HTR as back up 
system for a wind energy farm.  Life cycle costs of the ACACIA and PBMR plants are 
made as well as for a gas fired conventional plant and an off shore wind farm. Also, a 
cost comparison is made of combinations of wind energy and HTR and wind energy 
and a conventional plant. 
The conclusions of this thesis are drawn and recommendations are given in chapter 
8. Finally, data on coefficients used in the reactor model and numbers on the 
commercial assessment are presented in the appendices. 
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2 Literature survey  

In order to develop or use a dynamic model, a survey is made on the available 
literature on HTR’s and dynamic models. To model the dynamical behaviour of a 
HTR reactor one can use an already existing model or build a model from scratch. 
Either way the resulting model should meet the following demands: 

• The model has to simulate the power output of the HTR reactor core in a 
correct way. It is not needed to simulate the temperature distribution in the 
reactor or to simulate the total power plant. 

• Short calculation time, no longer than one hour for the simulation of one 
week. Otherwise the model is not usable for calculating long simulations. 

• The model has to be able to simulate a large HTR that is capable of backing 
up a wind farm of 100 MW. The reason for this criterion is that it is desirable 
to simulate all the effects present in a large reactor core that have effect on 
the power output. Models of small reactor cores may overlook some effects 
that are related to large cores.  

 
With these criteria a specific HTR type and a modelling program is selected in section 
2.2 and 2.3. First, section 2.1 describes the development of the HTR. 
Besides the different reactors and available models, the fuel and fuel management 
will also have an impact on the reactor dynamics. Section 2.3 mentions the 
possibilities of different fuel types and fuelling strategies. In section 2.4 conclusions 
on reactor type and modelling are drawn.  

2.1 High Temperature Gas Cooled Reactors  

The idea of a High Temperature (Gas cooled) Reactor (HTR or HTGR) is not new. In 
fact the first literature about this subject dates back to the nineteen forties (F.Daniels, 
1944). HTR’s use graphite as moderator and Helium gas as coolant, which exits the 
reactor at high temperature. Over the last decades, several types of high 
temperature reactors were built and new types were investigated. 
 
In 1967, General Atomic developed the Peach Bottom 1. This 40 MWe reactor uses 
hexagonal graphite block elements. These elements contain holes for fuel rods and 
coolant and are stacked upon each other to construct the reactor core. This 
prototype worked successfully in the US until 1974 and was succeeded by the      
330 MWe Fort St.Vrain reactor. These reactors were based on an indirect cycle. The 
helium of the primary system was used to generate steam in a secondary system. 
(Ludwig, 2001) 
In Germany, the AVR-Reactor operated in Jülich from 1967 until 1990 and the 
Thorium High Temperature Reactor operated until 1989 in Hamm-Uentrop. These 
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reactors are of the so-called pebble bed reactor type, which means that the reactor 
core is made up of spheres (pebbles) containing graphite and fuel. In this particular 
case, the fuel consists of 93%-enriched 235U as well as 232Th for breeding. These 
reactors were also based on an indirect cycle. 
 

 
Figure 2.1: Pebble Bed Modular Reactor Layout 
 
More recent developments concerning pebble bed reactors are found in South Africa, 
China and Japan. In South Africa, ESKOM and PBMR Ltd. started the investigation 
on the building of the Pebble Bed Modular Reactor (PBMR). The start date of 
construction is set in 2005, with a prototype of 265 MWth in Koeberg (Cape Town). 
The PBMR uses a direct Brayton cycle with three independent shafts. In figure 2.1, 
the layout of the most important components of the PBMR power plant can be seen. 
The large cylinder to the left is the reactor. The two cylinders in the middle contain 
the two compressors and turbines at low pressure and high pressure. To the right, 
the Recuperator, Power Turbine and Generator can be identified in the cylinder 
    
In Beijing at the Institute of Nuclear Energy Technology (INET) a 10 MW (HTR-10) 
reactor prototype was developed and reached criticality in 1999. The objective of the 
HTR-10 is to verify and demonstrate the technique and safety features of Modular 
HTGR’s and to establish an experimental base for developing nuclear process heat 
application and closed gas turbine cycle. Different power cycles can be investigated 
with the HTR-10. A gas turbine cycle and steam reformer can be coupled to the 
reactor in addition to a steam turbine cycle. (Haverkate, 1997) 
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Figure 2.2: ACACIA plant layout 
 
Japan has a High Temperature Test Reactor (HTTR) of 30 MWth. The construction 
of the HTTR was decided by the Atomic Energy Commission of Japan (JAEC) in 
1987 and successfully completed by the Japan Atomic Research Institute (JAERI).  
The HTTR has hexagonal fuel blocks and a reactor outlet temperature of 950 ºC. 
(Haverkate, 1997) 
 
The Nuclear Research Group and the Delft University of Technology in the 
Netherlands investigate the possibility of a High Temperature Reactor for 
cogeneration applications by means of the Advanced Atomic Co generator for 
Industrial Applications (ACACIA) (van Heek, 1997). This is a reactor design of the 
pebble bed type, but in contrast to the other designs, it uses a direct Brayton cycle as 
energy conversion system. The fuel management is done by the so-called peu-à-peu 
strategy. This means that the reactor is filled with pebbles until criticality is reached. 
By adding new fuel pebbles to make up for ‘burned’ fuel, the reactor is kept at a 
constant criticality level. By making use of co generating applications, the ACACIA is 
an attractive option for energy supply. 

2.2 Literature on Modelling of HTR reactors 

To understand the basic concepts of reactor physics one can find the literature of 
Duderstadt and Hamilton (1975) and Hoogenboom and van Dam (1998) useful. The 
work of Stacey (2001) also describes the reactor dynamics in more detail, besides 
the basic concepts.  
The literature of Kugeler and Schulten (1989), which is especially about High 
Temperature Gas-cooled Reactors, contains all technical aspects of the reactor as 
well as economics and structural aspects.  
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From his experience with the DRAGON project in the UK and the Peach Bottom 
reactor, L.Massimo (1976) describes the physics of high temperature reactors. Not 
only the general concepts of reactor physics can be found in this work but also 
description of core dynamics, burn-up, reactor control and fuel management. The 
computer programs that are mentioned in this work are out-dated. Still, the equations 
describing the physics are still usable today. 
 
A great deal of knowledge on the subject of high temperature reactors is still present 
in Germany, because of the experience the Germans gained from the AVR. 
K,.Verfondern (1983) made an investigation on the temperature and flow in a pebble 
bed reactor, by building a three dimensional model of the reactor in THERMIX. The 
way of building a thermodynamic mode can be found in this literature and some 
useful thermodynamic relations can be retrieved.  
In the work of Mulder (1999), a method is put forward to get a more equalized power 
distribution in the reactor core of a Pebble Bed Reactor. Adding a type of pebble with 
burnable poison realises this equalizing effect. The work focuses more on the 
neutronics than on the thermal hydraulics.  
 
With the knowledge of reactor physics it is possible to construct models to simulate 
the dynamical behaviour of a reactor. The Nuclear Research and consultancy Group  
(NRG) in Petten is developing the HTR reactor physics code system PANTHERMIX 
(Kuijper et al., 2002). In PANTHERMIX the 3-D steady state and transient core 
physics code PANTHER has been interfaced with the HTR thermal hydraulics code 
THERMIX to enable core follow and transient analyses on pebble bed HTR systems. 
Recently the capabilities of PANTHERMIX have been extended with the possibility to 
simulate the flow of pebbles through the core cavity and the (re) loading of pebbles 
on top of the core. The PANTHERMIX code system is being applied for the 
benchmark exercises for the Chinese HTR-10 and Japanese HTTR. Also, core 
physics calculations have been performed on an early version the South African 
PBMR design. This shows that PANTHERMIX is a powerful tool for modelling the 
HTR reactor core. 
 
In the work of Verkerk (2000) and Kikstra (2001) a thorough modelling is made of a 
total High Temperature Gas-cooled Reactor (ACACIA) power plant. The work of 
Verkerk focuses on the reactor core of the HTR, while the work of Kikstra is more 
focused on the energy conversion part of the HTR plant. Kikstra developed four plant 
wide models. They are used to assist in the design and control of the plant. In these 
models, the reactor model developed by Verkerk is integrated. The reactor has been 
modelled in various levels of detail; 3-dimensional or point kinetics 
for the neutronics part, 2- or 1-dimensional for the core thermal hydraulics. It turned 
out that the core can be modelled using point kinetics, because the core acts as one 
entity from a neutronics point of view.  
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The temperature distribution is far from constant during transients, and in order to 
describe heat transfer by forced convection, radiation, conduction or free convection, 
a 2-dimensional model is found to be a requirement. 
In this reactor model, the computer program Aspen Custom Modeller (ACM) is 
validated with RELAP, Thermix-Direkt and PANTHERMIX. The model was finally 
used to design a control system for the plant. 
Verslype (2002) worked on a multidimensional neutronics model to improve the 
model developed by Kikstra and Verkerk. This attempt was not completely 
successful, because the diffusion code FX2, which was used, does not take up-
scattering of neutrons into account, thereby not giving the correct results. 

The model in ACM is available for use. It is thus a usable tool to reach the 
thesis objective. However, the ACM model is made for the small ACACIA reactor, 
which cannot serve as a back up system for a large wind farm. Moreover, the ACM 
model is a complex and slow model and thus not very easy in use. The ACM model 
will be described in more detail in chapter 4. 
   
At the Potchefstroom University for CHE in South Africa, models for the different 
parts of the PBMR are developed. For the reactor core different models were 
created. (Greyvenstein et al., 2002)  (Rousseau et al., 2002). These models were 
developed in cooperation with the PBMR Ltd. and are now incorporated in Flownet, 
thereby creating a plant wide model. The reactor model in Flownet is still being 
modified. Multidimensional dimensional neutronics are now being integrated to get a 
more realistic representation of the reactor and thermal hydraulics are refined (du 
Toit, 2003).  
 The PBMR reactor is large enough to be used as a back up system for a large 
wind farm. Data of the PBMR reactor concerning dynamic behaviour is available 
(Rousseau, 1999); unfortunately the FLOWNET model is not.  
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2.3 Literature on fuel cycles and fuel management 

Different fuel cycles for the HTR are possible. (Greneche, 2002). The HTR is flexible 
with regard to fuel consumption. This is because the almost perfect uncoupling 
between parameters that determine cooling geometry and parameters that 
characterize neutronic optimization. The flexibility also benefits from the use of a solid 
moderator.  
In Greneche (2002), different fuels are compared with each other. The following fuel 
cycles are mentioned in this case: 

• Low Enriched Uranium (LEU) cycle 
• Mixture of Uranium and Plutonium (MOX) cycle 
• Plutonium only cycle 
• Thorium based cycle 

 
The LEU cycle emerges as the most credible option for the first stage of 
developments of HTR’s. In the future the HTR can adapt easily to changes 
(economic or technical). HTR’s prove to be excellent consumers of Plutonium. By 
using Thorium (recycling of 233U) offers potential for savings in natural Uranium by a 
factor 2 or 3.  
 
Bende (1999) investigated the use of the Pu only fuel cycle for a 40 MWth HTR.  A 
parameter study was performed in WIMS7b, in which the plutonium mass per pebble, 
the coated particle type, the moderator temperature and the fuel temperature were 
varied. All pebble configurations showed negative fuel temperature coefficients. The 
moderator temperature coefficient showed negative values at high temperature, but 
positive values for pebbles with low plutonium loadings at low temperature. 
The dynamical behaviour of the reactor was studied for 1g and 2 g plutonium per 
pebble for a peu-à-peu fuelling system. In several loss of cooling incident simulations 
that were performed, the temperature in the core remains well below the temperature 
limit of 1600 °C, which demonstrates the passive safety of the HTR with plutonium 
fuelling. 
 
A recent study by van Heek (2002) shows that it is possible for a low power pebble 
bed HTGR (60 MWth) to operate for three years without on-line fuelling. The pebble 
bed will then be reloaded following the cartridge type fuel loading system. This 
means that the reactor core is loaded in the beginning of the cycle with fresh 
pebbles, and then operated for the longest possible time without refuelling. Burnable 
poison (B4C) is used in the inner reflector of the core to control the reactivity over a 
long period. The outer reflector can then be reserved for the control rods. Fuel 
elements with the composition as proposed for the PBMR plant, with 8.1 % 
enrichment will be used in this case. 
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Based on the above, one could say that the HTR reactor is flexible with regard to fuel 
type and fuelling strategy. 

2.4 Conclusion of survey 

The power output of the PBMR is in the range of the power output of a large wind 
farm and therefore a suitable possible back-up system. Although the ACACIA is 
smaller in size, the reactor model in ACM of this reactor is available for use.  
Unfortunately the ACM model is a slow and complex model. Therefore it is used to 
construct a new reactor model in MATLAB that will be faster and easier in use. The 
MATLAB model is validated with ACM for the ACACIA design and is then altered to a 
model for the PBMR design. The data of the PBMR comes from the data used for the 
FLOWNET model. 
Because the ACM model is the more complex model, first the simplified model in 
MATLAB is described in chapter 3. After this chapter the differences of the ACM 
model with MATLAB are made clear in chapter 4. 
 
Clearly the HTR is flexible with regard to fuel type and strategy. In this thesis the 
standard fuels for which the ACACIA and PBMR are designed, are used. The effect 
of fuel type and strategy on the dynamics is beyond the scope of this thesis. 
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3 MATLAB reactor model of the ACACIA                       

A simplified model of the ACACIA reactor design is made in MATLAB/ SIMULINK 
based on the more complex model in Aspen Custom Modeller developed by Kikstra 
(2001).  
This chapter describes the assumptions and considerations made with this model. 
The purpose of the model is made clear in section 3.1. After this section, the system 
borders, causalities and relevant phenomena are discussed in sections 3.2, 3.3 and 
3.4.  In paragraph 3.5, the equations that form the model are defined.  

3.1 Purpose of the simplified ACACIA reactor model 

The purpose of the simplified model is to provide a tool, which can be used to 
simulate the dynamical behaviour of the reactor. The ACACIA model is used to prove 
that it can simulate a HTR in a correct way. It is expected that the simplified model in 
MATLAB will be much faster in terms of calculation time and will be easy in use.  A 
comparison of calculation times of the two models is made in chapter 4. 
The main purpose of the model is to predict the power output at different mass flows. 
This is because the power output of HTR reactors is mainly controlled by changing 
the mass flow through the reactor, besides controlling the reactor by control rods. 
Next to the power output at different circumstances, the build up of Xenon in the 
reactor core is also investigated. The poisoning effect of Xenon determines how fast 
the reactor can restart after shut down and how much reactivity is needed for a 
restart. 

3.2 System boundaries and variables 

The system boundaries of the model are drawn directly around the reactor itself. The 
outside of the reflector is the boundary of the model. No other components of the 
power plant are included in the model.  

It is expected that the dynamic capability of the reactor core will determine 
how fast the power output of the total plant can be changed. The time constants of 
the other plant components of the plant are expected to be smaller. An investigation 
of the dynamic behaviour of these components can be found in Kikstra (2001).  
 
The variables that cross the system border can be seen in the causality diagram 
below.   
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3.3 Causality diagram Causality diagram 

    
  
  
  
  
  
  
  
  
  
  
  
 

 

  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Figure 3.1:  Causality diagram of the MATLAB model Figure 3.1:  Causality diagram of the MATLAB model 
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The Helium fluid sub model is a combination of a resistive (R) and a capacitive (C) 
system. 
In the causality diagram two sub systems can be identified. These two sub models 
are:  the thermal hydraulics and the neutronics. These two sub system can be split up 
into sub models: 
 

• Thermal Hydraulics 
o Reflector 
o Helium fluid 
o Pebble Bed 

• Neutronics 
o Temperature Reactivity 
o Neutron point kinetics 
o Xenon 

 
The reason for this division of the model in these sub models will be explained in the 
following sections.  

3.4 Phenomena and Hypotheses 

In the reactor, Helium is heated up by hot pebbles, in which nuclear fission takes 
place.  
 
Thermal Hydraulics 
The thermal hydraulic equations describe heat storage in the reactor and the heat 
transfer between the fuel pebbles and the Helium coolant. The reflector has some 
heat loss to the surroundings.  
 
Neutronics 
The amount of energy released in the pebbles is determined by the amount of 
moving neutrons present, which can cause fission. 
It is assumed that all the energy by nuclear fission is released in the pebbles and not 
in the reflectors or the helium fluid. In reality, a small part of the energy will be 
released in the reflectors by means of gamma radiation. 
The nuclear reactions itself are not modelled, except for amount of Xenon and Iodine 
that have a large impact on the reactor dynamics. Also, the reactivity change by 
temperature changes, which comes with the change in neutron absorption, is taken 
into account. 
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3.5 Model equations 

Relevant equations of the model are stated below.  

3.5.1 Helium properties 

The properties of the Helium coolant at different pressures and temperatures are 
needed to solve the equations of the model.  The properties of Helium are as follows 
(Kikstra, 2001, Yan, 1990): 

 ( ),T p p
RT Bp
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+
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⎛= + + −⎜
⎝ ⎠

⎞
⎟  (3.2) 

 ( ) 2
1

3 51 1
B T C

C T C T
= + +

− +
4C C

0.6877−

 (3.3) 

  (3.4) ( )3.953 10 Tμ = ⋅

with, 
• ρ Density      [kg m-3]   
• T Temperature      [K] 
• R Gas Constant      [J K-1 kg-1] 
• p pressure      [Pa] 
• h Enthalpy      [J kg-1] 
• cp Heat capacity     [J kg-1K-1] 
• μ dynamic viscosity of the fluid   [kg/ms] 

 
The values of the constants C1,…,5 for the calculation of the helium properties can be 
found in appendix A. 

3.5.2 Thermal Hydraulics 

The emphasis of the thermal hydraulics lays on the time constants that come with the 
thermal capacity of the reactor and heat transfer with the Helium coolant. The 
purpose of the model is not to calculate the temperature distribution of the reactor, 
but to predict the power produced by the entire reactor core. For this reason, the 
thermal hydraulic model is just zero-dimensional. 
 
The reactor consists of pebbles that form a bed and helium coolant that flows through 
the pebble bed. In these pebbles nuclear fission takes place, which generates heat. 
The heat is stored in the pebbles when heat production exceeds the amount of heat 
transported to the coolant. The amount of transferred heat depends on the 
temperature difference between coolant and pebbles. When presented in an energy 
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balance for the pebble bed, the following equation holds (Kugeler and Schulten, 
1989): the energy equation for the pebble bed, 
 

 ( ) (peb
total peb peb Hepeb

dT
cV P UA T T

dt
ρ = − − )  (3.5) 

 
The pebble bed is modelled in this way with one temperature for the whole bed. The 
bed receives energy from nuclear fission in the pebbles. It can store this energy by 
increasing its temperature or exchange heat with the Helium coolant. 
 
The Energy equation for the Helium coolant: 
 

 ( ) ( ) ( ) ( ) ( ), ,
, , ,

1He out He out
peb He He rfl He in He out He in Hepeb rlf

He He

dh dp
UA T T UA T T m h h V

dt V dtρ
⎧ ⎫

= − − − + − +⎨ ⎬
⎩ ⎭

& (3.6) 

 
The Helium coolant receives heat from the pebble bed, which is represented by the 
first term between the brackets. The amount of heat exchanged with the reflector is 
represented by the second term. The third term indicates the net amount of heat 
exchanged by mass transport. The last term gives the energy concerning pressure 
change.  
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The Momentum equation for the Helium coolant: 
 

 ({ },
, , , , , , ,

1He in
He in He in He out He out He in He out He fr

dm
m m S p p p

dt L
= − + − − Δ

&
& &v v )  (3.7) 

 
The inlet mass flow changes with changing momentum and changes in pressure 
difference. The equations for the calculations for the pressure loss by friction, ΔpHe,fr, 
in the pebble bed are given in section 3.5.4.  
 
The Continuity equation for the Helium coolant: 
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with,  ,p h
php h

ρ ρα α
⎛ ⎞∂ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

∂  (3.9) 

The calculation of αp and αh are based on the equations for helium properties. 
 
The energy equation for the reflector: 
 

 ( ) ( ) ( )rfl
He rfl lossrfl rfl

dT
cV UA T T Q

dt
ρ = − −  (3.10) 

 
This equation is build up in the same way as the equation for the pebble bed (3.5), 
with the exception that no power is generated and the addition of a heat loss term 
Qloss. 

 
The symbols used in this paragraph are: 

• ( )cVρ   Thermal capacity       [J/K] 

• T  Mean temperature     [K] 
• U  Heat transfer coefficient    [J/m2K] 
• A  Heat transfer area     [m2] 
• HeT   Mean helium temperature    [K] 

• ,He outT , ,He inT  Helium outlet, inlet temperatures   [K] 

• Hem&   Helium mass flow     [kg/m3] 

• vHe  Helium velocity     [m/s] 
• 

Hepc   Helium Heat capacity    [J/kgK] 

• hHe  Helium enthalpy     [J/kg] 
• pHe  Helium pressure     [Pa] 
• ΔpHe,fr  Pressure loss     [Pa] 
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• Qloss  Heat transfer to the surroundings   [W] 
• Qrefl.  Heat transfer to the reflector   [W] 
• L  Length of the reactor    [m] 
• S  Flow area of the reactor     [m2] 
• V  Volume of Helium in the reactor   [m3] 

Subscript peb stand for pebble bed, rfl for reflector, He helium gas. 

3.5.3 Pebble bed heat transfer coefficient  

The fuel pebble surfaces in the reactor will heat up by nuclear fission inside the 
pebble. The helium gas flowing over the pebble surface will remove the heat from the 
pebbles.  The amount of heat transferred at a certain temperature difference is 
dependent on the behaviour of heat transfer mechanisms, such as convection. The 
performance of the heat transfer mechanism is described by the heat transfer 
coefficient U. 
 
The value for the heat transfer coefficient for the heat transfer between the pebble 
bed and the Helium coolant was adapted from Boer (2003).  In this work the heat 
transfer coefficient is calculated with methods by Kugeler and Schulten (1989) and 
Verfondern (1983). They are applied to the PBMR reactor. The ACACIA reactor 
works under a different pressure and mass flow, which has to be taken into account. 
 
Method by Kugeler & Schulten (1989) 
 
This method consists of calculating a Nusselt number. The Nusselt number is a 
dimensionless number which gives the ratio of the total heat transfer and the heat 
transfer by conduction. This can be seen in the equation: 

 
UdNu
k

=  (3.11) 

with, 
• U  heat transfer coefficient     [W/m2K] 
• d  diameter of the pebble       [m] 
• k  thermal conductivity of the helium    [W/mK] 

 
This Nusselt number for a bed of spheres can be calculated by the following 
empirical equation: 

 
0.33 0.5

0.36 0.86
1.18 1.07

Pr Pr1.27 Re 0.033 ReNu
ε ε

= +  (3.12) 

 
with, Pr and Re, the Prantl and Reynolds numbers and ε the porosity of the pebble 
bed. 
This formula is specially developed for pebble bed reactors and is valid for: 
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• 2 510 Re 10≤ ≤ , 0.36 0.42ε≤ ≤ , 20D
d ≥ , 4H

d ≥  

with H the pebble bed height and D the pebble bed diameter. This equation is widely 
used for HTR calculations. 
 
The values that are used to get an impression of the values to be expected in the 
reactor, at an average temperature of 1000 K and a mass flow of 25 kg/s, are for 
helium (Nuclear Safety Standards Commission, 1978):     
 

• Re = 6700 [-] 
• ε = 0.39 [-] 
• Pr = 0.67 [-] 
• μ = 4.55.10-5 [kg/ms] 

 
The Reynolds number is calculated by means of:   

 Re
ax

md
Aμ

=
&

 (3.13) 

        
• Aax the total area of the reactor in axial direction [m2] 
• μ dynamic viscosity of the fluid   [kg/ms] 
• m& mass flow through the reactor   [kg/s] 

 
For the ACACIA, this gives a heat transfer coefficient of 1320 W/m2K  (PBMR 2665 
W/m2K).  
 
Method by Verfondern (1983) 
 
The formula for the Nusselt number used in THERMIX, by Verfondern (1983) is: 
 

0.6
0.877 1.67

3.34 2.05

Pr Pr0.348 Re 0.00316 ReNu
ε ε

= +         (3.20) 

 
This formula is developed for a pebble bed reactor cores. Using this formula will lead 
to a result for U of 1314 W/m2K (PBMR 2748 W/m2K). This result is close to the 
result of the method by Kugeler and Schulten (1989), which equation will be used in 
the MATLAB model. 

3.5.4  Pressure loss  

The helium gas that flows across the pebble bed will experience a pressure loss 
through friction. Pressure losses due to other effects are not incorporated in the 
model. 
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Jeschar (1964) made a thorough investigation of the pressure loss by friction in a 
pebble bed. The pressure loss can be calculated by an equation put forward by 
Kugeler and Schulten (1989) and recommended by the Nuclear Safety Standards 
Commission (1978):  
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with, 
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 (3.15) 

This equation holds within the following scope: 
Reynolds number:  100 < Re/(1-ε) < 105 
Porosity of the bed:  0.36 < ε <0.42 
Diameter ratio D/d:   for Re/(1-ε) >104, D/d >5 
Height of the bed:  H > 5d  
 
These equations hold both for the ACACIA reactor as well as the PBMR reactor.  
 
In these equations, the symbols used are: 

• ρ  density of helium  [kg/m3] 
• H  height of the bed  [m] 
• p  pressure   [Pa] 
• ε  porosity of the bed  [-] 

 
Because the properties of helium are temperature dependent, this equation is also 
temperature dependent. A typical value of the pressure loss ΔpHe,fr at a temperature 
of 1000 K is 0.86 bar for the PBMR (mass flow 126.3 kg/s) and 0.377 bar for the 
ACACIA (mass flow 30 kg/s). 
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3.5.5 Point kinetic equations  

For the small ACACIA and PBMR reactors, the kinetic equations can be described by 
treating the reactor as a point, thereby neglecting the space-dependency of the 
neutron flux (Verkerk, 2000). The point kinetic equations: 
 
 

 
( ) ( ) ( ) ( ) ( )p

p j j
j

dP t t
P t C t S t

dt
ρ β

λ
−

= +
Λ ∑ +  (3.16) 

 

 
( ) ( ) ( )

1....6

j j
p j

dC t
P t C t

dt
j

β
λ= −

Λ
=

j  (3.17) 

 
 
The symbols in these equations represent the following: 

• Pp Prompt power      [W] 
• ρ Reactivity      [-] 
• β = jβ∑       [-] 

• βj Delayed neutron fraction of precursor group j [-]    
• Λ Mean neutron generation time   [s] 
• λj Decay constant of precursor group j  [s-1] 
• Cj Concentration of precursor group j  [m-3] 
• S External source     [Ws-1] 

 
The equations state that the prompt power is dependent on the release of prompt 
neutrons and delayed neutrons. The delayed neutrons are divided in six groups with 
different time constants. The delayed neutrons determine the time in which the 
prompt reactor power can change. 
In fact, the total reactor power is not only dependent of the prompt power, but also of 
the power produced by the decay of fission products. This decay can also be divided 
in different groups (Berechnung der Nachzerfallsleistung..,,1990).In this case twenty-
three groups are suitable: 
 

 
( ) ( ) ( ),

,

1...23

d n
n d n n p

dP t
P t P t

dt
n

λ γ= − +

=

 (3.18) 

 with: 
 

• Pd,n Decay heat power of decay group n   [W] 
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• λn Decay constant of decay group n    [s-1] 
• γn Decay heat yield of group n    [-] 

The total power caused by decay of fission products is the sum of the twenty-three 
power decay groups. 
  
The total reactor power is the sum of the decay power and prompt power: 
 ( ) ( ) ( )total p dP t P t P t= +  (3.19) 

  

3.5.6 Reactivity  

To make it possible to calculate to power production it is necessary to derive 
equations for the time dependent reactivity ρ(t). The reactivity is build up from the 
reactivity contributions of: 

• ρtemperature reactivity resulting from temperature differences 
• ρXe  reactivity resulting from Xe poisoning 
• ρrods  reactivity resulting from control rods (or externally added poison) 

 
For the change in temperature reactivity a simple function is chosen based on values 
given  in van Heek (1997). 
  (3.20) 55.5 10temp pebTρ −Δ = − ⋅ + K

 
In this equation Tpeb is the pebble temperature and K is a constant (0.0466). The 
value of Δρtemp equals zero at the reference temperature. 
The negative sign implicates a negative reactivity at higher temperatures. This is one 
of the reasons why the reactor is inherently safe. 
 
The two fission products Xenon and Samarium have high cross sections for neutron 
absorption. If the concentration of these nuclides is high, this will have an impact on 
the reactivity of the reactor. Xenon is produced as fission product and from the decay 
of Iodine, which is formed from the decay of Tellurium (see figure 3.2) (Massimo, 
1976 and Hoogenboom and van Dam, 1998). 
In figure 3.3 the decay chain of Samarium is drawn. In contrast with Xenon, this 
nuclide is stable. It will only disappear by neutron absorption. Although the Samarium 
concentration in the reactor will have an effect on the dynamics, it is assumed to be 
only 10% of the Xenon poisoning effect and is therefore neglected. 
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Fission 135Te 

β- < 1s

3.3 %

135I 

β- 6.7 h

135Xe 

β- 9.2 h

135Cs 

0.25 %

3.1 %

Fission 149Nd

β- 1.73 h

1.09%

149Pm

β- 53.1 h

149Sm (Stable) 

 
Figure 3.2, 3.3: Fission product chains involving Xe and Sm  
 
To model the decay scheme of Xe, the decay of Tellurium is neglected because of 
the short lifetime. Therefore it is modeled as if all the Iodine is produced by fission. 
The equations for the decay of Xe are: 
 

( ) ( ) ( )I p I

dI t
P t I t

dt
γ λ= −  (3.21) 

( ) ( ) ( ) ( ) ( ) ( ),Xe p I Xe a Xe p

dXe t
P t I t Xe t Xe t P t

dt
γ λ λ σ= + − −  (3.22) 

with: 
• I  Iodine concentration   [m-3] 
• Xe  Xenon concentration   [m-3] 
• γI, γXe  Iodine and Xenon fission yield  [-] 
• λI, λXe   Iodine and Xenon decay constants  [-] 

 
The space dependencies of the concentrations of Xenon and Iodine are again 
neglected, as was done for the kinetics. 
From these equations the reactivity due to the presence of Xenon can be derived: 
 

( ) ,0
0

1Xe Xe

X t
X

ρ ρ
⎛ ⎞

Δ = −⎜ ⎟
⎝ ⎠

 (3.23) 

See Appendix D for constants. 
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4 Validation of MATLAB reactor model of the 
ACACIA 

In this chapter the performance of the MATLAB model described in chapter 3 is 
investigated. This is done by comparing the model with the ACM model by Kikstra. 
The ACM model has been thoroughly validated with Panthermix (Oppe, 1997) and 
RELAP (RELAP, 1995).   
Differences of this model with the MATLAB model are mentioned in section 4.1.1. 
Kikstra developed a plant wide model in ACM. Section 4.1.2 considers the energy 
conversion part of the plant. 
A steady state comparison of the model is made in section 4.2.  In section 4.3 the two 
models are compared for some transients. Conclusions on the validation are drawn in 
section 4.4.  

4.1 Reactor model of the ACACIA in ACM                                          

4.1.1 Differences between ACM and MATLAB models 

The reactor model in ACM is more detailed than the simplified model in MATLAB. 
The equations for the neutronics are the same as in the MATLAB model, namely a 
point kinetic approximation. The thermal hydraulics on the other hand are more 
detailed. See figure 4.1 (Kikstra, 2001). In this figure one half of the reactor is shown. 
The figure on the left shows the reactor schematically and the figure on the right 
shows the discretisation of the reactor. The solid structures of the reactor, the 
reflectors and the pebble bed, are modelled in a two-dimensional way. The pebble 
bed (A) is modelled in ten axial layers instead of one layer in the MATLAB model. 
The reflector directly surrounding the core (B, C, D, E) has ten axial layers and four 
radial layers. The bottom reflector (G) and top reflector (F) are also simulated. The 
model in MATLAB has one reflector layer. The thermal capacity of the bottom and top 
reflector is also put in this layer in the MATLAB model. 
 
The feedback of the temperature reactivity is calculated by summing the reactivity for 
temperature change in all the different layers. For each layer a different temperature-
reactivity curve is implemented.  
A fixed one dimensional power profile is assumed, of which only the amplitude 
changes with different power output and not the shape of the profile. 
 
The advantage of the ACM model is a more realistic simulation of the reactor . This is 
especially the case for the simulation of the pebble and reflector temperatures. This 
will also make the reactivity feedback by temperature changes more realistic.  
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A disadvantage of the ACM model is the increased calculation time, which comes 
with the large number of equations.  
 

  
Figure 4.1: Reactor discretisation in ACM 
 
In section 4.4 a comparison of the calculation time is made between the two models 
for a certain transient. 
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4.1.2 Time dependent behaviour of the Energy Conversion System of the       
ACACIA 

The ACM model also describes the Energy Conversion System of the ACACIA plant. 
The Energy Conversion System consists of the following parts: 

• Compressor 
• Turbine 
• Recuperator 
• Precooler 
• Cogeneration components 

 
It is expected that these parts of the plant will only have effect on the power 
production on short term (several minutes at most).  The reactor part has a natural 
long-term (hours time scale) effect by the variation of the Xenon concentration. The 
build up and decay of Xenon can take several days. This behaviour is has a much 
longer effect on the reactor dynamics than behaviours of the items mentioned above, 
which will be in the range of seconds or minutes at most. 
 
This thesis focuses on the behaviour of the reactor core only. Simulation of the plant 
items mentioned above can be found in Kikstra (2001).   
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4.2 Steady state comparison of ACM and MATLAB models 

The MATLAB model is tuned to the ACM model in steady state. This is done by 
changing the constants in the equation for temperature reactivity and Helium volume 
of the reactor. 
A comparison of the steady state values of the two models is made in table 4.1. 
 

 ACM MATLAB  

Mass flow 29.319 29.319 kg/s 

Inlet Pressure 21.856 21.856 bar 

Outlet Pressure 21.137 21.472 Bar 

    

Inlet Temp. 529.99 529.99 °C 

Outlet Temp. 792.53 792.54 °C 

    

Xenon 1.000 0.9971 [-] 

Iodine 1.000 1.0000 [-] 

    

Reactivity Temp.   0.6929        0.6425 10-4 [-] 

Reactivity Xenon -0.0001972  0.04987 10-4 [-] 

Reactivity External -0.6927  -0.6924  10-4 [-] 

    

Power (fission) 40.433 40.435 MW 

    
 
Table 4.1: Steady state values 
 
From table 4.1 can be concluded that the steady state results in MATLAB are close 
to the results in ACM. The pressure loss in MATLAB is slightly higher in ACM than in 
MATLAB. This difference is smaller at lower mass flows. 
The reactivity values are all close to 0, because of the steady state situation, which 
can give the impression that the values are significantly different, which is not true.  
The MATLAB model gives a good representation of the ACACIA reactor at steady 
state. 
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4.3 Dynamic validation   

To validate the model dynamically some transients are made with both models. The 
following reactor core simulations are made in ACM: 

• Response on a ramp input on the reactor mass flow  
• Response on a ramp input on the reactor inlet temperature 

 
These three are the major inputs of the reactor model. See figure 4.2 for the causality 
diagram. 
 
 
 
 
 
 
 
 
Figure 4.2: Causality diagrams for the reactor models 
 
The reactor model in ACM is a combined resistive-capacitive model. Instead of the 
enthalpy, the temperature is used at the input and output. 
 
Apart from the natural feedback of the reactor itself, there is no additional feedback 
control. 

Inlet Pressure 

Inlet Temperature 

Inlet Mass flow 

Reactor model
Outlet Pressure 

Outlet Temperature 

Outlet Mass flow 
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4.3.1 Ramp input on the reactor mass flow 

 
The reactor outlet mass flow is decreased from 29.319 kg/s to 15 kg/s in 30 seconds. 
The inlet pressure and temperature are kept at fixed values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3: Mass flow  ramp input  
 
This ramp was chosen because this type of ramp will occur often in reactor operation 
to control the reactor power. A 50 % reduction in mass flow should approximately 
lead to a 50% reduction in reactor power. 
 
By the reduction of the mass flow, the temperatures in the reactor will rise. This 
temperature rise has a direct effect on the temperature reactivity. The power by 
nuclear fission will fall, because of this negative reactivity. This leads to a reduction in 
reactor temperatures, which gives a positive temperature reactivity feedback and 
thus increasing power. These phenomena lead to an oscillatory behaviour, after 
which the reactor becomes stable again after some time. The change in Xenon 
concentration will have an effect on long-term dynamics, thereby changing this 
‘stable’ situation slowly.  
This behaviour can be seen for both models with some differences. 
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Figure 4.4 and 4.5: Power and coolant outlet temperature response on a mass flow ramp input  
 
From figure 4.4 can be concluded that the power output of the reactor is almost 
identical for the ACM and MATLAB models. 
This cannot be said of the outlet temperature of the reactor. The temperature in the 
MATLAB model behaves more violently than in the ACM model. The reason for this 
is that in the ACM model, the pebble bed is devised in 10 sections. The behaviour of 
those 10 sections is different from 1 section, as modelled in MATLAB. One could say 
that the impact of the mass flow reduction is spread out over these layers. The final 
offset of the outlet temperature is approximately 1%. This is acceptable because the 
main purpose of the model is not to predict the temperatures but to simulate the time 
dependent behaviour of the reactor power. 
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Figure 4.6, 4.7: Iodine and Xenon 
concentrations  
The responses for the Xenon and Iodine concentrations are in good agreement with 
each other. 
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Figure 4.8,4.9: Reactivity changes by Xenon build up and temperature change 
 
As can be expected from the Xenon concentrations, the reactivity by Xenon changes 
is also in good agreement. The differences in the figure for the reactivity by 
temperature changes is relatively small. From the figures can also be concluded that 
the reactivity change by Xenon is only significant on long time periods, while the 
reactivity change by temperature is already significant on short time spans.  

 
 21.8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10: Outlet reactor pressure  
 
The outlet reactor pressure has a higher value in MATLAB than in the ACM model. 
See figure 4.10. This is due to a smaller pressure loss in the MATLAB model. The 
pressure loss is expected to be smaller then the value of 0.7 bar, which the ACM 
model indicates. For example: the pressure loss for the much larger PBMR reactor 
calculated with FLOWNET is 0.8 bar  (Rousseau et alii, 2002). The response to the 
mass flow change is similar in form. The final values for the pressure are more in 
agreement than the starting values. 

0 50 100 150 200
21.1

21.2

21.3

21.4

21.5

21.6

21.7

Pr
es

su
re

 [b
ar

]

ACM
MATLAB

Time [s]

0 500 1000 1500 2000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time [s]

P
ro

du
ce

d 
H

ea
t [

-]

ACM
MATLAB

 37



M.Sc Thesis, Delft University of Technology B. Boer 

 
4.11: Produced Heat  
 
The heat produced by the reactor, measured by the amount of heat added to the 
Helium coolant, shows a more violent behaviour for the MATLAB model than for the 
ACM. The cause of this behaviour is the Helium outlet temperature that reacts faster 
in the MATLAB model then in the ACM model. After a short time the differences 
between the two models come within a few percent. 
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4.3.2 Temperature ramp input response 

In this simulation the reactor inlet temperature is changed from a starting value of  
530 ºC to a final value of 430 ºC in 90 seconds. The inlet and pressure and the outlet 
mass flow are fixed and steady state values are used.  
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Figure 4.12: Power output after temperature inlet change 
 
The power output of the MATLAB model is plot in figure 4.12. The decrease of inlet 
temperature leads to a positive reactivity hence the power is increased. The 
temperatures increase again and therefore the power is reduced. These effects 
cause some oscillations.   
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4.4 Calculation time comparison between ACM and MATLAB 

Besides the validity of the model another of the criteria for the reactor model 
mentioned in chapter 2 that has to be checked is the calculation time. 
The more detailed reactor model in ACM needs more calculation time than the model 
in MATLAB. The reason for this is that the ACM model contains more variables and 
equations, see table 4.2. 
 
 
Description ACM MATLAB 
Nr. of variables 8545 96 
Nr. of state variables  155 28 

   

Solver relative tolerance 0.001 0.001 

Solver absolute tolerance 0.001 0.00001 

   

Simulation time of transient  500 s 500 s 

Calculation time  57 s <1 s 

   

Simulation time of transient 1 day 1 day 

Calculation time ramp input 1,5 h <1min 

   

 
Table 4.2: Simulation parameters   
 
The MATLAB model is much faster in calculating a dynamical simulation. The 
transient used for table 4.2 is the mass flow transient in section 4.3.1. For a long-term 
transient of several days one can see that the calculation time in the ACM model will 
be even longer, while it takes just a few seconds in the MATLAB model. 
The solver tolerances indicate that the models have comparable accuracy concerning 
calculation errors. 
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4.5 Validation Conclusion 

This chapter shows that the MATLAB model is a usable tool for simulating the steady 
state and dynamical behaviour of the ACACIA reactor.  
Some differences in results are found for some transients. These differences appear 
only on short term and are mainly concerning the outlet temperature of the reactor. 
The main purpose of the model is to simulate the reactor power under different 
transients. It is proven that this is possible. 
It is also shown that the MATLAB model has considerable shorter calculation times 
than the ACM model. 
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5 MATLAB reactor model of the PBMR 

In chapters 3 and 4 it was shown that it is possible to construct a simplified reactor 
model to simulate the power output of an HTR. The HTR in this case, the ACACIA, 
has a small power output of 25 MWe and is therefore not suited to act as a back up 
system for a large wind farm. The PBMR design however has a power output of 165 
MWe, which comes in the range of the output of an off shore wind farm. Data of this 
reactor is not widely available yet but data of the demonstration module that has an 
output of 110 MWe is.  

5.1 Design of the PBMR demonstration module  

In chapter 1 the design of the PBMR and major differences with the ACACIA reactor 
are already shown. The key figures of the reactor are shown in table 5.1. 
 
Description  unit 

  

Power Thermal 265 MW 

Power Electrical 110 MW 

Mass flow 126.3 kg/s 

Pressure 69 bar 

Inlet Temperature 500 °C 

Outlet Temperature 900 °C 

 
Table 5.1: Key figures of the PBMR demonstration module 
 
Besides the higher power output and larger dimensions, the PBMR also works at a 
higher pressure and temperature than the ACACIA. 

5.2 Modelling of the PBMR 

The structure of the MATLAB model for the ACACIA is also used for the PBMR, with 
different constants and input. Besides this the thermal capacity of the inner reflector 
is incorporated in the model. The inner reflector is made of graphite pebbles and can 
receive heat from the fuel pebbles and can thereby indirectly transfer heat to the 
helium gas. The inner reflector is incorporated in the model by adding the following 
equation: 
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in which the symbols with index refl.in stand for the inner reflector, r is the mean 
radius of the fuel region or inner reflector. The conductivity of the pebble bed kbed  in 
W/mK is calculated with: 

 pebT
β

α ⎡ ⎤= ⎣ ⎦  (5.2) 

 
in which α and β are constants respectively 1.27.10-4 and 1.64 (du Toit, 2002). For 
the PBMR it ranges from 7 to 20 W/mK. 
 
Although the equations for the Xenon poisoning effect are the same for the ACACIA 
as for the PBMR, the constants used are quite different. The Xenon poisoning effect 
is much larger. In chapter 6 the implications of this will be shown. 

5.3 Validation of MATLAB model  

The MATLAB model of the PBMR is validated with the results of a calculation with 
the modelling program FLOWNET (Rousseau et al., 2002). The validation is carried 
out by making a comparison of the results of both models for the following 
simulations: 

• Steady state situation  
• Reactivity ramp input response 
• Mass flow input response 
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5.3.1 Steady state validation 

The results of the steady state simulation are presented in table 5.2. 
 FLOWNET MATLAB  

Mass flow 126.278 126.278 kg/s 

Inlet Pressure 69.4 69.4 bar 

Outlet Pressure 68.6 68.6 Bar 

Inlet Temp. 496 496 °C 

Outlet Temp. 900 898 °C 

Xenon 1.0 0.94 [-] 

Iodine 1.0 0.98 [-] 

    

Power (fission) 265 264.98 MW 

    
 
Table 5.2: Results of steady state simulation 
 
The steady state results of the MATLAB model are very similar to the FLOWNET 
model, except for a slightly lower Xenon and Iodine concentration. 

5.3.2 Reactivity ramp input response  

The first benchmark transient is as follows: A ramp release of 500 mNile [0.5%] 
external reactivity at a rate of 10 mNile per second over a time span of 50 seconds. 
Figure 5.1 and 5.2 show the results of the simulation. 
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3

 

 
Figure 5.1 and 5.2:  Results for normalised neutronic power and outlet temperature for 
reactivity ramp input  
 
The increase of reactivity directly increases the neutronics power, which causes the 
pebble temperature to rise. The increase of the pebble temperature results in a 
negative temperature feedback and increased heat transfer to the helium gas. The 
reactivity feedback causes the power to decreases again. After some time a new 
balance is found. These processes can be recognised in the results of both models. 
The shape of the curve for the neutronic power is similar for both models, but the 
power of the FLOWNET simulation starts to decrease at an earlier stage. The final 
values for the power also differ. The power of the MATLAB calculation is higher than 
that of the FLOWNET model. This higher power level results in a higher temperature. 
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5.3.3 Mass flow ramp input response  ass flow ramp input response  

The second benchmark transient is as follows: A ramp reduction in mass flow rate to 
50% of the initial value over a time span of 300 seconds. Figure 5.3 and 5.4 show the 
results of the simulation. 

The second benchmark transient is as follows: A ramp reduction in mass flow rate to 
50% of the initial value over a time span of 300 seconds. Figure 5.3 and 5.4 show the 
results of the simulation. 
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Figures 5.3 and 5.4: Results for normalised neutronic power and outlet temperature for mass 
flow ramp input  
Figures 5.3 and 5.4: Results for normalised neutronic power and outlet temperature for mass 
flow ramp input  
  
By the reduction in mass flow the amount of heat transferred from the pebbles to the 
gas decreases and thereby the pebble temperature increases. The increased pebble 
temperature results in a negative reactivity feedback and thereby reduces power. 
This power reduction lowers the temperature and hence increases reactivity. This 
process goes on until a new steady state is found. 

By the reduction in mass flow the amount of heat transferred from the pebbles to the 
gas decreases and thereby the pebble temperature increases. The increased pebble 
temperature results in a negative reactivity feedback and thereby reduces power. 
This power reduction lowers the temperature and hence increases reactivity. This 
process goes on until a new steady state is found. 
This process can be seen for both models with similar values. The temperature in This process can be seen for both models with similar values. The temperature in 
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MATLAB is slightly lower, because heat loss to the surrounding is incorporated in this 
model. Also the power of the FLOWNET model is slightly higher. 

5.4 Validation of expanded MATLAB model 

The validation of the MATLAB model of the PBMR was not totally satisfactory. 
Especially for the reactivity ramp input response differences between MATLAB and 
FLOWNET are found. For this reason the MATLAB model is expanded to increase 
the accuracy of the simulations. The model is expanded with the description of the 
thermal behaviour of the inside of the pebbles. The idea behind this expansion is that 
in reality a time delay exists between the moment of reactivity release and the 
moment of increased heat transfer between pebbles and helium. This time delay 
occurs because in the graphite shell of the pebble no heat generation will be present, 
except for a negligible small amount of heat generation by gamma radiation. 
Therefore it takes time for the pebble surface to reach a new steady state 
temperature. 

5.4.1 Model expansion: Thermal behaviour of pebble 

The following energy balance describes the thermal behaviour of the inside of a 
pebble: 

( )
2

2

1Tc k
t r r

ρ ∂ ∂ rT q= +
∂ ∂

& (5.3) 

 
with r the pebble radius,  c the specific thermal capacity [J/kgK], k the thermal 
conductivity [W/mK] and q& the heat generation by fission per unit volume [W/m3] . 
The equation used for the numerical calculation of the temperature of an element of a 
pebble in MATLAB is as follows: 
 

 1 1

1 2

i i i i i
i i

i i

dT T T T Tc V q V
dt R R

ρ − +− −
Δ = − + ⋅Δ&

iVΔ 1i

 (5.4) 

 
R and with  the volume of element I, 2iR  the left and right hand side thermal 

resistance of the element.  
The pebble is simulated in MATLAB with 31 elements. The temperature profile of a 
pebble at steady state and a transient profile can be seen in figure 5.5. 
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Figure 5.5: Temperature profile of a pebble at a steady state and transient (dotted line) situation 
 
The boundary of the fuel region and the graphite shell can be clearly seen at r = 
0.025 m. The temperature profile has a different shape for the transient situation 
(helium mass flow reduction). The change of this profile will have an effect on the 
overall behaviour of the reactor, because it influences the pebble surface 
temperature and thereby the heat transfer to the helium gas. The impact of the 
implementation of the temperature profile on the ramp input response will be 
discussed in the next section. 
 

5.4.2 Reactivity ramp input response for expanded MATLAB model 

The same reactivity ramp input as in section 5.3.2 is now performed for the expanded 
model. See figures 5.6 and 5.7. 
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Figures 5.6 and 5.7: Neutronic power and reactor outlet temperature for reactivity ramp input 
for the expanded model 
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Despite the expansion of the model, differences still exist between FLOWNET and 
MATLAB. The shape of the normalised neutronics power has improved compared 
with the ‘original’ MATLAB model. The final value (after 300 seconds) of the power is 
still too high, although the difference is smaller than for the original model.  The 
higher power level results in a higher helium gas temperature, as was also the case 
for the original situation. 
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5.4.3  Mass flow ramp input response for expanded MATLAB model TLAB model 

The benchmark of section 5.3.3 is repeated for the expanded model. See figures 5.8 
and 5.9. 
The benchmark of section 5.3.3 is repeated for the expanded model. See figures 5.8 
and 5.9. 
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Figure 5.8: Results for normalised neutronic power for mass flow ramp input for the expanded 
model 
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As for the original model, the expanded model gives very similar results for the mass 
flow input response. The reactor power and helium temperature are now slightly 
higher than for the original situation. 
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Figure 5.9: Results outlet temperature for mass flow ramp input for the expanded model Figure 5.9: Results outlet temperature for mass flow ramp input for the expanded model 
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5.5 Validation conclusion 

The steady state results of the MATLAB model are very similar to the results in 
FLOWNET. For the dynamic simulations it can be said that the model in MATLAB 
simulates the processes that occur in the reactor, but does not always give the same 
values as FLOWNET for the case of a reactivity ramp input response. However, the 
model gives very good results for a mass flow ramp input.  
The expansion of the model with the description of the thermal behaviour of the 
inside of the pebbles led to an improvement of the simulation results. 
 
It is the intention to control the power of the reactor by changing its mass flow (see 
chapter 6) and compensate for large Xenon poisoning by adjusting the control rods, 
which induces small reactivity changes. This means that in simulations only small 
reactivity inputs are encountered and that the reactor model will mostly encounter 
mass flow input changes. It was proven that the model is suitable for performing this 
job. 
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6 Control and Operation of the HTR as back 
up for an off shore wind farm 

This chapter considers the control of the HTR reactor core combined with wind 
energy.  It is assumed that the HTR will have difficulties in following the fast 
transients of the wind farm. First the type of transients in power production involved 
with wind power is studied in section 6.1. Section 6.2 considers the methods 
available for the control of the reactor power. The effects and consequences of using 
a certain control mechanism on reactor behaviour are described in section 6.3. This 
is done by simulating a worst-case scenario for the power production with the 
MATLAB model for the PBMR. Conclusions are presented in section 6.4. 

6.1 Wind power production 

The amount of power that has to be produced by the reactor depends on the amount 
of power delivered by the wind energy system and the total power demand. Besides 
the simulation of the HTR by the MATLAB model, a simulation tool for the wind farm 
is also required. 
As mentioned in the introduction, large offshore wind farm do not yet exist in the 
Netherlands.  In order to get an idea of the type of behaviour of the power output 
involved with such a wind farm, one has to rely on experiences with off shore wind 
farms in other countries or develop a model to predict the behaviour.  A model of the 
wind power production is made, based on the specifications of an off shore wind farm 
project, currently under development in the Netherlands. Assumptions made with this 
project come from the Horns Rev wind farm in Denmark. 

6.1.1 Off shore wind farm project at Egmond aan zee 

 Energy companies Shell and Nuon are developing a demonstration project for 
offshore wind farm technology near the coast of Egmond aan Zee. This wind farm will 
consist of 36 turbines of 2.75 MW resulting in a maximum power output of 99 MW for 
the total farm (Kouwenhoven, 2004). The location of the ‘near shore’ project is 8 km 
from the coast in the North Sea. Because it is located in the Netherlands, this project 
is taken as a basis, from which the power output is predicted.  

6.1.2 Wind turbines 

To predict the power output of the total wind farm, the power output of the turbines in 
relation with different wind speeds is needed. For the wind farm at Egmond, turbines 
of 2,75 MW (NM92) of the Danish company Neg-Micon will be used. The Power- 
wind speed curve of this particular wind turbine is shown in figure 6.1. (NEG Micon, 
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2004) 
 

 
Figure 6.1: Power- wind speed curve for NM92 wind turbine. 
 
The cut-in wind speed is 4 m/s and cut-out wind speed is 25 m/s. If the wind speed is 
not within these boundaries, the turbine will not be able to produce any power. From 
approximately 14 m/s, the turbine will produce its maximum power. 
The Power curve in figure 6.1 is reproduced in MATLAB using two polynomials 
calculated in Excel with a least square method:  
 

( ) 3 2P A B C D = ⋅ + ⋅ + ⋅ +v v v v  (6.1) 

 
in which, P is power in kW and v is wind speed in m/s. The coefficients A, B, C and 
for both polynomials, can be found in appendix B.  

6.1.3 Wind speeds at North Sea 

To provide equation 6.1 with wind speeds, data is needed from wind speeds at the 
location in the North Sea area where the wind farm is build. The data from the exact 
location is not available, but the data from a nearby weather station is. This data 
shows a high correlation (0.9) with the data of the actual farm site (Kouwenhoven, 
2004). This weather station is located 10 km from the coast of Noordwijk (Verkaik, 
2001A). The wind speed has been measured at 27.6 m height from February 1990 
until January 2003 (KNMI, 2004). The wind speed is given as the potential wind 
speed at a height of 10 m with a roughness length for open water of 2.10-3 m. The 
potential wind speed is the local measured wind speed transformed to a reference 
height and reference roughness length. This is done by assuming that the wind is 
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horizontally blended at a certain height. This height is called the Blending height and 
is assumed to be located at a 60 m level. At this height the wind becomes 
horizontally blended for a heterogeneous surface. 
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Figure 6.2: Plot of wind speed at different heights for measurement and reference case 
 
The wind speed needed for equation 6.1 is the wind speed at rotor height. Because 
the height of the rotor (70 m) is just above the Blending height, it is not necessary to 
transform the potential wind speed to the originally measured speed, before 
extrapolating to the speed at 70 m. Instead, the potential wind speed can be directly 
extrapolated to the wind speed at rotor height. 
 
The boundary layer of the wind velocity profile between the Blending height and the 
surface can be described by the theory of Monin-Obukhov (Verkaik, 2001B). The 
layer above the Blending height is called the Ekman layer. In this layer the planetary 
forces determine the wind velocity profile. It is assumed that for the calculation of the 
wind speed, the theory of Monin-Obukhov can be applied as the rotor height is just 
above the Blending height. The wind speed does not change rapidly in this region, 
see figure 6.3. 
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Figure 6.3: Example of the wind velocity profile  
 
In the Monin-Obukhov region the profile can be described by: 

 
0

lnu zv z
zκ

∗ ⎛ ⎞
= ⎜ ⎟

⎝ ⎠

u∗

κ

 (6.2) 

with,  
•  friction speed    [m/s] 
•  von Karman constant (0.4)  [-] 
• z0 roughness length   [m] 
• z height     [m] 

 
From the equation stated above the potential wind speed v at 10 m can easily be 
extrapolated to the wind speed (potential) at 70 m. 
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The distribution of the wind speeds at 10 m for the year 2001 is presented in figure 
6.4.   
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Figure 6.4: Distribution of wind speeds near Egmond aan Zee at 10 m. 
 
This distribution is called a Weibull distribution and is often encountered for wind 
speed data. The wind speeds at the site at 70 m are 22% higher according to the 
equation stated above. This gives an average wind speed of 8.9 m/s at 70 m.
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6.1.4 Transient of power production by wind turbine in North Sea 

From the P-v curve and the data of the wind speeds, the power production of the 
wind turbine can be calculated. An example for a week in August 2002 is given in 
figure 6.5. 
 

 
 
Figures 6.5, 6.6: Power production and wind speed during a week, based on wind data from   
August 2002 
 
The dotted line in figure 6.5 represents the maximum possible output. It is clear that 
this maximum is not often achieved in this week.  The energy potential of the wind is 
not always used. Although the wind speed is only zero for one hour, the power 
production is zero for a longer period. This is because the turbine has a cut in wind 
speed of 4 m/s. 
 
When figure 6.5 is compared with 6.6, it can be concluded that the power production 
by the turbine has an even more ‘violent’ behaviour than the wind speed transients. 
The cause of this effect can be found in the P-v curve of the turbine. The power 
production by the turbine increases fast, when the wind speed increases from 5 to 15 
m/s. 
 
From figure 6.5, the capacity of the turbine during this particular week can be 
determined. The capacity factor is the amount of energy produced by the turbine 
divided by the maximum amount of energy that the generator of the turbine can 
possibly produce. The amount of energy produced by the turbine is the area under 
the curve and the maximum amount of energy is the area under the dotted line. With 
the aid of MATLAB the capacity factor of turbine is calculated for the years 1998-
2002. The mean capacity factor is 0.488 for this 5-year period, with a lowest value of 
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0.4631 and a highest value of 0.5089 for a one-year period. 
 
The wind data is only available as an average value per hour. Because of this 
reason, transients within an hour are not simulated. This is acceptable, because the 
expected problems with reactor control will only be apparent after several hours of 
shut down. It takes several hours before the Xenon concentration builds up to a level 
that can lead to control problems. This will be explained in further detail in the next 
section.  
 
It can be assumed that all 36 turbines will deliver the same amount of power at a 
certain wind speed. This is a simplification of reality, because the wind turbines will 
influence the wind speed and direction in their surroundings. In order to get a more 
realistic picture of the amount of energy produced by the total farm one, can make 
use of additional efficiency factors. In Scheepers et al. (2002) three different factors 
are used. The turbine availability factor determines the availability of the turbine 
based on the use of a single turbine unit. This factor is assumed to be equal to 0.89. 
Because the turbine is part of a farm, which can also be out of service as a whole for 
some periods, an additional farm availability factor is used. The farm availability 
factor is assumed at 98.5 %. A third factor has to do with the effect that the turbines 
have on each other concerning the wind speed and is called the farm efficiency. The 
farm efficiency can have a value between 0.80 and 0.85. 
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6.2 HTR control 

6.2.1 Control options 

From the wind farm data it becomes evident that the back up energy system, in this 
case an HTR power plant, needs a flexible power control. For the control of the HTR 
(PBMR) reactor power several options are available: 

• Addition or extraction of fissile material to the reactor core 
• Insertion of absorber spheres in special dedicated channels  
• Changing the mass flow through the reactor 
• Changing the position of the control rods 

 
The addition of fissile material is normally used the compensated for the burn up of 
fissile material. The burn up of fuel and its effect on the reactivity of the core can be 
seen as long term effects when compared with the dynamic output required. It is 
more attractive to leave the short control to other control mechanisms, in order to 
avoid a complicated fuel control system. The control of burn up of fissile material is 
beyond the scope of this thesis.  

The insertion of absorber spheres can be used for a fast shut down of the 
reactor when needed. The spheres can be inserted in a fast manner in the special 
channels, thereby causing a large negative reactivity.  

For the HTR reactor, it is also possible to control the power output by changing 
the mass flow through the reactor. If the mass flow is reduced for example, the 
temperature in the reactor initially increases, causing a negative reactivity feedback. 
The reactor power reduces and so will the temperature, resulting in a new balance for 
power and temperature at the new mass flow. In chapter 4 and 5, it was already 
shown that it is possible to change the reactor power by altering its mass flow, for 
both the ACACIA and PBMR reactors.  

If the reactor power is mainly controlled by the mass flow, the control rods can 
be used to compensate for long-term effects or control the reactor outlet temperature. 
By limiting the helium outlet temperature, the turbine inlet temperature can be 
constrained in order to avoid increased creep. 
A control strategy for the control of the reactor power of the HTR as a back up 
system can now be made. The power of the reactor is mainly controlled by the mass 
flow and long term effects such as the Xenon poisoning are partly compensated for 
by the control rods. 

6.2.2 Xenon poisoning  

The effect of the Xenon poisoning is now further explained. 
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With equations (3.21) and (3.22) a calculation is made for a step input on the prompt 
reactor power for the ACACIA reactor (fig. 6.7). The results of this calculation for the 
Xenon and iodine concentrations are shown in figure 6.8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.7: Prompt power step inputs. 
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Figure 6.8: Normalised Xenon and Iodine concentrations for prompt power step inputs. 
 
From the equations and figure for the Xenon concentration it can be concluded that a 
Xenon peak occurs after shut down of the reactor. This can be seen when the prompt 
power is reduced to zero. The Xenon concentration builds up to a value of 1,044 after 
2,93 hour, which corresponds with a reactivity change of -7,63.10-4. 
When the reactor is producing more (prompt) power then the design value of 37.34 
MW, for example 40 MW, the normalized Iodine concentration increases above 1 in 
steady state. If the reactor is shut down in this case, the Xenon concentration 
reaches a value of 1.0939 in 3,18 hours after a shut down. This corresponds with a 
maximum reactivity change of –1.61.10-3. 
It is desirable that extracting the control rods or increasing the mass flow can always 
compensate the reactivity change by Xenon build up. The reactivity effect by Xenon 
changes appears to be small, in which case the mass flow change can always 
compensate for this effect. 
 
For the PBMR reactor core, the picture of the Xenon concentration is not totally the 
same. Because the PBMR reactor core works at a different neutron flux (different 
neutron flux spectrum) the values of the constants in equation (3.21) and (3.22) are 
different. It appears that the PBMR reactor has a much larger Xenon peak after shut 
down (or power decrease) and larger reactivity effect of Xenon presence. See 
Appendix D for constants. 

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

Xe and I concentrations

t [days]

Xe
 a

nd
 I 

[-
]

Xe
I

 61



M.Sc Thesis, Delft University of Technology B. Boer 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.9: Xenon and Iodine concentration after step input decrease of prompt power  
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Figure 6.10: Reactivity change by Xenon  
 
From figures 6.9 and 6.10 can be seen that the Xenon poisoning effect in the PBMR 
is larger than for the ACACIA.   
 
The reactivity of the control rods is modelled as an input signal in the reactor model. 
In reality the control rod positive reactivity is limited by how far the rods can be 
extracted from the core. The reactivity effect by Xenon can just be compensated for 
by the control rods if necessary, besides the option of altering the mass flow.  
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6.3 Test Scenarios  

In order to test the combination of a wind farm and a HTR, a worst-case scenario is 
developed. The reactor core is expected to have the most problems when the power 
has to be increased to the maximum output in a short amount of time. From section 
6.1 can be seen that the wind power production can drop very fast, within one or two 
hours from maximum output to zero output. If the power demand by the grid remains 
the same, the reactor has to compensate for the reduction in power output by the 
wind farm. In section 6.2 the effect of Xenon poisoning of the reactor was described, 
which showed that for the PBMR reactor a large amount of negative reactivity could 
occur due to a large Xenon concentration.  

nd farm and a HTR, a worst-case scenario is 
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has to be increased to the maximum output in a short amount of time. From section 
6.1 can be seen that the wind power production can drop very fast, within one or two 
hours from maximum output to zero output. If the power demand by the grid remains 
the same, the reactor has to compensate for the reduction in power output by the 
wind farm. In section 6.2 the effect of Xenon poisoning of the reactor was described, 
which showed that for the PBMR reactor a large amount of negative reactivity could 
occur due to a large Xenon concentration.  
These two facts, fast changes in power demand and Xenon poisoning, are used in 
developing a worst-case scenario for the power production by the reactor core of the 
PBMR. 

These two facts, fast changes in power demand and Xenon poisoning, are used in 
developing a worst-case scenario for the power production by the reactor core of the 
PBMR. 

6.3.1 Worst-case scenario 6.3.1 Worst-case scenario 

The worst-case scenario is as follows: The power output of the reactor starts at 
nominal level. After 103 s (17 min.) the reactor power is decreased to a minimal level 
and stays at this level until the poisoning reaches its peak. Now the power has to be 
increased to the maximum power in the shortest amount of time possible. In figure 
6.11, the profile of the demanded power output is sketched. 
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Figure 6.11: Power demand for the reactor core for a worst-case scenario Figure 6.11: Power demand for the reactor core for a worst-case scenario 
  
The two properties indicated in figure 6.11, Δt and ΔP will have a large impact on the 
behaviour of the core. To control the power production a Proportional-Integral 
Feedback (PI) controller is used to control the reactor power with the reactor mass 
flow (Franklin et al., 1994). If the power is controlled by mass flow control only, the 
maximum value of the mass flow will increase with decreasing Δt and increasing ΔP. 

The two properties indicated in figure 6.11, Δt and ΔP will have a large impact on the 
behaviour of the core. To control the power production a Proportional-Integral 
Feedback (PI) controller is used to control the reactor power with the reactor mass 
flow (Franklin et al., 1994). If the power is controlled by mass flow control only, the 
maximum value of the mass flow will increase with decreasing Δt and increasing ΔP. 
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Figure 6.12: Mass flow for worst-case scenario 
 
In figure 6.12, the mass flow is plotted for a scenario in which Δt =400 s and    
ΔP = 90 MWe. A large peak for the mass flow can be recognised. This change of 
mass flow has to be induced by a changing pressure differences. 
The dotted line represents a case for which the external reactivity that could be 
provided by the control rods, is also controlled. This control option will be discussed 
further down the text. 

6.3.2 Influence of the type of ramp input on control 

In the figure can be seen that the mass flow is decreased in order to decrease the 
power production. After the power is reduced, the mass flow is increased in order to 
compensate for the Xenon poisoning. At t = 2.6.104 s, the power demand increases 
and therefore the mass flow. In order to tightly follow the fast changing power 
demand and for the compensation of the Xenon poisoning, the mass flow reaches a 
value that is higher than the nominal level. The maximum value of the mass flow is 
more than twice the nominal value. In reality, the plant components will have 
restrictions to the amount of mass flow and pressure. Besides this restrictions, there 
will also be a limit to the speed at which is mass flow is changed. The amount of 
mass flowing through the plant can be changed without a dedicated compressor by 
opening or closing valves of control vessels (Kikstra, 2001).  
The time Δt and power ΔP are varied in order to get lower levels for mass flow and 
mass flow changes. This was done for several cases and results are plotted in figure 
6.13 and 6.14. 
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Figure 6.13: Maximum mass [kg/s] flow for worst-case scenario with different values for time Δt 
and power change ΔP. 
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Figure 6.14: Maximum mass flow change [kg/s2] for worst-case scenario with different values 
for time Δt and power change ΔP. 
 
When a large step in power demand is encountered in a short time, large mass flows 
of more than three times the nominal value occur and also large mass flow changes.  
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In order to reduce the maximum mass flow and mass flow changes, the negative 
reactivity by Xenon poisoning is compensated by extracting the control rods. See the 
dotted line in figure 6.12. The negative reactivity does no longer have to be 
compensated for by increasing the mass flow. Therefore the maximum mass flow for 
the test case will decrease. The control of the reactor power now consists of two PI 
controllers, one for the mass and one for the control rods. That this control strategy 
leads to lower mass flows can be seen from 6.12.  

6.3.3 Influence of type of controller on settling time 

The two PI controllers can also be tuned to lower the required maximum mass flow 
and mass flow change. Tuning means changing the constants of the controller in 
MATLAB. If the total system of reactor model and controller are described by a 
transfer function G(s) for the reactor model and D(s) for the controller. The transfer 
function D(s) of the controller is written as: 
 

( ) 1D s K I
s

⎛ ⎞= + ⎜ ⎟
⎝ ⎠

  (6.3) 

with K and I constants of the controller. 
By allowing a certain deviation from the demanded power production, much lower 
mass flows can be achieved. In figure 6.15 the power output for tuned control is 
shown compared with the required power. 
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Figure 6.15: Maximum mass flow change [kg/s2] for worst-case scenario with different values 
for time Δt and power change ΔP. 
 
In order to get satisfactory power outputs after a certain time, the term settling time is 
introduced. The settling time is the time it takes for the system to be in 1% of the 
desired value. In the figure above the settling time is around 1500 (25 min.).  
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Table 6.1 presents values for the maximum mass flow for different controllers. 
Controller Integration 
constant I 

Maximum mass 
flow 

Settling time 

10-7 139.71 kg/s 0 s 
10-8 134.79 kg/s 963 s 

10-9 130.01 kg/s 9676 s 

 
Table 6.1:  Maximum mass flow and settling time for different controller constants I 
 
The changing of the integration constant of the controller has a reducing effect on the 
maximum mass flow. The reason for this reduction is that the demanded power is not 
followed in a lesser tight way as before. The price to pay for this reduction in mass 
flow is a larger settling time.  
Changing of the other controller constant has little impact on the control behaviour. 
 
An example of the behaviour of the PBMR as back up system is now given. The wind 
power transient of section 6.1.4. is coupled to the model for the PBMR. The results 
for the reactor power output and mass flow are given in the figures below. The 
integration constant for the mass flow controller is set to 5.10-7. 
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Figures 6.16, 6.17:Wind power output and PBMR power output 
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Figures 6.18:Reactor mass flow 
 

6.4 Conclusion on HTR control  

The output of the wind farm has very dynamic behaviour, caused by the fast variation 
in wind speeds at the North Sea and the behaviour of the turbine. This implies that 
the HTR reactor compensating for these variations in power output needs to be fast 
in changing its power output.  
The power of the reactor core can be controlled by solely adjusting its mass flow. 
However, this can lead to high mass flows and rapid mass flow changes, which will 
be unacceptable in practice. In order to tackle this problem, the following options for 
the reduction in mass flow and mass flow changes are investigated: 

• Compensating the Xenon poisoning by controlling the control rods. Thereby 
introducing temporary additional reactivity. 

• Deviation from the actual power demand and thus give the reactor core more 
time to cope with the demanded power output change. One way is to reduce 
the steepness of the ramp. Another solution is to tune the controller of the 
mass flow to react slower. 

 
With these options for reducing the maximum mass flow and mass flow changes it is 
possible to create a control for an HTR to cope with the fast transients of the wind 
farm. The exact values of the controllers and thus the maximum mass flow depend 
on the allowable temperatures and mass flow.  
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7 Commercial assessment 

Together with the technical feasibility of a combined system of wind power and a 
HTR, the economical feasibility will decide on its future. In this chapter the 
economical feasibility is analysed. This is done by assessing the cost of electricity 
generation by the different energy systems. 
First an assessment is made of the two HTR reactors considered in this report, the 
ACACIA and PBMR plants. This assessment in section 7.1 is based on the life cycle 
costs of the reactors. This section is followed by description of the life cycle costs of 
an offshore wind park (section 7.2). In section 7.3 the costs of a conventional energy 
system are analysed. An economical comparison of the energy systems is given in 
section 7.4. The combination of HTR and wind energy technology and the 
combination of wind energy and a conventional energy system are studied and 
compared in section 7.5.  Finally, conclusions on the commercial competitiveness of 
the HTR-wind energy system are drawn.   

7.1 Life Cycle Cost of the ACACIA and PBMR plants 

The Life Cycle Cost of a power plant considers all costs involved during the life of the 
power plant. The methodology is based on five major parameters that dominate the 
life cycle costs and value of a power generating facility (van Heek, 1997):  

• Capital costs 
• Operation and Maintenance costs 
• Performance 
• Availability 
• Environmental impacts 

 

7.1.1 Economic considerations 

The Life Cycle Costs are presented as Levelised MWh costs. Levelised costs are 
costs converted to an annuity using the present value calculation technique. The 
present value is the monetary amount recalculated to the present using a compound 
interest calculation over the time difference. 
 
To calculate the levelised costs, one needs an assumed discount rate. This discount 
rate is the amount of money that has to be paid to the investors as interest for the 
loan of the investment. The discount rate used is a composite figure, which 
represents the average cost of capital weighted according to the funding sources. 
The discount rate will be assumed to be 5% (van Heek, 1996, Kadak, 1998). The 
discount rate is higher than the rates applied by electricity production companies in 
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earlier years as economic measures in this industry move towards a more 
commercial industry. A discount rate of 7% will also be considered in the calculations. 
 
The economic evaluation will take an inflation rate of 2.5% per year into account 
according to a normal Dutch inflation rate. (CBS, 2004) 
 
The Life Cycle Cost analyses should take into account all costs and benefits related 
to the project. Therefore it is important to choose the appropriate time window (see 
figure 7.1). This is especially the case for nuclear power plants, as high capital costs 
occur.  
 
 Construction 

duration 
Operation time 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: Economic Time Scheme  
 

First year of 
analyses 

Year of price input Start of operation Retirement date 

Year of Present 
Value analyses 

Last year of 
analyses 
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The economic parameters used in figure 7.1 are stated in table 7.1 (van Heek, 
1997,PBMR, 2004): 
 
Description ACACIA PBMR 
First year of analyses 2004 2004 
Construction duration 24 months 24 months 

Start of operations 2006 2006 

Retirement date 2036 2046 

Last year of analyses 2038 2048 

Year of PV analysis 2004 2004 

Year of price inputs 2004 2004 

Discount rate 5% and 7% 5% and 7% 

Inflation 2.5% 2.5% 

 
Table 7.1: Time related economic parameters 
 
The operation time of the PBMR plant is 10 years longer than the operation time of 
the ACACIA plant. The construction and operation time are taken for an Nth-Of-A-
Kind (NOAK) unit. For a First-Of-A-Kind (FOAK) unit, the operation time will be 
shorter and construction time longer.  
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7.1.2 Technical considerations 

The performance data used in the economic evaluations of the HTR plants for a 
NOAK unit are presented in table 7.2. 
 
Description ACACIA PBMR 
Reactor thermal power 40 MW  400 MW 
Electrical power generation 16.6 MW 170 MW 

Possible co-generation 18 MW 180 MW 

Efficiency 41.5 % 42.5 % 

Availability 90 % 95 % 

 
Table 7.2:  Technical data for economic evaluation 
 
It is uncertain whether the heat available can be used in co generating purposes. 
Therefore it is assumed that this heat has no commercial value. 
  
The efficiency is assumed constant. In reality the efficiency will vary with different 
loads. 
 
The availability of the plant depends largely on the amount of maintenance that the 
plan requires. It is not necessary to stop the energy production once a year for 
refuelling the reactor, which is common for normal light water reactors, because the 
PBMR can refuel online and the ACACIA only refuels after several years.   
It is assumed in this case that the reactor is not part of a combined system with the 
wind farm. In that case the reactor may be available for most of the time, but its 
energy production is not required during 50 % of the time, because the wind farm is 
producing electricity already. This case is investigated in section 8.3. 

7.1.3 Capital costs 

A detailed break down of the capital costs of the ACACIA reactor can be found in van 
Heek  (1997). The assumed total capital cost for the ACACIA converted to 2004 
prices is 77 million euro. This includes the construction of the co generating 
equipment of the plant. 
To calculate the levelised costs, the following formula is used (Ludwig, 2001): 
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in which Z is the annuity, the yearly payment defined as: 
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with, 

• Clev  Levelised costs     [euro/MWh] 
• Ccap0  Total investment Cost at start of project   [euro] 
• η  Capacity factor     [-] 
• r  Discount rate      [-] 
• n  Payment period      [year] 
• Pe,max  Maximum electrical power    [MW] 

 
With the equations state above, the Levelised Capital cost for the ACACIA are 82.38 
euro/ MWh. 
 
According to the PBMR (Pty.), the total capital cost is between $1000 and $1200 per 
kWe for a NOAK unit. This price is based on the construction of an 8-module power 
plant. The FOAK unit could cost 50 % more ($1800).  
 A similar study by Kadak (1998) in the United States results in a cost of 
approximately $1900 per kWe for a FOAK unit and an additionally reserve of 24 % of 
this amount for contingency. Comparing with the numbers of the PBMR Pty. the 
resulting amount of $2380 per kWe looks very conservative. 
The lower capital cost in South Africa is the result of lower labour cost than in the US. 
The major part of the capital cost comes from the equipment and structures 
themselves and not from the construction and labour costs. For a single unit instead 
of an 8-module plant the cost will be slightly higher.  It is assumed that the single unit 
placed in the Netherlands will not be a FOAK, but that experiences with the 
construction of the PBMR already exist.  
With these factors in mind the $1900 per kWe by Kadak is used and transformed to 
the price for a NOAK unit (devide by 1.5), resulting in a price of $1267. Taking in 
mind that a single unit is build and reserve some amount for contingency a cost of 
$1500 per kWe seems justified. 
This leads to a levelised capital cost of 14.31 euro/ MWh. 
 
The capital costs do not include the costs made for the decommissioning of the plant, 
only the investments made at the beginning of the project. 
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7.1.4 Fuel costs 

The nuclear fuel cost includes the cost components associated with mining, 
conversion, enrichment, fabrication and spent fuel disposal. 
In the feasibility study of the ACACIA, a fuel price of 13.94 euro/ MWh is assumed. 
As mentioned in the report (van Heek, 1997), this price is probably a high value. A 
Low value for the fuel cost is 6.97 euro/ MWh. 
The PBMR (Pty.) uses an even lower value for the fuel cost per MWh of 5 $. The 
difference can be explained by the fact that the ACACIA reactor uses slightly higher 
enriched fuel, which will be more expensive. Moreover, the fuel price for the PBMR is 
probably based on South African fuel from a future plant in Pelindabe, which will be 
cheaper than present day prices. 
The fuel price can also be estimated using the separate costs associated with fuel:  

• Natural Uranium costs are 17.85 $ per lb U3O8 and 10 $ per lb U3O8 for the 
waste management. (32 % of total cost) 

• Conversion costs are 8.5 $ per kg U. (4 % of total cost) 
• Enrichment is sold in separative work units (SWU), which represent the level 

of effort required to increase the concentration of U-235 in natural uranium. 
For enrichment under 10,5% the costs are $125 per kg-SWU (Kadak, 1998). 
(39 % of total cost) 

• Fuel fabrication costs are estimated at 275 $per kg U. (6 % of total cost) 
• Spent fuel costs are 840 $ per kg U spent fuel. (19 % of total cost) 

The total fuel costs by this calculation are 8,48 $/MWh which corresponds very well 
with the low value by van Heek. 
Therefore 7 euro/MWh is used for the fuel costs for the PBMR.  
 

7.1.5 Operation and Maintenance costs 

The operation and maintenance (O & M) cost covers on- and off site personnel, 
maintenance materials, supplies and expenses, regulatory fees and insurances. A 
detailed cost break down of the ACACIA can be found in (van Heek, 1997). 
Personnel cost have been reduced by the application of a pooling management 
system for operation and maintenance. The total operation and maintenance costs 
are 1.53 million euro per year or 11.69 euro/ MWh. 
 
The cost estimation for the O&M costs of the PBMR results in a value between 
2.5 $/MWh and 3 $/MWh. These are the costs at maximum continuous rating, while 
minimal operational levels would bring about a reduction of 20 % in O & M costs. 
The O & M costs of the ACACIA are a factor 10 higher than the PBMR costs. The 
much lower level of labour costs in South Africa can explain this. In the study by 
Kadak (1998) a levelised O&M costs of $ 4.4 per MWh is used for an 8-module plant. 
The O&M costs for single reactor plant are assumed at 5 euro/MWh. 
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The assumption is made that the dynamical operation of the HTR involved with 
backing up the wind farm will not have an significant effect on the O & M costs. 
Control of the HTR is relatively easy as was proven in chapter 7. The possible extra 
maintenance required with such dynamic control is assumed to be neglible.   

7.1.6 Decommissioning cost 

The decommissioning costs cover the dismantling of the reactor and disposal of all 
parts. The costs for the ACACIA are estimate at 10.4 Million euro (van Heek, 1997), 
which results in 0.55 euro/ MWh.   
The PBMR dismantling costs are an estimated (high) 200 Million euro for an 8-
module plant. For a single module, 25 Million euro is assumed. 
In reality the decommissioning costs are paid after the operation time of the plant. 
From the start of the project, money is put aside each year to pay this amount of 
money. To calculate the yearly costs for the decommissioning a real interest rates of 
7.5 % and 9.5 % is assumed. The levelised costs are found with equation (7.3).  
The annuity is in this case: 
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with, r1 the inflation and r2 the interest rate. 
This leads to a value of 0.26 euro/ MWh for the ACACIA and 0.41 euro/ MWh for the 
PBMR. 

7.1.7 Life Cycle Costs 

The total levelised cost of electricity produced by the ACACIA and PBMR can now be 
calculated. Table 7.3 presents an overview. 
  
Cost item ACACIA          

[euro/ MWh]  
PBMR            
[euro/ MWh] 

Capital 82.38 14.31 
Operation and Maintenance 11.69 5.00 

Fuel  13.94 4.17 

Decommissioning 0.26 0.41 

   

Total levelised cost of electricity 108.3 23.9 

 
Table 7.3: Levelised cost overview 
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These costs are calculated with a real interest rate of 7.5%. If this rate is changed to 
9.5% the total levelised costs of the PBMR would be 27.2 euro/MWh. 
 
If the credit for the heat of the co-generation is taken into account, according to 
avoided fuel cost, the total levelised cost for the ACACIA becomes 95.86 euro/ MWh. 
In the calculation of the levelised costs it was assumed that no political stimulation of 
CO2 free energy production is present.  

7.2 Life cycle cost of an off shore wind farm in the Netherlands 

The life cycle cost of the off shore wind farm is analysed in the same way the life 
cycle cost of the HTR reactors were analysed. Major differences in the calculation of 
the cost are the absence of fuel costs and lower decommissioning costs. 
Like the HTR technology, the off shore wind technology is new and experiences with 
off shore wind farms are scarce. Estimation for several costs is therefore difficult and 
many different figures are mentioned in references for the same cost. For this reason 
the sensitivity of several parameters on the total life cycle cost are analysed. 

7.2.1 Economic considerations 

The discount rate is assumed 5% and 7%, as was done for the HTR’s.  
The construction time of the wind farm is 1 year and the operation time is assumed at 
20 years (Kouwenhoven, 2004).  The lifetime of the wind turbines is still relatively 
uncertain. Wind farms that are designed for a lifetime of 20 years can experience 
major maintenance costs after 15 years.  
Table 7.4 presents the economic considerations for the wind farm. 
 
Description Wind farm 
First year of analyses 2004 
Construction duration 12 months 

Start of operations 2005 

Retirement date 2025 

Last year of analyses 2025 

Year of PV analysis 2004 

Year of price inputs 2004 

Discount rate 5% and 7% 

Inflation 2.5% 

 
Table 7.4: Time related economic parameters 
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7.2.2 Technical considerations 

The performance data used in the economic evaluations of the wind farm are 
presented in table 7.5. This is done for high cost values and low cost values, based 
on considerations made in section 7.2. 
 
 
Description Wind farm (Low) Wind farm (High) 
Wind farm maximum power 99 MW 99 MW 
   

Capacity factor 51 % 46 % 

Turbine availability 89 % 89 % 

Farm availability 99 % 98 % 

Farm efficiency 85 % 80 % 

Transport losses 95 % 95 % 

   

Overall load factor 0.36 0.305 

Annual produced energy 312 GWh 265 GWh 

   

 
Table 7.5:  Technical data for economic evaluation 
 
The capacity factor determines how much the turbine uses the rated capacity of the 
generator. This factor should not be confused with the (thermal) efficiency of a 
conventional or nuclear power plant.  The capacity factor for wind turbines will 
normally even be below 50 % (DWIA, 2004). The reason why this is the case can be 
made clear by the following example. If a small generator is fit on a large rotor, the 
generator will produce its maximum power for most of the time and a high capacity 
factor is achieved. However, the generator will only capture a fraction of the available 
wind energy at high wind speeds.  The cost of the produced energy will be relatively 
high, because a big rotor is used to produce a little amount of energy. 
 
The DWIA gives a capacity factor of 0.42 for a NM92 turbine placed on shore in the 
Netherlands near coast (at Texel). In an ECN report (Scheepers et al., 2002) on off 
shore wind energy, even higher values around 0.5 are mentioned.  

A capacity factor is calculated with the data of the KNMI (KNMI, 2004) of wind 
speeds at the North Sea near Noordwijk. In section 6.1.4 a transient of this data is 
shown. The capacity factor for the site at Egmond aan Zee is calculated using 
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MATLAB. The wind speed data per hour of a whole year is fed to a program in 
MATLAB. From this calculation with the P-v curve of the NM92 turbine a mean 
capacity factor of 0.49 arises for the wind data of the years 1998-2002. The lowest 
capacity factor was 0.4631 in the year 1998 and the highest value was 0.5089 in 
2002. For this reason a low cost value of 0.51 and a high cost value of 0.46 are used 
in the cost calculation. 
 
The availability of the farm is estimated at 98 % (Scheepers et al., 2002). This figure 
is also mentioned by the DWIA. The amount of time that the farm is out of operation 
for maintenance service is still quite uncertain, a low and high value a therefore 
applied.  
The availability of the turbines themselves (as separated units) is estimated at a 
value of 0.89. 
The efficiency of the farm has to do with the interference of the turbines with each 
other. Low and high values are adapted from Scheepers et al., 2002. 
A loss of 5% with the transport of produced electrical energy to the shore by 
transformer and cable is also considered.  
 
The different efficiencies result in an overall load factor for the wind farm and an 
annual power production. 
 

7.2.3 Capital costs 

The cost of the initial investment is usually given in euro/kW installed power, as is 
more often done for energy systems. For a wind farm this is a bit misleading because 
the generator determines the maximum amount of power produced. It is better to 
present the price per rotor area. For the wind farm near Egmond a price of 2000 
euro/kW is found (Kouwenhoven, 2004). In comparison with a wind farm on shore, a 
larger part (50%) of the investment goes into the building of the infrastructure, such 
as cables and foundation.  The rest of the money is spend on the turbines 
themselves. 
In an ECN study (Scheepers et al., 2002) a price of 1770 euro/kW is mentioned for a 
500 MW off shore farm. This includes costs for: turbine and tower (40%), foundation 
(11%), electric infrastructure of the farm (8%) , transport cable to coast (8%), 
installation and transport (20%) and others (13%). In the report of Scheepers et al. 
low and high values of 1500-2100 euro/kW are found. 
It is expected that the cost will drop in future systems, which are becoming larger. 
Already designs are made for 6 MW turbines. 
 
The total capital costs for the wind farm are estimated at a low value of 170 million 
euro and a high value of 210 million euro. 
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7.2.4 Operation and Maintenance costs 

In Scheepers et al. (2002) the Operation and Maintenance costs are estimated 
between 3 and 4.5% of the capital costs.  Experiences with off shore wind farms in 
Denmark show that the Maintenance costs dropped to values between 1.5 and 2% 
per year the initial investment cost (DWIA, 2004). These figures are based on large 
modern turbines. This will lead to costs between 2.6 and 4.2 million euro per year for 
maintenance only, based on the low and high values for the capital costs. The 
Maintenance costs are small in the beginning of operation and tend to increase as 
the turbine ages. Nevertheless, a fixed value is assumed.  
Because experiences with operating and maintaining of off shore wind farms do not 
yet exist in the Netherlands, the higher values of Scheepers are adapted. This leads 
to a low and high value of 5.1 and 9.5 million euro for O%M costs per year. 

7.2.5 Life Cycle Costs 

The total levelised cost of electricity produced by the wind farm can now be 
calculated. Table 7.6 presents an overview.  
Cost item Wind farm (Low)   

[euro/ MWh]  
Wind farm (High)  
[euro/ MWh]  

Capital 53.4 77.9 
Operation and Maintenance 15.5 20.5 

   

Total levelised cost of electricity 69.8 113.8 

 
Table 7.6: Levelised cost overview 
 
The results in table 8.6 are calculated with a real interest rate of 7.5%. When a value 
of 9.5 % is applied, the total levelised cost for a low estimate becomes 78.1 and 
126.0 euro/MWh for a high estimate. 
 
In the calculation of the levelised costs it was assumed that no political stimulation of 
sustainable energy production is present. In the calculation of the market value in 
Scheepers et al.  (2002) this political stimulation of wind energy production is 
incorporated. From the year 2001customers of conventionally produced energy have 
to pay a tax of 5.83 euroct/kWh. This tax is called the ‘Regulerende Energie Belasting 
‘ (REB). The REB for ‘sustainable’ electricity is zero. Besides this tax the energy 
companies receive an additional governmental fund of 1.94 euroct/kWh. The total 
financial stimulation of ‘sustainable’ energy is in this case 7.77 euroct/kWh.  
Energy production by means of a nuclear plant is CO2 free, but cannot apply for 
either of these financial benefits, while an off shore wind farm can. In this thesis the 
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costs are calculated without these governmental stimulations to get a good 
comparison of wind energy and HTR energy compared with other energy systems. 
The REB tax system is changed in the new energy tax system called the MEP, which 
works differently and stimulates the investment in sustainable energy in the 
Netherlands.  
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7.3 Life cycle of a conventional energy system 

In this section the life cycle costs of a conventional energy system are calculated. A 
combined cycle (CC) gas fired power plant is chosen as the ‘conventional’ energy 
system, because it is one the most competitive energy systems in the Netherlands. 
As apposed to nuclear and wind power, a CC gas fired plant has a low capital cost 
and high fuel cost. Apart from its CO2 emission it could therefore be a logical choice 
for the wind energy back up system. 

7.3.1 Economic considerations 

The same economic parameters are assumed as for the wind farm and HTR. 
Description Wind farm 
First year of analyses 2004 
Construction duration 24 months 

Start of operations 2006 

Retirement date 2036 

Last year of analyses 2036 

Year of PV analysis 2004 

Year of price inputs 2004 

Discount rate 5% and 7% 

Inflation 2.5% 

 
Table 7.7: Economical considerations for the conventional power plant 

7.3.2 Technical considerations 

It is assumed that the CC plant has a efficiency of 50% and a availability of 91% 
when it is used at base load (TVO, 2003). To make the plant comparable with the 
PBMR, a capacity of 170 MWe is assumed. 

7.3.3 Capital costs 

The capital costs of the CC plant are estimated at 600 euro/kWe. This results in a 
value of 6.37 euro/MWh per year. 

7.3.4 Fuel costs 

The fuel costs are calculated from the cost of natural gas in the Netherlands.  For 
large consumers of gas (more than 10 million m3/y) a price of 0.149 euro/m3

 is found 
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(Scheepers, 2001). This leads to price of 4.11 euro/GJ. This results in a fuel cost of 
29.62 euro/MWh. In fact, the price of natural gas is coupled to the oil price, which can 
strongly vary, see the figure below. 
 

 
 
Figure 7.2: Brent Crude Oil Closing price in $/BBL from July 1988 to February 2004 

7.3.5 Operation and maintenance costs 

The O&M costs are calculated in euro/MWh directly with the following equation 
(IJzenbrand, 2001): 
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in which CO&M, const. are the constant costs per year (10500 euro) and CO&M, var are the 
variable costs (1.2 euro/MWh).This gives a O&M cost of 2.52 euro/MWh. 

7.3.6 Life cycle costs 

The total life cycle costs of the conventional plant are presented in table 7.8. 
Cost item CC plant          

[euro/MWh]  
Capital 6.37 
Operation and Maintenance 2.52 

Fuel cost 29.62 

Total levelised cost of electricity 38.51 

 
Table 7.8: Levelised cost overview of CC plant 
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7.4 Cost comparison of separate plants 

The different options for generating electricity are now compared. The cost of 
electricity produced by the separate units is presented in figure 7.3. 
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Figure 7.3: Cost per MWh of electricity produced separate plants. 
 
For the PBMR and the wind farm the largest part of the cost is the capital cost. A high 
investment in the beginning is required for these plants, but after that little costs are 
made. The conventional plant only requires a small investment. The fuel of the plant 
determines the cost for more than 75%. It is therefore very sensitive to the capricious 
fuel price. 
 
Clearly the PBMR provides an option to produce electricity competitively in a CO2 
free manner. It can also be concluded that a wind farm as a separate unit cannot 
achieve this without governmental funding. 
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7.5 Operating cost of combined systems of wind power and back 
up 

With the data of the sections above a commercial assessment can be made of a wind 
farm combined with a back up system.  The HTR and the CC plant are considered as 
back up systems. The maximum power output of the wind farm is assumed to be 
equal to the maximum power output of the PBMR plant (170 MWe). In this way the 
output of the PBMR plant will range from 0% to 100% in reality. In the cost calculation 
however, the electricity demand is set to a constant value of 170 MWe in order to be 
able to make an assessment. Depending on the overall load factor of the wind farm, 
the back up system has to deliver a part of its maximum capacity. Two different load 
factors were used in the cost calculation of the wind farm without back up. These 
factors will also be used in the cost calculation with back up. The cost of generating 
energy by means of the wind farm will be the same as for the case without back up. 
The back up system has to adapt to the output of the wind farm to make sure that the 
required amount of energy is produced. This will result in different costs for this 
system in comparison with a maximum load case. 

7.5.1 Wind power with HTR back up 

The capital costs per MWh of the PBMR will increase when the plant is used as a 
back up system. The reason for this is that the plant is not used at its maximum 
capacity. With an overall load factor of the wind farm at 0.36 and 0.305 the load 
factors for the PBMR are 0.64 and 0.695.This is also the reason for an increase in 
O&M costs per MWh of the plant. The total amount of O&M will decrease because 
less maintenance is required, but the amount of energy produced has decreased 
also, resulting in a higher O&M cost per MWh. The decommissioning costs per MWh 
will increase also. The amount of fuel costs will be the same per MWh. 
The overall effect is obviously an increase of the levelised costs of the PBMR. In 
figure 7.4 the cost the combined system of a wind farm and HTR, for low and high 
values, is compared with the cost of a PBMR plant working at maximum output and a 
wind farm without back up. 
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Figure 7.4: Cost per MWh of electricity produced by Wind and/or PBMR. 
 
The figure also shows the origin of the cost. The combination of a wind farm and a 
PBMR plant requires more capital, but has very low fuel cost. This option is more 
expensive than a PBMR plant producing 165 MWe continuously, but is also more 
environmentally friendly.  A wind farm without back up as presented in the figure 
cannot produce energy continuously. The combination of the PBMR and wind farm is 
much cheaper than the wind farm alone, because the PBMR can produce electricity 
at a low cost. 

7.5.2 Wind power with conventional back up 

Compared with the use of a conventional plant used as a separate unit, a 
conventional plant used as a back up has a higher levelised capital cost per MWh 
and O&M costs per MWh. The fuel cost per MWh will be the same per MWh. 
The cost of the combined energy system of wind power and CC conventional plant is 
presented in figure 7.5. 
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Figure 7.5: Cost per MWh of electricity produced by Wind and/or conventional plant. 
 

7.6 Conclusion on commercial assessment 

The power production by a conventional plant is slightly more expensive than 
production by the PBMR. A conventional plant that uses a fossil fuel is very sensitive 
to the fuel price while the nuclear plant is not. Power generation by wind energy 
alone appears to be expensive. 
 
The costs of electricity production for the combination of the wind farm and PBMR 
and the combination of the wind farm and the conventional plant are compared in 
figure 7.6. This is done for the low and high cost estimate of the wind farm. 
 
Clearly the combination of the PBMR and wind farm is the cheapest option, for the 
low and high cost estimates. The exact numbers calculated with Excel for all plant 
options can be found in Appendix C. 
 
The combination of a wind farm and PBMR does not produce CO2 but is expensive 
compared with PBMR or conventional plants working as separate units. This 
combination is also more expensive than the PBMR by itself, which provides also a 
CO2 free option. If the PBMR has to produce as much energy as the combination of 
PBMR and wind, it will produce more nuclear waste. One could say that the price to 
avoid the production of this small amount of extra waste is very high. This price can 
be calculated from the difference between the (low cost) wind farm and PBMR 
combination and the PBMR cost and is equal to 22 euro/MWh.  
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Figure 7.6: Cost per MWh of electricity produced by combined systems. 
 
The variable costs of an energy system are also an important issue for the 
commercial success of the system, because this amount determines whether it is 
commercially interesting to sell electricity on the energy market. The fuel costs 
determine the main part of the variable costs besides a small part of the O&M costs. 
From figure 7.6 can be seen that the combination with the PBMR has much smaller 
fuel costs than the combination with wind energy and is from this point of view also 
an interesting option.   
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8 Conclusion and recommendations  

This chapter states the conclusions and recommendations of the thesis. 

8.1 Conclusion 

The conclusions on the feasibility of the HTR reactor as a back up system for wind 
energy can be split in a part concerning the technical feasibility and a part concerning 
the commercial feasibility: 
 The PBMR reactor can adjust its power output in a fast manner and is thereby 

from a technical point of view a suitable back up system for wind energy. The 
simulations in the reactor model in MATLAB show that by changing the reactor 
mass flow, the reactor power output can be varied.  
After an investigation of the wind power production by a wind farm, a worst-
case scenario for the power demand of the reactor core was developed. The 
worst-case scenario consists of a rapid increase in power demand after a 
period of virtually no demand and thus build up of Xenon. By only controlling 
the reactor power by the mass flow for this case, high mass flows can occur of 
two times the nominal value. The high mass flows can be omitted if the control 
rods contribute to the control of the reactor power. In that case the control rods 
compensate for the Xenon poisoning effect. Further optimising the controllers 
of the control system, thereby temporarily deviating from the demanded 
power, results in even lower mass flows. In practice the limits of maximum 
helium outlet temperature and maximum mass flow will determine the exact 
values for the feedback controllers.   

 The costs of energy generation by a combination of a HTR and wind energy 
are estimated between 46 and 56 euro/MWh. When a conventional gas fired 
plant would have been used as back up, the costs would have been between 
52 and 63 euro/MWh. This makes the HTR-wind combination more cost 
competitive than a combination of a conventional system and wind energy and 
thus commercially feasible. If the HTR (PBMR) is used to generate all the 
demanded energy by itself, a cost of 24 euro/MWh is found. Cost of power 
generation by wind energy only (70-114 euro/MWh) or only conventional (39 
euro/MWh) is more expensive than the HTR.  
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8.2 Recommendations 

In the only part of the HTR that was modelled in the MATLAB model was the reactor 
core. The reason for the focus on this part of the plant is that it is expected to have 
the most impact on the dynamic capability on the power output of the plant. It would 
also be worthwhile to model other parts of the plant, such as the recuparator and the 
mass inventory control system. Especially for a PBMR size HTR in which the 
recuparator is a large mass and thus have some impact on the dynamic capability of 
the total plant. 
Together with modelling other parts of the plant temperature, pressure and mass flow 
limits can be drawn. This will give a more exact image of the dynamic capabilities of 
the HTR. 
 
The backup system of the wind energy farm in this investigation only consist of the 
HTR, which acts directly to the output of the wind farm. Other strategies can also be 
investigated in which the HTR can for example store its produced energy for periods 
in which the energy demand is high. Other strategies can be thought of in which the 
co generation possibilities of the HTR are used. These possible investigations focus 
more on the application of the HTR-wind combination as part of the total energy 
market. 
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Appendix A: Helium properties constants 

Constants for equations 3.1 – 3.3: 
  
Constant  unit 
C1 9.489433.10-4 

m3/kg 
C2 9.528079.10-4 m3/kg 

C3 3.420680.10-2 1/K 

C4 2.739470.10-3 m3/kg 

C5 9.409120.10-4 1/K 

   

cp 5193.0 J.kg/K 

h0 5557  J/kg 

R 2077.22 J/kgK 

 
Table A.1: Helium properties constants 
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Appendix B: P-v curve coefficients for turbine 

Constants for equation 6.1: 
 
Wind speed 
range 

Constant Value 

4-11 m/s A -3.88678.100 

 B 1.04960.102 

 C -5.78371.102 

 D 8.90805.102 

11-15 m/s A -2.67176.101 

 B 8.56252.102 

 C -4.08315.103 

 D 0 

  

 
Table B.1: Constants for P-v curve wind turbine 
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Appendix C: Cost Calculation 

  Cap O&M Fuel Decom Total  

PBMR 14.31 5.00 4.17 0.40 23.89 

Wind (Low) 
 

53.50 
 

16.36 
 

0.00 
 

0.00 
 

69.86 

Wind (High) 
 

77.83 
 

35.71 
 

0.00 
 

0.00 
 

113.54 

Conventional  
 

6.37 
 

2.52 
 

29.62 
 

0.00 
 

38.51 

PBMR+Wind (Low) 
 

32.86 
 

10.31 
 

2.67 
 

0.38 
 

46.22 

Conv+Wind (Low) 
 

25.06 
 

7.86 
 

18.96 
 

0.00 
 

51.87 

PBMR+Wind (High) 
 

37.34 
 

15.37 
 

2.90 
 

0.38 
 

55.99 

Conv+Wind (High) 
 

29.54 
 

12.92 
 

20.59 
 

0.00 
 

63.05 

 
Table C.1: Cost of electricity production for different plants in euro/MWh 
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Appendix D: Xenon calculation constants 

Constant ACACIA PBMR 

γI 
 
0.0603615 

 
0.0603615 

γXe 0.0077 0.0077 

λI 2.912.10-5 2.912.10-5 

λXe 2.118.10-5 2.118.10-5 

ρXe,0 0.01718 0.0277 

I0 1.3732.1020 2.8606.1020 

X0 1.2887.1020 1.1864.1020 

   

  

  

 
Table D.1: Constants for the calculation of the Xenon concentration 
 
Constants can be used in normalised Xenon equations:   
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Nomenclature 

List of symbols 

 
• A  Surface area (subjected to heat transfer)  [m2] 
• αp, αh  Constants for helium properties  [kg m-3 Pa-`],[kg2 m-3 J-`] 
• B  Correction factor for non ideal gas behaviour [-] 
• β  Sum of delayed fractions    [-] 
• βj  Delayed neutron fraction of precursor group j [-] 
• c  Heat capacity     [J kg-1K-1] 
• cp  Heat capacity at constant pressure  [J kg-1K-1] 
• C  Costs (levelised)    [euro]([euro/MWh]) 
• C1…3  Constants for Helium property calculation  [-] 
• Cj  Concentration of precursor group j  [m-3] 
• d   Diameter of the pebble      [m] 
• ΔρHe,fr  Pressure loss by friction    [Pa] 
• ε   porosity of pebble bed    [-] 
• η  Capacity factor     [-] 
• ψ  Friction factor     [-] 
• γI, γXe  Iodine and Xenon fission yield   [-] 
• γn  Decay heat yield of group n   [-] 
• h  Enthalpy      [J kg-1] 
• H  Height of pebble bed    [m] 
• I  Iodine concentration    [m-3] 
• k   thermal conductivity of the helium   [W m-1 K-1] 
• K  Constant for temperature reactivity  [-] 
• κ   von Karman constant     [-] 
• L  Length      [m] 
• λI, λXe   Iodine and Xenon decay constants   [-] 
• λj  Decay constant of precursor group j  [s-1] 
• λn  Decay constant of decay group n   [s-1] 
• Λ  Mean neutron generation time   [s] 
• m&  Mass flow      [kg s-1] 
• μ  Dynamic viscosity of the fluid   [kg m-1 s-1] 
• n  Payment period      [year] 
• Nu  Nusselt number     [-] 
• p  Pressure      [Pa] 
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• P  Power       [W] or [-] 
• Pd,n  Decay heat power of decay group n  [W] 
• Pp  Prompt power      [W] 
• Pr  Prandtle number     [-] 
• Q  Heat transfer      [W] 
• q&  Heat generation per unit volume   [w m-3] 
• R  Gas Constant      [J K-1 kg-1] 
• Re  Reynolds number     [-] 
• r  Radius or discount rate    [m] 
• ρ  Density or reactivity     [kg m-3] or [-]  
• S  Area (cross-sectional)    [m2] 
• S  External source     [Ws-1] 
• T  Temperature      [K] 
• U  Heat transfer coefficient    [W m-2 K-1] 
•   Friction speed     [m/s] u∗

• V  Volume      [m3] 
• Xe  Xenon concentration    [m-3] 
• z  Height       [m] 
• z0  Roughness length     [m] 
• Z  Annuity      [-] 

 

Abbreviations, acronyms and subscripts 

• ACACIA  AdvanCed Atomic Cogeneration for Industrion Application 
• aver   average  
• ax   axial  
• PBMR   Pebble Bed Modular Reactor 
• CC   Combined Cycle 
• Conv   Conventional (energy system) 
• d   decay 
• e   electrical 
• ex   external 
• fr   friction 
• He   Helium 
• HP   High Pressure 
• HTGR   High Temperature Gas-cooled Reactor 
• HTR   High Temperature Reactor 
• I   Iodine 
• in   inner 
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• in,rfl   inner reflector 
• INCOGEN  Inherently safe Nuclear COGENeration 
• LP   Low Pressure 
• norm   normalised 
• p   prompt 
• peb   Pebble or pebble bed 
• PI   Proportional –Integral 
• rlf   reflector 
• temp   temperature 
• th   thermal 
• Xe   Xenon 
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