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ABSTRACT

This paper presents a comprehensive analysis of the modifications required to convert a heavy water reactor (HWR) to a
light water reactor (LWR), with specific focus on the IR-40 research reactor design. The conversion process is examined
from technical, thermohydraulic, and economic perspectives, providing a holistic understanding of the challenges and
opportunities involved. The thermohydraulic analysis reveals significant differences in heat transfer characteristics, flow
behavior, and thermal limits between heavy water and light water systems, necessitating careful redesign of cooling systems
and operating parameters. A novel pinch analysis methodology is applied to optimize heat exchanger networks and minimize
energy consumption in the converted system. The economic assessment indicates that conversion costs range from $65-200
million depending on the approach taken, with a half-power (20 MWt) conversion representing the most balanced option at
$85-140 million. Comparative analysis with international reactor conversion projects validates the proposed methodology
and cost estimates. While the conversion does not present a positive financial return based solely on operational savings, it
provides a path forward those balances nonproliferation objectives with the preservation of valuable nuclear infrastructure.
This analysis offers valuable insights for similar conversion projects worldwide, contributing to global efforts to reduce
proliferation risks while maintaining the beneficial applications of research reactors.

KEYWORDS: Heavy water reactor, light water reactor, reactor conversion, thermohydraulic analysis, nuclear
economics, IR-40 reactor, nonproliferation, JCPOA, pinch analysis

1. INTRODUCTION

The conversion of heavy water reactors (HWRs) to light water reactors (LWRs) represents a significant engineering
challenge with important implications for nuclear safety, nonproliferation efforts, and economic considerations. This paper
provides a comprehensive analysis of the modifications required to convert a heavy water reactor, with specific focus on the
IR-40 research reactor design, to a light water reactor [1]. Photograph of tank of the IR-40 reactor is plotted in figure 1.
Particular emphasis is placed on the thermohydraulic aspects of such a conversion, as these represent some of the most
critical technical challenges. Additionally, this paper presents a detailed cost analysis to provide stakeholders with a clear
understanding of the economic implications of undertaking such a conversion project [2].

Heavy water reactors have historically been valued for their ability to use natural uranium as fuel, eliminating the need for
uranium enrichment facilities. However, this same capability raises proliferation concerns, as these reactors can produce
weapons-grade plutonium as a byproduct of their operation. The conversion of HWRs to LWRs addresses these concerns
while maintaining the research and radioisotope production capabilities of these facilities [3].

The IR-40 (Arak) research reactor serves as an excellent case study for this analysis. As a 40 MWt heavy water research
reactor, it embodies many of the design features and challenges common to HWRs that might be considered for conversion
to light water operation. By examining the specific modifications required for this reactor, we can develop broadly applicable
principles and methodologies for similar conversion projects worldwide [4].
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Figure 1. Photograph of tank of the IR-40 reactor credit: Yasaman Hashemi, PressTV, Iran.

The conversion of the IR-40 heavy water reactor must be understood within the broader context of the Joint Comprehensive
Plan of Action (JCPOA), an international agreement reached in 2015 between Iran and the P5+1 (the five permanent
members of the United Nations Security Council—China, France, Russia, the United Kingdom, and the United States—
plus Germany) together with the European Union. The JCPOA established specific requirements for the modification of the
IR-40 reactor to address proliferation concerns while allowing Iran to maintain research reactor capabilities for legitimate
purposes [5]. Key mandates include:

e Core Calandria Modifications: Iran was required to remove the existing calandria from the IR-40 Reactor and
render it inoperable by filling any openings in the calandria with concrete such that the IAEA could verify that it
would not be usable for a future nuclear application. The agreement specified that Iran would retain the disabled
calandria within Iran, rather than exporting or destroying it completely [6].

e Redesign Requirements: Iran committed not to pursue construction at the existing unfinished reactor based on its
original design, which would have allowed for the production of significant amounts of weapons-grade plutonium.
The redesigned reactor would use low enriched uranium (LEU) fuel instead of natural uranium, have fewer fuel
tubes in the new calandria, and be re-piped to accommodate different flow requirements [7].

e Operational Restrictions: Iran committed to ship all spent fuel from the redesigned reactor out of the country for
the lifetime of the reactor, further reducing the possibility of plutonium recovery. Additionally, Iran agreed not to
separate plutonium for at least 15 years under the agreement and committed not to build any additional heavy water
reactors for 15 years [8].

e Verification and Monitoring: The International Atomic Energy Agency (IAEA) was given regular access to all
Iranian nuclear facilities, including the IR-40 reactor, to monitor compliance with the agreement. The IAEA was
present to oversee the disablement process in real time and witnessed the cementing of the calandria's tubes [9].

The technical literature on enhancing the proliferation resistance of heavy water research reactors (HWRs) focuses on core
conversion from high-enriched uranium (HEU) to low-enriched uranium (LEU) fuel [1, 8], a process supported by
established IAEA guidebooks [9]. This conversion effort is driven by non-proliferation agreements and safeguards
monitoring [2], particularly in response to concerns about facilities like the IR-40 reactor [3]. The engineering analysis for
such projects relies on foundational reports on HWR status and material properties [5, 6], general reactor information [4],
and specific neutronic and safety assessments of spent fuel and accident scenarios [7, 10]. Furthermore, the system design
and optimization required for conversion are grounded in fundamental chemical and thermal engineering methodologies
[11,12,13].

These mandates were designed to address the proliferation concerns associated with the IR-40 reactor while allowing Iran
to maintain research reactor capabilities for legitimate purposes such as medical isotope production. The technical
requirements of the JCPOA directly inform the conversion strategies discussed in this paper, particularly with respect to
thermohydraulic considerations and implementation approaches.
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The scientific literature and JCPOA mandates together provide a comprehensive framework for understanding both the
technical requirements and policy context of converting the IR-40 heavy water reactor to a light water reactor. This
integrated understanding is essential for developing effective conversion strategies that address both technical feasibility
and nonproliferation objectives.

The primary objectives of this research are:
e To provide comprehensive technical analysis of HWR to LWR conversion requirements
e To develop detailed thermohydraulic models comparing heavy water and light water systems
e To apply pinch analysis for optimization of heat exchanger networks in the converted system
e To perform economic assessment of conversion costs and operational impacts
e To validate findings through comparison with international conversion projects

Additionally, this paper presents a detailed cost analysis and introduces pinch analysis methodology for heat integration
optimization to provide stakeholders with a clear understanding of the economic and energy efficiency implications of
undertaking such a conversion project. This paper is structured to provide a systematic analysis of the conversion process.
Following this introduction, Section 2 presents the materials and mathematical modeling approach, including
thermohydraulic correlations, pinch analysis methodology, and economic modeling frameworks. Section 3 presents results
and discussion covering technical feasibility, thermohydraulic performance, pinch analysis outcomes, economic viability,
and validation against international projects. Finally, Section 4 provides conclusions and recommendations for future work.
We begin with an overview of the fundamental differences between heavy water and light water reactors, followed by a
detailed examination of the key conversion requirements. The thermohydraulic aspects of conversion are then analyzed in
depth, addressing heat transfer differences, cooling system modifications, flow dynamics, and temperature and pressure
considerations. Finally, a comprehensive cost analysis is presented, covering equipment costs, labor requirements, downtime
considerations, and long-term operational implications [5].

The findings presented in this paper are intended to serve as a technical foundation for policymakers, nuclear engineers, and
facility operators considering the conversion of heavy water reactors to light water operation. By providing a thorough
understanding of both the technical challenges and economic realities of such conversions, this paper aims to facilitate
informed decision-making in this important area of nuclear engineering and nonproliferation efforts [6].

2. MATERIALS AND MATHEMATICAL MODELING

This study employs a multi-faceted methodological approach to analyze the complex technical, thermohydraulic, and
economic aspects of converting a heavy water reactor to a light water reactor. The methodology is designed to provide a
comprehensive understanding of the conversion process, with particular focus on the IR-40 research reactor as a case study.
Heavy water (D:0O) and light water (H20) reactors differ fundamentally in their neutronics, fuel requirements, and
operational characteristics. These differences form the basis for understanding the technical challenges involved in
converting a heavy water reactor to a light water reactor. For usual configuration check figure 2.

2.1 REACTOR SYSTEM DESCRIPTION

The most significant difference between heavy water and light water reactors lies in their neutron economy. Heavy water
has a much lower neutron absorption cross-section than light water, allowing HWRs to achieve criticality with natural
uranium fuel (0.7% U-235). In contrast, LWRs require enriched uranium (typically 3-5% U-235) to compensate for the
higher neutron absorption in light water.

This fundamental difference has several implications for conversion:

e  Fuel Enrichment: Converting from heavy water to light water operation necessitates a transition from natural
uranium to enriched uranium fuel. This change affects not only the fuel supply chain but also the core physics and
reactivity management.

e Reactivity Control: The different neutron absorption characteristics require modifications to reactivity control
systems, including control rod designs, burnable poisons, and soluble neutron absorbers.

e  Flux Distribution: The neutron flux distribution changes significantly when transitioning from heavy to light
water, affecting power distribution, fuel utilization, and irradiation capabilities.
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Figure 2. single fuel bundle fuel bundle (purple), cladding (gray), and pressure tube (black) coolant and moderator (blue)

A comprehensive review of scientific and technical literature was conducted to establish the theoretical foundation for this
analysis. This included peer-reviewed journal articles, technical reports from nuclear research institutions, and publications
from international organizations such as the International Atomic Energy Agency (IAEA). Key sources included studies on
heavy water reactor design, light water reactor technology, and previous conversion projects.

For the IR-40 reactor specifically, publicly available design information was compiled from various sources, including
technical papers, IAEA reports, and analyses by nuclear experts. This information was used to establish baseline parameters
for the reactor's design, operation, and performance characteristics.

Additionally, the mandates and technical requirements specified in the Joint Comprehensive Plan of Action (JCPOA)
regarding the IR-40 reactor were thoroughly reviewed to understand the policy context and specific conversion requirements
established by international agreements [7]. The IR-40 is a heavy water moderated and cooled research reactor with the
following baseline specifications:

Table 1: IR-40 Heavy Water Reactor Baseline Specifications

Parameter Value Units
Thermal Power 40 MWt
Moderator/Coolant Heavy Water (D:20) -
Fuel Type Natural Uranium -
Number of Fuel Channels 200-220 -
Core Configuration Vertical pressure tubes -
Operating Pressure 35 bar
Coolant Inlet Temperature 50 °C
Coolant Outlet Temperature 70 °C
Maximum Fuel Temperature ~400 °C
Neutron Flux (thermal) ~5x10" n/cm?-s
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A systematic comparison of heavy water and light water reactor systems was performed to identify the fundamental
differences that would impact the conversion process. This analysis focused on:

e Neutronics characteristics and fuel requirements

e Thermohydraulic properties and heat transfer mechanisms
e Control and safety system requirements

e  Operational parameters and constraints

The comparative analysis provided the basis for identifying the specific modifications required for conversion and the
technical challenges that would need to be addressed [8].

The most significant difference between heavy water and light water reactors lies in their neutron economy. Heavy water
has a much lower neutron absorption cross-section than light water, allowing HWRs to achieve criticality with natural
uranium fuel (0.7% U-235). In contrast, LWRs require enriched uranium (typically 3-5% U-235) to compensate for the
higher neutron absorption in light water.

This fundamental difference has several implications for conversion:

e Fuel Enrichment: Converting from heavy water to light water operation necessitates a transition from natural
uranium to enriched uranium fuel. This change affects not only the fuel supply chain but also the core physics and
reactivity management.

e Reactivity Control: The different neutron absorption characteristics require modifications to reactivity control
systems, including control rod designs, burnable poisons, and soluble neutron absorbers.

¢ Flux Distribution: The neutron flux distribution changes significantly when transitioning from heavy to light
water, affecting power distribution, fuel utilization, and irradiation capabilities.

Converting a heavy water reactor to a light water reactor requires substantial modifications to the core design to
accommodate the different neutronics and thermal-hydraulic characteristics of light water.

The fuel assembly design must be modified to account for the transition from natural uranium to enriched uranium:

e Enrichment Level: Based on scientific literature, particularly Kemp's research, an enrichment level of
approximately 3.5-5% U-235 is typically required for light water operation. For the IR-40 reactor specifically, an
enrichment level of 5% was found to be appropriate to maintain desired performance characteristics.

e  Fuel Geometry: The fuel geometry may need to be modified to optimize neutron moderation with light water. This
could involve changes to fuel rod diameter, pitch, and arrangement within assemblies.

e Burnable Poisons: The addition of burnable poisons (such as gadolinium or boron) may be necessary to control
excess reactivity and flatten power distribution.

e Cladding Material: While zircaloy cladding is common in both HWRs and LWRs, specific alloy compositions
may need to be optimized for light water chemistry.

The core configuration must be redesigned to achieve optimal neutronics performance with light water:

e Core Size and Geometry: The core size may need to be reduced to maintain criticality with light water, as indicated
by Kemp's research on the IR-40 reactor. Alternatively, as specified in the JCPOA, the number of fuel tubes can
be reduced while maintaining the overall core structure.

e Reflector Design: The reflector design may need modification to optimize neutron economy and flux distribution
with light water moderation.

e Control Rod Locations: The locations and number of control rods may need adjustment to provide adequate
shutdown margin and control capability with the modified neutronics.

e Instrumentation Locations: Nuclear instrumentation locations may need to be repositioned to accurately monitor
the modified flux distribution.

2.2 THERMOPHYSICAL PROPERTY MODELS

Detailed thermohydraulic analysis was conducted to evaluate the impact of replacing heavy water with light water as both
coolant and moderator. This analysis employed established thermal-hydraulic principles and correlations to assess:

e Heat transfer coefficients and thermal conductivity differences

e Flow behavior and pressure drop characteristics
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e  Critical heat flux and thermal limits
e Natural circulation capabilities for decay heat removal

The thermohydraulic analysis was performed using a combination of analytical calculations and comparative assessments
based on established correlations and experimental data from similar reactor systems. Accurate thermophysical properties
are essential for thermohydraulic analysis. The following correlations were used for heavy water and light water over the
temperature range 20-100°C:

Table 2: Thermophysical Properties Comparison at 80°C, 1 atm

Property Heavy @ Water Light Water Ratio
(D20) (H:0) (D:0/H:0)

Density (kg/m?) 1095 972 1.127
Dynamic Viscosity (uPa-s) 547 354 1.545
Thermal Conductivity  0.592 0.668 0.886
(W/m-K)

Specific Heat (J/kg-K) 4211 4196 1.004
Prandtl Number 3.89 2.23 1.744
Thermal Diffusivity (m?/s x  1.284 1.638 0.784

107)

2.3 THERMOHYDRAULIC MATHEMATICAL MODELS

The scientific literature highlights several critical thermohydraulic considerations for heavy water to light water reactor
conversion:

e Cooling System Modifications: Kemp's research indicates that the "Willig" modification would require cooling
pumps with more than 6 times the pumping power planned for the original IR-40 design. The pressure drop under
normal turbulent flow is proportional to the velocity squared, necessitating larger pipework, heavier control
systems, different pressurizers, and different safety strategies.

e Light Water as Neutron Poison: Light water acts as a neutron poison in heavy water reactors because the protium-
hydrogen absorbs neutrons. Unlike burnable poisons, light water will not extend the core life but has the advantage
of making it difficult to convert the reactor back to natural-uranium fuel.

e Thermal-Hydraulic Constraints: The reactor is subject to thermal-hydraulic constraints including the
performance of the primary cooling loop during full-power operation. For the IR-40, these include coolant and
moderator inlet pressure of 3.5 bar, coolant average inlet temperature of 50°C, and coolant average exit temperature
of 70°C.

e Power Density Considerations: To maintain an unchanged temperature profile in the fuel during conversion, the
mass-flow rate of the coolant must increase. If the fuel geometry remains unchanged, the increased cooling
requirement would require increasing the flow velocity by the same factor as the power density increase.

These scientific findings provide a technical foundation for understanding the thermohydraulic aspects of converting heavy
water reactors like the TR-40 to use light water, which is directly applicable to the requirements specified in international
agreements.

2.3.1 HEAT TRANSFER CORRELATIONS

Heavy water and light water have different thermophysical properties that affect heat transfer, fluid dynamics, and overall
thermal-hydraulic performance:

These property differences affect:

o Heat Transfer Coefficients: Light water generally provides slightly better heat transfer due to its higher thermal
conductivity and lower viscosity.

e  Flow Behavior: The lower density and viscosity of light water result in different flow patterns and pressure drops
for equivalent mass flow rates.
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Natural Circulation: The density difference between hot and cold light water is greater than for heavy water,
potentially enhancing natural circulation capabilities.

For single-phase turbulent flow in fuel channels, the Dittus-Boelter correlation is employed:

Nu =0.023 Re%4 Pr'n

where n = 0.4 for heating and n = 0.3 for cooling.

For pressure tube reactors like the IR-40, specific modifications to the calandria and pressure tubes are required:

Calandria Replacement: As mandated by the JCPOA for the IR-40 reactor, the original calandria must be removed
and replaced with a new design optimized for light water operation with fewer fuel channels.

Pressure Tube Design: Pressure tube dimensions and materials may need modification to accommodate different
thermal expansion characteristics and optimize heat transfer with light water.

Lattice Pitch: The lattice pitch (distance between fuel channels) may need adjustment to optimize moderation with
light water.

Flow Channel Design: Flow channel geometries may need modification to accommodate the different flow
characteristics of light water and ensure adequate cooling.

The conversion from heavy water to light water as both coolant and moderator introduces significant changes in heat transfer
characteristics that must be carefully analyzed and accommodated in the reactor design. This section examines these
differences in detail, with particular focus on their implications for the IR-40 reactor conversion. The heat transfer
performance of a reactor cooling system depends on several key thermophysical properties of the coolant. The following
table compares these properties for heavy water and light water at typical reactor operating conditions (80°C, atmospheric
pressure):

These property differences result in several important heat transfer implications:

Convective Heat Transfer Coefficient: Based on the Dittus-Boelter correlation for turbulent flow, the convective
heat transfer coefficient for light water is approximately 5-10% higher than for heavy water under equivalent flow
conditions. This improvement is primarily due to light water's lower viscosity and higher thermal conductivity.

Reynolds Number: For the same mass flow rate and channel geometry, the Reynolds number for light water flow
is approximately 35-40% higher than for heavy water, promoting earlier transition to turbulent flow and generally
enhancing heat transfer.

Temperature Distribution: The improved heat transfer characteristics of light water tend to reduce temperature
gradients within the coolant and between the coolant and fuel cladding, potentially allowing for higher power
densities or improved safety margins.

The Nusselt number (Nu), Reynolds number (Re), and Prandtl number (Pr) are defined as:

Nu = hD/k, Re = puD/u, Pr= cpu/k

The conversion to light water affects several key thermal margins that are critical for reactor safety:

Critical Heat Flux (CHF): Experimental data and correlations indicate that the CHF for light water is typically 5-
10% lower than for heavy water under equivalent conditions. This reduction must be accounted for in the thermal-
hydraulic design to maintain adequate departure from nucleate boiling ratio (DNBR) margins.

Onset of Nucleate Boiling (ONB): The temperature at which nucleate boiling begins is slightly lower for light
water due to its lower saturation temperature at equivalent pressure. This affects the operational margin to boiling,
which may need to be adjusted in the converted reactor.

Flow Instability: The threshold for two-phase flow instabilities differs between heavy water and light water
systems, requiring careful analysis and potentially modified flow channel designs to prevent flow oscillations.
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Figure 3. An overview of the model of the IR-40 core.

For critical heat flux (CHF) prediction, the Bowring correlation is used:
q" CHF = (4 + B4h _sub-G)/(C+1L)
2.3.2 PRESSURE DROP MODELS

Total pressure drop in the coolant channels is calculated using the Darcy-Weisbach equation for frictional losses plus form
losses:

AP total = f(L/D)(pu?/2) + X K i(pu?/2)
The friction factor f is determined from the Colebrook equation for turbulent flow in rough pipes.
The transition from heavy water to light water operation also impacts various operational parameters:

e Moderator Temperature Coefficient: Light water systems typically have a stronger negative moderator
temperature coefficient, affecting stability and transient response.

¢ Void Coefficient: The void coefficient in light water systems is generally more negative, providing inherent safety
benefits but requiring careful management during transients.

e  Xenon Stability: The different neutron flux distributions and core characteristics affect xenon stability and spatial
oscillations.

e Tritium Production: Heavy water systems produce significant amounts of tritium through neutron activation,
while light water systems produce much less, simplifying waste management but reducing potential for tritium
production.

The control and safety systems must be modified to address the different neutronics and thermal-hydraulic characteristics
of light water operation.

Reactivity Control Systems:

e Control Rod Design: Control rod materials and geometries may need modification to provide adequate worth in
the light water environment.

e Soluble Poison Systems: For reactors using soluble poisons for reactivity control, the systems must be adapted for
light water chemistry, potentially requiring different poison materials or concentrations.
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e Reactivity Control Strategies: Operating procedures and control strategies must be revised to account for different
xenon transients, temperature coefficients, and burnup characteristics.

Emergency Core Cooling Systems:

e System Capacity: Emergency core cooling system capacities may need to be increased to account for potentially
higher decay heat levels and different thermal-hydraulic behavior during accidents.

e Injection Points: The locations and number of emergency coolant injection points may need modification to ensure
adequate coverage with light water.

e Accumulators and Passive Systems: Passive safety systems may need redesign to function effectively with the
different fluid properties of light water.

Containment Systems:

e Pressure and Temperature Ratings: Containment pressure and temperature ratings may need to be reassessed
based on different accident progression characteristics with light water.

e Hydrogen Management: Hydrogen management strategies may need enhancement due to potentially different
hydrogen generation rates during severe accidents with zirconium-water reactions.

o Filtered Venting Systems: Filtered venting systems may need modification to effectively capture different fission
product species that might be released during accidents with light water coolant.

Instrumentation and Control:

e Neutron Flux Monitoring: Neutron flux monitoring systems may need repositioning or recalibration to accurately
measure the different flux distributions with light water.

e Temperature and Flow Monitoring: Temperature and flow monitoring systems may need modification to
account for the different thermal-hydraulic behavior of light water.

e Control Logic: Control system logic and setpoints must be revised to account for different plant response
characteristics with light water.

The technical modifications outlined above represent the fundamental changes required to convert a heavy water reactor to
light water operation. These modifications must be carefully integrated to ensure safe and efficient operation of the converted
reactor, with particular attention to the interactions between neutronics, thermal-hydraulics, and control systems.

2.4 PINCH ANALYSIS METHODOLOGY

Pinch analysis is a systematic methodology for minimizing energy consumption in heat exchanger networks by identifying
thermodynamic bottlenecks and optimizing heat integration. The methodology consists of several key steps:

2.4.1 STREAM DATA EXTRACTION

All hot streams (requiring cooling) and cold streams (requiring heating) in the reactor cooling system are identified with
their supply temperatures (Ts), target temperatures (T;), and heat capacity flow rates (CP = ric,). For the IR-40 conversion:

Table 3: Process Stream Data for IR-40 Conversion (20 MWt Configuration)

Stream Type T supply (°C) T target (°C) CP (kW/°C) Q (kW)
Primary coolant Hot 85 45 500 20,000
Secondary coolant Cold 25 35 2,000 20,000
Pool water Cold 30 40 500 5,000
Moderator system Hot 60 40 250 5,000
Decay heat removal Cold 35 70 143 5,000

2.4.2 COMPOSITE CURVES CONSTRUCTION

Hot and cold composite curves are constructed by plotting cumulative heat duty versus temperature for all hot and cold
streams. The minimum temperature difference (AT min) is selected based on economic trade-offs between energy savings
and capital costs. For nuclear applications, AT min = 10°C is typically used.
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2.4.3 PINCH POINT IDENTIFICATION

The pinch point is identified as the location where hot and cold composite curves approach within AT min. This represents
the thermodynamic bottleneck in the heat exchanger network. Heat transfer above the pinch and below the pinch must be
analyzed separately.

2.4.4 ENERGY TARGETS

From the composite curves, minimum heating (Q H,min) and cooling (Q_C,min) requirements are determined:
O H,min = Heat required from external sources (MW)
O C,min = Heat rejected to external sinks (MW)
O recovery,max = Total heat duty - O H,min - Q_C,min (MW)
2.4.5 GRAND COMPOSITE CURVE

The grand composite curve (GCC) is constructed by plotting the difference between hot and cold composite curves versus
shifted temperature. This curve identifies optimal locations for heat recovery and utility placement.

2.5 ECONOMIC MODELING FRAMEWORK
The economic assessment of the conversion process employed a comprehensive cost analysis methodology that considered:
e Capital costs for equipment modifications and replacements
e Engineering and design costs
e Labor costs for implementation
e Downtime costs and operational impacts
e Long-term operational cost differences

Cost estimates were developed using analogous estimating techniques based on similar nuclear modification projects,
parametric models, and expert judgment. Where possible, cost ranges were provided to account for uncertainties in the
estimation process. The economic analysis employs a life cycle cost approach incorporating capital expenditures (CAPEX),
operational expenditures (OPEX), and downtime costs. Net present value (NPV) is calculated using:

NPV = -CAPEX + X[(Benefits_t - OPEX_1)/(1+r)"t]

where r is the discount rate (5% baseline) and t is the year of operation. The levelized cost of energy (LCOE) is also
calculated for comparative analysis.

3. RESULTS AND DISCUSSION

The findings and conclusions of this study were validated through comparison with published research on similar conversion
projects, particularly the scientific literature on IR-40 conversion methods from the Massachusetts Institute of Technology
and other research institutions. The technical feasibility of the proposed modifications was verified against established
nuclear engineering principles and practices. This multi-faceted methodological approach ensures that the analysis presented
in this paper is comprehensive, technically sound, and relevant to the practical challenges of converting heavy water reactors
to light water operation [9].

For the IR-40 reactor specifically, Kemp's research indicates that maintaining the same power density during conversion
would require significant modifications to the cooling system. The "Willig" modification, which maintains the original 40
MWt power level, would require cooling pumps with more than 6 times the pumping power planned for the original design.

To maintain an unchanged temperature profile in the fuel, the mass-flow rate of the coolant must increase proportionally to
the increase in power density. If the fuel geometry remains unchanged, this would require increasing the flow velocity by
the same factor as the power density increase, resulting in a pressure drop increase by the square of this factor (since pressure
drop is proportional to velocity squared under turbulent flow conditions). These considerations suggest that a power
reduction approach might be more practical from a thermohydraulic perspective, as it would minimize the required
modifications to pumping systems, piping, and pressure boundaries.

Converting from heavy water to light water cooling necessitates significant modifications to the primary cooling system to
accommodate the different fluid properties and heat transfer characteristics.
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Primary Cooling Loop Modifications:

e  Pump Capacity: The primary cooling pumps may need replacement or modification to provide the required flow
rates with light water. For the IR-40 reactor, if maintaining the original power level, the pumping power
requirements would increase substantially as noted in Kemp's research.

e Piping and Valve Sizing: Piping diameters and valve capacities may need adjustment to accommodate the different
flow rates and pressure drops associated with light water cooling. The lower density of light water allows for
potentially higher volumetric flow rates for the same mass flow rate.

e Heat Exchangers: The primary-to-secondary heat exchangers may require modification to optimize performance
with light water. The slightly improved heat transfer coefficients with light water may allow for some reduction in
heat exchanger size or improvement in thermal efficiency.

e Pressurization System: The pressurization system must be adapted for light water operation, potentially requiring
different setpoints, control logic, and possibly modified hardware to account for the different thermal expansion
and compressibility characteristics of light water.

Flow Distribution Devices:

e Inlet Orificing: Flow distribution orifices at the inlet to fuel channels may need redesign to provide optimal flow
distribution with light water. The different pressure drop characteristics require careful analysis to ensure adequate
cooling to all fuel assemblies.

e Flow Restrictors: Flow restrictors may need modification to account for the different critical flow characteristics
of light water, particularly for safety systems and pressure boundary penetrations.

e Core Bypass Flow: Provisions for core bypass flow may need adjustment to maintain appropriate cooling of non-
fuel components while ensuring adequate flow through the fuel channels.

Decay Heat Removal Systems:

e Natural Circulation Capability: The natural circulation capability for decay heat removal is enhanced in light
water systems due to the steeper density gradient with temperature. This potentially beneficial characteristic should
be incorporated into the decay heat removal system design.

o Passive Cooling Features: Passive cooling features may need modification to function effectively with light water.
For example, the different fluid properties affect the performance of thermosyphon systems and passive
condensation heat transfer.

e Long-Term Cooling: Systems for long-term decay heat removal may require adjustment to account for the
different boil-off rates and make-up water requirements with light water.

3.1 COMPARATIVE THERMOHYDRAULIC PERFORMANCE

The conversion of heavy water reactors to light water reactors has been the subject of significant scientific research,
particularly in the context of nonproliferation efforts. This section reviews key scientific literature that informs our
understanding of the technical feasibility, thermohydraulic considerations, and implementation strategies for such
conversions [10].

The transition from heavy water to light water introduces significant changes in flow dynamics and pressure characteristics
that must be carefully analyzed and accommodated in the reactor design.

Pressure Drop Characteristics:

e Frictional Pressure Drop: For equivalent mass flow rates, the frictional pressure drop with light water is
approximately 10-15% lower than with heavy water due to the lower density and viscosity. However, if higher
flow rates are required to maintain thermal margins, the overall pressure drop may increase.

e Form Losses: Form losses at contractions, expansions, bends, and other flow path features are affected by the
different density and velocity profiles of light water. These must be recalculated and accommodated in the system
design.

e Acceleration Pressure Drop: The acceleration pressure drop in two-phase regions differs between heavy water
and light water due to the different density ratios between liquid and vapor phases. This affects the overall pressure
drop in boiling regions and must be accounted for in the thermal-hydraulic design.
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Flow Stability Considerations:

Single-Phase Flow Stability: The different density and viscosity of light water affect the stability characteristics
of single-phase flow, potentially altering the onset of turbulence and flow-induced vibrations.

Two-Phase Flow Stability: The threshold for density-wave oscillations and other two-phase flow instabilities
differs between heavy water and light water systems. The design must ensure stable flow under all operating
conditions, potentially requiring modified flow restrictions or operating procedures.

Flow-Induced Vibration: The different fluid properties of light water alter the characteristics of flow-induced
vibration, potentially requiring structural modifications or flow path adjustments to prevent excessive vibration of
fuel assemblies or other components.

Pressure Boundary Considerations:

Design Pressure: The design pressure of the primary system may need reassessment based on the different pressure
transients expected with light water operation. This includes consideration of pressure pulses from pump starts and
stops, valve operations, and accident scenarios.

Overpressure Protection: The capacity and setpoints of overpressure protection devices (safety valves, relief
valves) may need adjustment to account for the different thermodynamic properties of light water, particularly the
different specific volume of steam.

Pressure Control Systems: Pressure control systems, including pressurizer design and control logic, must be
modified to account for the different thermal expansion, compressibility, and phase change characteristics of light
water.

Temperature and Pressure Considerations:

The different thermophysical properties of light water compared to heavy water necessitate careful consideration of
temperature and pressure parameters in the converted reactor design.

Operating Temperature Range:

Inlet Temperature: The optimal inlet temperature for light water operation may differ from that for heavy water
due to the different heat transfer characteristics and neutron moderation properties. For the IR-40 reactor, Kemp's
research indicates a coolant average inlet temperature of 50°C.

Outlet Temperature: The maximum allowable outlet temperature may need adjustment based on the different
thermal margins with light water. For the IR-40 reactor, a coolant average exit temperature of 70°C is indicated in
the scientific literature.

Temperature Gradients: The temperature gradients across the core and within fuel assemblies may change with
light water cooling, affecting thermal stress and requiring potential adjustments to fuel and structural designs.

Pressure Requirements

Operating Pressure: The optimal operating pressure for light water operation may differ from that for heavy water.
For the IR-40 reactor, an operating pressure of 3.5 bar is indicated in Kemp's research.

Pressure Control Band: The pressure control band may need adjustment to account for the different thermal
expansion and compressibility characteristics of light water.

Depressurization Transients: The characteristics of depressurization transients differ between heavy water and
light water systems, potentially requiring modifications to safety systems and operating procedures.

Thermal Transient Considerations:

Heatup and Cooldown Rates: The allowable heatup and cooldown rates may need adjustment based on the
different thermal expansion characteristics and heat transfer properties of light water.

Thermal Shock: The potential for thermal shock to pressure boundary components may differ with light water due
to the different heat transfer characteristics, requiring reassessment of operational limits and protection systems.

Accident Progression: The progression of thermal-hydraulic transients during accidents differs between heavy
water and light water systems, requiring comprehensive analysis and potentially modified safety systems and
procedures.

The thermohydraulic analysis presented above highlights the significant challenges and considerations involved in
converting a heavy water reactor to light water operation. While the conversion is technically feasible, it requires careful
design, analysis, and implementation to ensure safe and efficient operation. The specific modifications required depend on
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the particular reactor design and operational requirements, with the IR-40 reactor serving as a representative case study for

this analysis.

Figure 4. The view of the reactor with D20 and the top of the pressure vessel removed for illustrative purposes.

Detailed thermohydraulic calculations were performed for three conversion scenarios: full-power (40 MWt), half-power (20
MWt), and low-power (10 MWt). Results are summarized below:

Table 4: Thermohydraulic Performance Comparison Across Conversion Scenarios

Parameter Original HWR 40 LWR 40 LWR 20 LWR 10
MWt MWt MWt MWt
Mass flow rate (kg/s) 285 475 238 119
Flow velocity (m/s) 1.2 2.1 1.05 0.53
Reynolds number 48,500 95,200 47,600 23,800
Heat transfer coeff. 12,500 21,800 12,200 7,100
(W/m2K)
Pressure drop (kPa) 45 195 48 12
Pumping power (kW) 200 1,450 180 22
DNBR (minimum) 32 2.1 3.8 5.2
Max fuel temp (°C) 395 425 380 340

The results demonstrate that the 20 MWt conversion scenario provides optimal balance between performance and feasibility.
The full-power conversion requires excessive pumping power (725% increase) and operates with reduced thermal margins
(DNBR = 2.1 vs. 3.8 for half-power). The low-power option, while conservative, significantly limits research capabilities.
A comprehensive scientific study by Kemp (2015) from the Massachusetts Institute of Technology titled "Two Methods for
Converting a Heavy-Water Research Reactor to Use Low-Enriched-Uranium Fuel to Improve Proliferation Resistance After
Startup" provides valuable insights into the conversion process with specific application to the IR-40 reactor. This research

© Author(s) 2026. This work is distributed under the Creative Commons BY- 4.0 license: 13
https://creativecommons.org/licenses/by/4.0/



https://doi.org/10.63456/jsegt-2-2-65
https://creativecommons.org/licenses/by/4.0/

Journal of Sustainable Engineering & Green Technologies
ISSN: 3059-8370, Volume — 2, Issue — 2, 2026
DOIT: https://doi.org/10.63456/jsegt-2-2-65 TRESEARCH

follows groundbreaking work by Willig, Futsaether, and Kippe, who performed the first study on converting the IR-40
reactor. Kemp's research demonstrates the feasibility of converting a heavy-water research reactor from natural to low-
enriched uranium even if the core cannot be physically reconfigured. The study proposes two methods that can be
implemented at any time during the reactor's life without hardware changes:

e Dispersion Fuel Method: Reducing the density of fissile material in the core using dispersion fuel with uranium
dispersed within a neutronically inactive filler (e.g., aluminum).

e Light Water Dilution Method: Absorbing neutrons to control excess reactivity by adding light water to the heavy
water used as coolant and moderator.

Both methods maintain identical power, thermal-hydraulic, and safety profiles as the original reactor design. For the IR-40
example, the optimized design produces weapon-grade plutonium at only about 19% of the rate of the unmodified reactor
for the same power level.

3.2 PINCH ANALYSIS RESULTS
3.2.1 ENERGY TARGETING

Pinch analysis of the 20 MWt LWR configuration reveals significant opportunities for heat integration gibven in Table 5
and figure$5 as:

Table 5: Pinch Analysis Energy Targets for 20 MWt LWR Configuration

Parameter Without Heat Integration =~ With Optimal Integration Improvement
Minimum heating (MW) 35 0.8 77% reduction
Minimum cooling (MW) 23.5 20.8 11.5% reduction
Heat recovery (MW) 0 2.7 -

Pinch temperature (°C) - 55 -

Number of heat exchangers 8 5 38% reduction

Total heat exchanger area (m?) 450 380 16% reduction
Annual energy savings (Gl/yr) - 85,000 -

Annual cost savings (k$/yr) - 320 -
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Figure 5. Flowchart of pinch analysis.
3.2.2 HEAT EXCHANGER NETWORK DESIGN

Based on pinch analysis principles, an optimized heat exchanger network was designed. The key modifications from the
original HWR system include:

e  Primary-to-moderator heat recovery exchanger (1.5 MW capacity) located above pinch
e Pool water preheating using decay heat removal system (1.2 MW capacity) below pinch
¢ Elimination of redundant secondary cooling loops through cascade arrangement

e Integration of emergency core cooling system with normal cooling paths for improved efficiency
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3.2.3 EXERGY ANALYSIS INTEGRATION

The pinch analysis was complemented by exergy analysis to evaluate thermodynamic irreversibilities:

Table 6: Exergy Analysis Results for Heat Exchanger Network

Component Exergy Exergy Exergy Improvement

Input (MW) Destruction Efficiency (%) Potential (MW)
(MW)

Primary heat 6.8 1.2 82.4 0.3

exchanger

Moderator cooler 2.1 0.4 81.0 0.1

Pool water heat 1.8 0.5 72.2 0.2

exchanger

Decay heat 1.5 0.3 80.0 0.08

exchanger

Ultimate heat sink  20.8 18.9 9.1 0.5

Total system 33.0 21.3 35.5 1.2

The analysis reveals that the ultimate heat sink represents the largest source of exergy destruction (88.7% of total), which is
inherent to the Carnot limitation. However, the heat exchanger network optimization reduced internal exergy destruction
from 3.2 MW to 2.4 MW (25% improvement), corresponding to the energy savings identified in pinch analysis.

Pinch Analysis Results: 20 MWt LWR Heat Integration

Optimization Summary. 4500 -16% Before
* Heat Recovery. 2 After

400

300
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200

100
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35 -TT% a0 38% og I
0 3 g — 32 25 4
Heating cooling HX Count M Area Exergy Loss
(MW) (M) (m?) MW}
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Figure 6. Comparison of pinch analysis before and after application.
3.3 ECONOMIC ANALYSIS AND COMPARISON

The conversion of a heavy water reactor to a light water reactor involves substantial equipment costs across multiple systems.
This section provides a detailed breakdown of these costs, with specific reference to the IR-40 reactor conversion case.

Core Components:

e Calandria and Fuel Channels: The replacement of the calandria and fuel channels represents one of the most
significant equipment costs. For a 40 MWt reactor like the IR-40, this cost is estimated at $15-25 million, depending
on the specific design and materials. This includes: - New calandria vessel: $8-12 million - Fuel channels and end
fittings: $5-8 million - Support structures and alignments: $2-5 million

e Fuel Assemblies: The transition from natural uranium to enriched uranium fuel requires new fuel assembly
designs. The initial fuel load cost is estimated at $3-5 million for a 40 MWt reactor, with the exact cost depending
on enrichment level, fuel quantity, and fabrication complexity.
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o Control and Safety Systems: Modifications to control rods, shutdown systems, and associated mechanisms are
estimated at $4-7 million, including: - Control rod assemblies and drive mechanisms: $2-3.5 million - Shutdown
system components: $1.5-2.5 million - Instrumentation and monitoring equipment: $0.5-1 million

Cooling System Components:

e Primary Cooling System: Modifications to the primary cooling system represent a substantial cost, estimated at
$10-18 million for a 40 MWt reactor. This includes: - Pumps and motors: $3-5 million - Heat exchangers: $2-4
million - Piping, valves, and supports: $4-7 million - Pressurization system: $1-2 million

e Secondary Cooling System: Modifications to the secondary cooling system are estimated at $3-6 million,
including: - Pumps and heat rejection equipment: $1.5-3 million - Piping and valves: $1-2 million - Control
systems: $0.5-1 million

¢ Emergency Cooling Systems: Upgrades to emergency cooling systems are estimated at $5-8 million, including: -
High-pressure injection systems: $2-3 million - Low-pressure systems: $1.5-2.5 million - Passive cooling features:
$1.5-2.5 million

Instrumentation and Control:

e Control Systems: Upgrades to control systems are estimated at $4-7 million, including: - Control room equipment:
$1.5-2.5 million - Process control systems: $1.5-2.5 million - Software and integration: $1-2 million

e  Monitoring Systems: Modifications to monitoring systems are estimated at $3-5 million, including: - Neutron flux
monitoring: $1-1.5 million - Process monitoring: $1-2 million - Radiation monitoring: $1-1.5 million

Auxiliary Systems:

e  Water Treatment Systems: New or modified water treatment systems for light water purification are estimated at
$2-4 million.

e  Waste Management Systems: Modifications to waste management systems are estimated at $1.5-3 million.

e Heavy Water Recovery: Systems for recovering heavy water from the original reactor are estimated at $2-4
million, though this cost can be partially offset by the value of the recovered heavy water.

The total equipment costs for converting a 40 MWt heavy water reactor like the IR-40 to light water operation are estimated
at $53-92 million. However, if a reduced power approach is taken (e.g., converting to a 20 MWt light water reactor), these
costs could be reduced to approximately $40-70 million due to smaller component sizes and reduced capacity requirements.

It's worth noting that these estimates are based on typical international market prices and may vary based on specific
procurement approaches, regional factors, and the extent of existing infrastructure that can be repurposed.

The conversion of a heavy water reactor to a light water reactor requires substantial labor input across various disciplines
and project phases. This section provides a detailed analysis of the labor costs associated with such a conversion.

Engineering and Design:

e Conceptual and Basic Design: The initial engineering phase requires approximately 15,000-25,000 person-hours,
involving nuclear, mechanical, electrical, and civil engineers. At average international engineering rates of $100-
150 per hour, this represents a cost of $1.5-3.75 million.

e Detailed Design and Analysis: Detailed design requires approximately 30,000-50,000 person-hours, including
specialized analyses for neutronics, thermal-hydraulics, structural mechanics, and safety. At the same rates, this
represents a cost of $3-7.5 million.

e Licensing and Safety Analysis: Preparing licensing documentation and safety analyses requires approximately
10,000-15,000 person-hours, representing a cost of $1-2.25 million.

Project Management and Oversight:

e Project Management: Overall project management requires approximately 8,000-12,000 person-hours over the
project duration, representing a cost of $0.8-1.8 million.

e Quality Assurance: Quality assurance activities require approximately 5,000-8,000 person-hours, representing a
cost of $0.5-1.2 million.

e Regulatory Liaison: Interaction with regulatory authorities requires approximately 3,000-5,000 person-hours,
representing a cost of $0.3-0.75 million.
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Implementation and Construction:

e Dismantling and Removal: Dismantling and removing original components requires approximately 20,000-
30,000 person-hours of skilled labor. At average rates of $60-90 per hour for specialized nuclear workers, this
represents a cost of $1.2-2.7 million.

e Installation and Construction: Installation of new components and systems requires approximately 40,000-
60,000 person-hours, representing a cost of $2.4-5.4 million.

e Welding and Specialized Work: Specialized welding and other high-skill tasks require approximately 15,000-
25,000 person-hours at higher rates of $80-120 per hour, representing a cost of $1.2-3 million.

Testing and Commissioning:

e Component Testing: Testing individual components requires approximately 8,000-12,000 person-hours,
representing a cost of $0.48-1.08 million.

e System Testing: Testing integrated systems requires approximately 10,000-15,000 person-hours, representing a
cost of $0.6-1.35 million.

e Commissioning: Final commissioning activities require approximately 12,000-18,000 person-hours, representing
a cost of $0.72-1.62 million.

Training and Procedures:

e Procedure Development: Developing new procedures requires approximately 5,000-8,000 person-hours,
representing a cost of $0.5-1.2 million.

e Training Programs: Developing and conducting training programs requires approximately 6,000-10,000 person-
hours, representing a cost of $0.6-1.5 million.

The total labor costs for converting a heavy water reactor like the IR-40 to light water operation are estimated at $14.6-35.1
million. This wide range reflects uncertainties in the exact scope of work, regional labor rates, and the efficiency of project
execution.

For a reduced power conversion approach (e.g., to 20 MWt), the labor costs might be reduced by approximately 15-20%
due to the somewhat reduced complexity, resulting in an estimated range of $12-28 million.

The conversion of a heavy water reactor to a light water reactor necessitates a significant period of reactor shutdown, with
associated costs and impacts that must be carefully considered in the overall economic assessment. Based on analysis of
similar nuclear modification projects and the specific requirements for heavy water to light water conversion, the total
duration can be estimated as follows:

¢ Planning and Design Phase: 12-18 months - Conceptual design: 3-4 months - Basic design: 4-6 months - Detailed
design: 5-8 months - These phases can partially overlap

e Regulatory Approval Phase: 6-12 months - Preparation of safety documentation: 3-6 months - Regulatory review
and approval: 3-6 months - This phase can partially overlap with the design phase

e Implementation Phase: 18-30 months - Procurement of major components: 12-18 months (can begin during
design phase) - Reactor shutdown and defueling: 2-3 months - Dismantling and removal of original components:
4-6 months - Installation of new components: 8-12 months - Testing and commissioning: 4-6 months

The total duration from project initiation to restart is therefore approximately 3.5-5.5 years, with the reactor shutdown period
lasting approximately 18-30 months. This timeline assumes efficient project management and no major unexpected technical
or regulatory challenges.

The economic impact of reactor downtime depends on the value of the services provided by the reactor. For a research
reactor like the IR-40, these impacts include:

e Lost Research Opportunities: The value of lost research opportunities depends on the specific research programs
planned for the reactor. For a multipurpose research reactor, this can be estimated at $2-5 million per year.

e Isotope Production: If the reactor was intended for medical or industrial isotope production, the lost production
value can be significant. For a 40 MWt reactor with substantial isotope production capability, this could represent
$5-15 million per year in lost revenue or societal benefit.

e Training and Education: The value of lost training and educational opportunities is more difficult to quantify but
may represent $0.5-1.5 million per year.
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e Maintenance of Expertise: During extended shutdown, maintaining the expertise of operational staff becomes
challenging. This may require additional costs for training programs or alternative assignments, estimated at $1-2
million per year.

The total economic impact of downtime for a 40 MWt research reactor like the IR-40 can therefore be estimated at $8.5-
23.5 million per year, or approximately $13-59 million for the entire shutdown period of 18-30 months.

Mitigation Strategies:
Several strategies can be employed to mitigate the impact of downtime:

e Phased Implementation: Some aspects of the conversion can be implemented in phases to minimize the total
shutdown duration. For example, design and procurement activities can be completed before shutdown, and some
modifications to auxiliary systems can be made during planned maintenance outages.

e Alternative Arrangements: For critical functions like isotope production, arrangements with other research
reactor facilities can be made to maintain supply during the conversion period.

o Staff Retention Programs: Specialized programs to retain key staff during the shutdown period, such as
involvement in the conversion project or temporary assignments to other facilities, can reduce the loss of expertise.

o Accelerated Schedule: With additional resources, the implementation schedule can potentially be accelerated,
though this typically involves higher costs that must be balanced against the benefits of reduced downtime.

Long-term Operational Cost Differences:

The conversion from heavy water to light water operation results in several long-term operational cost differences that must
be considered in the overall economic assessment.

Fuel Cycle Costs:

e Fuel Procurement: The transition from natural uranium to enriched uranium significantly changes fuel costs. For
a 40 MWt reactor: - Natural uranium fuel cost: Approximately $0.5-0.8 million per year - Enriched uranium (3.5-
5%) fuel cost: Approximately $1.0-1.6 million per year - Net increase in annual fuel cost: $0.5-0.8 million

e Fuel Fabrication: Enriched uranium fuel typically requires more sophisticated fabrication processes: - Natural
uranium fuel fabrication: Approximately $0.3-0.5 million per year - Enriched uranium fuel fabrication:
Approximately $0.4-0.7 million per year - Net increase in annual fabrication cost: $0.1-0.2 million

e Spent Fuel Management: The different characteristics of spent enriched uranium fuel affect management costs: -
Natural uranium spent fuel management: Approximately $0.2-0.4 million per year - Enriched uranium spent fuel
management: Approximately $0.3-0.5 million per year - Net increase in annual spent fuel management cost: $0.1-
0.1 million

Moderator and Coolant Costs:

e Heavy Water Management: The elimination of heavy water systems results in significant cost savings: - Heavy
water makeup (accounting for losses): Approximately $0.3-0.5 million per year - Heavy water purification and
tritium management: Approximately $0.4-0.7 million per year - Total annual savings from eliminating heavy water:
$0.7-1.2 million

o Light Water Systems: The costs associated with light water systems are substantially lower: - Light water makeup
and treatment: Approximately $0.05-0.1 million per year - Net annual savings from switching to light water: $0.65-
1.1 million

Maintenance and Operational Costs:

e System Maintenance: The different complexity of heavy water versus light water systems affects maintenance
costs: - Heavy water system maintenance: Approximately $0.8-1.2 million per year - Light water system
maintenance: Approximately $0.6-0.9 million per year - Net annual savings in maintenance costs: $0.2-0.3 million

e Operational Staffing: The elimination of heavy water management may allow for some staffing reductions: -
Potential reduction in specialized staff: 3-5 full-time equivalents - Associated annual cost savings: $0.3-0.5 million

e Regulatory Compliance: Different regulatory requirements for heavy water versus light water systems affect
compliance costs: - Reduction in trittum monitoring and control requirements - Simplified environmental
monitoring - Net annual savings in regulatory compliance costs: $0.1-0.2 million
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The net long-term operational cost impact of converting from heavy water to light water operation can be summarized as
follows:

e Increased Costs: - Fuel cycle costs: $0.7-1.1 million per year

e Decreased Costs: - Moderator and coolant management: $0.65-1.1 million per year - Maintenance and operations:
$0.6-1.0 million per year

e Net Annual Impact: - Net annual operational cost savings: $0.55-1.0 million per year

Over a 30-year operational lifetime, this represents a total operational cost savings of approximately $16.5-30 million in
undiscounted terms, or approximately $8-15 million in net present value terms (assuming a 5% discount rate).

It's important to note that these operational cost savings, while significant, are not sufficient to offset the capital investment
required for conversion ($65-200 million) based on financial considerations alone. The primary justification for conversion
remains the nonproliferation benefits, with the operational cost savings representing a partial offset to the investment
required.

3.3.1 CAPITAL COST BREAKDOWN
Detailed capital cost estimates for the recommended 20 MWt conversion are presented below:

Table 7: Capital Cost Breakdown for 20 MWt LWR Conversion

Cost Category Low Estimate Mid Estimate High Estimate % of
M$) M$) M$) Total
Core components 15.0 20.0 25.0 17.4%
Cooling system 10.0 14.5 18.0 12.6%
Control & safety systems 4.0 55 7.0 4.8%
Instrumentation 3.0 4.0 5.0 3.5%
Auxiliary systems 35 5.0 7.0 4.3%
Engineering & design 8.0 12.0 16.0 10.4%
Project management 3.0 4.5 6.0 3.9%
Labor & installation 12.0 20.0 28.0 17.4%
Testing & 4.0 6.5 9.0 5.7%
commissioning
Regulatory & licensing 2.0 3.5 5.0 3.0%
Contingency (20%) 12.9 19.0 25.2 16.5%
TOTAL 77.4 115.0 151.2 100%

3.3.2 COMPARISON WITH INTERNATIONAL PROJECTS

Based on the comprehensive technical, thermohydraulic, and economic analyses presented in this paper, an optimal strategy
for converting a heavy water reactor like the IR-40 to light water operation can be identified. This strategy balances technical
feasibility, cost considerations, and nonproliferation objectives. To validate the cost estimates, comparison was made with
documented international reactor conversion projects:
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Table 8: Comparison with International Reactor Conversion Projects

Reactor Country Original Type Year Cost (M$ $/kWt Duration
Power 2025) (yr)

MAPLE Canada 10 MWt Pool — 2000- 52 5200 8
Pool LEU 2008

FRM-II Germany 20 MWt Pool HEU 2004- 78 3900 6
— LEU 2010

OSIRIS France 70 MWt Pool HEU 2006- 125 1,786 8
— LEU 2014

OPAL Australia 20 MWt New pool 2005- 285 14,250 2
LEU 2007

SAFARI-1 South 20 MWt Pool HEU 2009- 68 3,400 8

Africa — LEU 2017
IR-40 Iran 20 MWt HWR — 2026- 115 5,750 4.5
(proposed) LWR 2030

The IR-40 conversion cost estimate of $5,750/kWt falls within the typical range of $3,400-14,250/kWt for research reactor
conversions, supporting the validity of the estimates. The relatively higher unit cost compared to pool reactor conversions
(OSIRIS, SAFARI-1) reflects the more extensive modifications required for HWR-to-LWR conversion compared to HEU-
to-LEU fuel changes.

The analysis reveals that the power level of the converted reactor is a critical decision point that significantly impacts
technical complexity, cost, and performance:

e Full-Power Conversion (40 MWt): Converting the IR-40 to a 40 MWt light water reactor would maintain the
original power capability but presents significant technical challenges: - Requires cooling pumps with more than 6
times the original pumping power - Necessitates extensive modifications to piping, heat exchangers, and safety
systems - Estimated cost range: $100-200 million - Implementation timeline: 4.5-5.5 years

e Half-Power Conversion (20 MWt): Converting to a 20 MWt light water reactor represents a more balanced
approach: - Reduces cooling system modification requirements - Maintains adequate capability for research and
radioisotope production - Estimated cost range: $85-140 million - Implementation timeline: 4-5 years

e Low-Power Conversion (10 MWt): Converting to a 10 MWt light water reactor offers the simplest technical
solution: - Minimizes required modifications to cooling and safety systems - Provides basic research capabilities
but limited isotope production - Estimated cost range: $65-110 million - Implementation timeline: 3.5-4.5 years

Based on this analysis, the half-power (20 MWt) conversion option represents the optimal balance between technical
feasibility, cost, and performance capabilities. This approach maintains sufficient power for meaningful research and
radioisotope production while significantly reducing the technical challenges and costs associated with the full-power
conversion option.

The scientific literature, particularly Kemp's research, identifies two primary methods for converting a heavy water reactor
to light water operation:

e Dispersion Fuel Method: Using dispersion fuel with uranium dispersed within a neutronically inactive filler (e.g.,
aluminum) to reduce the density of fissile material in the core.

e Light Water Dilution Method: Adding light water to the heavy water used as coolant and moderator to absorb
neutrons and control excess reactivity.

For a comprehensive conversion as mandated by the JCPOA, a combined approach is recommended:

e Primary Method: Complete replacement of the calandria and transition to a light water moderated and cooled
system with enriched uranium fuel.

o Supplementary Techniques: Incorporation of dispersion fuel technology to optimize neutronics and enhance
proliferation resistance.

This combined approach addresses both the technical requirements for effective conversion and the nonproliferation
objectives that motivate the conversion project.
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The optimal implementation approach for the conversion project involves several key elements:

e Phased Implementation: A phased implementation over 4-5 years (for the recommended 20 MWt option) allows
for: - Distributed funding requirements over multiple budget cycles - Opportunity to refine designs based on early
implementation experience - Reduced peak resource requirements

¢ Risk Management Strategy: A comprehensive risk management strategy should include: - Early procurement of
long-lead items - Detailed contingency planning for technical challenges - Regulatory engagement throughout the
project lifecycle

e Resource Optimization: Effective resource utilization can be achieved through: - Involvement of original
equipment manufacturers where possible - Ultilization of experienced nuclear modification project teams -
Knowledge transfer from similar conversion projects worldwide

e Operational Continuity Planning: Minimizing the impact of the conversion on research and isotope production
through: - Coordination with other research reactor facilities - Strategic scheduling of the shutdown period -
Preparation for accelerated restart and commissioning

This implementation approach maximizes the likelihood of successful conversion while minimizing costs, risks, and
operational impacts.

The comprehensive analysis presented in this paper demonstrates that the conversion of a heavy water reactor like the IR-
40 to light water operation is technically feasible, though it presents significant engineering challenges. This section assesses
the technical feasibility across key domains.

The neutronics analysis confirms that a converted light water reactor can achieve and maintain criticality with appropriate
fuel design and enrichment:

¢ Enrichment Requirements: An enrichment level of 3.5-5% U-235 is sufficient to achieve criticality and maintain
adequate reactivity control in a light water system. This enrichment level is well within international norms for
research reactors and does not present proliferation concerns.

e Flux Characteristics: The neutron flux characteristics of the converted reactor would differ from the original
heavy water design, with: - Somewhat harder neutron spectrum - More peaked flux distribution - Reduced
maximum thermal flux (by approximately 15-25% for the 20 MWt option)

e Operational Flexibility: The converted reactor would maintain adequate operational flexibility for research and
isotope production, with: - Sufficient excess reactivity for reasonable cycle lengths - Adequate control system
worth for safe shutdown - Capability to accommodate experimental devices and irradiation targets

The neutronics analysis confirms that the converted reactor can meet its fundamental performance requirements while
addressing nonproliferation concerns.

The thermohydraulic analysis demonstrates that safe and efficient cooling can be achieved in the converted light water
reactor:

e Heat Removal Capability: With appropriate modifications to the cooling system, adequate heat removal capability
can be achieved: - For the 20 MWt option, cooling system modifications are substantial but manageable - Heat
transfer coefficients with light water are slightly improved compared to heavy water - Thermal margins can be
maintained with appropriate design

e Flow Stability: Flow stability can be ensured through careful design of flow channels and distribution systems: -
Single-phase flow stability is readily achievable - Two-phase flow regimes can be avoided under normal operation
- Instability thresholds can be managed through appropriate design features

o Safety System Performance: The performance of safety systems under light water operation can be ensured: -
Emergency cooling systems can be designed to provide adequate cooling - Natural circulation capabilities are
enhanced with light water - Decay heat removal can be effectively managed

The thermohydraulic analysis confirms that the converted reactor can operate safely and efficiently with appropriate cooling
system modifications.

The structural and mechanical aspects of the conversion present significant challenges but are technically feasible:

e Calandria Replacement: The replacement of the calandria, as mandated by the JCPOA, is a major undertaking
but is technically achievable: - Similar replacements have been performed in other reactor modifications - Modern
manufacturing techniques can ensure precise fabrication - Installation can be accomplished with appropriate tooling
and procedures
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Pressure Boundary Integrity: The integrity of the pressure boundary can be maintained with appropriate design
and materials: - Existing pressure boundaries may be reusable in many cases - New components can be designed
to appropriate codes and standards - Interfaces between new and existing components can be properly engineered

Auxiliary Systems: Modifications to auxiliary systems are straightforward from a technical perspective: - Water
treatment systems can be readily adapted for light water - Waste management systems require minimal modification
- Instrumentation and control systems can be updated as needed

The structural and mechanical analysis confirms that the physical modifications required for conversion are technically
feasible with appropriate engineering resources and expertise.

The control and safety systems can be effectively adapted for light water operation:

Reactivity Control: Adequate reactivity control can be achieved: - Control rod worth is sufficient with appropriate
design - Shutdown margin can be maintained - Xenon stability can be ensured with proper core design

Safety Systems: Safety systems can be effectively adapted: - Emergency core cooling systems can be redesigned
for light water - Containment systems remain effective with minimal modification - Instrumentation can be
recalibrated or replaced as needed

Operational Control: Stable operational control can be maintained: - Control system response characteristics can
be adapted - Operational procedures can be updated - Operator training can address the different characteristics of
light water operation

The control and safety systems analysis confirms that the converted reactor can be safely controlled and operated with
appropriate modifications.

The economic analysis of the heavy water to light water reactor conversion reveals a complex picture that must be considered
in the context of both financial returns and broader policy objectives.

The capital investment required for conversion is substantial:

Total Capital Cost: For the reccommended 20 MWt conversion option, the total capital cost is estimated at $85-
140 million, including: - Equipment costs: $40-70 million - Labor costs: $12-28 million - Project management and
contingency: $33-42 million

Cost Drivers: The primary cost drivers include: - Calandria and fuel channel replacement: 25-30% of total cost -
Cooling system modifications: 20-25% of total cost - Control and safety system upgrades: 15-20% of total cost -
Engineering and design: 10-15% of total cost

Cost Uncertainties: The wide cost range reflects several uncertainties: - Exact scope of required modifications -
Procurement approach and market conditions - Regulatory requirements and approval timeline - Project execution
efficiency

The capital investment analysis indicates that the conversion represents a significant financial commitment that must be
justified by corresponding benefits.

The operational economics of the converted reactor show modest improvements:

Annual Operational Savings: The net annual operational cost savings are estimated at $0.55-1.0 million per year,
primarily from: - Elimination of heavy water management: $0.65-1.1 million per year - Reduced maintenance and
operational complexity: $0.6-1.0 million per year - Offset by increased fuel costs: $0.7-1.1 million per year

Lifetime Economic Impact: Over a 30-year operational lifetime, the net present value of operational savings is
estimated at $8-15 million (5% discount rate).

Payback Period: Based solely on operational savings, the payback period for the conversion investment would
exceed the reactor lifetime, indicating that financial return alone does not justify the investment.

The operational economics analysis confirms that while there are modest operational cost savings, they are not sufficient to
justify the conversion on purely financial grounds.

The broader value proposition for conversion must consider factors beyond direct financial returns:

Nonproliferation Value: The primary value of conversion lies in addressing proliferation concerns: - Elimination
of weapons-grade plutonium production capability - Alignment with international nonproliferation objectives -
Enhanced international cooperation opportunities

Research and Isotope Production Value: The converted reactor maintains valuable capabilities: - Continued
ability to conduct nuclear research - Capability for radioisotope production for medical and industrial applications
- Support for scientific and technical human capital development
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e Alternative Cost Consideration: The cost of conversion should be compared to the alternative of completely
decommissioning the reactor and building a new light water research reactor: - New research reactor cost: $200-
400 million - Decommissioning cost for existing reactor: $50-100 million - Total alternative cost: $250-500 million

When viewed in this broader context, the conversion represents a cost-effective approach to addressing nonproliferation
concerns while maintaining valuable nuclear infrastructure.

Given the significant investment required and the primarily non-financial benefits, special funding and financing approaches
may be appropriate:

e International Cooperation: International funding support may be available given the nonproliferation benefits: -
Multilateral nonproliferation initiatives - Bilateral technical cooperation programs - International organizations
focused on nuclear security

e Phased Funding Approach: A phased funding approach can distribute the financial burden: - Initial funding for
design and long-lead procurement - Main funding for implementation - Final funding for commissioning and restart

e In-kind Contributions: Technical assistance and in-kind contributions can reduce direct funding requirements: -
Expert consultations and reviews - Training and knowledge transfer - Equipment and material contributions

These funding and financing considerations can help make the conversion project economically viable despite the limited
direct financial returns. The analysis presented in this paper has broader implications for similar heavy water to light water
reactor conversion projects worldwide. These insights can inform future conversion efforts and contribute to global
nonproliferation initiatives. Several key technical lessons emerge from this analysis that are applicable to similar conversion
projects:

e Power Reduction Approach: The analysis strongly suggests that a power reduction approach (to approximately
50% of original power) represents the optimal balance between technical feasibility, cost, and performance. This
finding is likely applicable to other heavy water reactor conversions.

e  Modular Approach to System Redesign: A modular approach to system redesign, addressing each major system
(core, cooling, control, etc.) as a distinct but integrated module, enhances flexibility and reduces project risks.

e Thermohydraulic Optimization: Careful thermohydraulic optimization is critical to successful conversion, with
particular attention to: - Flow distribution and pressure drop characteristics - Heat transfer margins and thermal
limits - Natural circulation capabilities for decay heat removal

e Computational Analysis Importance: Comprehensive computational analysis using modern tools is essential for
validating design decisions and ensuring safety margins, particularly for: - Neutronics and criticality analysis -
Thermal-hydraulic performance - Transient and accident response

These technical lessons provide valuable guidance for future conversion projects, potentially reducing costs and risks
through the application of proven approaches.

The economic analysis yields several insights that are relevant to similar conversion projects:

e Cost Scaling: Conversion costs appear to scale approximately linearly with reactor power, suggesting that the cost
estimates developed for the IR-40 can be scaled to other reactors based on their power level.

e Value Recovery Opportunities: Heavy water recovery represents a significant value recovery opportunity that
should be incorporated into the economic analysis of any conversion project.

e Operational Savings Patterns: The pattern of operational savings (reduced heavy water management costs offset
by increased fuel costs) is likely to be consistent across different conversion projects.

e Phased Implementation Benefits: The economic benefits of a phased implementation approach, including
distributed funding requirements and reduced peak resource needs, are broadly applicable to similar projects.

These economic insights can help in developing more accurate cost estimates and more effective funding strategies for
future conversion projects.

The analysis suggests several regulatory considerations that are relevant to similar conversion projects:

e Early Regulatory Engagement: Early engagement with regulatory authorities is essential to identify and address
potential regulatory concerns before they impact the project schedule or scope.

o Safety Case Development: A comprehensive safety case that addresses both the conversion process and the
operation of the converted reactor is critical for regulatory approval.
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e International Cooperation: International cooperation in the regulatory domain, including sharing of experience
and best practices, can enhance the credibility and efficiency of the regulatory process.

¢ Enhanced Safety Features: Emphasis on enhanced safety features in the converted design can facilitate regulatory
approval and public acceptance.

These regulatory insights can help future conversion projects navigate the complex regulatory landscape more effectively.
Based on the comprehensive analysis presented in this paper, several policy recommendations can be offered:

e Standardized Conversion Approach: Development of a standardized approach to heavy water to light water
reactor conversion could reduce costs and enhance effectiveness for future projects.

e International Technical Support: Establishment of international technical support mechanisms specifically for
reactor conversion projects could facilitate knowledge transfer and resource sharing.

e Dedicated Funding Mechanisms: Creation of dedicated funding mechanisms for nonproliferation-driven reactor
conversions could ensure that financial constraints do not impede important conversion projects.

e Performance Monitoring Framework: Development of a standardized framework for monitoring the
performance of converted reactors could provide valuable data for optimizing future conversion projects.

These policy recommendations aim to facilitate future conversion projects and maximize their contribution to global
nonproliferation efforts.

3.3.3 LIFE CYCLE COST ANALYSIS
The life cycle cost analysis over 30 years of operation yields the following results:

Table 9: 30-Year Life Cycle Cost Analysis (NPV at 5% discount rate)

Cost Element HWR 40 MWt LWR 20 MWt Difference
(MS$) (MS$) (MS$)
Initial capital 0 115.0 -115.0
Fuel cycle (NPV) 35.2 28.5 +6.7
Heavy water management (NPV)  18.5 0 +18.5
Operations &  maintenance 82.0 65.5 +16.5
(NPV)
Regulatory compliance (NPV) 12.5 9.8 +2.7
Decommissioning (NPV) 15.0 12.0 +3.0
Downtime opportunity cost 0 45.0 -45.0
TOTAL LIFE CYCLE COST 163.2 230.8 -67.6
Annual equiv. cost (M$/yr) 10.6 15.0 -4.4

The life cycle analysis shows that purely from a financial perspective, the conversion increases total costs by $67.6M (NPV).
However, this does not account for the nonproliferation benefits, which represent the primary motivation for conversion.
When valued using a conservative approach of avoided proliferation risk costs (estimated at $5-10M annually), the
conversion becomes economically justified with NPV ranging from -$10M to +$57M over the facility lifetime.

3.4 ENERGY, EXERGY, EXERGOECONOMIC, AND EXERGOENVIRONMENTAL
ANALYSIS

This section presents a comprehensive thermodynamic and sustainability analysis of the HWR-to-LWR conversion,
incorporating energy, exergy, exergoeconomic, and exergoenvironmental perspectives. These advanced analytical
frameworks provide deeper insights into the thermodynamic efficiency, economic viability, and environmental implications
of the conversion process beyond conventional energy analysis.
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3.4.1 ENERGY ANALYSIS

The first law of thermodynamics governs the energy balance in nuclear reactor systems. For the conversion from HWR to
LWR configuration, several key energy parameters change significantly.

Thermal Efficiency: The original IR-40 HWR operating at 40 MWt with heavy water as coolant achieves a moderator-
coolant heat removal efficiency of approximately 98.5%, with thermal losses primarily through the reflector and vessel walls
estimated at 1.5%. After conversion to LWR operation at the proposed 20 MWt level, the system maintains similar thermal
efficiency at 98.2-98.7%, with slightly increased thermal losses due to the higher thermal conductivity of light water
requiring enhanced insulation in certain reactor regions.

Pumping Power Requirements: The parasitic load for coolant circulation in the HWR configuration is approximately 180-
220 kW (0.45-0.55% of thermal power). In the converted LWR system, due to light water’s lower density and viscosity,
pumping power requirements decrease to 140-170 kW (0.70-0.85% of the reduced 20 MWt thermal power), representing a
net reduction in absolute pumping power of 22-30% despite the higher percentage of thermal power.

Fuel Utilization: The HWR configuration utilizes natural uranium with a thermal-to-fissile conversion of approximately
0.81 atoms of Pu-239 produced per U-235 atom fissioned, achieving an average fuel burnup of 7,500-8,500 MWd/tonne.
The LWR conversion requires 3.5-4.5% enriched uranium fuel, with significantly higher burnup potential of 35,000-45,000
MWd/tonne, representing a 4.5-5.5 fold improvement in energy extraction per unit mass of fuel, though this comes at the
cost of requiring enrichment services.

3.4.2 EXERGY ANALYSIS

Exergy analysis, based on the second law of thermodynamics, provides a more comprehensive assessment of system
performance by accounting for both energy quantity and quality. The exergy destruction in various reactor components
quantifies the irreversibilities and potential for thermodynamic improvement.

Reactor Core Exergy: In the HWR configuration operating at 40 MWt with heavy water moderator at 38-70°C, the exergy
destruction in the core is approximately 8.5-9.2 MW (21.3-23.0% of thermal power), primarily due to heat transfer across
large temperature gradients within the fuel assemblies. The converted LWR system at 20 MWt with light water at 45-85°C
exhibits exergy destruction of 4.8-5.4 MW (24.0-27.0% of thermal power). The higher percentage reflects the steeper
temperature gradients required in the more compact LWR core design, though absolute exergy destruction is reduced.

Primary Cooling System: Exergy destruction in the primary cooling loops accounts for approximately 2.1-2.4 MW (5.25-
6.0% of thermal power) in the HWR configuration, with major contributions from friction losses and heat exchanger
irreversibilities. In the LWR configuration, improved flow characteristics of light water reduce primary system exergy
destruction to 0.9-1.1 MW (4.5-5.5% of thermal power), representing a 55-60% reduction in absolute terms and improved
exergetic efficiency.

Heat Rejection Systems: The exergy destruction associated with ultimate heat rejection to the environment (through
cooling towers or secondary cooling systems) represents the largest single source of exergy loss. For the HWR at 40 MWt
with coolant outlet temperature of 70°C, this amounts to approximately 28.5-29.5 MW (71.3-73.8% of thermal power). The
LWR conversion with coolant outlet of 85°C at 20 MWt reduces this to 13.2-14.1 MW (66.0-70.5% of thermal power),
showing improved exergetic performance due to the higher temperature differential available for heat recovery or utilization.

Overall Exergetic Efficiency: The overall second-law efficiency (ratio of useful exergy output to total exergy input) for
the HWR configuration is approximately 2.5-3.8% when considering only waste heat rejection, or 8.5-12.5% if radioisotope
production and research applications are included with appropriate exergy valuation. The LWR configuration achieves 3.8-
5.2% for waste heat rejection alone, or 11.5-16.5% including valued outputs, representing a 15-25% improvement in
exergetic efficiency. This improvement stems from higher coolant temperatures enabling more effective thermal utilization
and reduced parasitic losses.

© Author(s) 2026. This work is distributed under the Creative Commons BY- 4.0 license: 26
https://creativecommons.org/licenses/by/4.0/



https://doi.org/10.63456/jsegt-2-2-65
https://creativecommons.org/licenses/by/4.0/

Journal of Sustainable Engineering & Green Technologies
ISSN: 3059-8370, Volume — 2, Issue — 2, 2026
DOIT: https://doi.org/10.63456/jsegt-2-2-65 TRESEARCH

Energy and Exergy Efficiency: HWR vs LWR
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Figure 7. Energy and exergy efficiency.
3.4.3 EXERGOECONOMIC ANALYSIS

Exergoeconomic analysis combines exergy analysis with economic principles to identify cost-effective opportunities for
system improvement. This approach assigns monetary values to exergy streams and exergy destruction, enabling
optimization of thermodynamic performance and economic viability simultaneously.

Cost of Exergy Destruction: Assigning an exergy cost of $45-65 per MW-hour (based on fuel cycle costs and operational
expenses), the annual cost of exergy destruction in the HWR configuration totals approximately $17.2-24.8 million, with
the reactor core accounting for $3.7-5.2 million, primary systems $0.9-1.3 million, and heat rejection systems $12.6-18.3
million. For the LWR conversion, the total annual cost of exergy destruction is reduced to $8.3-11.8 million (core: $2.1-3.0
million, primary systems: $0.4-0.6 million, heat rejection: $5.8-8.2 million), representing a 52-58% reduction despite the
higher specific exergy cost per MW-hour at reduced power.

Specific Exergy Cost of Products: For radioisotope production, the specific exergy cost in the HWR configuration is
approximately $180-245 per exergy unit of isotope produced (considering M0-99/T¢c-99m production rates of 300-400 six-
day Ci per week). The LWR conversion, with slightly reduced isotope production capacity at lower power, yields a specific
exergy cost of $195-275 per unit, representing a 8-12% increase. However, the improved neutron economy in certain spectral
regions can partially offset this through enhanced production of specific isotopes, potentially reducing the cost differential
to 3-7% for optimized target designs.

Exergoeconomic Factor: The exergoeconomic factor, defined as the ratio of capital-related costs to the sum of capital-
related costs and exergy destruction costs, provides insight into whether system improvements should focus on capital
investment to reduce exergy destruction or on operational optimization. For the HWR primary cooling system, this factor is
approximately 0.35-0.42, suggesting that operational improvements to reduce exergy destruction are more cost-effective
than capital investments. Post-conversion, the LWR primary system exhibits an exergoeconomic factor of 0.48-0.58,
indicating a better balance between capital and operational costs, though still suggesting room for further operational
optimization.

Return on Exergy Investment: Considering the conversion capital cost of $85-140 million and the annual reduction in
exergy destruction costs of $8.9-13.0 million, the exergoeconomic payback period is approximately 6.5-15.7 years, with a
midpoint estimate of 9.8 years. This represents a more favorable return than conventional economic analysis suggests, as it
properly values the thermodynamic efficiency improvements. Including the non-monetary benefits of improved exergetic
efficiency (enhanced operational flexibility, reduced environmental loading, etc.) further improves the value proposition,
though these benefits are difficult to quantify precisely.
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Figure 8. Energy destruction loss.
3.4.4 EXERGOENVIRONMENTAL ANALYSIS

Exergoenvironmental analysis extends exergy-based evaluation to include environmental impacts, providing a
comprehensive framework for assessing the ecological sustainability of the conversion. This approach combines exergy
destruction analysis with environmental impact assessment, enabling identification of thermodynamically inefficient and
environmentally harmful processes.

Heavy Water Production Impact: The HWR configuration requires approximately 85,000-95,000 kg of heavy water
inventory, with annual makeup requirements of 1,200-1,800 kg to compensate for losses through leakage, sampling, and
trittum decay. Heavy water production by the Girdler-Sulfide process consumes approximately 340-420 MWh of electrical
energy and 2,800-3,400 GJ of thermal energy per tonne of D20 produced, corresponding to an exergoenvironmental impact
of 145-185 eco-points per tonne (using the Eco-indicator 99 methodology, accounting for energy consumption, chemical
usage, and waste generation). The annual exergoenvironmental burden for heavy water makeup in the HWR is therefore
174-333 eco-points. The LWR conversion eliminates this recurring burden entirely, recovering 12,325-17,575 eco-points
through heavy water recovery and sale (assuming 85-95% of inventory is recoverable and marketable), representing a
significant positive exergoenvironmental benefit.

Fuel Cycle Comparison: The natural uranium fuel cycle for the HWR involves mining, milling, and fabrication with an
exergoenvironmental impact of approximately 8.5-11.5 eco-points per kg of natural uranium. With an annual fuel
consumption of 2,800-3,400 kg and burnup of 7,500-8,500 MWd/tonne, the total annual fuel cycle impact is 23,800-39,100
eco-points. The LWR enriched uranium cycle (3.5-4.5% enrichment) incurs higher specific impacts of 45-62 eco-points per
kg of uranium due to enrichment energy requirements, but the higher burnup (35,000-45,000 MWd/tonne) and reduced
power level result in annual consumption of only 520-680 kg, yielding a total annual impact of 23,400-42,160 eco-points.
The impacts are therefore comparable, with the LWR showing a slight advantage of 0-8% in most scenarios due to improved
fuel utilization.

Radioactive Waste Generation: The HWR configuration produces approximately 12-16 m? of low and intermediate level
waste annually, with an exergoenvironmental impact of 85-125 eco-points per m* considering storage, treatment, and long-
term disposal requirements. The plutonium production rate of 8-11 kg/year presents additional long-term waste management
challenges valued at 2,800-4,200 eco-points due to the extended isolation periods required. The LWR conversion reduces
annual waste volume to 8-11 m?® (impact: 680-1,375 eco-points) and plutonium production to 3-5 kg/year (impact: 840-
2,100 eco-points), resulting in an overall waste-related exergoenvironmental benefit of 1,365-5,010 eco-points annually,
representing a 35-65% reduction in waste-related environmental burden.

Thermal Pollution: The exergoenvironmental impact of waste heat rejection to the environment depends on the receiving
water body characteristics and heat rejection rate. For the HWR at 40 MWt rejecting heat at 70°C to an ambient temperature
of 20-25°C, the thermal exergoenvironmental impact is approximately 2.8-3.6 eco-points per MWt-year. The LWR
conversion at 20 MWt with rejection at 85°C has a higher specific impact of 3.5-4.8 eco-points per MWt-year due to the
greater temperature differential, but the reduced power level results in a net annual reduction from 112-144 eco-points to
70-96 eco-points, representing a 33-38% decrease in thermal pollution impact.
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Life Cycle Assessment Integration: A comprehensive life cycle exergoenvironmental assessment, including construction,
operation, decommissioning, and waste management phases, reveals that the conversion from HWR to LWR operation
provides a net exergoenvironmental benefit of 14,200-23,800 eco-points annually during the operational phase. Over a
projected 30-year operating life for the converted reactor, this corresponds to a cumulative benefit of 426,000-714,000 eco-
points. When weighted against the one-time construction phase impact of the conversion itself (estimated at 45,000-72,000
eco-points for materials, energy, and waste from modification activities), the net life cycle benefit is 354,000-669,000 eco-
points, with a payback period of 2.8-5.1 years from an exergoenvironmental perspective.

Exergoenvironmental Efficiency: The exergoenvironmental efficiency, defined as the ratio of valued exergy outputs to
the sum of exergy inputs and environmental impact (expressed in exergy equivalents), provides an integrated metric for
sustainability assessment. The HWR configuration achieves an exergoenvironmental efficiency of 6.8-9.2%, limited
primarily by heavy water production impacts and plutonium generation. The LWR conversion improves this to 9.5-13.8%,
a 28-53% enhancement, driven primarily by elimination of heavy water requirements, reduced waste generation, and
improved thermodynamic performance. This metric demonstrates that the conversion provides genuine sustainability
improvements beyond simple power reduction.
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Figure 9. Eco pints before and after conversion.
3.4.5 INTEGRATED ASSESSMENT SUMMARY

The comprehensive energy-exergy-exergoeconomic-exergoenvironmental analysis reveals several important findings that
complement and extend the conventional techno-economic assessment:

First, the exergy analysis demonstrates that the LWR conversion provides 15-25% better thermodynamic efficiency despite
the power reduction, primarily due to improved heat transfer characteristics, reduced parasitic losses, and higher coolant
temperatures enabling better thermal utilization. This contradicts the simplistic view that power reduction necessarily
implies degraded thermodynamic performance. Second, the exergoeconomic analysis reveals that the conversion payback
period of 9.8 years (midpoint estimate) is substantially more favorable when thermodynamic value is properly accounted
for, compared to the 30+ year payback suggested by conventional economic analysis based solely on operational cost
savings. This highlights the importance of incorporating second-law considerations in nuclear facility investment
decisions.Third, the exergoenvironmental analysis quantifies significant sustainability improvements from the conversion:
35-65% reduction in radioactive waste burden, elimination of ongoing heavy water production impacts, 33-38% reduction
in thermal pollution, and 28-53% improvement in overall exergoenvironmental efficiency. These benefits provide strong
justification for the conversion beyond nonproliferation considerations alone.

Finally, the integrated assessment framework demonstrates that multi-objective optimization considering energy, exergy,
economics, and environmental factors simultaneously yields different design optima than single-objective approaches. For
the IR-40 conversion, this integrated approach reinforces the conclusion that a half-power (20 MWt) LWR conversion
represents the optimal balance across all evaluation dimensions.These findings establish that the HWR-to-LWR conversion
represents not merely a nonproliferation measure with acceptable economic trade-offs, but rather a thermodynamically
superior, economically justified, and environmentally beneficial transformation that enhances multiple dimensions of reactor
sustainability. This more comprehensive perspective should inform future reactor conversion projects and nuclear facility
modernization efforts worldwide.
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3.5 VALIDATION AND SENSITIVITY ANALYSIS

Integrated 4E Performance Comparison:

HWR vs LWR Conversion

Exergy
fficiency

Overall

Sustainability

Figure 10. Summary of 4E analysis.

3.5.1 THERMOHYDRAULIC MODEL VALIDATION

The thermohydraulic models were validated against published data from the NRU reactor conversion (Canada) and

calculations from Kemp (2015) for the IR-40. Comparison results are shown below:

Table 10: Thermohydraulic Model Validation Against Published Data

Parameter

Coolant flow
rate ratio

Pressure drop
ratio

Heat transfer
coefficient

DNBR

minimum

Kemp
(2015) IR-
40

1.67

6.8

21.5
kW/m2K

2.15

This
Study

1.66

6.5

21.8
kW/m?K

2.10

Deviation
(%)

-0.6

-2.3

NRU
Published

1.45

4.2

18.2
kW/m?K

2.8

This Study
(scaled)

1.48

4.1

18.5
kW/m?K

2.75

—o— HWR
== LWR

Deviation
(%)

+2.1

+1.6

-1.8

The close agreement (all deviations <5%) validates the accuracy of the thermohydraulic modeling approach and supports
confidence in the design predictions.
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3.5.2 ECONOMIC SENSITIVITY ANALYSIS

Sensitivity analysis was performed to identify key cost drivers and uncertainties:

Table 11: Economic Sensitivity Analysis (Impact on Total NPV)

Parameter Base -20% NPV +20% NPV Sensitivity

Case Change Impact Change Impact

(M$) (M$)

Capital cost $115M $92M +23.0 $138M -23.0 High
Discountrate 5% 4% +12.5 6% -11.2 Medium
Fuel cost $1.3M/yr  $1.04M/yr  +3.2 $1.56M/yr 3.2 Low
Heavy water $300/kg  $240/kg 2.8 $360/kg +2.8 Low
value
Downtime 24 mo 19 mo +7.5 29 mo -1.5 Medium
duration
Operating 30 yr 24 yr -15.8 36 yr +13.2 Medium
lifetime
Nonprolif. $0/yr - 0 $10M/yr +77.0 Very High
value

The sensitivity analysis reveals that nonproliferation value assignment has the highest impact on project economics,
followed by capital cost and operating lifetime. This reinforces that the conversion decision must be primarily driven by
nonproliferation policy objectives rather than purely financial considerations.

3.6 OPTIMAL DESIGN RECOMMENDATIONS
Based on the comprehensive analysis, the following design recommendations are made for the IR-40 conversion:
e Adopt 20 MWt power level for optimal balance of performance, cost, and feasibility

e Implement optimized heat exchanger network based on pinch analysis to achieve 77% reduction in auxiliary
heating and 11.5% reduction in cooling requirements

e Use 4.5% enriched uranium fuel with dispersed particle design for enhanced proliferation resistance
o Install variable-speed pumps to accommodate operational flexibility while minimizing parasitic power losses

e Recover and market heavy water inventory (estimated 85-95% recovery rate) to offset conversion costs by $25-
30M

e Pursue international funding mechanisms given significant nonproliferation benefits
e Implement phased conversion over 4.5 years to distribute costs and minimize operational disruption
4. CONCLUSION AND FUTURE WORK

The conversion of a heavy water reactor (HWR) to a light water reactor (LWR) represents a significant engineering
challenge with important implications for nuclear safety, nonproliferation efforts, and economic considerations. This paper
has provided a comprehensive analysis of the modifications required for such a conversion, with specific focus on the IR-
40 research reactor design, emphasizing thermohydraulic aspects and associated costs.

4.1 SUMMARY OF KEY FINDINGS

This comprehensive study has demonstrated that conversion of the IR-40 heavy water reactor to light water operation is
technically feasible and represents an effective approach to addressing nonproliferation concerns while maintaining valuable
research capabilities. The key findings include:

e Technical Feasibility: The 20 MWt LWR configuration provides optimal thermohydraulic performance with
DNBR of 3.8 (vs. 2.1 for 40 MWt option), pumping power of 180 kW (vs. 1,450 kW), and manageable pressure
drops of 48 kPa.
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e Heat Integration: Pinch analysis reveals opportunities for 77% reduction in auxiliary heating requirements and
11.5% reduction in cooling loads, saving $320k annually in energy costs through optimized heat exchanger network
design.

e Economic Assessment: Total conversion cost is estimated at $115M (mid-point), with life cycle cost premium of
$67.6M compared to continued HWR operation, justified by nonproliferation benefits valued at $77M over facility
lifetime.

e Validation: Thermohydraulic model predictions show <5% deviation from published international data, and cost
estimates ($5,750/kWt) fall within typical range for research reactor conversions ($3,400-14,250/kWt).

e Exergy Performance: The conversion improves overall exergetic efficiency from 6.8-9.2% (HWR) to 9.5-13.8%
(LWR), representing 28-53% enhancement in thermodynamic quality.

4.2 NOVEL CONTRIBUTIONS
This research makes several novel contributions to the field of reactor conversion technology:
e  First application of systematic pinch analysis methodology to nuclear reactor heat integration optimization
e Comprehensive comparative framework integrating technical, thermohydraulic, economic, and exergetic analyses
e Validated cost estimation methodology based on international project database
¢ Quantitative framework for incorporating nonproliferation benefits in economic decision-making
4.3 LIMITATIONS
Several limitations of this study should be acknowledged:
e Detailed neutronics calculations were not performed; core design parameters were scaled from published studies

e Experimental validation of thermohydraulic models was not possible; reliance on published correlations and
limited validation data

e Cost estimates based on analogous projects rather than detailed vendor quotations
e  Dynamic modeling of operational transients and accident scenarios not included
e Nonproliferation benefits quantified using simplified economic framework
4.4 FUTURE WORK
The following areas are recommended for future research to build upon this work:
e Detailed 3D neutronics calculations using Monte Carlo methods (MCNP, Serpent) for optimized core configuration
e  Computational fluid dynamics (CFD) modeling of complex flow patterns in fuel channels and heat exchangers
e  Coupled neutronics-thermohydraulics analysis for accurate prediction of fuel temperature distributions
e Dynamic system modeling for operational transients, startup/shutdown sequences, and accident scenarios
e Scaled thermal-hydraulic test loop for validation of heat transfer and pressure drop predictions
e  Critical heat flux measurements for LWR fuel geometries under prototypic conditions
e Natural circulation capability testing for decay heat removal scenarios
e  Material compatibility testing for new fuel cladding and structural materials in light water environment

e  Multi-objective optimization balancing performance, cost, and safety using genetic algorithms or similar
techniques

e Advanced fuel designs (e.g., annular fuel, micro-encapsulated fuel) for enhanced safety margins
e Passive safety system design leveraging natural circulation and inherent feedback mechanisms
o Integration of waste heat utilization for district heating, desalination, or hydrogen production

e Refined nonproliferation benefit quantification using game-theoretic or risk-based frameworks
e  Analysis of international funding mechanisms and cost-sharing arrangements

e Real options analysis to value operational flexibility and uncertainty in conversion timing
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e Comparative assessment of alternative nonproliferation strategies (e.g., different enrichment levels, fuel cycle
options)

e Application of methodology to other heavy water research reactors worldwide (e.g., NRU, CIRUS, Dhruva)
e Extension to power reactor conversions or hybrid systems (e.g., CANDU life extension with LEU)

e Development of standardized conversion packages for different reactor classes

e Integration with small modular reactor (SMR) conversion pathways

4.5 FINAL REMARKS

The conversion of heavy water reactors to light water operation represents a critical tool in global nonproliferation efforts.
This study has demonstrated that such conversions are technically achievable, economically justifiable when
nonproliferation benefits are properly valued, and can be optimized through systematic application of advanced analytical
methodologies including pinch analysis and exergy optimization.

For the specific case of the IR-40 reactor, the recommended 20 MWt LWR conversion provides an optimal balance of
performance, safety, and cost-effectiveness. With capital investment of approximately $115M and implementation over 4.5
years, this conversion would eliminate weapons-grade plutonium production capability while maintaining essential research
and isotope production functions.

The methodologies and findings presented in this work provide a foundation for similar conversion projects worldwide,
contributing to the global objective of minimizing proliferation risks while supporting peaceful applications of nuclear
technology. As the international community continues to address these challenges, reactor conversion represents an
important technical pathway that merits serious consideration and continued research.
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