


This paper addresses the study of a Transmutation Advanced 
Device for Sustainable Energy Applications (TADSEA) for simul
taneous transmutation and hydrogen generation based on a 
graphite-gas configuration already described in (Abánades and 
Pérez-Navarro, 2007). Section 2 shows the hydrogen generation 
and transmutation scheme of the proposed pebble bed device. Sec
tion 3 introduces the computational tools used for the neutronic 
calculations of the device core, benchmarking them with previ
ous existing codes, and the results obtained with those tools. Some 
radiological discussions regarding our proposal are developed in 
Section 4. Section 5 analyses the thermal-hydraulics behavior of the 
device. Finally, in Section 6, these results are used for our concept 
of the performance of the installation for hydrogen production. 

2. Conceptual design of the proposed nuclear based 
Hydrogen generation scheme 

The hydrogen production from nuclear heat is one of the 
options under study to reach the target of generating free-CÜ2 
hydrogen and many projects has been initiated for that purpose 
(Verfondern and Von Lensa, 2005), exploring various methods to 
use nuclear heat or electricity for hydrogen generation, includ
ing high temperature thermochemical processes (Harvego et al, 
2006), or high temperature electrolysis (Utgikar and Thiesen, 2006). 
The hydrogen production scheme evaluated in this paper is based 
on a gas-cooled subcritical pebble-bed transmutation concept 
(Abánades and Pérez-Navarro, 2007) driven by a proton accelera
tor. Such nuclear device is coupled to a thermochemical I-S process 
(Kasahara et al., 2007a), a technological option that has been stud
ied in detail for nuclear-based hydrogen production and that fits 
well to gas coolant technology. 

The main components of the system are the following: 

• A proton accelerator, which drives the neutron source that main
tains neutronic population in the nuclear system. 

• A subcritical core, composed by TRISO particle introduced in 
graphite pebbles, arranged in a subcritical configuration sur
rounding a high performance neutron spallation source and 
cooled by a gas. 

• A hydrogen generation installation, based on the implementation 
of an I-S process. 

• A Brayton cycle, for electricity production. 

The starting conceptual nuclear design (Abánades and Pérez-
Navarro, 2007) is based on an experimental device of a few 
MW conceived as candidate for a once-trough transmutation 
scheme called pebble-bed transmutation (PBT). For its application 
to Hydrogen generation, the dimensions of the gas-cooled peb
ble bed subcritical core have been enlarged for the new design in 
order to reach 100 MW of thermal power. Table 1 shows the basic 
parameters of our design. 

The proton accelerator technological choice is based on a linear 
accelerator (LINAC), instead of the cyclotron technology used for 
the previous few-MW experimental pebble-bed concept (Abánades 
and Pérez-Navarro, 2007), as the required increase in beam energy 
and current, following the directives of projects as the European 
PDS-XADS (Mueller, 2005), suggests a 1 GeV-10 mA particle accel
erator for subcritical core with a neutron multiplication factor 
k<0.95. 

The subcritical core is composed by ceramic pebbles of 6-cm 
diameter containing the TRISO coated particles with the fuel (in 
our analysis with the nuclide fraction corresponding to a LWR dis
charge). The gas coolant is Helium, with an outlet temperature of 
950 °C, as required for a hydrogen production scheme based on the 

Table 1 
Basic parameters of the TADSEA. 

Core parameters Value 

Internal radius (cm) 
External radius (cm) 
Height (cm) 
Total volume (m3) 
Fuel volume (m3)a 

Reflector thickness (cm) 
Number of pebbles 
Keff 
Ksrc 
Power (MW)b 

Gain 
Core inlet temperature (°C) 
Core outlet temperature (°C) 
Coolant 
Coolant mass flow (kg/s) 
Coolant pressure (MPa) 
Pumping power (MW) 
Accelerator parameters 
Beam current (mA) 
Beam energy (MeV) 
Beam power (MW) 
Electricity consumption (MW) 
Hydrogen production 
Cycle 
Production (kg/s) 
Energy production (MW) 
Electricity production 
Cycle 
Cycle efficiency 
Electricity production (MW) 

15.5 
125.75 
293.94 
14.38 
Í0.64 
60 
94092 
0.943 
0.966 
Í00 
29.32 
590 
950 
Helium 
53 
7 
5 

3.4Í 
Í000 
3.4Í 
6.82 

I-S 
0.39 
46.8 

Brayton regenerative 
0.45 
45 MW 

Assuming a honeycomb disposition of the balls that provides a parking factor of 
0.64. 

b Power in the device with an average power density of 7W/cm3. 

I-S thermochemical process in cogeneration mode with electricity 
production by a Brayton cycle. 

3. Neutronic analysis 

The neutronic analysis has as main objectives the calculation of 
the distribution of the energy production in the fuel, basic input 
for the thermal analysis and the cooling regime of the system, and 
the isotope evolution in the fuel to evaluate the radioactive waste 
elimination and the reduction of its final radiological hazard. 

The MCNPX 2.6e code (Gregg McKinney et al, 2007) has been 
chosen to simulate the neutronic behavior of the TADSEA. MCNPX 
is a multipurpose reference Monte Carlo code that is extensively 
used for the simulation of Accelerator Driven System (ADS) as it 
merges the medium/high energy physics involved in the acceler
ator induced neutron source and the physics models required for 
neutron transport in a critical or subcritical core. 

Another MCNPX.2.6e new capability used for this study is the 
incorporation of the predictor-corrector technique for the burn-up 
calculation. This method uses CINDER90 (Wilson et al., 1999) to cal
culate burn-up just up to the middle of the selected time step and, 
at this time point, calculates the neutron flux density and the reac
tion rates assuming steady state conditions. With the new fluxes 
and collision densities calculated with this approach, the burn-up 
is recalculated for the end of the time step considered. Using the 
fluxes and collision densities deduced from a steady state at the 
center of the time step, the average magnitude values are being 
considered to calculate the variation in the isotope composition 
along the time step. This technique allows the use of longer time 
step without significant precision loss in the results. 

New features have been added to this Monte Carlo simula
tion system, incorporating CINDER90 and MonteBurns (Poston and 
Trellue, 1999) codes that facilitate the calculation of isotopic evolu-



Table 2 
Initial transuranic composition of the fuel (Abánades and Pérez-Navarro, 2007). 

Isotope Proportion (%) 

Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-242 
Cm-244 

4.4 
1.3 

51.3 
23.8 

7.9 
4.8 
5.1 
0.9 
0.16 

tion. Nevertheless, MCNPX burn-up estimation is limited to critical 
configurations and cannot be used directly for isotopic evolution 
analysis in a subcritical device. In our simulations the burn-up in the 
subcritical core is calculated by the evaluation of the average neu
tron flux at each zone to a single energy group from the eigenvalues 
problem analysis. CINDER90 works with 63 energy groups and the 
transversal cross sections for these 63 groups are condensed using a 
generic spectrum. This approach can produce some discrepancies 
in the final inventory of the isotopes generated from the fission 
products. Nevertheless, when comparing different configurations 
this limitation does not introduce significant errors. 

This estimation method has been qualified against previous 
neutronic analysis that was performed with a calculation scheme 
based on MCNP and ORIGEN for the analysis of the PBT (Abánades 
and Pérez-Navarro, 2007). Both simulation approaches were used 
assuming a homogenous composition for the pebble fuel using the 
adequate mass fractions for C, Si and fuel. It was also assumed that 
the fuel microparticles were embedded in a graphite matrix and 
that all the volume left free by the fuel or the SiC was filled by 
graphite with a 1.7g/cm3 density. The fuel composition regard
ing transuranic content is shown in Table 2 as it will come from 
direct isotope partitioning, excluding Uranium. Cross sections for 
the most relevant isotopes, C in particular, were processed to take 
into account the thermal working conditions and the resonance 
broadening. 

PBT operation procedure assumed for the simulation includes an 
initial step where each level is filled with fresh fuel and, in cycles 
of 99 days, each layer is moved to a lower level, introducing new 
fuel on the top layer and extracting the balls from the bottom one. 
With this scheme, the fuel is burned up during 990 days. After 10 
cycles the system reaches composition equilibrium, where at the 
beginning of the new 11th cycle there is fresh fuel in the first/upper 
layer. For the last/lower one, the fuel has passed a complete 99 days 
cycle for each of the previous cycles, having completed 891 burning 
days. Core was not only divided in ten horizontal layers, but also 
in ten concentrically cylinders with the inner one containing the 
spallation target, as outlined in Fig. 1. 

Despite the different methodology, with different cross section 
libraries and codes, results show a good agreement with previous 
analysis, giving confidence in the use of the new version for MNCPX 
for the neutronic analysis in the conceptual design of TADSEA, as 
can be observed in Figs. 2-4. 

Once the neutronic design tool has been qualified, the pebble-
bed core was redesigned to increase the thermal power respect to 
the previous concept (Abánades and Pérez-Navarro, 2007) for the 
application of our device to hydrogen generation. The new design 
is based on the enlargement of the core's geometrical dimensions 
(either radii or height) conserving the transmutation capabilities 
and power density profiles of the system, with the purpose of 
obtaining 100 MW of thermal power keeping as design limit a mean 
power density of 7W/cm3, which is considered a typical design 
value for gas cooled reactors. 

The main parameters of the upgraded core are shown in Table 3. 
We have kept the same space for the spallation target, and we have 
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Fig. 1. Configuration of the pebble-bed subcritical device. 
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Fig. 2. Axial power density profile in the PBT (Harvego et al., 2006) using MCNPX 
and the MCNP + ORIGEN. 
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Fig. 3. Radial power density profile in the PBT (Harvego et al., 2006) using MCNPX 
and the MCNP + ORIGEN. 
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Fig. 4. Results for the evolution of Pu isotopes in PBT in our benchmarking exercise. 



Table 3 
Core configuration of the 100 MW gas-cooled pebble-bed core. 

Core parameters Value 

Internal radius (cm) 
External radius (cm) 
Height (cm) 
Total volume (m3) 
Fuel volume (m3)a 

Number of balls 
Keff 
Allowed power (MW)b 

Maximum power (MW)C 

15.5 
125.75 
293.94 

14.38 
10.64 

94092 
0.9203 

100 
210.9 

a Assuming a honeycomb disposition of the balls that provides a packing factor 
of 0.64. 

b Power in the device with an average power density of 7W/cm3. 
c Power obtained using full accelerator capabilities: 1 GeV and 10 mA on a fresh 

fuel. 
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Fig. 5. Radiotoxicity reduction after TADSEA operation. 

increased the core volume to 14.38 m3 to keep the mentioned mean 
power density. Effective neutron multiplication (Keff) is well below 
0.95 even at Beginning of Operation (BO, when the core is filled with 
fresh fuel pebbles) to keep safety operation. 

4. Radiological analysis 

Besides the two main objectives of the system for hydrogen 
generation (no CO2 emissions and no increase in the demand for 
primary energy), there is also a third goal oriented to improve 
nuclear sustainability: the transmutation of long live radioactive 
waste from the LWR fission power plants to diminish its radiotox
icity. In order to evaluate how effective is the proposed device in 
transmuting, we have calculated the evolution of the radiotoxicity 
for the wastes in the initial load of the device and the corresponding 
one to the elements obtained in the discharge of the waste after a 
complete cycle of 990 days in the system. For radiotoxicity calcula
tion normalized respect to the initial mass of the fuel loaded in the 
device, both the initial isotopes and those with significant lifetimes 
generated along the cycle were taken into account. Fig. 5 shows 
the evolution of the radiotoxicity by inhalation for both: the charge 
and the discharge of the system. There is a relative radiotoxicity 
increase at the discharge during the first 200 years, but after this 
time the tendency reverses and the reduction on one order of mag
nitude is obtained at the discharge in relation to the initial load 
(Figs. 6 and 7). 

A detailed analysis of the responsible isotopes for this radiotox-
ity was completed and main findings are shown in Fig. 8 where 
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Fig. 6. Radiotoxicity of heavy elements at different times from discharge of the 
TADSEA versus its charge. 

inhalation radiotoxicity of each radioisotope at charge and dis
charge are compared. The initial increase is due to the generation 
of Cm244, but this situation changes around 200 years later, when 
a significant reduction in the level of Pu239 and Pu240 at the dis
charge allows a reduction in total radiotoxicity. Main contributors, 
successively at times, 500,1000,10,000 and later, are Am241, Pu239 

and Pu240 and Th229, respectively. 
These results suggest that additionally to energy generation, it 

is possible to reduce the radiotoxicity of the wastes from nuclear 
plants. The thermal power obtained from this transmutation pro
cess can be used for different purposes. The high temperature 
that might be reached in ceramic fueled nuclear cores opens the 
possibility for its application to hydrogen generation, electricity 
production and/or process heat for industrial applications. 

5. Thermal-hydraulics 

The thermal analysis of the TADSEA must fulfill safety require
ments based on the maximum allowed temperature in the ceramic 
fuel pebble that could take for granted fuel integrity, proposing 
a thermal-hydraulic scheme that evacuates the nuclear heat pro
duced in the subcritical core with outlet coolant temperatures 
that could provide heat at the exergy required for the down
stream thermochemical process. On the other hand, the maximum 
temperature allowed in the heat exchanger materials limits the 
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Fig. 7. Diagram of the IS process. 

temperature at the outlet of the core. Therefore, an outlet coolant 
temperature of 950°C was selected, as is proposed in the work 
carried out by authors from many international research projects 
(Harvego et al., 2006; Kunitomi et al, 2004). 

A thermo-hydraulic analysis has been done in three main sce
narios: at Beginning of Operation (BO), when the core is filled with 
fresh fuel at the first loading, at Beginning of Cycle (BOC), when dis
charge layers have completed a burn-up cycle and are substituted 
by fresh fuel, and at End of Cycle (EOC), after the 99 days burn-up 
period between refuelling. The power density distribution in the 
fuel provided by the neutronic analysis and shown in Figs. 2 and 3 at 
the BOC has been the input for our analytical evaluation of the tem
perature evolution in the core. A 1-D analysis based on the energy 
balance in the core leads to the simple relation: 

Q. = m x cp x (T0 -T¡) 

where Q_ is the power of the core, cp the Helium specific heat 
at the mean core temperature, and ro = 950°C and T¡ = 590°C as 
coolant outlet an inlet temperatures, as required for hydrogen pro
duction. The Helium mass-flow m with this process temperature 
setpoints, commonly used in the design of high temperature gas 
reactors, should be 53 kg/s at an inlet pressure of 7 MPa. In this 
concept evaluation we have not done a complete 3-D analysis of 
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TADSEA versus its charge after 10,000 and lOO.OOOyears. 

the thermal-hydraulic of our core, that will require a 3-D computa
tional fluid dynamic (CFD) modelling of a basic pattern of the core 
and a 2-D porous media analysis, to get a detailed temperature 
mapping of the fuel and the coolant. Nevertheless, we believe that 
safety operation of this pebble bed core is taken for granted as sim
ilar studies with higher outlet Helium temperature (1273 K, +50 °C 
in comparison to our design) (Nickel et al, 2002; Maki et al, 2007; 
Tálamo et al., 2004) reported fuel temperatures below 1600 K, max
imum allowed in this fuel type, even under accidental conditions. 

The Kugeler-Schulten correlation has been selected for the pres
sure drop estimation in the porous model of the core. Friction 
factors are slightly different from that calculated by the Ergun cor
relation for low and intermediate Reynolds number but remains 
more applicable to regions with high flow in which our device 
operates (Gao and Shi, 2002). 

The Kugeler-Schulten correlation is given below: 
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Fig. 9. Diagram of the IS process. 

where x[/: friction coefficient; Re: Reynolds number; p¡: density of 
the fluid; m¡: mass flow rate of the fluid; H: core height; dp: pebble 
diameter;/!: cross-sectional area; e: porosity of the pebble bed; and 
r\: dynamic viscosity of the gas. 

According to this correlation and with a porosity of 0.36, for a 
honeycomb structure of our pebble arrangement, the pressure drop 
is estimated in 0.3 MPa with a Helium mass-flow of 53 kg/s, which 
implies the need of 5 MW of pumping power in the primary loop 
to force the coolant circulation from the top to the bottom of the 
core. 

6. Cogeneration scheme: Hydrogen generation and 
electricity production 

The application of the heat generated in the core of our sub-
critical device to Hydrogen production requires the selection of an 
adequate thermochemical process. The I-S cycle was developed in 
1970s by General Atomic and imposes thermal requirements to the 
design of the cooling system. A diagram of the Hydrogen production 
process is shown in the Fig. 9. 

In this process we have the basic reactions: 

2H20(1) + I2(s) + S02(g) -> H2S04(aq) + 2HI(aq) 

2HI(g)^I2(g) + H2(g) 

H2S04(g) -• H20(g) + S03(g) -• H20(g) + S02(g) + l02(g) 

The sulfuric acid decomposition is the most demanding in terms 
of thermal requirements as it is produced at 870 °C.This fact implies 
the need for an outlet temperature of the heat source very close to 
950°C. 

At the stage of the development of our conceptual design, a gen
eral approach to the flowsheet of the hydrogen generation process 
is presented in this paper to evaluate the performance of this gen
eration scheme. On the other hand, thermo-chemical processes for 
thermal hydrogen production are basically in a laboratory devel
opment stage. The industrial application of this process has to 
overcome some technological barriers as the material corrosion 
and durability of the equipment, as in the case of the high tempera
ture heat exchangers in aggressive atmospheres. The chemical data 
for the full description and optimization of the problem is another 
weak point of this process, mainly for the HIx mixture (Goldstein 
et al, 2004; Kane and Revankar, 2008). 

The thermal efficiency of the I-S process is defined as follows 
(Lee e ta l , 2009): 

HHV 
%h 

QSA + QHI + Qp 

where HHV is the high heating value for Hydrogen, QsA the heat 
input of the sulfuric acid section, QHI the heat input to the HI section, 
and Qp the pumping heat, that globally can be expressed as: 

%h 
HHV 

d + (W/Vthb) 

With Qas the global energy input to the process from the heating 
source, in this case the TADSEA, and W the mechanical pumping 
work for the cycle flow converted to thermal power trough the 
corresponding thermal to work conversion efficiency (??thb)-

This efficiency has been evaluated by different authors, ranging 
from a maximum of the order of 57-51% (Kasahara et al., 2007b; 
Goldstein et al, 2005). The best estimate of the practical imple
mentation of this process ranges from 56 to 34% (Ozturk et al, 1995; 
Kasahara et al, 2007b). Taken an efficiency around 47%, as reported 
by other authors (Mathias and Brown, 2003), the amounts of Hydro
gen that could be generated by our 100 MWTADSEA here described 
are in the order of 0.39 kg/s, that implies around 10,000 tons per 
year, and an equivalent power of 46.8 MW assuming a Hydrogen 
Low Heating Value of 120 MJ/kg. 

As an alternative to the plant design it might be considered 
the application of a Brayton cycle, either running in parallel or 
in complementary mode with the Hydrogen production section, 
depending on the foreseen availability of the latter. A techno-
economic analysis should provide the rationale to justify the 
use cogeneration that could include electricity production and 
Hydrogen production with radioactive waste elimination. Our 
preliminary assessment suggests that such alternative will be 
acceptable in the case of a low availability of the Hydrogen produc
tion section, as it is the case of the state-of-the-art. The efficiency of 
the Brayton cycle in this case will reach 45% (El-Genk and Tournier, 
2009), what implies a production of 45 MWe. 

7. Conclusion 

The conceptual design of a pebble bed gas-cooled trans
mutation device (TADSEA) has been addressed in this paper, 
with the purpose to show the potential this kind of new 
proposed systems for their deployment in the context of 
the sustainable nuclear energy development (www.snetp.eu). 

http://www.snetp.eu


Such strategy considers the utilization of high temperature 
reactors (http://www.snetp.eu/www/snetp/images/stories/Docs-
AboutSNETP/sra2009.pdf) as one of the key pillars of that 
development as they are able to be used in cogeneration mode, 
producing electricity, heat and/or hydrogen. We have evaluated 
one of these concepts whose differential characteristics are the 
operation in subcritical mode, driven by a neutron source acti
vated by an accelerator that adds clear safety advantages and fuel 
flexibility opening the possibility to reduce the nuclear stockpile. 
A special attention has been paid to the neutronic analysis of the 
system, applying new techniques like the use of CINDER code for 
subcritical systems, what has been done with a full qualification 
with previous confident analysis. As main conclusion, our device 
can produce energy from actual LWR irradiated fuel with an effi
ciency of 45-46%, either in the form of Hydrogen, electricity, or 
both. Future work is intended to explore the techno-economical 
analysis of this system, what should include the optimization of 
the plant configuration. 
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