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Abstract – Japan Atomic Energy Agency began design and development of the Gas Turbine High 
Temperature Reactor of 300MWe nominal output (GTHTR300) in 2001. The reactor baseline 
design completed three years later was based on 850oC core outlet temperature and a direct cycle 
gas turbine balance of plant. It attained 45.6% net power generation efficiency and 3.5US¢/KWh 
cost of electricity. The cost was estimated 20% lower than LWR. The latest design upgrade has 
incorporated several major technological advances made in the past ten years to both reactor and 
balance of plant. As described in this paper, these advances have enabled raising the design basis 
reactor core outlet temperature to 950oC and increasing power generating efficiency by nearly 5% 
point. Further implementation of seawater desalination cogeneration is made through employing 
a newly-proposed multi-stage flash process. Through efficient waste heat recovery of the reactor 
gas turbine power conversion cycle, a large cost credit is obtained against the conventionally 
produced water prices. Together, the design upgrade and the cogeneration are shown to reduce 
the GTHTR300 cost of electricity to under 2.7 US¢/KWh.  

 
 

1. INTRODUCTION 

GTHTR300 is a multi-purpose, inherently-safe and 
site-flexible commercial reactor design under development 
in Japan Atomic Energy Agency. The baseline design 
concluded during 2001-2003 combined a 600 MWt 
prismatic HTGR having core outlet temperature of 850◦C 
and a direct-cycle gas turbine power generation system. It 
attained a net power generation efficiency of 45.6% based 
on then available technologies [1]. The cost of electricity 
estimated assuming 40 year plant life, 80% load factor and 
3% discount rate is 3.45 US¢/KWh or about 20% less than 
light water reactor (LWR) on comparable cost basis [3]. 

The past decade has seen major advances in several 
enabling technologies in both reactor and balance of plant 
areas. By incorporating these advances, the latest design 
upgrade of the GTHTR300 has increased the reactor power 
generating efficiency to 50.4%. Furthermore, several 
studies in JAEA have examined the potential of the design 
for cogeneration. Large-scale seawater desalination 
cogeneration has been found to be particularly attractive in 
that it can be performed efficiently by utilizing only the 
waste heat of the reactor plant, making sizable revenue 
return from energy saving at the water plant. Together, the 
design upgrade detailed in Section 3 and the desalination 
cogeneration in Section 4 are shown to yield a significantly 
reduced power generation cost for the GTHTR300.  

2. BASELINE DESIGN 

2.1. Design description 

Since the detail of the baseline design has been reported 
elsewhere [1, 2], only a summary is given here. The reactor 
primary system consists of three pressure vessel units, each 
housing the reactor core, gas turbine generator, and heat 
exchangers including a recuperator and a precooler, as 
shown in Fig. 1. The multi-vessel system is intended to 
facilitate modular construction and ease maintenance 
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Fig. 1. Plant layout of GTHTR300 
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access to the functionally-oriented components contained 
in the vessels.  

Figure 2 shows the reactor power generation cycle and 
process parameters. With the reactor rated at 600 MWt, the 
gross power generation is 280 MWe. Minus house loads, 
the net plant power generation is 274 MWe.  The average 
fuel burn-up is 120GWd/ton with a refueling interval of 
two years. A half core of fuel bocks are replaced during 
each refueling. 
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Fig. 2. GTHTR300 850oC baseline cycle parameters 
 
GTHTR300 delivers fully inherent reactor safety due 

mainly to three design features: 
1) The ceramic coated particle fuel maintains its 

integrity of fission product containment up to a 
design temperature limit as high as 1600oC. 

2) The reactor helium coolant is chemically inert and 
thus absent of explosive gas generation or phase 
change. 

3) The graphite-moderated reactor core is designed 
with negative reactivity coefficient, low-power 
density and high thermal conductivity. 

As a result of these features, the reactor core can be 
shutdown and removed of decay heat, by natural draft air 
cooling from outside of the reactor vessel, without reliance 
on any equipment or operator action even in such accident 
cases as loss of coolant or station blackout, where the fuel 
temperature will remain below the fuel design limit.  
 
2.2. Baseline system cost  

Only a summary of the cost estimation formerly made 
for the baseline design is given. Details can be found 
elsewhere [3]. For the purpose of cost estimation, the plant 
construction assumes the following: 

• Nth of the kind plant that allows for learning effects 
• Replacement of LWR on existing site 
• Modular method of construction 

• Equipment shipped to exclusive port on site 
• Reactor building and structures similar to the HTTR’s  
• Seismic design conditions same as that of the HTTR 
• Cost accounts for design, fabrication of facilities, 

plant construction, and  commission operations 

The capital cost estimation assumes a plant life of 40 
years and a depreciation period equal to the plant life. The 
discount rate of 3% is assumed. Residual book value is 5% 
at the last year of the plant operation. 

Capital cost 
Figure 3 shows the capital cost of a plant with 4 reactor 

units (4x274 MWe) comparing with the LWR. The cost for 
the reference LWR of 1,300 MWe was estimated by FEPC 
[4]. The cost of decommissioning GTHTR300 is higher 
because the number of systems and structures, such as 
pressure vessels and primary biological shielding, that 
become radioactive in operation and must be disposed of 
during decommission are larger in GTHTR300. However, 
the total capital cost of GTHTR300 (1.31 US¢/kWh) is 
about 25% lower than the LWR (1.77 US¢/kWh) because 
of the greater power generating efficiency of GTHTR300.  

Operating cost 
Figure 4 shows the operating cost in comparison with 

the LWR. The operating cost of the GTHTR300 (0.92 
US¢/kWh) is about 35% lower than the LWR (1.42 
US¢/kWh) since the plant generating efficiency is higher 
and because the maintenance cost is lower owing to less 
number and material of systems to be regularly serviced.  

Fuel cost 
Figure 5 shows the fuel cycle cost comparing with the 

LWR. The fuel cycle cost of GTHTR300 (1.22 US¢/kWh) 
is comparable to that of the LWR (1.23 US¢/kWh). In 
front-end process, the higher enrichment and the 
fabrication of coated fuel particles make the cost of 
enrichment, conversion and fabrication higher in 
GTHTR300. In back-end process, although unit costs in 
almost all processes of GTHTR300 are higher, the back-
end cost of the GTHTR300 is lower than the LWR because 
the material quantity of spent fuel is less as a result of 
higher burn-up and because of the greater plant efficiency. 
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Fig. 3. Capital cost 
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Fig. 4. Operating cost 
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Fig. 5. Fuel cost  

Power generation cost 
Fig. 6 shows the power generation cost by summing up 

the above capital, operation and fuel cycle costs. The 
power generation cost is 3.2 US¢/kWh at the load factor of 
90% and increases to 3.45 US¢/kWh with the load factor 
reduced to 80%. GTHTR300 offers a 20% cost advantage 
over the 4.42 US¢/kWh of LWR estimated by FEPC [4]. 
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Fig. 6. Power generation cost 

 
3. DESIGN UPGRADE 
 
3.1. Description of design upgrade 

The GTHTR300 design upgrade has incorporated 
several technological advances made since the conclusion 
of the baseline design, including: 

(1) Helium compressor aerodynamic efficiency is raised 
by 1% from the baseline level to 91.5%, the level 
that has been confirmed by JAEA extensive helium 
compressor development program [5]. A similar 1% 
efficiency gain is assumed as can be expected in 
turbine. The remaining cycle parameters are then 
optimized (Fig. 7) such that a 1% increase in the 
recuperator effectiveness is obtained with a 
minimum of 10% increase, overcoming the usual 
30% increase, in recuperator size.  

(2) The reactor outlet temperature is increased from the 
baseline 850◦C to 950◦C, a temperature level that 
has been repeatedly demonstrated in operation of 
JAEA high-temperature engineering test reactor 
HTTR. The last such test was performed in 2010 in 
a 50-day full-power operation with all performance 
marks exceeding design expectation. Core physics 
and thermal hydraulics have been evaluated to 
confirm that the baseline fuel design continues to be 
operable in the 950◦C core in  normal and accident 
conditions. 

(3) The single crystal turbine blade material that has 
only recently entered wide commercial services is 
found to be applicable to this design to operate at 
950oC turbine inlet (matching the 950◦C reactor 
outlet) without requiring turbine blade cooling.  

The above measures of design upgrade collectively 
result in 4.8% gain (Table 1) in overall plant efficiency and 
enable the GTHTR300 to break the 50% efficiency barrier 
of nuclear plant while using only the existing technologies. 
More detail of the design upgrade is reported elsewhere [6]. 
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Fig. 7. GTHTR300 950oC upgrade cycle parameters 

 
3.2. Cost reduction from design upgrade 

Cost estimation for the 950oC upgraded design assumes 
the same construction conditions and financial parameters 
used for the 850oC baseline design as given in Section 2.2.  



Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-21436 

   

Capital cost 
The plant construction cost is increased by about 1.7% 

from added component costs involving the change of 
turbine blade material from directional solidified alloy to 
single crystal alloy, a 10% increase in recuperator size and 
associated larger heat exchanger pressure vessel required, 
and a 10% large generator due to uprated plant output and 
associated  increase in the power conversion vessel size.  

The construction cost increase is easily offset by the 
plant efficiency increase that reduces the specific capital 
cost items across the board. As a result, the capital cost is 
reduced by about 10% for the upgrade design relative to 
the baseline plant as compared in detail in Table 2. 

Operating cost 
Table 3 compares the estimated operating cost between 

the baseline and upgraded designs. Although gross 
maintenance and miscellaneous costs are increased as they 
are estimated in proportion to the gross construction cost, 
the specific costs of these two items are reduced because of 
the plant output increase due to the design upgrade. Overall 
operating cost is reduced by 10% for the 950oC upgraded 
design from the 850oC baseline plant.  

Fuel cost 
Table 4 shows the fuel cycle cost between the baseline 

and upgraded systems. The items of specific fuel cycle cost 
are reduced across the board due to the plant output 
increase by the design upgrade. 

Table 2. GTHTR300 capital cost 

Plant -> 850oC 
Baseline design 

950oC 
Upgraded design 

Load factor -> 80% 90 % 80% 90 % 
Depreciation  
Interest  
Property tax 
Decommission  

0.85 
0.20 
0.09 
0.17 

0.75 
0.18 
0.08 
0.15 

0.75 
0.18 
0.08 
0.15 

0.67 
0.16 
0.07 
0.14 

Total 1.31 1.16 1.17 1.04 
(Unit: US¢/kWh) 

Table 3. GTHTR300 operating cost 

Plant-> 850oC baseline 950oC upgrade 
Load factor -> 80% 90 % 80% 90 % 

Maintenance  
Miscellaneous  
Personnel  
Head office  
Business tax 

0.34 
0.37 
0.16 

0.003 
0.04 

0.30 
0.33 
0.14 

0.003 
0.04 

0.30 
0.34 
0.14 

0.003 
0.04 

0.27 
0.30 
0.13 

0.003 
0.04 

Total 0.92 0.82 0.83 0.74 
(Unit: US¢/kWh) 

 
Table 4. GTHTR300 fuel cost 

Plant-> 850oC 
baseline 

950oC 
upgrade 

Uranium purchase & conversion  
Enrichment  
Fabrication  
Storage  
Reprocessing  
Waste disposal  

0.12 
0.24 
0.36 
0.02 
0.34 
0.15 

0.10 
0.22 
0.32 
0.01 
0.29 
0.14 

Total 1.22 1.09 
(Unit: US¢/kWh) 

Power generation cost 
Table 5 compares the total power generation cost of the 

baseline and upgraded plants. The power generation cost of 
the 950oC upgraded plant is reduced by 10% from the 
baseline design. At 80% load factor, the power generation 
cost of a 950oC GTHTR300 plant having four reactor units 
(4x302MWe) is 30% less than the 1,300 MWe reference 
LWR estimated by FEPC [4]. The design upgrade has 
clearly increased the economic advantage of GTHTR300. 
 

Table 5. GTHTR300 power generation cost 

Plant-> 850oC 
Baseline design 

950oC 
Upgraded design 

Load factor -> 80% 90 % 80% 90 % 

Capital  
Operation  
Fuel  

1.31 
0.92 
1.22 

1.16 
0.82 
1.22 

1.17 
0.83 
1.09 

1.04 
0.74 
1.09 

Total 
(LWR) 

3.45 
(4.42) 

3.20 
(－) 

3.09 
(4.42) 

2.87 
(－) 

(Unit: US¢/kWh) 
 
4. COGENERATION 

Cogeneration may improve the plant economics 
because some systems and operations are shared among 
multiple production activities and because a greater 
combined thermal efficiency might be expected.  
GTHTR300 is particularly attractive for desalination 
cogeneration. While the most fossil and nuclear thermal 
desalination cogeneration plants operated to date need to 
compete for live steam consumption with steam turbine, 
thus reducing turbine power output. This is completely 

Table 1. Baseline and upgraded plant design parameters 

Parameters  Baseline   
design 

Design 
upgrade 

Reactor thermal power [MW] 600 600 
Net electric generation [MWe] 274 302 
Net generation efficiency [%] 45.6 50.4 
Reactor inlet temperature [°C] 587 666 
Reactor outlet temperature [°C] 850 950 
Core inlet pressure [MPa] 6.9 6.4 
Core ave. power density [MW/m3] 5.4 5.4 
Average fuel burn up [GWd/t] 120 120 
Refueling interval [months] 24 18 
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avoided in the GTHTR300, in which gas turbine is used to 
replace steam turbine as power generator. The gas turbine 
converts about a half of the reactor’s thermal power to 
electricity while rejecting the balance of it as sensible waste 
heat in a temperature range suited for thermal desalination.   

 
4.1. Description of seawater desalination 

A new scheme of multi-stage flash (MSF) desalination 
process has been proposed and optimized to efficiently 
match the sensible waste heat source [7, 8]. Fig. 8 shows 
the new scheme connected to the GTHTR300 cycle 
through a closed intermediate loop that transports the waste 
heat from the reactor side to the desalination side. The new 
MSF scheme increments the thermal load of the multistage 
heat recovery section in a number of steps as opposed to 
keeping it constant in the traditional MSF process. As the 
number of steps increases, more waste heat becomes 
recoverable while the top brine temperature, a sensitive 
MSF process parameter, is also increased. Both lead to 
increased water yield. Operating with a similar number of 
stages, the new process is shown to produce 45% more 
water than the traditional process operating over the same 
temperature range. Since only the reactor plant waste heat 
is used, the desalination cogeneration by the new scheme 
yields about 55,000 m3/d potable water without penalty to 
the reactor power generation. 

The design specification of the MSF process for 
cogeneration with the GTHTR300 is given in Table 6. 
 
4.2. Cost reduction by cogeneration 

Desalination cost with the GTHTR300 cogeneration is 
estimated in an engineering economic feasibility study 
performed by an OEM vendor experienced in the Middle 

East desalination plant construction. The study includes the 
plant equipment design and the plant O&M evaluation. The 
cost estimation is then developed based on the vendor 
construction and operation know-how of comparable-scale 
fossil-fired MSF plants.  

The water costs of cogeneration with the GTHTR300 
and the fossil-fired combined cycle gas turbine (CCGT), 
which is the most efficient and widely used system in the 
Middle East, are compared.  The cost estimation uses the 
net present value method. The discount rate and inflation 
rate for the desalination plant are assumed to be 10% and 
3% as commonly used in water plant tender in the Middle 
East. The desalination plant life time is assumed to be 25 
years and the production load factor to be 90%. 
 
Capital cost 

Comparing with the conventional MSF desalination 
system, the present MSF has several unique system features 
multiple heat recovery sections of different number of 
stages, the corresponding number of brine heater sections 
and brine recirculating circuits. Due to these first-of the-

Reactor

JAEA’s New MSF Desalination plant

Intermediate loop

GTHTR300 reactor plant

Water product
55,000 m3/d (12 MIGD)

60oC

 
Figure 8. GTHTR300 desalination cogeneration cycle parameters 

Table 6. GTHTR300 desalination design condition 

Desalination plant capacity 12 MIGD 
 (54,552 m3/day) 

Effective thermal energy 220 MWe 
Hot water supply temperature 140 oC 
Hot water return temperature 60 oC 
Top brine temperature (TBT) 112 oC 
Design seawater temperature 25 oC 
Seawater temperature rise at HRJ 10 oC 
Design seawater salinity 45,000 ppm 
Recycle brine concentration 62,000 ppm 

 

MSF desalination plant (new proposal) 

Water product 
12 MIGD (54,552 m3/day) 
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kind features, the engineering cost for the present MSF is 
increased by 67% from the conventional system.  

The equipment included in the cost estimation include 
evaporator, brine heaters, boilers and others. Comparing to 
the conventional system, the equipment cost is increased by 
approximately $12M, accounting for about 51% of total 
capital increase. As the sources of the equipment cost 
increase, the evaporator has an additional partition plate for 
the brine recirculation process; the brine heater has three 
units instead of one unit in the conventional system; and the 
material specification is changed to a high grade. 

The transportation cost and the construction cost are 
estimated proportional to the equipment cost.  

Overall, the capital cost including engineering, 
equipment procurement, and on-site construction is 
estimated to be 35% higher for GTHTR300’s desalination 
plant than for conventional MSF as shown in Table 7. 
 
Energy cost 

In MSF, the heat is consumed in brine heater and to 
produce steam needed for vacuum system. In case of 
cogeneration with GTHTR300, the heat consumed in the 
brine heater is provided by the waste heat at no cost. In 
case of cogeneration with the CCGT, this heat is mostly 
efficiently provided by supplemental firing in heat recovery 
steam generator (HRSG). To produce the same water rate 
and keep the CCGT power generation unchanged, a fuel 
consumption of 97 MWt in the HRSG is calculated by 
comparing the process parameters of a 2363 MWe CCGT 
plant with and without desalination cogeneration. The 
HRSG assumes a boiler efficiency of 82% and uses oil and 
gas fuels.  

 The vacuum steam consumption is usually specified by 
vacuum system manufacturer. In this study, this 
consumption is based on the actual value of a project 
whose evaporator is sized similar to the GTHTR300 MSF. 
While the steam for vacuum in the CCGT is assumed to be 
produced by oil or gas, it is assumed to be produced in the 
GTHTR300 case by a steam boiler fueled with natural gas 
since no other steam source is assumed in the reactor plant. 

The prices of oil and natural gas are referred to the 
World Bank Commodity Prices Date (also known as Pink 
Data) [9]. The last 10-year average (2004.7-2014.7) crude 
oil prices of the three primary benchmarks (Brent, Dubai 
and WTI) fall in the narrow range of 79.8-84.1 US$/bbl. 
During the same 10-year period, the average natural gas 
benchmark prices (US, Europe and Japan)  are in the range 
of 5.6-11.1 US$/MMBtu. For this study, the lower values 
of the above ranges for oil and gas are used to calculate the 
heat costs. 

The electricity consumption account for consumption of 
the main pumps and other equipment such as chemical 
dosing pumps. The electricity is assumed to be supplied in 
house from cogenerating power plant in both cases of 
GTHTR300 and CCGT. The cost of electricity selects the 

production cost of 3.09 US¢/kWh of the 950oC 
GTHTR300 in (Table 5). The cost of electricity from 
fossil-fired CCGT is assumed to be 4 US¢/kWh. 

The energy cost estimates are summarized in Table 7.  
 
Operation cost 

Operation cost includes the chemical consumables and 
O&M. The chemical consumption cost is calculated from 
the amount of anti-scale chemical consumption and anti-
foam chemical consumption. O&M costs are estimated 
based on the vendor actual cost of similar MSF plants in 
the Middle East. As given in Table 7, no appreciable 
difference in operation cost exists between the GTHTR300 
and CCGT desalination plants.  

 
Water cost 

The above capital, energy, operation cost estimates are 
added to arrive at the total cost of water production. The 
water cost with the GTHTR300 cogeneration is 
US$0.57/m3 comparing to US$2.13/m3 for the oil-fired 
plant and US$1.14/m3 in case of the gas-fired plant. 
Despite the higher capital cost of the GTHTR300 
desalination plant, the considerable energy cost saving even 
against the conservative market fuel prices seen the past 10 
years provides 50% or more water cost advantage 
comparing the fossil-fired CCGT options widely practiced 
for desalination cogeneration today.  

 Benchmarked against the CCGT-produced water 
prices, the desalination cogeneration of the GTHTR300 is 
estimated to yield a power generation credit of 0.47-1.27 
US¢/kWh for the GTHTR300 when both desalination and 
reactor plants operate at the same load factor of 90%. The 
credit range would be reduced to 0.43-1.23 US¢/kWh when 
the desalination plant load factor is reduced to 80%, for 
example, following a reduction in the reactor plant load 
factor, while the load factor of the CCGT desalination plant 
is kept unchanged at 90% in all cases.  

Table 7. Desalination cost estimates 
 

Plant -> 
CCGT 

desalination plant GTHTR300 
desalination plant Oil-fired Gas-fired 

Capital ($/m3) 0.29 0.29 0.39 

Energy ($/m3) 
Heat 
Electricity 

 
1.65 
0.13 

 
0.67 
0.13 

 
0.04 
0.09 

Operation ($/m3) 
Consumables 
O&M 

 
0.02 
0.03 

 
0.02 
0.03 

 
0.02 
0.03 

Water cost ($/m3) 2.13 1.14 0.57 

Power generation 
credit ( US¢/kWh) - - -1.27 (oil-fired) 

-0.47 (gas-fired) 
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 5. SUMMARY 

This study shows that two major steps may be taken to 
effectively reduce the GTHTR300 power generation cost.  

The first step is to upgrade the earlier baseline design 
based on 850oC reactor temperature to the latest design 
based on 950oC reactor outlet temperature. The design 
upgrade is approached by incorporating the advances of 
enabling technologies made in the last 10 years since the 
baseline design was concluded. The design upgrade 
increases the power generation efficiency by nearly 5% 
point and correspondingly reduces the power generation 
cost by 10% as seen in Fig. 9 

The second step is through an implementation of 
cogeneration in the GTHTR300. A case study is made on 
carrying out the large-scale seawater desalination 
cogeneration that is widely practiced in the Middle East. 
By utilizing the waste heat rejected by the GTHTR300 gas 
turbine power conversion cycle, the thermal energy saving 
realized through the desalination cogeneration generates a 
major cost credit against the prices of water produced in 
today’s typical choice of fossil-fired CCGT plants. The 
credit effectively cuts the power generation cost by 10-15% 
as seen in Table 8. 

Together, the design upgrade and the desalination 
cogeneration are found to reduce the GTHTR300 cost of 
electricity generation by 20-25% to under 2.7 US¢/kWh.   
 

Table 8 GTHTR300 cost reduction result 

Plant-> 850oC  
baseline design 

950oC 
design upgrade 

Load factor -> 80% 90 % 80% 90 % 

Power generation cost 3.45 3.20 3.09 2.87 

Cogeneration credit -0.43 -0.47 -0.43 -0.47 

Cost of electricity 3.02 2.73 2.66 2.40 
(Unit: US¢/kWh) 
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Fig. 9. Cost reduction by design upgrade and cogeneration 
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