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Abstract: The rapid growth in the consumption of electricity in China and India has been 

covered at 80% by coal, which has the side effect of emitting CO2 to the atmosphere. The 

alternative is the use of nuclear energy that, to become unquestionably competitive, must use 

supercritical water as coolant. The problem is that the inflow temperature of a supercritical 

turbine must be at least 500 ºC that is impossible to attain using the mainstream PWR and it is 

uneconomical to accomplish in a pressure tubes similar to the CANDU and the RBMK reactors. 

In this paper, I propose a simple but important innovation that is the coupling of the nuclear 

reactor to a coal fired heater. With this apparently small improvement, it becomes feasible to 

build a multi-tube slightly supercritical pressure light water reactor where the outflow low 

temperature of the nuclear reactor, ≤ 400 ºC, results in a simple nuclear reactor. The design I 

propose will originate a 50% decrease in the cost of the electricity produced using nuclear 

energy. 

 

Keywords: Electricity production, Supercritical water reactor, Nuclear energy, Coal fired plant, 

Multi-tube reactor, SCWR. 

 

1. Introduction. 

Every candidate to the Miss Universe Contest whishes to contribute for the end of war and 

starvation all over the World, above all, when child are the victims. I believe that the ideas I 

convey in this paper, an inexpensive source of energy, will definitively contribute to the 

materialization of that wish. 

The rapid development of China and India, home of 37% of the total world population, has 

been associated with an increase in the electricity consumption in China, 12% / year, and in 

India, 6%/year (World Bank, 2010). This growing demand has been supplied primarily by coal 

(80% in China and 70% in India) as energy source (World Bank, 2010 and WCA, 2012) which has 

the side effect of emitting CO2 into the atmosphere. Known that the electricity consumption 

per capita in China is only 30% of the average of the countries of OECD and in India it is as little 

as 6% of that average (see, Fig. 1), it is certain that this growth in electricity demand will 

continue in the next decades. 
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Coal, with proven reserves to last around 120 years at the current rates of production (WCA, 

2012), at least in the next 100 years, it will continue to be an important source of energy in the 

production of electricity. Nonetheless, to reduce the emission of CO2 to the atmosphere, 

nuclear energy is the only technology capable to compete in terms of cost. But, nuclear energy 

to become unquestionably competitive with Coal, it must reduce its production costs while 

maintaining safety standards. To attain this goal, it is necessary to use supercritical water as 

coolant. 

 

 

Fig. 1 - Electricity consumption per capita (% of the OECD average, World Bank) 

 

Nowadays, the market of nuclear reactors is dominated, at 67%, by the PWR - Pressure Light 

Water Reactor. This superiority is due, on one hand, by the fact that the research and 

development activities, R&D, is an important fraction of the costs of nuclear electricity which is 

smaller when divided by more reactors and, on the other hand, the curve of the learning-by-

doing is steeply inclined because the nuclear power plants market is small and continuously 

evolving. For both this reason, the performance indicators (e.g., radioactive risk of leakage, 

load factor and cost per kwh) are increasingly supporting the PWR technical solution. 

The reduction of nuclear cost of production of electricity below the 50 USD/Mwh barrier 

(WEA, 2011) imposes the use of supercritical water as coolant (see, Gen-4). The supercritical 

water 25 MPa / 500 °C allows substantial reduction in the production cost of electricity 

because it allows a great simplification of the nuclear reactor because a) the fluid exits directly 

from the reactor to the steam turbine (direct-cycle) without the need of a heat exchangers / 

steam generators neither a pressurizer and b) the fluid that returns directly from the turbine 

has a lower temperature that permits the reactor to have a higher power density. 

Furthermore, c) the supercritical turbine is more compact (runs at twice the speed) and d) 

there is an increase in the thermal efficiency (output per unit of heat increases from 33% to 
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over 41%). But the use of supercritical water as coolant at 500 °C temperature has enormous 

technical challenges.  

The 25 MPas, 500 ºC is physically unattainable by scaling up the actual PWR technical solution 

because both the corrosion level and the decrease in the moderation rate (that impose an 

increase in the neutron flux) are severe to the known structural materials. Then, it is 

impossible to build a pressure vessel able to accommodate a supercritical nuclear reactor. It 

adds that the PWR supercritical reactor would have a positive void coefficient that would 

induces power waves (235Xenon oscillations) and severe hot-spots that would be very difficult 

to control. 

It is uneconomic to achieve the 25 MPa, 500 ºC regime in a multi-tubes reactor similar to 

CANDU and RBMK due to the fact that the necessary fuel cladding materials that resists the 

500 °C temperature, high performance stainless steel or nickel, have high absorption cross 

section. 

Because SCPWR seems an unachievable technology and it is uneconomical to have a 500 °C 

supercritical multi vessel nuclear reactor, I present in this paper a design of a supercritical 

power plant where the nuclear reactor outflow temperature is low enough to be compatible 

with the use of a Zirconium alloy as cladding of the fuel and the nuclear outflow temperature is 

heated to the 500 °C temperature using a coal fired heater. Although the coupling of Nuclear + 

Coal seems a simple improvement but it has enormous implications in the cost of production. 

 

2. The multi-tube reactor. 

The CANDU is a PWR moderated and cooled with heavy water developed by Canada consisting 

of between 380 and 480 micro-reactors which are pressure tubes with inner diameter of 104 

mm and 6000 mm long. For a coolant maximum pressure of 11 MPa, the walls of the tubes 

have a thickness of 4.2 mm and they are made of Zr-2.5Nb alloy. 

The RBMK is a BWR moderated with graphite and cooled with light water developed in the 

former USSR consisting of 1661 tubes with an inner diameter of 8cm and 8 m long. For a 

coolant pressure of 5.9 MPa, the tubes have a wall thickness of 4 mm and are also made of Zr-

2.5Nb alloy. 

In a multi-tube reactor, because the moderator is independent of the refrigerant, it is possible 

to increase the coolant temperature without decreasing the neutron moderation. Then, 

supercritical water cooled reactor will continue to be in the thermal neutron spectrum without 

any additional complexity. Subsequently, neutron flux and U235 enrichment maintains the 

normal levels that does not put any technical challenges to the structural materials. 
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Heavy water is both a good coolant and a good moderator but it is expensive. Then, it cannot 

be used as coolant due to the high inventory needed to go through the circuit of the nuclear / 

the coal fired heater / the turbine (over 500 m in each direction). The use of HW as moderator 

increases the dimension and complexity of the reactor (the control of the tritium inventory 

and the control of the losses of the expensive moderator) that is costly. Because the neutron 

economy is not central to the economics of the reactor (because the fuel cost and the spent 

fuel disposal cost decrease with the enrichment of the fuel), in economics terms, the HW is a 

poor moderator. 

The use of a gas cooled reactor (CO2 or He) as coolant (e.g., the AGR), has several advantages 

(the gas is inexpensive and it is not corrosive) but it would require the use of a very high 

pressure (40 MPa), a large reactor and a very high temperature (650 ºC) that becomes costly. 

Then, we must conclude that light water is the better substance to be used both as coolant (at 

a pressure of 25 MPa) and as moderator (inside a pool at a low pressure and low 

temperature). 

Although the use of light water as moderator will necessitate the use of enriched fuel, in 

economic terms it is an advantage because the enrichment cost is over compensated by the 

decrease in the fuel fabrication cost and in the spent fuel disposal cost. It adds that the use of 

water as moderator will result in a reactor with a negative void coefficient that increases the 

controllability of the reactor and it permits the implementation of the proposed nuclear 

reactor in the USA where it is forbidden by law to have a nuclear reactor with a positive void 

coefficient (as the CANDU and RBMK have). 

 

3. The multi tube, slightly super critical, light water reactor 

Using a pressure of 25 MPa, there is no thermodynamic limit for the temperature of the water. 

The limit will be the corrosion of zirconium alloy used in the fuel cladding and the temperature 

increase due to an accidental power surge. 

Using the CANDU as the base for the MT.SC.LWR reactor, because the neutron flux will be 

identical and the reactor walls will be protected from the supercritical water, the increased 

pressure from 11MPa to 25 MPa will just require a proportional increase in the thickness of 

the micro- reactor tube which does not imposes any technical challenge. Nonetheless, it is 

compulsory to isolate the walls of the tube from the coolant high temperature to continue to 

use the well studied Zr-2.5Nb alloy. 

Because the coal will be used as re-heater of the water condensed in the high pressure 

turbine, I will assume that the nuclear reactor inflow temperature will be 180 °C. Then, the 

nuclear will increase the temperature to a certain value (e.g., 180°C -365 °C induces a gain in 
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Enthalpy of 965 J/g) and coal will increase the temperature to the final 500 °C (that will induce 

a gain in Enthalpy of 1425 J/g). 

 

 

Fig. 2 – A diagram of the Nuclear / Coal Supercritical Water Cooled Reactor 

 

The highest is the outflow temperature of the nuclear reactor, the highest will be the nuclear 

contribute to the final electric output. 

I will assume that the enthalpy loosed in the exhaust gases and the enthalpy recovered in the 

reheat between the high pressure and low pressure turbines are identical to the gain in the 

enthalpy necessary to increase outflow temperature of the nuclear reactor to the temperature 

of 500 °C. I will also assume that there is a thermal efficiency of 41% of the nuclear reactor and 

33% for the coal heater. 

 

 

Fig. 3 - Proportion of nuclear energy in the electric output 

 

3.1. The dimension of the reactor. 
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Because the increase in the diameter of the pressure tubes decreases the complexity of the 

reactor, I will assume a 20 cm tube (a total diameter of 26.6 cm because there will be the 

thickness of the walls, 2 cm, the isolation air layer, 1 cm, and the isolation tube, 0.3 cm).  

Using an average 2.9% enrichment fuel, 267 kg/m, it will be necessary a 41.6 cm spacing (15cm 

free space between tubes) to have a moderation rate comparable to a PWR. This value is 

optimized by maximizing the critically maintaining a negative void coefficient. Assuming a 

reactor similar to a CANDU6, with a diameter of 6 m, there will be 14 layers of tubes for a total 

of 156 pressure tubes. 

Each tube will have an inside diameter of 20cm, 2 cm wall thickness (a proportional increase) 

and 600 cm long. There will be in each tube, 250 fuel sticks that will use 60% of the space. 

Then, each pressure tube will have a design thermal power of 40Mw/tube. 

The total nuclear thermal output will be 5.0Gwt (80% of the average design thermal power), 

the electrical output will be 2.0Gwe (41% efficiency) and the power plant total output will be 

3.0Gwe (coal will be 1/3 of the total output). Using a 6 m reactor, the dimension of the 

CANDU6, the nuclear output will be 20% higher than that of the larger PWR reactor, the EPR-

1650. 

 

3.2. The coolant flux. 

The mass caudal, q, decreases with the outflow temperature, but the linear velocity increases 

in the supercritical regime due to the expansion of the fluid. For a fuel bundle with a diameter 

of 200 mm and 600cm in length where 40% of the section is used by the coolant, the fluid 

velocity is dependent on the outflow temperature. For a design thermal power of 40Gw, the 

velocity will attain, in the 360°C / 375°C temperature range, a minimum of 5.8 m/s (see, Fig. 4) 

that compares with 6.6 m/s for the CANDU. 

A nuclear reactor where the outflow temperature is in the range (360 ºC / 375 ºC) can be build 

with the materials actually used in nuclear reactors. Nonetheless, I anticipate that small 

improvements are able to permit that the outflow can attain the 400 ºC, that would be very 

good news because the weight of the nuclear reactor in the total output of energy would 

increases from 1/3 to 2/3 of the total. 

Although the maximum velocity increases with the outflow temperature, as along the reactor 

tube, the velocity, v, the density, d, and the dynamic viscosity, µ, of the fluid vary, it is 

necessary to compute the total fluid loss of pressure by viscosity (de Darcy law), F = k v
2
 µ d  

= K (q / d)
2
 µ d = K (q / d µ). Then, it results that the pressure loss decreases significantly with 

the temperature outflow until 400°C and it remains almost constant afterwards (see, Fig. 5). 
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Fig. 4 – Outflow temperature vs. coolant maximum velocity. 

 

Assuming an inflow temperature of 180°C and an outflow temperature of 400 °C, for a 40Mw 

thermal power it will be needed a coolant mass flow of 22.2kg/s that is comparable to the 

coolant mass flow of the CANDU 10 cm tube. Then, it is sufficient to have an inflow tube with 

an inside diameter of 8 cm (it will result a velocity of 4.8 m/s) and an outflow tube with an 

inside diameter of 12cm (it will result a velocity of 11.8 m/s). The inflow and outflow tubes 

dimensions are small enough to fit in the 15 cm free space that there should be between the 

pressure tubes. 

 

 

Fig. 5 – Temperature and coolant maximum velocity (outflow) 

 

3.3. The control of the micro-reactors. 

Because, for a fixed level of power, the coolant loss of pressure by viscosity decreases with the 

outflow temperature (see, Fig. 4), when it occurs an increase in power, even if there is no 

increase in the in-out pressure difference (a passive response), the coolant will be able to 

evacuate the heat by increasing the outflow temperature. While at the 400°C temperature, an 

increase in 5% in the power will cause a 10 °C temperature increase in the outflow 

temperature, at 500 °C, a 5% increase in power will cause a much higher, 85 °C, temperature 

increase in the outflow temperature (see, fig. 6). Adding to this thermodynamic characteristic, 
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the fact that the supercritical water corrosion increases with the temperature, I propose that a 

temperature proximal to 400 °C will be the optimal design outflow temperature. 

The advantage of having a reactor formed by micro-reactors is the capability of controlling the 

flux in each tube individually that avoids the occurrence of hot-spots and of power waves. The 

easiest form of control it is to introduce a self-acting valve in the tube that increases the 

coolant flux when there is an increase in the outflow temperature and vice-versa. 

Optimal pitch of the reactor will result in a high reactivity and a negative void coefficient 

(coolant expansion decreases the level of moderation, decreasing the reactivity) that facilitates 

the control of the power level of the nuclear reactor. 

 

 

Fig. 6 – Increase in the outflow temperature due to an increase in the power 

 

3.4. The fuel bundles. 

The walls of the pressure tubes, intended to last for 30 years, can not be subject to the 

supercritical water. A solution that seems simple is to use a ceramic isolator layer (zirconium 

oxide) between the supercritical water and the Zr-2.5Nb wall but it is unfeasible because the 

creeping (elongation through time) of the Zr-2.5Nb alloy would cause cracking and 

deterioration of the isolator. The solution is to use the coolant to maintain cold the walls of the 

tube. The best solution would be to include in each fuel bundle an outside film (probably a 

1mm zirconium oxide layer) that would permit the circulation of the coolant in the subcritical 

regime between the tube walls and that film. Because the fuel bundle is regularly substituted, 

it would not be necessary to do maintenance on this protective tube. 

Comparable to the CANDU, the fuel bundle possibly will have 50 cm of extension but it will 

have much more fuel rods, in the order of 250 rods in each fuel bundle. 

A Zr-Cr-Fe alloy will be a good candidate for be used as cladding of the fuel.  
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Fig. 7 - Diagram of the flux of the coolant inside the pressure tube 

 

3.5. The refueling. 

Because the refueling is impossible while the pressure is 25 MPa, it will be necessary to turn 

off the nuclear reactor and depressurize the tubes prior to the refueling. It adds that it is would 

be impossible to do a full-power refueling when the pressure tubes have a diameter of 20cm. 

Whether it is used a fuel capable of attaining a burn up of 45 Mwd/kg, 156 tubes and 12 

bundles per pressure tube, it will be necessary to substitute 6 fuel bundles a week. 

Whether the substitution of those 6 fuel bundles requires a shutdown period longer than 3 

hours, the 
135

Xe build-up (the Xenon / Iodine pit) imposes that the shutdown episode has a 

length of, at least, 40 hours. To allocate just 5% of the time for refueling, it must be done, at 

least, on a monthly base (a batch operation). In this case, the refueling interval will be 

determined by economic and technical grounds. 

It has never been used but, to overpass the Xenon / Iodine pit, it could be use a control pad 

with high reactivity (e.g., a 20% enriched 
235

U) immerse in the moderation pool that could be 

inserted in the heart of the reactor core during a short period of time to re-start the reactor 

and, then, after the reduction in the 
135

Xe, be removed to a low flux zone within the 

moderation pool. 

Because the coal heater can operate independently of nuclear reactor, during the nuclear 

refueling shutdown period, the coal heater can continue working. To explore this possibility 

the power plant must have three turbines (1.1 Gwe each). 

The use of horizontal pressure tubes will permit the use of a pool and it will permit the 

existence of several bundles on each tube (12 in the CANDU) where the substitution of 

individual bundles will facilitates the spatial smoothing of the power density. 

The inclusion of the moderation pool in the coolant direct-cycle will simplify the layout and it 

will recover the neutron energy that passes to the moderator (≈ 7% of the total). As 

consequence, it will be impossible to use boric acid dissolved in the moderator to control the 

reactivity of the reactor. 
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Fig. 8 - Diagram of the inclusion of the moderation pool in the direct-cycle 

 

4. LOCA – The Loss of Coolant Accident. 

The accident of Fukushima shows that the flooding of the reactor core with light water is the 

ultimate and most effective passive way of controlling the nuclear reactor temperature when 

there is a LOCA incident.  

The use of light water as moderator permits the transformation of the moderator, the neutron 

reflector and the biological shielding in a single pool that occupies all the space inside the 

reinforced concrete walls used in the CANDU reactors. This will decrease significantly the cost 

of building the calandria (there will be not any). To decrease gamma ray intensity (due to the 

16
N) during normal period operation, the move of the water between the biological shield and 

the rest of the pool must be restricted.  

The reactor (i.e., the pressure tubes) will be inside a 1000 m
3
 pool where the convection 

currents are able to refrigerate the pressure tubes in case of a Lost of Coolant episode (see, 

Fig. 8). 

There will be a pressurized container able to inject boric acid into the pool when there is a 

LOCA incident. This system will be both active (activated by an electrical control) and passive 

(triggered by the opening of the emergency pressure valve). 

As simulated in the CANDU, (e.g., Mathew, 2004), when there is a LOCA incident, the pressure 

tubes will expand increasing the thermal power that passes to the moderator. Then, the water 

of the pool will be able to cool down the pressure tubes where the LOCA occurred. 

If, similar to the Fukushima accident, there is a total interruption in the coolant flux and of the 

inflow of water into the pool, the emergency escape of vapor, although liberating some dose 

of radiation (that, initially, results from the 16N and, afterword, from any disintegrated fuel 

rod), it will avoid the meltdown of the reactor. Whether there is a total failure in the cooling 

system, the emergency evaporation of the water from the pool is able to cool the reactor for 

200s in full power and for 4 hours after SCRAM. Following this initial 4 hours, to maintain the 

cooling of the reactor it is just required a water inflow of 25 l/s. 

The use of the emergency released vapor (0.2MPa/120ºC) can generate an emergency 2Mwe. 
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Fig.9 - Diagram of the cross-section of the nuclear reactor 

 

5. The production cost of the nuclear electricity. 

In calculating the reduced costs of production I will use certain assumptions. 

H1. The cost of producing electricity with coal does not suffer deterioration by the coupling 

with the nuclear reactor. 

H2. The nuclear energy costs are 65% due to investment, 20% due to operation and 

maintenance and 15% due to the fuel and spent fuel disposal (WNA, 2011). 

H3. In the initial investment, 75% is due to the nuclear island and 25% is due to the 

turbine/electrical plant. 

H4. The fuel cost is proportional to the thermal output. 

H5. The cost of operation and maintenance increases 30% when electricity output power 

doubles. 

H6. The investments on the nuclear reactor decreases 25% because a) the reactor is the same 

size, b) there will be no pressurizer, steam generators neither heat exchanger, c) there 

will be no heavy water, d) the reinforced concrete containment is smaller (as there is no 

heat exchangers, etc.). There will be a cost increases due to the higher thickness of the 

micro-reactors’ tubes but there will be less number of pressure tubes. The piping is less 

expensive because there is a decrease in the coolant flow. 

H7. The electrical equipment increases 33% when the capacity doubles because the 

supercritical turbine rotates at twice the speed of a turbine with low quality vapor. 

With these assumptions, the CANDU400 will have a unit cost of producing electricity that is 

50% of the actual cost.  
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The capital cost will decrease from 65% to 43% of the total production cost while fuel and 

spent fuel disposal costs will increases from 15% to 33% of the total. 

 

6. Conclusion. 

To respond to the large increase in the consumption of electrical power, China and India have 

been investing in coal as primary source of energy that has the negative effect of emitting CO2 

into the atmosphere. The alternative is the use of nuclear energy that has a slight disadvantage 

in terms of cost to coal because it works in the subcritical regime. In this article I present The 

MT.SC.LWR, a multi tube, slightly super critical, light water reactor where the coolant outflow 

temperature is 400 °C that is coupled with a coal heater that increases the water temperature 

to the 500 °C necessary to the operation of the supercritical turbine.  

The use of the supercritical circuit will reduce the production costs of electricity from nuclear 

sources by 50%. 

With these Nuclear + Coal 3.0 Gwe solution, China and India could reduce the coal use in the 

production of electricity from the actual 80% to just 30% and to increase the nuclear supply to 

50% of the total. To build in the next 50 years a 500MWe power capability, it will be necessary 

to construct 3.3 of these reactors each year. 

Even if the nuclear outflow temperature must be smaller than 374ºC, the result that there is a 

50% reduction in the cost of producing electricity with nuclear source by coupling to coal fire 

heater maintains valid. 
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