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Abstract

SMR plants can be downsized by configuring fewer equipment and systems compared to conventional nuclear power plants. In addition, SMR plants have versatile applications beyond electricity generation, including hydrogen production, heat supply, and more. In the paper, a virtual SMR plant was selected and the plant heat balance was modeled using PEPSE software. Based on the established heat balance model, the plant performance, power output and efficiency were assessed based on changes in design conditions. Furthermore, a high-temperature steam heating model using an electric heater was implemented for the multi-purpose utilization of SMR, and also the plant performances were evaluated concerning the desired target steam temperature and the amount of extracted steam. This research confirmed a significant decline in plant performance with an increase in partial load operation ratio, and the absence of the final feedwater heater enhanced the power output of the plant, but it was accompanied by a decrease in efficiency due to the lack of a regeneration cycle. The analysis showed that heating the extracted main steam using an electric heater led to a decrease in plant power output as both the amount of the extraction steam and target heating temperature increased. However, when the target steam temperature matched the extraction steam temperature, the plant electrical output decreased proportionally with the steam extraction quantity, with minimal impact on efficiency. This was attributed to the minimal load requirement of the electric heater.
1. INTRODUCTION
Small Modular Reactor and Secondary System
The International Atomic Energy Agency (IAEA) defines a reactor with an electrical output of 300 MWe or less as ‘small’ and a reactor with an electrical output of 700 MWe or less as ‘medium’ and classifies it as a small modular reactor (SMR) by combining small and medium-sized reactors. It is designed with modular technology using module factory manufacturing to pursue economic feasibility and a short construction period through continuous production [1]. Of the 83 SMRs under development around the world, non-light water reactor (Non-LWR) accounts for more than half, and they correspond to 21 high-temperature gas-cooled reactors (HTGRs), 14 molten salt reactors (MSRs), and 4 sodium-cooled fast reactors (SFRs). Therefore, excluding the two SMR heat pipe reactors under development, there are 35 LWR types [2].
As the electrical output of the SMR plant decreases to 20-30% compared to the existing conventional nuclear power plant, the primary and secondary systems can be made smaller and simpler. For example, in the case of a steam turbine, the flow rate decreases in proportion to the power generation, which reduces the size and capacity of the turbine and generator itself. Additionally, a small capacity generator can be cooled by air, eliminating the need for equipment and systems such as hydrogen cooling and water cooling. This means that the SMR plant consists of relatively fewer components and equipment than the conventional nuclear power plant. Turbine generators and related auxiliary equipment (heat exchangers, pumps, etc.), which take up most of the secondary system, account for about 20% of the total equipment cost of nuclear power plants. The composition and arrangement of the secondary system and the size of the equipment affect the construction volume as well as maintenance cost, and consequently play an important role in terms of plant economics. Therefore, the design of the secondary system of SMRs, including a steam cycle, is expected to play a crucial role in enhancing the economic viability of SMRs.
Plant Thermal Performance Modeling and PEPSE Software
Heat balance is one of the important indicators showing plant output and thermal performance. All plants should have thermal performance (TP) modeling software that reflects the latest plant heat balance design. Developing and testing a thermal performance model requires a lot of man-hours, so the TP model can be built by utility engineers or a third party. Details on the qualifications of these heat balance TP model designers, development methods, and maintenance are comprehensively explained in the EPRI report [3]. The heat balance TP model developed in this research was constructed according to the sequence shown in Fig. 1. 
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FIG. 1. Schematic development sequence of a heat balance thermal performance model. 

PEPSE (Performance Evaluation of Power System Efficiencies) is a software program for modeling the steady state performance of thermodynamic systems. It has been used and referenced for ‘what if’ research and engineering tasks in various plant industries. It calculates the energy balance of each component and power generation system of the plant, and can be specifically applied to the following system calculation: the entire power plant and sub-system, individual components, turbine cycles, other fluid systems, etc. In this research, PEPSE software was used to design the heat balance of the SMR plant and analyze the model according to the off-design conditions of the secondary system.
2. SMR PLANT HEAT BLANCE DESIGN AND ANALYSIS
2.1. Developing Baseline Model
This research aims to analyze the plant performance (electric output, efficiency) according to the equipment configuration, design condition, and steam heating of the secondary system by modeling the thermal cycle of an SMR plant. To do this, a 150 MW-class SMR plant was selected as a baseline model, and a PEPSE heat balance model was developed, followed by various analyses. Most of the available design data were applied as much as possible when the heat balance model was made. In this process, the values of the following items were applied based on engineering judgment to build the model:

Site environment (atmospheric temperature, pressure, humidity).
Configuration and fluid flow of the main equipment.
Fluid, thermodynamic properties (temperature, pressure, enthalpy, mass flow), pipe pressure drop.
Steam generator heat transfer amount, Feedwater heater design parameters (DCA, TTD).
Steam turbine extraction flow rate, etc.

The heat balance model was constructed under the valve wide open (VWO) condition of the baseline model. Thereafter, the fluid flow, design variable values, etc., under the VWO condition were adjusted to satisfy the 100% rated output (150 MW) design condition of the baseline model as much as possible. In a similar way, heat balance models for 75%, 50% and 25% partial load operations were created. The developed PEPSE heat balance model for the baseline model is shown in Fig. 2. An electric heater system shaded in grey (200 in Fig. 2) has been added to the model, and details related to this are covered in 2.2.2.
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FIG. 2. PEPSE heat balance model (100% rated power, no electric heater operation)
2.2. Analysis of Plant Performance
The values of the electric power and efficiency of a power plant are the main indicators of the plant performance. The results of these values vary depending on how the design variables are set. 
2. Changes in operation cases
Based on the prepared PEPSE heat balance model, a plant performance analysis was performed according to various design conditions as follows:

VWO, 100%, 75%, 50%, 25% (case 1-1 to 1-5).
Feedwater heater out-of-service excluding the final feedwater heater (#5) (case 2-1 to 2-3).
Feedwater heater out-of-service including the final feedwater heater (#5) (case 3-1 to 3-3).

The simulation results are shown accordingly in Fig. 3.
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FIG. 3. Comparison of plant performance simulation results by design conditions
Cases 1-1 to 1-5 show the results of plant performance simulation at VWO, 100% rated power output, and partial loads (75%, 50%, 25%). As the ratio of partial load operation increases, the plant performance rapidly degrades. 
Cases 2-1 to 2-3 and cases 3-1 to 3-3 show simulation results of various combinations of feedwater heater failures. In the case of a single failure of a feedwater heater, there were no significant changes in output and efficiency. However, in the event of the failure of the final-stage heater #5, a partial increase in output was observed. This is attributed to the failure of extracting a substantial amount of steam required to determine the final feedwater temperature at the feedwater heater #5, leading to its redirection to the turbines. In all cases, the failure of the feedwater heater resulted in a degradation of overall plant efficiency. This is due to the absence of the heat exchanger (i.e., the regenerative cycle was not applied). These results can be used as a reference when calculating and optimizing the configuration of the feedwater heaters.
2. Steam heating for multi-purpose utilization
High-temperature steam electrolysis hydrogen production using SMR was found to be economical and sustainable with low CO2 emission [4]. In addition, when applying the high-temperature steam cycle using SMR, it is possible to replace the existing aging thermal power plant, and it was confirmed that the economic effect (reduction of construction cost, job creation, etc.) is significant [5]. Furthermore, SMR plants can supply heat and power to island areas or areas with high energy consumption. Steam produced by SMR plants can be used in various fields as follows:

Hydrogen production.
Desalination.
Replacement and improvement of existing coal power plants.
Supply of process heat required by demand sources such as district heating, and other applications.

For the above multi-purpose use, the main steam at a temperature of about 300ºC produced by the SMR reactor can be further heated to 500-850ºC, or the extracted steam from the turbine stage can be lowered to a suitable temperature for use. Table 1 shows the multi-purpose utilization and the typical operating temperature of the nuclear steam. For the processes requiring a lower steam temperature than the main steam at a temperature of about 300ºC, it is possible to obtain the desired steam temperature through an energy cascading method (e.g., simple heat exchange, heat dissipation, etc.). However, for the processes requiring a steam temperature higher than that of the main steam, additional energy (e.g., heat, electricity, etc.) must be added. Although it is relatively difficult from a technical point of view, this research focuses on the use of high-temperature steam with various future uses, and it is intended to confirm the technical characteristics when applied to a 150 MW-class SMR.

TABLE 1.	MULTI-PURPOSE NUCLEAR STEAM UTILIZATION

	Nuclear Steam Utilizations
	Operating temperature (ºC)
	Applications

	1. Hydrogen
 production
	Low-temperature electrolysis
	Room temperature – 90
	Alkaline, PEM

	
	High-temperature electrolysis
	700 – 1,000
	SOEC

	2. Desalination
	Low-temperature desalination
	Room temperature
	RO

	
	High-temperature desalination
	35 – 120
	MSF, MED

	3. Coal to
 nuclear
	Subcritical steam cycle
	538
	

	
	Supercritical (SC) steam cycle
	600
	

	
	Ultra-supercritical (USC) steam cycle
	610
	

	4. Process heat
	District heat
	Below main steam temperature
(Depends on requirements)
	



High-temperature steam can be produced through various methods. Table 2 shows several high-temperature steam heating methods. In this research, plant performance analysis was performed by applying a steam heating method using an electric heater that is relatively simple and intuitive among the various steam heating methods.
TABLE 2.	VARIOUS METHODS FOR OBTAINING HIGH-TEMPERATURE STEAM

	Classification
	Method

	1. Hydrogen
 combustion
	Steam heating by a hydrogen combustor. Securing superheated steam as a final by-product through hydrogen and oxygen combustion (2H2 + O2 ⟶ 2H2O).

	2. Steam compressor
	Steam heating by multi-stage steam compressors (temperature increase during compression of superheated steam to high pressure).

	3. High-temperature
 heat pump
	Steam heating by indirect heat transfer through the heat pump.

	4. Electric heater
	Steam heating by electric heater.



Extraction of steam can be considered at various locations. Representative points include the following:

1. Extracting steam from the main steam line (i.e. upstream of the 1st stage of the steam turbine).
1. Extracting steam from each turbine stage and combining the steam.

In connection with Section 2.2.1, method (a) can be regarded as similar to partial load operation of the turbine. If method (b) is applied, besides the many considerations due to feedwater heater failures, it is also necessary to develop a heat balance for various combinations of steam temperature. Therefore, this research simplifies the approach by applying method (a).
Fig. 4 shows the implementation of electric heater (indicated in shade) through PEPSE modeling, and the result when the temperature is raised to 720ºC through an electric heater after extracting 4% of the main steam at the front end of the high-pressure steam turbine. It can be seen that the amount of steam entering the turbine decreased the amount of electric power produced naturally decreased due to the electric heater. If the heating temperature needs to be increased, the amount of electricity consumed for this will also increase, resulting in a further decrease in the amount of electricity produced in the plant.
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Fig. 4. PEPSE heat balance model (electric heater operation heating 4% of the extracted steam to 720ºC)

As such, since the plant performance is affected by the amount of main steam extraction and the temperature increase, it is required to perform plant performance analysis according to the input variables. Considering this, plant performance analysis was performed by selecting the steam extraction ratio and corresponding target steam temperature as follows:

Ratio of steam extraction from main steam line (%): 0, 2, 4, 6, 8, 10.
Target steam temperature value (ºC): 300, 440, 580, 720, 860, 1000.

Fig. 5 and 6 show the result of plant performances according to the extracted steam ratio and the target steam temperature. Regarding the results, the following observations can be confirmed:

1. As previously confirmed in the 2.2.1 partial load operation, plant electrical power decreases as the turbine inlet steam flow rate decreases (i.e., there is more extraction at the turbine front end).
As the target steam temperature value increases, the amount of electricity required by the electric heater increases rapidly, and accordingly, the plant electric output decreases.
Since this model is applied with a turbine model optimized for 150 MW-class electrical output, the efficiency decreases sharply as the design cases deviate more from the intended design operating point.
When the target steam temperature is 300ºC, equal to the extracted main steam temperature, the plant electric output decreases with the amount of steam extracted, but the plant efficiency hardly decreases. This is thought to be due to the very small load value required by the electric heater.

[image: ]
FIG. 5. Plant electrical output depending on the amount of extracted steam and target steam temperature.
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FIG. 6. Plant efficiency depending on the amount of extracted steam, and target steam temperature.
3. conclusions
In this research, a 150 MW-class SMR plant heat balance cycle was modeled using PEPSE to analyze plant performance according to the configuration and design conditions of the secondary system. In addition, for the multi-purpose use of the SMR plant, a model was constructed to raise the main steam temperature of 300ºC to a higher temperature with an electric heater.
 The results obtained through performance simulation according to major design variable changes are summarized as follows:

1. As the proportion of partial load operation increases, plant performance decreases rapidly.
Under the same design conditions, the absence of a regenerative cycle can improve plant electrical output, but it is accompanied by a decrease in plant performance.
When the extracted main steam is heated using an electric heater, plant electrical output and efficiency decrease as the amount of extraction increases and the target steam temperature value increases.

As the model used in this research was constructed based on a turbine model optimized for 150 MW of electric output, it can be seen that the plant performance deteriorates sharply for operating conditions outside the optimal design operating point. Since no single design can satisfy virtually all operating conditions at the same time, it is necessary to establish various plant models for each electric output for more in-depth research. In addition, detailed information such as the site environment and the thermal kit data provided by the turbine manufacturer is required for more accurate plant performance simulation.
In terms of secondary system performance design, an ideal regenerative cycle can be implemented if an infinite number of feedwater heaters are installed, and the thermal efficiency of the Rankine cycle can also be approximated with the Carnot cycle, thereby maximizing plant efficiency. However, it is impossible to infinitely increase the number of feedwater heaters. In addition, the constraints on building size and increase in pipes, supports and construction costs due to the arrangement of feedwater heaters will limit the number of heaters. Therefore, in order to calculate the optimal number of feedwater heaters, a high techno-economic evaluation of each design condition is required.
In this research, the condenser back pressure was fixed for the convenience of plant performance analysis; however, future research will be conducted considering different condenser back pressures as well as cooling tower design under detailed environmental information for elaborated calculation (i.e. site characteristics such as temperature, flow rate of the cooling water source, and ambient temperature and humidity).
SMRs can be used not only for electricity production but also for various purposes in the non-electric field. Although not covered in this research, it is possible to construct a plant operation model with optimal economic feasibility by using profits through multi-purpose utilization (hydrogen production, process heat supply, etc.) relative to electricity sales. For this, detailed information on the operating temperature, required steam amount, and thermal load for each application need to be carefully determined.
ACKNOWLEDGEMENTS
This work was supported by the Innovative Small Modular Reactor Development Agency grant funded by the Korea Government (MOTIE) (No. RS-2024-00400615).
References
World Nuclear Association (WNA), Small Nuclear Power Reactors (2024), www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-reactors/small-nuclear-power-reactors
IAEA, Advances in Small Modular Reactor Technology Developments, A Supplement to: IAEA Advanced Reactors Information System (ARIS), International Atomic Energy Agency, Vienna, 2022.
CRYTZER, K., et al., Thermal Performance Modeling Best Practices, Electric Power Research Institute, Palo Alto, 2016.
LEE, J.M., et al., Environ-economic analysis of high temperature steam electrolysis for decentralized hydrogen production, Energy Convers. Manage. 266, art. no. 115856 (2022).
HANSEN, J., et al., Investigating Benefits and Challenges of Converting Retiring Coal Plants into Nuclear Plants,   Idaho National Laboratory, Idaho Falls, 2022.
	

	



Conference Proceedings_J.S.Moon_240527.docx



1
image3.emf
157.8

150.0

110.3

71.6

35.5

148.7 148.6

147.7

159.1

166.8

166.2

34.73 34.66 33.97

33.09

28.85

34.36 34.32 34.10 34.17

33.39

33.12

10

12.5

15

17.5

20

22.5

25

27.5

30

32.5

35

0

20

40

60

80

100

120

140

160

180

[1-1]

VWO

[1-2]

100%

(Base)

[1-3]

75%

[1-4]

50%

[1-5]

25%

[2-1]

FWH

#1

OOS

[2-2]

FWH

#4

OOS

[2-3]

FWH

#2,4

OOS

[3-1]

FWH

#5

OOS

[3-2]

FWH

#4,5

OOS

[3-3]

FWH

#2,4,5

OOS

Plant Power [MW] Plant Efficiency [%]


image4.emf
Elec. HTR


image5.emf
Plant Net Power (MW)

150

100

50

0

400

500

300

600

700

800

900

1000

10

8

6

4

2

0


image6.emf
0

5

10

15

20

25

30

35

40

0 2 4 6 8 10

Plant Efficiency (%)

Steam Extraction (%)

Target Steam Temperature (

°

C)

300 440 580 720 860 1,000


image1.emf
Securing the turbine 

vendor's thermal kit

Creating a basic flow 

model

Updating heat balance 

design parameters to 

the model

Updating detailed 

turbine design data to 

the model

Executing the 

model

Adjusting the 

modeltomatch the

heatbalanceoutput

Initializing a 

generalized model

Saving the model

Data acquisition Model creation Model execution Model adjustment Model save


image2.emf
FWH

#1

FWH

#2

FWH

#4

FWH

#5

Elec. HTR


