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Abstract 

This report considers the economics and market potential of the modular HTR under 
circumstances representative for the Netherlands. First pcwer generation costs for 
different types of nuclear power plants, such as Lie HTR, are estimated. Then a 
comparison is made with power generation costs of fossil fuel fired alternatives. The 
market potential of the modular HTR for industrial cogeneration is analysed, as well 
as the fossil fuel prices needed for economic competition with a gas fired plant for 
cogeneration. At last the economics of the HTR are analysed under different COz 

reduction constraints. 
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SUMMARY 

An analysis is given of the economics and market potential of the modular HTR in 
the Netherlands. The modular HTR is one of the reactor types under consideration 
because of its excellent safety characteristics. The report gives an assessment of the 
economics of the modular HTR, assuming commercially availability. The period of 
analysis ranges from 2010 to 2040. Besides the market potential of the modular 
HTR for industrial cogeneration is analysed. 

First the power generaton costs of both the modular HTR and a large LWR are 
estimated, based on literature about the (German) LWR and a recent economic 
appraisal of the (CIS) modular HTR. It proves that power generation costs could be 
of the same order of magnitude, although the LWR seems to produce power at 
slightly lower costs. This presumes, however, succesfull demonstration and commer
cialisation of the modular HTR. 

Also a comparison is made of generation costs of LWRs and modular HTRs at one 
hand and fossil fuel fired power at the other hand. The fossil fuel fired options con
sidered are a natural gas fired combined cycle plant and a coal fired Integrated coal 
Gasification Combined Cycle plant (IGCC). For this kind of comparison two fuel 
price projections are used (low and high) and two levels of investment costs (low 
and high). From this analysis it becomes clear that the LWR and the modular HTR 
cannot compete at current low fossil fuel prices. For LWRs and HTRs to be economi
cally competitive with the fossil fuel fired options considered, a real doubling of 
natural gas prices and a 50% increase of coal prices is a prerequisite. This holds for 
both high and low investments cost estimates. 

The market potential of the modular HTR for industrial cogeneration is analysed, 
assuming a minimum steam supply of 100 MW,,, from the HTR. It appears that the 
number of locations with a steam demand of 100 MWm or more is about ten. For the 
comparison of the modular HTR and a natural gas fired combined cycle plant for co-
generation, two different methods of analysis are applied. As for power generation 
only, the economics of the modular HTR for industrial cogeneration strongly depend 
on the development of fossil fuel prices. A real doubling of the natural gas price is 
needed in order to make the HTR for industrial cogenration competitive with similar 
plant based on natural gas. 

At last another dimension is added to the comparison of the HTR and fossil fuel fired 
power plants: the global warming effect of C02. This analysis is performed with the 
MARKAL model. It proves that the LWR could become competitive under a 20% C02 

reduction policy. For the modular HTR to be introduced as a COz reduction option, 
40 to 50% reduction is needed. In this part of the analysis the HTR shoud compete 
not only with fossil fuel fired power plants, taking into their C02 emission, but also 
with numerous energy conservation options. Taking into account this fierce com-
pasetition, it appears that the HTR could be economically attractive on the long run, 
presuming a stringent C02 reduction policy. 
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1. INTRODUCTION 

This report gives an analysis of economical and environmental aspects of the High-
Temperature Gas-Cooled Reactor (HTGR) under circumstances representative of the 
Netherlands. In other countries safety requirements, fossil fuel prices, etc, can be 
quite different. This study is part of the ECN research programme on the Modular 
HTGR. 

HTGR designs have at least two 'inherent' safety characteristics: 
• low power density, preventing temperatures to rise above 1600 °C; 
• fuel concept, preventing fission product release below 2000 °C; 
Another aspect deserving attention is the low power rating (200-450 MW ,̂ corre
sponding with 80-225 MWe). 

However, their economical potential seems to be rather dim. MHTGR is the name of 
the (JS (General Atomics) modular High-Temperature Reactor design, and HTR-M of 
the German one (Siemens). Since a few years General Atomics uses the acronym 
GT-MHR for their design. However, in the following the 'neutral' term HTR (High-
Temperature Reactor) will be used. 

Analysis of the economics of HTR designs is desirable for more than one reason. At 
first, an economic comparison of the HTR and the Light Water Reactor (LWR) is 
needed. The LWR is the world standard of nuclear power plants. LWRs offer more 
potential for scale effects (1300-1500 MWe) than the HTR (80-225 MWe per mod
ule). However, HTR designs offer more scope for standardisation, and they can be 
built in a short time (which cannot be guaranteed for LWRs). Not only the LWR, but 
also advanced coal and gas fired power plants are considered as competitors to the 
HTR. 

Secondly, the HTR can also be used for industrial cogeneration and district heating, 
whereas the LWR is hardly suitable for cogeneration. This is due to the high operat
ing temperature of the coolant (helium) and the relatively small capacity of the HTR 
module. For economic comparison a natural gas fired combined cycle plant of the 
same power rating is used as reference. 

A third consideration is the level of fossil fuel prices. Oil and gas prices are nearly as 
low as they were before the 1973 oil crisis. International coal prices are exception
ally low. Sooner or later the oil price will rise again, as more remote and hence more 
expensive oil reserves will have to be developed. Some analysts are of the opinion 
that oil and gas prices could be maintained on the current low level for some de
cades, due to the potential of enhanced oil recovery. Low fossil fuel prices are 
damaging to the prospect of nuclear power. However, it is also possible that oil and 
gas prices would show a real doubling in 25 years from now. In that case nuclear 
power is certainly more competitive to oil or gas based power generation. 

Nuclear power costs are less sensitive to the level of fuel (uranium) prices than oil or 
gas fired power. It is a matter of fact that uranium resources show comparable 
depletion characteristics as oil and gas resources, and, to a much lesser extent, coal 
resources. However, LWR and HTR power plants are not as vulnerable for fuel price 
escalation than oil and gas fired power. 

ECh-R-95-012 7 



Economics and market potential of the modular HTR in the Netherlands 

The economic assessment is based on different energy price scenarios over the next 
decades. Apart from different energy prices, various investment costs arc taken into 
account. Economic appraisals of new reactor designs tend to be optimistic on the 
investment costs. In order to test the sensitivity for investment costs, optimistic as 
well more pessimistic estimations are used for all options considered: HTR, LWR, 
and advanced coal and gas fired power plants. Optimistic estimations could materi
alise, if circumstances are favourable. This means simple construction and operation 
permits, short construction schedules, scale effects, etc. In that case investment 
costs could be relatively low. Higher investment costs are linked with very stringent 
safety requirements, lengthy procedures, less ideal construction schedules, small 
series of identical plant, etc. 

Environmental considerations become more and more important, not only in the 
Netherlands but also elsewhere. One of the most challenging is the global warming 
effect of fossil fuel combustion (and deforestation). Nuclear power plants do not emit 
C02 or ether greenhouse gases. Emissions from energy use in other parts of the 
nuclear fuel cycle are very low, compared to direct COz emissions from coal or gas 
fired power plants [ 1 j . In order to account for COz emissions from fossil power plants 
in competition with HTFc and LWR plants, a dynamic model of the energy system in 
the Netherlands is used, the so-called MARKAL model (MARKet AUocation): this 
internationally applied mode! enables the cost effective allocation of technologies 
over time (for instance 2000-2040), taking into account not only costs and fuel 
prices, but also eventual constraints on C02 emission within a national framework. 
In this way the C02 reduction potential of nuclear power can be assessed. 

Chapter 2 presents a break-down of nuclear generation costs, for the modular HTR 
and the LWR, based on relevant literature on these power generation options. In 
Chapter 3 the economic competition between HTR, LWR and coal or gas fired power 
plants is analysed, considering various investments cost levels and two distinct fossil 
fuel price scenarios. 

Chapter 4 gives an analysis of the economic competition between the HTR and the 
gas fired combined cycle, both applied for industrial cogeneration. In Chapter 5 the 
role of HTRs under a C02 reduction policy is analysed. At last Chapter 6 presents 
some conclusions. 
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2. COSTS OF HTR VERSUS LWR 

2.1 Introduction 

This Chapter presents estimates of generation costs ot HTR designs as well as the 
LWR. Costs for the HTR are based on a report, dated November 1993, (2] of Gas-
Cooled Reactor Associates (QCRA). uniting industries involved in the development 
of the US MHTGR. The report deals with generation costs of multi-unit MHTGR 
designs. Because the GCRA report proved to be the most specific with respect to 
costs, this report is used as main reference. 

Development of the MHTGR is characterised by the terms 'lead module', 'prototype 
expansion', 'replica plant' and 'target plant'. Here the 'target plant' of a 4x450 MWft 

(4x200 MWe) MHTGR with indirect helium turbine cycle is used as reference. Such a 
cycle - called GT/rC (Gas Turbine/Indirect Cycle) in the GCRA report - enables a 
high thermal efficiency of 44.8% (the thermal efficiency of an LWR is about 34%). 
The 'target plant' is the seventh plant of this type. Developing an indirect helium 
turbine seems to be easier than a direct turbine cycle, although a reliable indirect 
helium cycle does need a lot of development work. 

We assume nuclear and fossil fuel fired power plants to start up in 2010. As a 
matter of fact the HTR will not be commercially available this soon: it has to go 
through the stages of development and commercialisation mentioned above. The 
modular HTR itself has not been built until now: its predecessors in the (JSA (Fort 
St. Vrain) and Germany (THTR-300, Hamm) had not been designed as more or less 
'inherent' safe nuclear reactors, although their fuel concept was familiar to that of 
current modular designs. The economical appraisal itself and the reference start-up 
year (2010) are instrumental to the assessment of the relative costs of different 
power plant types in the f-rst half of the next century. 

Table 2.1 presents generation costs of nuclear power plants in the (JSA [3] and 
France [4], to get some impression of cost factors. 

Table 2.1 Nuclear generation costs in the USA and France 

USA France 
[et/kWh) [et/kWh] [%] 

Capital1 7.15 4.75 62-57 

Operation, maintenance, insurance 3.00 1.75 26-21 

Fuel cycle 1.20 1.75 10-21 

Disposal of nuclear waste 0.20 0.10 2-1 

Total 11.62 8.42 100 

' Including decommissioning. 
2 5.97<(i990)- 11.6 ct (1993); 0.24 FF (1991)-B.4ct (1993). 
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Capita] costs, and costs of operation, maintenance and insurance, are much lower in 
France than in the USA. On the other hand, US fuel cycle costs are lower the fuel 
cycle is 'once-through' instead of reprocessing. 

Estimates will be presented of investment and decommissiong costs, and of other 
recurrent costs: operation and maintenance costs, and fuel cycle costr. The cur
rency is NLG of 1993. An NLG/US $ exhange rate of 1.75 is used throughout the 
report. A real interest rate of 5% is assumed. 

Modem LWRs have a design life of 40 years. Economic life can be shorter than that, 
if new safety requirements would necessitate costly modifications. For nuclear power 
plants economic liftime is assumed to be 30 years, and for fossil fueled power plants 
25 years. For HTRs lack of experience is evident at the moment; technical and 
economic lifetimes of 40 and 30 years respectively could be realised after sufficient 
experience. 

2.2 Investment costs 

In the reference report of November 1993 [2J GCRA provides cost breakdowns for 
investment costs of HTRs, notably the 4x200 MWe indirect helium turbine cycle 
HTR. A similar economic assessment of a 1000 MWe PWR (Pressurised Water 
Reactor) was made by Motor Columbus in 1985 (5), for the Ministry of Economic 
Affairs in the Netherlands. Both reports give detailed cost breakdowns of various 
cost items; the number of items is reduced to ten for practical reasons. Also indirect 
construction costs, interest during construction, and first core costs are reported. 

PWR investment costs from the Motor Columbus report are inflated by 17.5% (the 
cost escalation in the period 1984-1993). The resulting figures could be representa
tive of 'Konvoi', a 1300 MWe Siemens PWR, three of which were commissioned in 
Germany in 1988-1989. Although Konvoi looks rather conventional nowadays (the 
design goes back to about 1980), it is one of the most modem PWRs in the world. 
Investment costs and operation and maintenance costs of German PWRs have been 
documented and analysed in depth by Kim in his dissertation of February 1991 [6]. 
'Low' investment costs correspond to replication of a Konvoi type reactor. 'High' 
LWR investment costs could result from unfavourable circumstances, such as addi
tional safety requirements. 

Table 2.2 presents optimistic ('low') and more pessimistic ('high') estimates of 
investment costs for Konvoi and the HTR. The following gives some background to 
Table 2.2: 
1. Margins between 'low' and 'high' investment costs are 15% for the LWR, and 25% 

for the HTR. Despite the 25% margin for the HTR, investment costs of this type of 
plant remain quite uncertain. Cost items for the 'low' LWR case are based on the 
Motor Columbus report, for other cases costs are extrapolated. 

2. Interest during construction is based on: 
• construction schedules of 5 years for Konvoi, and 3.5 years for the HTR; 
• a 5% real discount rate. 

3. Costs of the first core are considered equal for LWR and HTR. 
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Table 2.2 Investment costs of a 1300 MWe Konvoi and a 4x200 MWe HTR 
(NLG/kWe) 

Site costs 

Buildings and structures 

Reactor plant 

Turbogenerator plant 

Electrical systems 

Control & instrumentation 

Miscellaneous plant equip
ment 

Studies & engineering 

Spare parts 

Contingency 

Direct construction costs 

Indirect construction costs 

Total construction costs 

Interest during construction 

First core load1 

Total investment costs 

Konvoi 

Low 

130 

645 

975 

730 

210 

115 

50 

400 

70 

200 

3,525 

470 

3,995 

500 

195 

4,690 

High 

150 

745 

1,120 

840 

240 

135 

55 

460 

80 

230 

4,055 

540 

4,595 

575 

195 

5,365 

HTR 

Low 

140 

690 

1,030 

770 

220 

120 

55 

425 

75 

210 

3,733 

500 

4,235 

370 

195 

4,800 

High 

170 

855 

1,290 

970 

280 

150 

65 

530 

90 

265 

4,655 

625 

5,290 

465 

195 

5,950 

' First core load for a PWR. 

Standardisation is a requirement for nuclear power plants. The modular HTR could 
be built in high numbers of identical modules. The GCRA report gives an investment 
cost estimate for the 4x200 MWe HTR of $ 2,450/kWe (1992) * NLG 4,500/kWe 
(1993), first core costs excluded. This is close to the 'low' HTR case (Figure 2.1). 

In the presentation of investment costs ('low' as well as 'high' cases), conditions in 
the Netherlands are taken into account, as much as possible: 
• Dutch nuclear safety standards, based on US and German standards; 
• one-step licensing, enabling fast construction, 
• relatively small market compared to France, Germany, etc. 

There could be doubt if the reference LWR, based on the Motor Columbus report and 
evidence from the Konvoi plants, are representative for the Netherlands. Here we do 
not discuss the optimal size of nuclear reactors, nor the most appropriate nuclear 
design from a safety point of view. However, conditions prevailing in France, where 
twin 1455 MWe PWRs are in the commissioning stage, and large numbers of 900 
and 1300 MWe PWRs have been builc, are probably not representative for fhe future 
Dutch market. Also a first-of-a-kind plant like Sizewell B (OK), with investment costs 

ECN-R--95-012 11 



Economics and market potential of the modular HTR in the Netherlands 

probably 50% higher per kWe installed than for Konvoi, as can be deduced from (7) 
[81, is no good yardstick for a competitive market in the Netherlands. 

We compared our 'low' and 'high' HTR investment cost estimates with those of 
GCRA |2] and KugeJer and Fröhling (January 1993) |9] (Figure 2.1). 

LWntitgh HTR low HTR SC HTR-M 

£3 Construction Q Interest ES First core 

Figure 2.1 Comparison of investment cost estimations of multi-unit HTR designs, as 
reported here ('low' and 'high') and elsewhere1 

1 The GCRA three multi-unit MHTGR designs are reported: SC = Steam Cycle, GT/IC * Gas-
Turbine/Indirect Cycle, GT/DC = Gas Turbine Direct Cycle; the HTR-M design (Siemens) has a rated 

power of 6x80 MWe. 

It proves that 'low' HTR investment costs (Table 2.2) are marginally higher than the 
investment costs of the 4x200 MWe indirect gas turbine cycle MHTGR (GCRA). 
'High' HTR investment costs (Table 2.2) are close to the investment cost figures of 
Kugeler and Fröhling [9J for a 6x80 MWe HTR-M. The latter estimate is based on a 
compounded learning and series effect of 53% compared to a first-of-a-kind 2x80 
MWe HTR-M. 

2.3 Operation, maintenance and insurance 

Opereation, maintenance and insurance costs (O&M costs) can be attributed to: 
• operation and maintenance personnel; 
• equipment and materials; 
• insurance costs. 

Operation and maintenance personnel 
A thorough analysis of generation costs of nuclear and coal fired power plants in 
Germany is presented by Kim [6]. Numbers and salaries of personnel of German 
LWRs (Annex A) are based on his analysis. German LWRs with a rated power of 
>600 MWe have an average staff of 310 persons (0.28 person/MWe). In the USA the 
staff for an average 1000 MWe reactor doubled from 400 to 800 in the years 1980-
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1989 [10]. Recently it reached the level of 1,100 on average (11 J. This extremely 
high number is mainly caused by post-TMI requirements of the (JS NRC (Nuclear 
Regulatory Commission), some of which are counterproductive (12], and by lack of 
standardisation. 

QCRA gives a number of 250 people for the direct staff of a 4x200 MWe HTR, and 
besides 'offsite technical support', equivalent to 30 people. This number of 250 
people is relatively low: for a 2x80 MWe HTR-M design of Siemens (2x200 MWu,) 
the staff has been estimated at 100 in a publication of December 1990 (13]. We will 
use a number of 360 people (90 per 450 MW^ module, 0.45 person/MWe). 

Personnel costs for German LWRs and coal fired power stations are approximately 
DM 90,000 and DM 80,000 (DM 1987) respectively (6]. HTR personnel costs could 
be NLG 110,000 (1993) on average, which is between the figures mentioned. Over
all HTR personnel costs could be 20% higher than in the view of GCRA. 

Repairs and maintenance 
It follows from the analysis of Kim [6] that repairs and maintenance costs are about 
1.2% of LWR construction costs, or NLG 50-55/(kWe/yr). Costs of repairs and 
maintenance for CIS LWRs are as follows: 
• In 1986 O&M costs were 1.2 </kWh (1986) [12], of which 0.47 </kWh (about 1.2 

et/kWh 1993) for repairs and maintenance. 
• In 1989 O&M costs were $ 70/(kWe/yr) [14]; $ 28/(kWe/yr) - NLG 60/(kWe/yr) 

(1993) - represented repairs and maintenance. 
• The 1990 figure for O&M costs is 1.5 C/kWh [15], of which 0.6 </kWh 

(= 1.2 et/kWh) for repairs and maintenance. 

It proves that US and German figures for repairs and maintenance costs are roughly 
the same: NLG 50-60/(kWe/yr). 

In the GCRA report repairs and maintenance costs are estimated at $ 13.2/(kWe/yr) 
« NLG 25/(kWe/yr). Other O&M costs refer to replacement of graphite blocks 
('other costs' in Figure 2.2). We assume overall repairs and maintenance costs of 
the HTR could come down to $ 22/(kWe/yr) * NLG 40/(kWe/yr). 

Insurance 
Insurance costs comprise the following items: 
1. Nuclear liability for the operator: maximum NLG 625 million, insurance rate 

0.4%/year. For a 1300 MWe PWR insurance costs for nuclear liability would be 
NLG 2/(kWe/yr). An HTR, that could prove to be free of core melt accidents, 
could be discharged of nuclear liability. 

2. Fire insurance: based on direct construction costs, insurance rate 0.31%/year 
(full coverage) [16]. Costs for an LWR would be NLG ll-13/(kWe/yr), for an 
HTR about NLG 12-14/(kWe/yr). 

3. Insurance of equipment: based on 80% of direct construction costs, insurance 
rate 0.6%/year [16]. For an LWR this amounts to NLG 17-19/(kWe/yr), for an 
HTR to NLG 18-22/(kWe/yr). 

It seems that the estimation of insurance costs by GCRA is incomplete. 
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Summary 
Figure 2.2 presents various O&M cost estimates. Average O&M costs for OS LWRs 
are relatively high, due to large numbers of staff [11,14,15]. The other LWR O&M 
costs are based on figures for Konvoi [6] [16] [17J. GCRA estimates for the 4x200 
MWe HTR seem too optimistic with respect to number of staff and insurance costs. 
'Low' and 'high' HTR O&M costs are thought tc be slightly higher than equivalent 
figures for the LWR. 

Figure 2.2 Comparison of O&M cost estimates for LWRs and HTRs, as reported here 
('low' and 'high') and elsewhere 

2.4. Nuclear fuel cycle 

Nuclear fuel cycle costs for the HTR are attributed to: 
1. mining and conversion into (JF6; 
2. enrichment of 235U from 0.71 % to 19.9%; 
3. fuel fabrication; 
4. transport of spent fuel elements to a repository; 
5. 'fuel-rod pushout', by which fuel is separated from graphite; 
6. permanent disposal of radioactive waste, including spent fuel elements, in a 

repository (for instance a salt dome). 

In the Annexes B and C fuel cycle cost are presented in detail for HTR and LWR 
respectively, based on cost items following below. 

The main differences between HTR and LWR fuel are: 
• Enrichment of the fuel: 3-4% 235U for LWRs, 19.9% for the HTR. 
• Fuel fabrication: Triso-coated particles' (SiC-coating) make HTR fuel resistant to 

much higher temperatures than LWR fuel elements. 
• Fuel burnup: 35 MWdth/kgü for an LWR, 121 MWdth/kgü for an HTR. 
• Fuel reprocessing; LWR fuel is commonly reprocessed in Europe. For HTR fuel 

this is not envisaged. HTR 'fuel rods' can be pushed out of the graphite blocks, to 
reduce the volume of radioactive waste (graphite blocks could be reused); costs 
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of 'fuel-rod pushout' are tentatively estimated at 10% of reprocessing costs for 
LWR fuel. 

• Fuel transport: LWRs need transport of spent fuel to the reprocessing plant, and 
subsequently of vitrified High Level Waste (HLW) and other radioactive waste to a 
repository. The HTR needs transport of spent fuel and other radioactive waste to 
the repository (supposed that 'fuel rod pushout' takes place near the repository). 

2.4.1 Mining and conversion 

Costs of natural uranium could rise steeply between 1994 and 2010 and more 
gradually afterwards, in a scenario with rising fossil fuel prices. Currently the price of 
natural uranium is extremely low, due to oversupply and 'conversion' of nuclear 
warheads. In the near future relatively high-cost uranium ores will have to be devel
oped. Uranium prices could rise to $ 80/kgCJ in 2010. This price level presupposes a 
scenario of rising fossil fuel prices, as illustrated by earlier publications [1] (18) For a 
fuel price scenario with flat fossil fuel prices, $ 40/kg(J in 2010 seems to be more 
representative. Conversion costs are about $ 8/kgCI. 

2.4.2 Enrichment 

Costs of uranium enrichment are estimated at $ 95/SWÜ, regardless of the level of 
enrichment (3-4% or 19.9%). Mote that higher enrichment values (19.9%) need more 
separative work (Annexes B and C). For uranium from reprocessed LWR fuel ele
ments, a premium of $ 10/SWÜ over the level of $ 95/SWCJ seems appropriate, due 
to radiation protection measures required. Such levels of enrichment costs can be 
realised by ultracentifuge enrichment. 

2.4.3 Fuel fabrication 

HTR fuel differs widely from LWR fuel. Costs of fuel fabrication cannot be estimated 
with much accuracy. GCRA estimates for the 'target plant' are used as reference 
(Annex D). It proves that HTR fuel fabrication costs are largely dependent on the 
sc?!e of fuel fabrication. Commercialisation of the HTR requires fuel fabrication on a 
relatively large scale. 

2.4.4 Permanent disposal of radioactive waste 

Radioactive waste of the nuclear fuel cycle is mostly Low and Intermediate Level 
Waste (LLW and ILW). High Level Waste (HLW) originates from the reprocessing 
plant, in case reprocessing is considered (otherwise the spent fuel itself is High Level 
Waste). HLW should be permanently disposed in a geological repository. We present 
estimates of 'back-end' fuel cycle costs for Germany, France and Sweden. 
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Germany 
In Germany 'Schacht Konrad' and Morsleben have be designated for disposal of 
LLW and ILW. Konrad is an existing mine at 850 m depth in Ntedersachsen, with a 
capacity of 650.000 rr3 waste [19]; disposal of LLW and ILW is supposed to start in 
1997. Currently this kind of waste is disposed in a mine at Morsleben. Disposal costs 
in M orsleben have been estimated at DM 5,000-10,000/m3 [20]. The Morsleben 
mine will be closed in 2000. 

An investment of DM 1.646 billion is needed for developmei... of the Konrad reposi
tory. LLW and ILW disposal costs have been estimated at DM 10,000-50,000/m3 

[21 J. Disposal costs of LLW and ILW in Konrad are tentatively estimated at 
DM 25,000/m3 * NLG 28,000/m3. 

Permanent disposal of HLW is foreseen in Gorleben at 850 m depth. This salt dome 
has a capacity corresponding with 2,500 GWe-year; installed nuclear capacity in 
Germany is 22.4 GWe [22]. In case of the reprocessing cycle, the fuel passes the 
followi ig stages: 
• transport of spent fuel to the reprocessing plant; 
• interim storage, reprocessing and HLW conditioning; 
• transport of HLW and other radioactive waste (LLW and 1LW); 
• interim storage; 
• permanent disposal in a repository. 

Back-end costs of the LWR reprocessing cycle, presented in Table 2.3, are based 
on publications about the LWR fuel cycle [23] and [24]. Reprocessing contracts 
show a range of costs. Therefore the weighed average of reprocessings costs from 
these contracts is used as reference. Costs of transport of spent fuel and HLW, and 
of permanent disposal of radioactive waste -'re based on German data. 

Table 2.3 shows that total back-end costs for the LWR reprocessing cycle are ap
proximately DM 3,900/kg HM. Reprocessing contracts closed before 1990 prove to 
be more expensive than later contracts, a consequence of cost accounting by 
Cogéma and British Nuclear Fuels. German utilities signed reprocessing contracts 
worth more than DM 18 billion, corresponding to 8,500 tonnes of spent fuel [25], 

The average figure of DM 3,900/kg HM is used as reference value. It is quite possi
ble that future reprocessing costs are lower, if experience with reprocessing grows. 
Also the relatively long intermediate storage period of spent LWR fuel at reprocess
ing plants is of interest; interim storax " LWR fuel is used to lower the radiation 
dose for workers in reprocessing plam . Operators of nuclear power plants could 
benefit from this interim storage, by discounting their reprocessing costs. 
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Table 2.3 Back-end costs of reprocessing fuel cycle for German LWRs 

'Old' contracts 'New' contracts Total 
(5,536 tonnes) (3,010 tonnes) (8,546 tonnes) 

[M/kg HM] [DM/kg HM] [DM/kg HM] 

Transport of spent fuel 150 150 150 

Reprocessing1 2,900 1,700 2,475 

Transport of HLW 425 425 425 

Disposal in repository 875 875 875 

Total 4,350 3,150 3,925 

1 Interim storage, reprocessing, and conditioning. 

France 
Disposal of LLW and ILW by means of shallow burial will be in Soulaines, for 90% of 
waste in the next 30 years. Disposal costs have been estimated at FF 5,000/tonne 
[26], or FF 10,000/m3 * NLG 3,300/m3 [19]. Costs of deep disposal of LLW and 
ILW in Germany prove to be nine times higher. Disposal of HLW will probably cost 
DM 500/kg in France [27], which is about half the costs in Germany. Total costs of 
nuclear waste disposal and decommissioning would be 1 centime/kWh [26]. 

Sweden 
'CLAB' near the nuclear power plant of Oskarshamn is the repository for LLW and 
ILW in Sweden. It stretches 60 meter beneath the Baltic sea. Disposal costs are 
approximately 0.1 ore/kWh (0.025 et/kWh) [28]. For HLW a geological repository is 
needed, presumably 500 meter beneath ground level [29]. This repository should 
accomodate 8,000 tonnes of Heavy Metal (HM). Permanent disposal of HLW will 
probably cost SEK 4,800/kgü - NLG 1,200/kgtl [30]. Total costs of nuclear waste 
disposal and decommissioning could amount to SEK 55 billion, until recently the 
decommissioning and disposal fee was 1.9 ©re/kWh; some expect this fee to rise to 
2.4 <&re/kWh » 0.6 c t/kWh). 

HTR versus LWR 
In Table 2.4 disposal costs for LWRs and MHTGRs are compared, based on a net 
power rating of 800 MWe. Disposal costs for LWRs are disaggregated for the three 
countries considered. 

For the HTR 'fuel-rod pushout' is assumed to reduce HLW volume from 54.5 to 12.6 
m3/year [31]. This is a rough estimate. Table 2.4 shows that permanent disposal 
costs for LLW and ILW are lower than for HLW. In the following disposal costs of 
nuclear waste in Germany are used as reference for LWRs and HTRs. 

ECN-R-95-012 17 



Economics and market potential of the modular HTR in the Netherlands 

Table 2.4 Costs of nuclear waste disposal of an 800 MWe LWR and a 4x200 MWe 
hTR1 (million NLG/yr) 

LLW & ILW 

HLW 

Total 

[et/kWh] 

220 m3/y 

14t/y 

LWR 

Germany 

6.2 

17.6 

23.8 

0.45 

France 

0.7 

10.1 

10.8 

0.20 

Sweden 

1.3 

22.3 

23.6 

0.45 

HTR 

150m3/y 4.2 

25.5 t/y 29.2 

33.4 

0.63 

In order to facilitate comparison between LWR and HTR, the rated power is assumed to be 800 MWe, 
and load factor 75% for both types of nuclear reactors. 

2.4.5 Summary 

Nuclear fuel cycle costs are summarised in Figure 2.3. They prove to be roughly 
equal for both reactor types. HTR fuel cycle costs are more uncertain, and the 
estimate of reprocessing costs for LWR fuel could prove to be too conservative, 
when experience in reprocessing grows. 

Reprocessing enables a better fuel economy and lower natural uranium costs for an 
LWR than for an HTR. However, reprocessing is the most expensive stage in the 
LWR fuel cycle. For the HTR both enrichment and fuel fabrication costs are rela
tively high. By the absence of reprocessing costs and presumably only marginally 
higher disposal costs, overall fuel cycle costs of the HTR are roughly comparable to 
those of an LWR. 

LWR HTR 

Figure 2.3 Equilibrium nuclear fuel cycle costs1, LWR and 4x200 MWe HTR 

1 Fuel processing is reprocessing for LWR fuel, and fuel-rod pushout for HTR fuel. 
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2.5. Decommissioning 

Nuclear power plants are decommissioned at the end of their economic life. Com
plete decommissioning means that the nuclear reactor is dismantled, and all parts 
are transported to a disposal facility (repository), leaving the site in a greenfieid 
state. Table 2.5 presents cost estimations for nuclear power plants of different type. 

Sometimes the last of three decommissioning stages is deferred. In this stage the 
most radioactive parts (pressure vessel and internals, etc.) are removed. Deferral 
can lower the radiation dose of the workers. For some nuclear power plants deferral 
for 30 years or more is anticipated, not only to decrease the radiation dose, but 
also for economic reasons. However, costs of regular inspection and maintenance 
can offset the cost reduction. 

united States 
Recent analysis for the US NRC shows that decomissioning of an 1100 MWe LWR 
requires 6 years, including 2 years of preparation [32j. In the decommissioning of 
the 72 MWe Shippingport PWR the reactor pressure vessel was removed in one 
piece [33] [34]. Dismantling of an 85 MWe Yankee Rowe PWR will cost 
$ 235 million, equivalent to NLG 2,400/kWe [35]; for the 1178 MWe Trojan PWR 
decommissioning costs are about the same: $ 226 million (1989), NLG 400/kWe 
[36]. Decommissioning small LWRs is much more expensive than large LWRs, for 
which projections vary from NLG 300 to 750/kWe. The lowest level corresponds to 
decommissioning of twelve LWRs in Sweden [37]. 
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Table 2.5 

Country 

Magnox 
and HTR 

GB 

Germany 

USA 

LWR 

Finland 

Germany 

USA 

Sweden 

Decommissioning costs of gas 

Type 

Magnox 

THTR-3001 

HTR-M2 

FSV3 

MHTGR 

PWR 

PWR 

BWR 

PWR 

PWR 

PWR/BWR 

Number 

2 

1 

2 

1 

4 

2 

1 

1 

1 

1 

12 

cooled reactors and LWRs 

Net 
power 
rating 

[MWeJ 

334 

303 

160 

330 

806.4 

880 

1,145 

771 

185 

1,178 

9,650 

Decommissioning costs 

[NLG 1993] 

1.23 109 

0.31 109 

0.19 109 

0.23 10* 

0.51 109 

0.48 109 

0.49 109 

0.59 109 

0.45 109 

0.43 109 

2.90 109 

[NLG/kWel 

3,650 

1,025 

1,200 

700 

625 

550 

425 

750 

2,400 

365 

300 

1 Decommissioning stages 1 and 2; stage 3 decommissioning would be as expensive. 
2 This HTR-M is a 2x200 MW(h (2x80 MWe) HTR, to be used for cogeneration. 
3 Fort St. Vrain. 

Germany 
Decommissioning costs of the 100 MWe Niederaichbach LWR are DM 280 million 
(NLG 3,100/kWe). Projected decommissioning costs for commercial LWRs in 
Germany [38] and Finland [39] differ only marginally (Table 2.5). 

Decommissioning of the fast breeder reactor SNR-300 at Kalkar (which was never 
operative) will cost DM 150 million, or NLG 560/kWe [40]. 

united Kingdom 
In the ÜK some unconventional options are considered, such as deferral of stage 3 
decommissioning of the small Magnox reactors for >100 years, or even 'landscap
ing' of reactors [41 J. This is because Magnox reactors have bulky reactor pressure 
vessels of prestressed concrete [42]. The extremely high decommissioning costs 
presented in Table 2.5 prompted plans for deferral of stage 3 for 100 years. 
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HTR uersus LWR 
A reasonable Figure for decommissioning costs of a 1300 MWe PWR (Konvoi) 
seems to be NLG 400/kWe. More experience with decommissioning is needed to 
reduce the uncertainty in cost estimates. 

Complete decommissioning of the 300 MWe THTR at Hamm (Germany) would 
probably cost NLG 600 million, or NLG 2,000/kWe [43]. As with the Magnox 
reactors in the (JK, the THTR has a prestressed concrete reactor pressure vessel. 
Stage 3 decommissioning has been deferred; the costs of stage 1 and 2 are about 
half the above mentioned costs [44]. For the US Fo.t St. Vrain HTR (330 MWe), 
decommissioning will probably cost $ 124 million, corresponding to NLG 700/kWe 
[45] [46]. 

Decommissioning of a 4x200 MWe HTR with indirect helium cycle would cost 
about NLG 625/kWe, according to GCRA [2]. For the 2x200 MW^ HTR (Siemens) 
decommissioning costs have been estimated at NLG 1,200/kWe [13]. It proves that 
decommissioning costs of the predecessors of the modular HTR are in the range of 
NLG 700-2,000/kWe. The figure of NLG 1,200/kWe for the Siemens 2x200 MWa, 
does not seem very conservative. Therefore the latter figure is used as reference. A 
fund is assumed to be raised at the commissioning stage of an HTR or LWR. This 
fund grows over the economic life, based on a 5% real discount rate. 

Decomissioning of modular HTRs could be rather costly for two reasons: 
• An HTR module has a capacity of 450 MWu,, whereas the capacity of Konvoi is 

about 3,800 MWm. As with investment costs, it can be deduced from Table 2.5 
that decommissioning costs show scale effects for LWRs and gas-cooled reac
tors. Decommissioning a reactor with a low power rating could be rather expen
sive. 

• Power density of an HTR is much lower than for a PWR. 

2.6 Summary 

In the preceding sections investment costs, operation and maintenance costs, fuel 
cycle costs, and decommissioning costs have been presented. Here we give an 
overview of these costs, based on the following framework: 
• reference year 2010; 
• economic lifetime 30 years; 
• real interest rate 5%; 
• load factor 75%. 

The raference year 2010 is a representative year for the commissioning of LWRs. 
An earlier LWR start-up date could be realised under very favourable conditions 
(2005). For the HTR the reference year 2010 is rather hypothetical, at least if a 
commercial HTR is considered. 

A real interest rate of 5% is quite representative for this kind of economical apprais
als of different generating technologies. Modern LWRs are able to achieve a load 
factor of 75%. The three German Konvoi reactors showed load factors of 80% and 
more in recent years. For modular HTRs a 75% load factor could be achieved after 
sufficient experience. Figure 2.4 gives an illustration of generation costs of an LWR 
and several HTR designs. 
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0 Investment Q ] Decommissioning £3 Operation & maim. £3 Fu«J cycle 

Figure 2.4 Generation costs for 1300 MWe Konuoi, a 4x200 MWe HTR (General 
Atomics), and a 6x80 MWe HTR-M 

Figure 2.4 shows generation costs of LWRs and modular HTRs to be of the same 
order of magnitude. However, the following conditions should be met: 
• standardised HTRs, marketed in large numbers in several countries; 
• decreasing O&M costs due to rapidly growing experience; 
• moderate HTR fuel cycle costs, presuming large scale HTR fuel fabrication and 

absence of reprocessing costs compared to the LWR. 

Uncertainties with respect to the HTR remain relatively large, notably regarding 
investment costs and operation and maintenance costs. 
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3.1 Introduction 

In Chapter 2 the economy of the modular HTR versus an LWR has been analysed. 
Here we focus on the economic competitiveness of an LWR and an HTR versus two 
fossil fuel fired power options. The nuclear power plants are as defined before: a 
1,300 MWe Konvoi plant and a 4x200 MWe HTR with indirect helium cycle. As 
fossil fuel fired generating options a gas fired combined cycle power plant (STAG) 
and an Integrated coal Gasification Combined Cycle power plant (IGCC) are 
lected. 

The economic analysis develops along the same lines as in Chapter 2. More pre
cisely, the following technical and economic data are used: 
• start-up year 2010; 
• economic lifetime: 30 years for nuclear power plants, 25 years for fossil fuel fired 

power plants; 
• real interest rate 5%; 
• load factor 75%. 

In order to test the sensitivity for the level of fuel prices and investment costs, four 
cases are evaluated: a case with low and high fuel prices and a case with low and 
high estimates of investment costs. 

In this Chapter the assumptions on the fuel price scenarios are presented, followed 
by an assessment of generation costs of the gas fired combined cycle power plant ( 
STAG) and an integrated coal gasification combined cycle power plant (IGCC) in 
the start-up year. In Section 3.4. the development of generation costs for all op
tions considered is presented, resulting in an evaluation of the economic competi
tiveness of the HTR. 

3.2 Fuel price development 

Fuel costs of fossil fuel fired power plants have a large impact on power generation 
costs. Future fuel prices are hardly to predict. Recently developed scenarios show 
wide margins of future fuel price levels. Therefore two scenarios are determined: a 
low and a high estimate of future fuel prices. 

In the Figures 3.1 and 3.2 the fossil fuel price scenarios are presented. The low 
price scenario is based on the lower end of fuel price estimates of the Ministry of 
Economic Affairs [47J, showing almost flat fuel prices until the year 2015. We 
assume fossil fuel prices to recover to the current level in 2040. The high scenario 
is based on steadily rising fossil fuel prices, ending up in more stable prices at the 
end of the period considered. In this high fuel price scenario, aspects like supply 
side production costs, primary energy demand developments and (demand side) 
energy conservation are taken into account. Furthermore, uranium prices are 
assumed to be $ 40/kg(J (low scenario) or $ 80/kgCJ (high scenario) in the year 
2010, with an annual growth rate of 1.5 percent thereafter. Fuel prices presented 
are without energy taxes or environmental taxes. 
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Figure 3.1 Low fossil fuel price scenario 
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Figure 3.2 High fossil fuel price scenario 

In Annex E an overview of recently developed fossil fuel price scenarios is given, 
together with figures of the coal and gas price ratios for both energy price scenar
ios. 
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3.3 Generation costs gas and coal fired power plant 

As mentioned before, we will address the economic competitiveness of an LWR 
and an HTR versus two fossil fuel fired generation options: a gas fired combined 
cycle power plant (STAG) and an Integrated coal Gasification Combined Cycle 
power plant ( IGCC). These types of power plants are considered as representative 
in reports of the government (48) and in the production plan of the power generat
ing companies in the Netherlands [49]. 

In general generation costs of a gas fired STAG and a coal fired IGCC are more 
easily to estimate than those of an HTR power plant (fuel costs excluded). Fossil 
fuel fired power plants make use of well known technologies, especially in the case 
of a STAG. The recently commissioned 250 MWe IGCC demonstration plant at 
Buggenum is used as a reference for the calculation of generation costs of an IGCC 
in the year 2010. 

!n Table 3.1 (aggregated) data of the STAG and IGCC are listed. As for the HTR 
and LWR we estimated low and high levels for both investment costs and operation 
and maintenance costs. For the IGCC power plant we assumed a compounded 
learning and scale effect of 20-35 percent compared to the 250 MWe demonstra
tion plant at Buggenum. The efficiencies assumed for IGCC and STAG could prove 
to be too pessimistic. 

Table 3.1 Data of coal fired IGCC and gas fired STAG, start-up year 2010 

Plant type 

Capacity 

Load factor 

Efficiency 

Lifetime 

Interest rate 

Investment cost case 

Investment 

O&M fixed 

Variable 

[MWe] 

[%] 

[%] 

[y<l 

[%] 

[NLG/kWe] 

[NLG/kWe/yr] 

[NLG/GJe] 

IGCC 

600 

75 

50 

25 

5 

Low 

2,540 

70 

0.7 

High 

3,060 

85 

0.7 

STAG 

350 

75 

60 

25 

5 

Low 

1,400 

37.5 

-

High 

1,610 

45 

-

In Table 3.2 generation costs of the coal fired IGCC and gas fired STAG are pre
sented. 
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Table 3.2 Generation costs IGCC and STAG, start-up year 2010 (ct/k\Vh) 

Plant type IGCC STAG 

Investment cost case 

Investment 

O&M fixed 

Variable 

Subtotal 

Low 

274 

107 

25 

406 

Hgh 

330 

129 

25 

485 

Lou; 

151 

57 

-

208 

High 

174 

68 

-

242 

Fuel price scenario L H L H L H L H 

Fuel costs 2.02 2.74 2.02 2.74 2.97 5.47 2.97 5.47 

Generation costs 6.08 6.80 6.87 7.59 5.05 7.55 5.39 7.90 

In general the effect of variations in world energy prices or. generation costs is 
lower for a coal fired IGCC than for a gas fired STAG. From Table 3.2 it can be 
concluded that the effect of the high fuel price scenario on the generation costs is 
more than four times lower for the IGCC than for the STAG. On the other hand, the 
effect of investment costs variations on generation costs is higher for a coal fired 
IGCC than for a gas fired STAG. 

3.4 Development of generation costs 

Economic competitiveness of an HTR can be analysed by comparing the genera
tion costs of an HTR, an LWR, a gas fired STAG and a coal fired IGCC from the 
start-up year 2010 to the year 2040. Four different cases are analysed, depending 
on the fuel price scenario chosen(low or high) and the height of investment costs 
as well as operation and maintenance costs (low or high). The probability of o-
ccurance of each case in the period considered is not taken into account. However, 
at the moment fuel prices tend be at a Jow level. 

In the Figures 3.3 and 3.4 the development of the generation costs of the HTR, 
LWR, IGCC and STAG under low fuel prices is illustrated. Figures 3.5 and 3.6 show 
results for high fuel prices. 
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Figure 3.3 Generation costs (low fuel prices, high investment costs) 
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Figure 3.4 Generation costs (low fuel prices, low investment costs) 
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Figure 3.5 Generation costs (high fuel prices, high investment costs) 
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Figure 3.6 Generation costs (high fuel prices, low investment costs) 

From these figures it can be concluded that nuclear power plants - HTR as well as 
LWR - will become economically competitive with gas or coal fired power genera
tion in the case of at least a doubling of natural gas prices and at least a 50 per
cent increase of coal prices. 
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3.5 Summary 

In this Chapter we focused on the economic competitiveness of an LWR and an 
HTR versus a gas fired combined cycle power plant (STAG) and an integrated coal 
gasification combined cycle power plant (1GCC). Four different cases were evalu
ated: low and high fuel prices, as well as low and a high investment costs. The 
effect of variations of world energy prices on generation cost's are lower for of a 
coal fired IGCC than for a gas fired STAG. On the other hand, the effect of invest
ment costs variations on generation costs are higher for a coal fired IGCC than for 
a gas fired STAG. 

After comparison of the development of generation costs of the HTR, LWR, IGCC 
and STAG, determined for the four cases, it can be concluded that nuclear power 
plants - HTR as well as LWR - will become economically competitive with gas or 
coal fired power generation in the case of at least a doubling of natural gas prices 
and at least a 50 percent increase of coal prices. 
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4. HTR FOR COMBINED HEAT AND POWER 

4.1 Introduction 

The high operating temperatures of HTR's open up the possibility of combined heat 
and power (CHP): district heating and industrial CHP. Here we focus on industrial 
CHP. Extending the market from power generation only to CHP enlarges the techni
cal potential of the HTR. However, a technical potential does not necessarily mean 
an economic potential. 

This Chapter gives an overview of factors influencing this potential, and more 
specifically gives an assessment of technical and economical factors for the situa
tion in the Netherlands. The first topic is the technical potential. Questions related 
are the possible unit sizes of the HTR. The unit size determines the number of 
locations with a steam demand, large enough to be supplied by an HTR. The 
second topic is the economic attractiveness of the HTR compared to competing 
technologies for industrial CHP. The competing technology is assumed to be a 
natural gas fired combined cycle plant (STAG), as presently being built in the area 
of Moerdijk. 

If both unit size and economic attractiveness w^'d turn out to be positive for the 
HTR, other aspects could influence decisions; environmental aspects, safety risks, 
nuclear waste are the most important. If these other aspects would ail in all be 
considered more beneficial for a gas fired CHP plant than for a comparable HTR 
plant, it is evident that an HTR for CHP should have economic benefits compared 
to the gas fired CHP plant. Only if these economic benefits would offset the (nega
tive) balance of other aspects, the HTR would be the favourable investment option. 
Here we focus on the economic competitiveness, leaving the other aspects aside. 

4.2 CHP development in the Netherlands 

In recent years gas fired CHP has grown rapidly. In 1990 total capacity - district 
heating and industrial cogeneration - amounted to 3,285 MWe, and a total CHP 
capacity of 8,000 MWe is expected for the year 2000. Growth in CHP is caused by 
favourable conditions: energy saving programmes, including subsidies on invest
ment costs, attractive gas prices for CHP and relatively high prices paid for power 
delivered to the grid. Because of the huge growth in recent years and the next 
years, CHP capacity in the bigger part of industry is relatively new. After this period 
of rapid expansion, CHP capacity is expected to stabilise. An HTR for CHP will 
probably not be realised before 2010. This is five to ten years before the newest 
CHP installations, recently built or to be commissioned, are to be replaced. 
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4.3 Technical potential HTR for industrial CHP 

The unit size of an HTR is such, that a steam demand of 100 MW,,, could be satis
fied. Therefore steam demand needs to be 100 MWth at minimum. A selection of 
installations with a minimum steam capacity of 100 MW^ by means of a database 
of large steam boilers, derived from the Dutch Emission Registration of industrial 
boilers and furnaces (50], results in 34 installations in 1990. Table 4.1 shows the 
industrial sectors with number of installations and total capacity. The database 
shows information based on installations. However, some sites contain more than 
one installation. 

Table 4.1 Steam demand in industry, installation capacity > 100 MW^ 

Industry 

Food 

Refinery 

Chemistry 

Basic metal 

Number 

1 

16 

13 

4 

Capacity 
[MWJ 

120 

2,397 

2,285 

430 

Steam demand 
[PJ/yrl 

0.95 

31.37 

33.38 

4.20 

Total 34 5,232 69.69 

Making a selection of sites with minimum capacity of 100 MWth results in 19 sites. 
Figure 4.1 shows a division of the demand per site. It is obvious that only a few 
sites have a steam demand over 300 MWth. 

Number of sites 
16 

14 

12 

10 

8 

6 

4 

2 

SM 

^vm? 

200 400 600 800 

Steam demand [MW] 
1000 

Figure 4.1 Steam demand per site (installation capacity > 100 MWlh) 

Several installations are dual fuel installations. These often use industrial fuel gases 
from the production process. If they are excluded from the selection, only 11 sites 
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are left, three of which having capacities over 200 MWm. If new industries appear or 
if existing industry closes down or grows significantly, the potential could change 
significantly. All in all the technical potential for HTRs for industrial cogeneration is 
limited. 

4.4 Competitiveness of gas fired power for CHP 

As mentioned in Section 4.1., the economic performance of an HTR for CHP is 
compared to that of a STAG, being installed at the Moerdijk site. The STAG plant is 
integrated with an installation for waste incineration. However, the waste incinera
tion part is omitted in the comparison. The Moerdijk CHP installation has the 
following characteristics (Table 4.2). 

Table 4.2 Characteristics of CHP installation Moerdijk 

Power generation only CHP 

Electric power [MWe] 263 226 

Thermal power [MWJ - 122 

Electric efficiency [%J 52 45 

Thermal efficiency [%] - 24 

Total efficiency [%] 52 69 

The steam temperature is 322°C, and steam pressure is 23.5 bar. Investment costs 
are NLG 1,600/kWe, based on the rated power in the condensation mode 
(263 MWe). Transforming these data for comparison with an HTR for industrial 
CHP results in Table 4.3. 

Table 4.3 Data (.fa gas fired STAG for CHP (100 MWA) in 2010 

1990 2000 2010 2020 2030 2040 

Electric power CHP [MWe] 187.5 
Thermal power CHP [MWJ 100 
Investment [MLG/kWe) 16001 

O&M costs [NLG/kWe/yrl 75' 
Electric efficiency [%] 55* 
Electric efficiency CHP |%) 482 

Thermal efficiency CHP [%j 24 
Economic lifetime (yr) 25 
Interest rate [%] 5 
Load factor (%j 75 
Boiler efficiency [%j 90 
Fuel pr ice 'high' [NLG/GJ] 5.5 6.5 9.1 11.4 12 12.1 
Fuel price 'low' [NLG/GJ] 5.5 5.1 5.0 4.9 5.0 5.5 

1 Based on the full power in condensation m o d e of 2 1 5 MWe. 
2 3 %-point effeciency increase a s s u m e d for period 1 9 9 4 - 2 0 1 0 . 

The attractiveness of CHP can be determined in several ways. Here two methods 
are applied. At first the power generation costs are determined, using the value of 
steam produced by a steam boiler as reference. This method represents the point 
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of view of power generating companies. Table 4.4 shows the power generation 
costs of a natural gas fired STAG for CHP. 

Table 4.4 Generation costs of a gas fired STAC for CHP, 1990-2040 

Costs per year (10* NLG) 

High fuel prices 
Capital costs 
O&M costs 
Fuel costs 
Heat revenues 
Total 

Electricity generation (TWh) 
Generation costs (cl/kWh) 

Loiv fuel prices 
Capital costs 
O&M costs 
Fuel costs 
Heat revenues 
Total 

Electricity geneneration (TWh) 
Generation costs (et/kWh) 

1990 

30 
17 
54 

-14 
87 

1314 
6.6 

30 
17 
54 

-14 
87 

1314 
6.6 

2000 

30 
17 
64 
-17 
94 

1314 
7.2 

30 
17 
50 

-13 
84 

1314 
6.4 

2010 

30 
17 
90 

-24 
113 

1314 
8.6 

30 
17 
49 

-13 
83 

1314 
6.3 

2020 

30 
17 

112 
-30 
130 

1314 
9.9 

30 
17 
48 

-13 
83 

1314 
6.3 

2030 

30 
17 

118 
32 

134 

1314 
10.2 

30 
17 
49 

-13 
83 

1314 
6.3 

2040 

30 
15 

119 
-32 
135 

1314 
10.3 

30 
17 
54 

-14 
87 

1314 
6.6 

The second method implies calculating the internal rate of return (IRR) from the 
annual cash flows (revenue of heat and electricity, minus O&M costs and minus 
fuel costs). The value of power is based on a STAG for power generation only. This 
method is more likely to be used in industry. The resulting IRR values, based on 
the fuel prices in the years of calculation (without fuel price expectations for the 
future), are shown in Table 4.5. 

Table 4.5 IRR of gas fired STAC for CHP (100 MWlh), 1990-2040 

Investment (106NLC) 

High fuel prices 
Cash flow (I06M.G/yr) 
IRR (%) 

Lou; fuel prices 
Cash flow (106riLG/yr) 
IRR (%) 

1990 

28 
4.3 

28 
4.3 

2000 

29 
4.8 

28 
4.1 

2010 

- 424 

33 
6.0 

27 
4.1 

2020 

36 
6.9 

27 
4.0 

2030 

37 
7.2 

27 
4.1 

2040 

37 
7.2 

28 
4.3 

The IRR is calculated, based on the costs of power from natural gas, not on tariffs. 
The attractiveness of the CHP installation for a particular situation depends on 
specific circumstances, for instance whether power generated avoids purchase of 
power or whether power is delivered to the grid. Calculating IRR with tariffs instead 
of costs generally increases IRR. 

In the high fuel price scenario other options for electricity production could become 
more attractive (coal, nuclear). Competition between fuels is also possible for heat 
production, as fas as alternatives are available. A strong increase in prices of 
natural gas may induce a substitution process, which could alter the value of heat 
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and power and the determination of the IRR. 

4.5 Competitiveness of the HTR for CHP 

In Section 4.4. the competitiveness of natural gas fired power for CHP has been 
examined. Here a similar analysis is made for the HTR. This means that costs per 
kWh are determined as well as the internal rate of return. Literature on modular 
HTRs for CHP does not give any efficiency figures for an HTR with indirect helium 
cycle, used for industrial cogeneration. Data in Table 4.6 gives approximate values 
for an HTR with indirect helium or nitrogen cycle and steam bottoming cycle, used 
for industrial CHP. 

Table 4.6 Data of an HTR for CHP (100 MWJ in 2010 

Ï99(5 2ÖÖÖ 2ÖTÖ 2Ö2Ö 2Ö3Ö 204(5 

Electric power CHP (MWe) 195 

Thermal power CHP ( M W J 100 
Investment (NLG/kWe) ----- 6000' 
O&M costs (NLG/kWe/yr) 140' 
Electric efficiency (%) 48 
Electric efficiency CHP (%) 42 
Thermal efficiency CHP (%) 21 
Economic lifetime (yr) 30 
Interest rate (%) 5 
Load factor (%) 75 
Boiler efficiency (%) 90 
Fuel cycle costs (NLG/GJ) 2.75 2.75 2.75 2.75 2.75 2.75 

1 Based on the full power in condensation mode of 225 MWe. 

Table 4.7 shows power generation costs of an HTR for CHP, using steam produc
tion by a steam boiler as reference (the first of the two methods). 

Table 4.7 Generation costs of an HTR for CHP, 1990-2040 

Costs per year <106 NLG) 

High fuel prices 
Capital costs 
O&M costs 
Fuel costs 
Heat revenues 
Total 

Electricity generation (TWh) 
Generation costs (et/kWh) 

Low fuel prices 
Capital costs 
O&M costs 
Fuel costs 
Heat revenues 
Total 

Electricity generation (TWh) 
Generation costs (et/kWh) 

1990 

88 
27 
31 

-14 
131 

1283 
10.2 

88 
27 
31 

-14 
131 

1314 
10.2 

2000 

88 
27 
31 

-17 
128 

1283 
10.0 

88 
27 
31 

-13 
132 

1283 
10.3 

2010 

88 
27 
31 

-24 
122 

1283 
9.5 

88 
27 
31 

-13 
132 

1283 
10.3 

2020 

88 
27 
31 

-30 
116 

1283 
9.0 

88 
27 
31 

-13 
132 

1283 
10.3 

2030 

88 
27 
31 

-32 
114 

1283 
8.9 

88 
27 
31 

-13 
132 

1283 
10.3 

2040 

88 
27 
31 

-32 
114 

1283 
8.9 

88 
27 
31 

-14 
131 

1283 
10.2 
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Results of calculating the IRR, based on the fuel prices in the years of interest, are 
shown in Table 4.8. Again the value of power is based on the costs of power 
generation in a gas fired STAG (power generation only). 

Table 4.8 IRR of an HTR for CHP (100 MWJ. 1990-2040 

Investment (10s NLG) 

High fuel prices 
Cash flow (106NLG/yr) 
IRR (%) 

Low fuel prices 
Cash flow (106NLG/yr) 
IRR (%) 

1990 

40 
-2.2 

40 
-2.2 

2000 

51 
-0.5 

36 
-3.0 

2010 

1352 

80 
3.2 

34 
-3.2 

2020 

105 
5.9 

33 
-3.4 

2030 

112 
6.6 

34 
-3.2 

2040 

113 
6.7 

40 
-2.2 

Analysis of the results leads to some interesting conclusions. First it becomes clear 
that at the present level of energy prices an HTR for CHP is not competitive. The 
differences in costs per kWh are about the same as for power generation only. To 
become competitive at least a doubling of the natural gas price is necessary. 

However, the HTR for CHP is expected to be more competitive than an HTR for 
power generation only. Due to the increasing value of heat production with rising 
gas prices, not only costs per kWh for natural gas based CHP increase, but also 
costs per kWh from HTR CHP decrease. The second method of evaluation by 
means of IRR shows that the attractiveness of HTR for CHP is far more dependent 
on prices of natural gas than natural gas based CHP. Both options become more 
attractive due to the comparison with separate electricity and heat production 
based on natural gas. However, the IRR of the HTR increases 9 %-points, and the 
IRR of a gas fired STAG for CHP increases only 3 %-points. 

4.6 Summary 

The technical characteristics of the HTR make this kind of installation suitable for 
industrial CHP, but regarding the minimum unit size the number of possible loca
tions in the Netherlands is limited (about ten locations). The economic competitive
ness of the HTR for CHP depends on several aspects, such as investment costs of 
the HTR and the level of fuel prices in the future. The calculations show that, 
compared to the competing option (STAG fired with natural gas), the HTR is more 
sensitive to changes in natural gas prices than the STAG. This is due to the fact 
that the value of heat produced also depends on the price of . atural gas. A dou
bling of the natural gas price would make the HTR competitive to the STAG. Eco
nomic competitiveness can be regarded as a necessary condition for penetration of 
the HTR, not necessarily as a sufficient condition. 
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5. HTR AND C0 2 REDUCTION POLICY 

5.1 Introduction 

The global warming effect of C02 emissions from fossil fuel combustion and 
deforestation is a major concern today. As nuclear power plants don't emit COj, 
and have relatively low indirect COz emissions [1], substitution of LWRs or HTRs 
for fossil fired power plants can reduce COz emissions. 

To account for C02 emissions, a dynamic model of the Dutch energy system is 
used, the MARKAL model (MARKet ALlocation), enabling a cost effective alloca
tion of technologies over time. Various costs, fuel prices, and C02 emission con
straints are considered. Supply side technologies and numerous demand side 
(conservation) technologies are taken into account. This results in economically 
optimal solutions over a period of 40 years (2000 - 2040), as illustrated in [51] and 
[52] 

MARKAL is developed and applied internationally (OECD countries). Here the cost 
effectiveness of LWR and HTRs is analysed versus fossil fired power plants - power 
generation only or CHP - and versus alternative conservation options. From our 
interest in power generation and CHP, results for the competition between nuclear 
power, fossil fuel fired power generation (both as power generation only or as CHP) 
and renewables are reported here 

5.2 Methodology 

The current MARKAL model has four types of nuclear reactors (the LWR, an HTR 
for power generation only, one for district heating and another for industrial CHP). 
Some scenario with distinct levels of energy demand is used, which results in 
neariy flat C02 emission levels until 2040. Departing from the basic results without 
any C02 reduction target, runs with C02 emissions targets of 20-70% have been 
performed. Runs with 0% to 50% C02 reduction are reported. Investment costs for 
the LWR and HTRs are based on the mean values of 'low' and 'high' for each of the 
reactor types (Chapter 2). HTRs for CHP are assumed to have 10% higher invest
ment costs and O&M costs than multi-unit HTRs for power generation only. 

Fossil fuel prices are assumed to rise steadily, corresponding to the 'high' energy 
price scenario. In accordance with this 'high' fossil fuel price path, the price of 
uranium is estimated at $ 80/kgCJ in 2010, with an escalation of 1.5% per year in 
the period 2010-2040. 
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5.3 Results 

At the ultimate price levels, which are substantially higher than those of today but 
not extremely high, nuclear generation costs appear to be (marginally) higher than 
those of fossil fired power, if no C02 reduction constraint is imposed. However, this 
result is very sensitive to the level of investment costs of nuclear, coal and gas fired 
power plants, and for fuel prices assumed. The competitive edge of coal fired 
power (Integrated coal Gasification Combined Cycle. IGCC) over nuclear power 
plants is almost negligible in later years. 

Figure 5.1 gives an impression of the competitiveness of LWR and HTRs under 
various C02 reduction constraints in the year 2030. 

• iwn 
— a — 

power only 
• - - A - - -

HTR 

ascrie! heating 
... Q. 

HTR 
industrial cogon. 

— # • -

0 TO 20 30 40 50 

% C02 reduction 

Figure 5.1 Benefit/cost ratio of LWR and HTRs in 2030 under varying 
C02 reduction constraints 

The benefit/cost ratio of a particular technology represents the ratio of the marginal 
value of the outputs and costs of a technology in a specific year. If the ratio is one, 
the technology will be introduced; if it is less than one, a technology is not (yet) 
competitive. In Chapter 3 we concluded from generation cost estimations for LWR 
and HTR, that a 1300 MWe LWR generates power at a lower cost than a modular 
HTR, In Figure 5.1 the HTR for power generation remains below the benefit/cost 
ratio of one. 

If a constraint of 20% C02 reduction is imposed, the LWR is introduced as a C02 

reduction option in 2030 (Figure 5.1). The HTR for combined heat and power 
shows a steadily rising benefit/cost ratio for the year 2030. If applied for industrial 
cogeneration, the HTR is introduced as a C02 reduction option at 40% C02 reduc
tion; the HTR for district heating needs a C02 reduction level of 50%. It appears 
that an HTR for combined heat and power could be economically attractive on the 
long run. 
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For illustrative purposes the total generating mix, accordinr to MARKAL 
optimisations, for 20% and 50% C02 reduction in 2030 are shown in the Figures 
5.2 and 5.3 respectively. 

RENEWABLES 

HTR 
INDUSTRIAL COGEN 
HTR 
DISTRICT HEATING 

LWR 
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DISTRICT HEATING 

FOSSIL 
CONDENSATION 

2010 2020 2030 2040 

Figure 5.2 Capacities of LWR and HTRs under a 20% C02 reduction constraint 
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Figure 5.3 Capacities of LWR and HTRs under a 50% C02 reduction constraint 
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For the case of a 20% CG2 reduction (Figure 5.2) the changes in the generating 
mix are rather small (the optimal I .WR capacity is calculated as some 500 MWe). If 
a 50% C02 reduction constraint is applied, changes in the generating mix are 
considerable, as shown in Figure 5.3. 

Much remains uncertain with respect to (future) investment cost levels for the 
options considered. The same holds for the evolution of fossil fuel prices. Diffe
rences in fossil fuel prices could have more impact on the economic viability of 
nuclear powei compared to fossil fired power plants than margins in investment 
costs, as has been illustrated in Chapter 3. 

For the interpretation of this analysis, the following has to be considered: 
• It is presumed that nuclear power is an acceptable power generation option. 

Safety concerns for the HTR seem to be negligible; the LWR still has some safety 
concerns (residual risk of core melt accidents). 

• An alternative C02 reduction option, C02 separation and disposal (in depleted 
natural gas reservoirs), a technology which could be applied to coal or gas fired 
power generation, is not considered here. An analysis of other C02 reduction 
pathways is given in [53J. 
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6. CONCLUSIONS 

A modular HTR design is evaluated under circumstances representative for the 
Netherlands in the period 2010-2040. Generation costs of LWRs and modular HTRs 
appear to be of the same order of magnitude, assuming: 
• standardised HTRs, marketed in large numbers in several countries; 
• decreasing operation and maintenance costs due to rapidly growing experience; 
• moderate HTR fuel cycle costs, based on large scale HTR fuel fabrication and 

absence of reprocessing costs compared to the LWR. 

uncertainties with respect to the HTR remain relatively large, notably regarding 
investment costs and operation and maintenance costs. 

Economic competitiveness of an LWR and an HTR versus a gas fired combined 
cycle plant (STAG) and an Integrated coal Gasification Combined Cycle plant 
(IGCC) is analysed for four different cases: low and high fuel prices, as well as low 
and a high investment costs. The IGCC is less sensitive for variations in fossil fuel 
prices than the gas fired STAG. The opposite is true for variations in investment 
costs. For nuclear power plants - LWR and HTR - to be competitive with STAG and 
IGCC, a real doubling of natural gas prices and a 50% increase of coal prices is a 
prerequisite. 

The high operating temperature of the HTR makes the reactor suitable for industrial 
CHP. Regarding the minimum unit size of an HTR, the number of possible locations 
in the Netherlands is limited (about ten locations). The economic competitiveness 
of the HTR for CHP depends on several aspects, such as investment costs of the 
HTR and the level of future fuel prices. Compared to the competing option (STAG 
fired with natural gas), the HTR is more sensitive to changes in natural gas prices 
than the STAG. This is due to the fact that the value of heat produced also de
pends on the price of natural gas. A doubling of the natural gas price would make 
the HTR competitive to the STAG. Economic competitiveness can be regarded as a 
necessary condition for penetration of the HTR, not necessarily as a sufficient 
condition. 

If market penetration of the HTR under C02 constraints is analysed with the 
MARKAL model, the LWR is introduced in 2030 at a 20% C02 reduction level. The 
LWR is a cheaper COz reduction option than an HTR for power generation only. An 
HTR for industrial cogeneration is introduced if a 40% C02 reduction level is 
imposed, and an HTR for district heating needs 50% C02 reduction. The HTR for 
CHP appears to be economically attractive on the long run, assuming a COz 

reduction policy. 
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ANNEX A. OPERATION AND MAINTENANCE 
PERSONNEL OF GERMAN LWRs 

Kim [6] analysed generation costs of nuclear and coal fired power plants in Ger
many. From this analysis the following staff numbers for LWRs in Germany have 
been derived (Table A.l). 

Table A.l Operation and maintenance personnel of German LWRs 

Name Type Site Capacity Personnel 

JMWe] [number] [number/MWe] 

KWO 

KKS 

KWW 

KWB-A 

GKN-1 

KWB-B 

KKB 

KKI-1 

KKU 

KKP-1 

KKG 

KKK 

KRB-B 

KRB-C 

KWG 

KKP-2 

KBR 

KMK 

KKI-2 

KKE 

GKN-2 

Total 

PWR 

PWR 

BWR 

PWR 

PWR 

PWR 

BWR 

BWR 

PWR 

BWR 

PWR 

BWR 

BWR 

BWR 

PWR 

PWR 

PWR 

PWR 

PWR 

PWR 

PWR 

Obrigheim 

Stade 

Würgassen 

Biblis 

Neckarwestheim 

Biblis 

Brunsbüttel 

Isar 

(Jnterweser 

Philippsburg 

Grafenrheinfeld 

Krümmel 

Gundremmingen 

Gundremmingen 

Grohnde 

Philippsburg 

Brokdorf 

Miihlheimkarlich 

Isar 

Emsland 

Neckarwestheim 

340 

640 

640 

1,146 

785 

1,240 

771 

870 

1,255 

864 

1,235 

1,260 

1,240 

1,248 

1,325 

1,336 

1,326 

1,219 

1,330 

1,290 

1,269 

22,629 

230 

310 

288 

320 

284 

320 

322 

295 

341 

325 

280 

324 

325 

325 

294 

325 

303 

402 

270 

226 

363 

6,47 

0.68 

0.47 

0.45 

0.28 

0.36 

0.26 

0.42 

0.34 

0.27 

0.38 

0.23 

0.26 

0.26 

0.26 

0.22 

0.24 

0.23 

0.33 

0.20 

0.18 

0.29 

0.29 

It can be concluded that LWRs with a rated power of >600 MWe have an average 
staff of 310 (0.28/MWe). It proves that deviations from this average are small in 
general. 
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ANNEX B. FUEL CYCLE COSTS OF A 4x200 MWe 
HTR 

The 4x200 MWe HTR makes use of 19.9% enriched uranium. Tails assay is as
sumed to be 0.2%. Fuel bumup is 121 MWd̂ /kgCJ, and the generating efficiency is 
44.8%. 

HTR Fuel cycle cost (F) in the year 2010 are expressed in the following formula 
(NLG/kWh): 

r-{a'b'f*(u +v) + b-(g-w +x)} +o +p + y 
I 

In this formula the following factors have been accounted for: 

r = rate of $ 1993 = NLG 1.75 
a = conversion factor = (0.99)"1 

b = enrich-nent factor = (0.995)*' 
f = feed factor = 38.748 
u = price of natural uranium = $ 80/kgU (2010) 
v = prijs of conversion = $ 8/kgU 
g = SWÜ factor = 45.747 
w = price of uranium enrichment = $ 95/SWÜ (19.9% ^CJ) 
x = price of fuel fabrication = $ 4,400/kgCI 
o = transport costs of spent fuel = NLG 375/kg(J 
p = fuel-rod-pushout costs = NLG 1,200/kgU 
y = price of disposal of nuclear waste = NLG 8,000/kgü (equivalence) 
i = conversion factor bumup and generating efficiency 

121 MWd /̂kgU, h = 44.8% -> i = 1,300 MWh/kgü 

It has been assumed that transport costs of spent HTR fuel are half those of LWR 
fuel, taking into account the difference in transport distance. Costs of fuel-rod-
pushout are estimated at 10% of equivalent reprocessing costs for LWR fuel. Dis
posal costs for nuclear waste are based on Table 5. 

From these data fuel cycle costs of the HTR in 2010 are calculated: 

F 
— = Una, + conversion + enrichment + fabrication + spent fuel transport 
100 

+ fuel-rod-pushout + permanent disposal 

= 0.42 + 0.04 + 0.59+ 0.60 + 0.03 + 0.09 + 0.61 et/kWh = 2.4 et/kWh 
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ANNEX C. FUEL CYCLE COSTS OF AM LWR 

The LWR makes use of 3.5% enriched uranium, with a tails assay of 0.2%. Fuel 
burnup is 35 MV/'d^/kgü; generating efficiency is 34%. We assume that spent fuel 
will be reprocessed. Vitrified HLW and other radioactive waste has to be transported 
to a disposal facility, where it is disposed indefenitely. 

Reprocessed uranium (CJrep) and plutonium will be used as fuel for the LWR. This 
means that Urep is converted into (JF6, enriched, and converted into fuel elements. 
Also part of the plutonium is used for fabrication of MOX fuel elements. After three 
cycles of MOX fuel fresh fuel should be used, because of enrichment of non-fission
able Pu-isotopes. 

LWR Fuel cycle cost (F) in the year 2010 are expressed in the following formula 
(NLG/kWh): 

_ H a - b - f . d j - f / f u + v ^ + d j - f j - V j j + b - t d j - g j - w , ) ) 

I 

r -b * (d 2 -g 2 «w 2 + d , * x , + d 2 - x 2 + d 3 - x 3 ) +e- (o +p + q +y ) 

I 

In this formula the following factors have been accounted for: 

r = rate of $ 1993= NLG 1.75 
a = conversion factor = (0.99)'1 

b = enrichment factor = (0.995)"1 

d,-d3 = fraction of CJnat (0.70), Urep (0.175) and Pu (0.125) respectively 
f, = feed factor Unat = 6.4579 
f2 = feed factor (Jrep =5.518 
u = price of natural uranium = $ 80/kg (J (2010) 
v, = price of conversion of (Jnat = $ 8/kg U 
v2 = price of conversion of Cirep = $ 24/kg CJ 
g, = SWÜ factor ü n a l = 5.4126 
g2 =SWU factor CJrep = 5.181 
w, = price of enrichment of (Jnal = $ 95/SWCJ 
w2 = price of enrichment of Urep = $ 105/SWÜ 
x, = price of fuel fabrication for ün a t = $ 250/kgU 
x2 = price of fuel fabrication for Urep = $ 280/kgü 
x3 = prijs of MOX fuel fabrication = $ 1,500/kgHM 
e = reprocessing factor = 0.97 
o = transport costs of spent fuel = DM 150/kgHM = NLG 168/kgHM 
p = price of reprocessing = DM 2,475/kgHM = NLG 2,775/kg HM 
q = transport costs of HLW = DM 425/kgHM = NLG 475/kgHM 
y = price of disposal of nuclear waste = NLG 1,325/kgHM (equivalence) 
i = conversion factor burnup and generating efficiency 

35 MWd l h /kgü, h = 34% - » i = 285.6 MWh/kgHM 

F/100 = Unat + conversion + enrichment + fabrication + transport^ 

+ reprocessing + transportHLW + permanent disposal = 0.22 + 0.04 

+ 0.2P + 0.25 + 0.06 + 0.94 + 0.16 + 0.45 = 2.4 et/kWh 
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ANNEX D. FUEL FABRICATION COSTS OF AN 
HTR 

GCRA [2) presents estimates of fuel fabrication costs for the (US) modular HTR, 
starting from the 'lead module' and ending with the 'target plant'. In course of time 
production of the fuel can be scaled up. The fuel fabrication costs come down from 
the 'lead module' to the 9th reload of the target plant. Fuel cycle costs for the target 
plant are used as reference (Table D.l). 

Table D.l Fuel fabrication costs for a modular HTR (General Atomics) 

First core 

Reload 1 

Reload 2 

Reload 3 

Reload 4 

Reload 5 

Reload 6 

Reload 7 

Reload 8 

Reload 9 

Reload 10 

Reload 11 

Reload 12 

Reload 13 

Reload 14 

Reload 15 

Reload 16-end 

Lead 
module 

[$/elementj 

39,400 

39,400 

39,400 

39,400 

23,100 

23,100 

23,100 

19,100 

15,700 

15,700 

15,700 

13,700 

13,700 

13,600 

13,600 

13,600 

12,900 

Prototype 
expansion 
[$/element] 

23,100 

23,100 

23,100 

19,100 

15,700 

15,700 

15,700 

13,700 

13,700 

13,600 

13,600 

13,600 

13,600 

12,900 

12,900 

12,900 

12,900 

Replica 
plant 

[$/elementJ 

23,100 

23,100 

23,100 

15,700 

15,700 

15,700 

13,700 

13,700 

13,600 

13,600 

13,600 

12,900 

12,900 

12,900 

12,900 

12,900 

12,900 

Target plant 
[$/element] 

15,700 

15,700 

15,700 

15,700 

13,700 

13,700 

13,600 

13,600 

13,600 

12,900 

12,900 

12,900 

12,900 

12,900 

12,900 

12,900 

12,900 
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ANNEX E. FOSSIL FUEL PRICE DEVELOPMENT 

Future fuel prices are hardly to predict. Some well-known institutes like the IEA or 
the WEC have outstanding experience in estimating oil price projections. Although 
estimation errors appeared to be very large in the last twenty years, the forecasting 
exercise served a useful purpose: it set out a clear context for the energy policy 
debate. 

In this annex the two fossil fuel price scenarios as developed for this study are 
presented, together with an overview of recently developed oil price scenarios. It 
should be mentioned that not only the absolute level of future fuel prices is rele
vant, but also the resulting fuel price ratios. These ratios represent the probability of 
potential fuel switches. 

In the Figures E.1-E.4 the low and the high fossil fuel price scenario as used for 
this study are presented. Fuel prices are without energy taxes or environmental 
taxes. In these fuel price scenarios aspects like supply side production costs, 
primary energy demand developments and demand side energy efficiency improve
ments are taken into account. 

The low fuel price scenario is based on low fuel price projections of the Ministry of 
Economic Affairs [47]. These estimations show almost flat fuel prices until the year 
2015. We assume fossil fuel prices to recover to the current level in 2040. 

The high fuel price scenario is based on steadily rising fossil fuel prices, ending up 
in more stable prices at the end of the period considered. The n>st to rise is the oil 
price, followed by an increase of the gas price. The respons of the coal price is 
delayed, as shown in "igure E.3. 

Figure E.5 giv > s i overview of recently developed oil price scenarios. There is a 
wide range in c»i pi ices, depending on economic growth, technical improvements of 
energy conversion processes in supply and demand sectors, development of profit
ably recoverable oil reserves, etc. The two oil price scenarios used for this study 
('HTR 1994 low' and 'HTR 1994 high') cover the lower and higher ends of the oil 
price scenarios considered. 

ECN.R-95-012 51 



Economics and market potential of the modular HTR in the Netherlands 

NLGSJ 

2 0 -

1 5 -

0 
1990 2000 2010 2C3 M X 2WQ 

Figure E. 1 Low fossil fuel price scenario: absolute prices 
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Figure E.2 Lou; fossil fuel price scenario: coal price ratio 
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Fossil fuel price development 
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Figure E.3 High fossil fuel price scenario: absolute prices 
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Figure E.4 High fossil fuel price scenario: coal price ratio 
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