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EXECUTIVE SUMMARY 

This technical evaluation (TEV) has been prepared as part of a larger study for the Next 
Generation Nuclear Plant (NGNP) Project involving the integration of high-temperature gas-
cooled reactor (HTGR) technology with conventional industrial processes. This TEV addresses 
the effect of the reactor outlet temperature (ROT) of an HTGR on power conversion, on 
hydrogen production with high-temperature steam electrolysis (HTSE), and on process heat. 

An HTGR can produce industrial process steam, high-temperature heat-transfer gases, and/or 
electricity. In conventional industrial processes, these products are generated by the combustion 
of fossil fuels such as coal and natural gas, resulting in significant emissions of greenhouse gases 
such as carbon dioxide. Heat or electricity produced in an HTGR could be used to supply process 
heat or electricity to conventional processes without generating any greenhouse gases.  
Combining an HTGR with the HTSE process also provides a source of hydrogen with little or no 
greenhouse gases.  The hydrogen may be used in a variety of industrial processes including 
synthetic fuel production, fuel upgrading, or ammonia production. 

For power generation, it was assumed that the power cycle efficiency is 66% of the Carnot 
efficiency.  This assumption was made based on how well the curve lay within data from 
literature on power cycles.  A net power conversion efficiency is calculated by accounting for the 
power of the primary loop circulator, resulting in a conversion efficiency that is less than 66% of 
Carnot.   Table 1 shows the results of this analysis as a function of ROT. 

Table 1.  Power cycle efficiencies as a function of ROT 

ROT °C 
Power Cycle 

Efficiency  

Net Power 
Conversion 
Efficiency 

650 45.0% 43.2% 
700 46.0% 44.3% 
750 47.0% 45.2% 
800 47.9% 46.1% 
850 48.7% 46.8% 
900 49.4% 47.5% 
950 50.1% 48.2% 

 

Table 2 presents the primary production of hydrogen production as a function of ROT using 
HTSE.  For the analysis, a 600 MWth HTGR was assumed.  A sweep gas is used in HTSE to 
remove the oxygen from the electrolysis cells.  In this analysis, steam and air were used as sweep 
gases. The hydrogen production rate for HTSE increases linearly as the ROT increases for both 
types of sweep gases.  At ROTs below 850°C, topping heat from natural gas is necessary to 
reach the electrolysis temperature of 800°C, therefore the total heat in is greater than 600 MWth.  
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HTSE with air sweep has slightly better hydrogen production than with steam sweep, however 
steam sweep produces a 99.9% pure oxygen stream. 

 

Table 2.  HTSE results as a function of ROT. 
 Steam Sweep Air Sweep 

ROT °C Total Heat In 
(MWth) 

Hydrogen Flow 
(kg/s) 

Total Heat In 
(MWth) 

Hydrogen Flow 
(kg/s) 

650 607.3 1.90 607.7 1.94 
700 606.6 1.94 607.0 1.98 
750 605.8 1.97 606.2 2.02 
800 605.0 2.00 605.3 2.05 
850 600.0 2.04 600.0 2.07 
900 600.0 2.07 600.0 2.10 
950 600.0 2.10 600.0 2.12 

 
Process heat from a reactor needs to be transported by a gas to the industrial process.  Two such 
gases were considered in this study:  helium and steam.  For this analysis, it was assumed that 
steam was delivered at 17 MPa and 540°C and helium was delivered at 7 MPa and at a variety of 
temperatures.  The temperature of the gas returning from the industrial process and going to the 
HTGR must be within certain temperature ranges to maintain the correct reactor inlet 
temperature for a particular reactor outlet temperature.  The returning gas may be below the 
reactor inlet temperature, but not above.  The optimal return temperature produces the maximum 
process heat gas flow rate.  Table 3 shows the optimal return temperatures and corresponding 
maximum mass flow rates for both steam and helium.  For steam, the delivered pressure sets an 
optimal reactor outlet temperature based on the condensation temperature of the steam.   ROTs 
greater than 769.7°C produce no additional advantage for the production of steam. 

Table 3.  Process heat as a function of ROT. 
 Steam Helium 

ROT °C Optimal Return 
Temperature °C 

Maximum Flow 
Rate (kg/s) 

Optimal Return 
Temperature °C 

Maximum Flow 
Rate (kg/s) 

650 246.6 272.4 244.1 321.8 
700 294.4 306.1 283.5 313.9 
750 334.3 360.8 322.9 306.4 

769.7 349.8 402.6   
800 349.8 402.9 362.3 299.3 
850 349.8 403.4 401.7 292.5 
900 349.8 403.9 441.2 286.0 
950 349.8 404.3 480.6 279.7 
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1. INTRODUCTION 

This technical evaluation (TEV) has been prepared as part of a study for the Next 
Generation Nuclear Plant (NGNP) Project to evaluate integration of high-temperature 
gas-cooled reactor (HTGR) technology with conventional chemical processes. The 
NGNP Project is being conducted under U.S. Department of Energy (DOE) direction to 
meet a national strategic need identified in the National Energy Policy to promote 
reliance on safe, clean, economical nuclear energy and to establish a greenhouse-gas-free 
technology for the production of hydrogen. The NGNP represents an integration of high-
temperature reactor technology with advanced hydrogen, electricity, and process heat 
production capabilities, thereby meeting the mission need identified by DOE. The 
strategic goal of the NGNP Project is to broaden the environmental and economic 
benefits of nuclear energy in the U.S. economy by demonstrating its applicability to 
market sectors not being served by light water reactors. 

An HTGR produces steam, high-temperature helium, or electricity. In conventional 
processes, these products are generated by the combustion of fossil fuels such as coal and 
natural gas, resulting in significant emissions of greenhouse gases such as carbon dioxide. 
Heat or electricity produced in an HTGR could be used to supply process heat or 
electricity to conventional processes without generating any greenhouse gases. The use of 
an HTGR to supply process heat or electricity to conventional processes is referred to as 
an HTGR-integrated process. This report describes how the reactor outlet temperature 
(ROT) affects HTGR-generated electricity, hydrogen and heat. 

The purpose of this TEV is to present the process modeling results of the effects of the 
ROT on producing electricity, hydrogen from high-temperature steam electrolysis 
(HTSE), and heat using an HTGR. These results are used in other process models 
developed under the NGNP program where HTGR-generated electricity, hydrogen or 
heat may be integrated with industrial processes. 

The Advanced Process and Decision Systems Department at Idaho National Laboratory 
(INL) has spent several years developing detailed process simulations of chemical and 
thermodynamic processes. The processes included HTSE combined with a variety of 
nuclear reactors. These simulations have been developed using “HYSYS.Plant” and 
ASPEN PLUS—state-of-the-art, steady-state, thermodynamic, and chemical process 
simulators developed by Hyprotech and ASPEN. This study makes extensive use of these 
models and the modeling capability at INL to evaluate the integration of HTGR 
technology with potential hydrogen production technologies. 

This TEV assumes familiarity with “HYSYS.Plant” and APSEN PLUS software, so a 
detailed explanation of the software capabilities, thermodynamic packages, unit operation 
models, and solver routines is beyond the scope of this TEV. Also assumed is a 
familiarity with thermodynamic, heat exchange, and heat recuperation systems; hence, a 
thorough explanation of these technologies is also considered to be beyond the scope of 
this TEV. 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 10 of 148

 

 

2. REACTOR INLET TEMPERATURE 

2.1 Introduction 

To evaluate the effect of the ROT on power generation, hydrogen production, and 
process heat generation, the reactor inlet temperature (RIT) must be known. 
Given the reactor’s inlet and outlet core temperatures, the mass flow of helium 
through the core can be calculated. As will be shown in this report, the RIT 
determines the maximum flow rate of the process heat loop. For this study a 
number of papers and books were referenced to determine the RIT as a function 
of the ROT. 

2.2 Method of calculating the reactor inlet temperature 

Table 4 shows data from the literature of the RIT as a function of the ROT with 
corresponding references. Figure 1 is a plot of the data.  

Table 4. Referenced reactor inlet and outlet temperature data. 
Reactor Outlet Temperature 

°C 
Reactor Inlet Temperature 

°C
Reference 

538 221 1 
566 266 1 
690 400 1 
693 318 1 
723 320 1 
724 273 1 
725 345 1 
750 250 1 
750 275 1 
750 298 1 
750 310 1 
750 322 6 
750 325 5 
750 350 1 
775 405 1 
850 200 1 
850 438 1 
850 490 2 
850 494 1 
900 500 7, 9 
900 540 3, 4 
950 490 7 
950 500 1 
950 590 3, 4, 8, 10 

1320 870 1 
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Figure 1. RIT as a function of the ROT temperature. 

A least-squares linear fit was applied to the data, and the line is shown in Figure 1. The 
curve fit has a linear regression value of 77%. Multiple data points at 750°C and 850°C 
have shifted the curve towards those lower reactor inlet temperature data points.  To 
reduce the effect of those multiple data points, the average reactor inlet temperature was 
calculated for every reactor outlet temperature that had multiple data and a linear fit was 
applied, see Figure 2.  The linear curve is given below. 

68242820500 .ROT*.RIT −=  (1) 

y = 0.84934x - 289.70288
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Figure 2. RIT as a function of the ROT with averaged data. 

2.3 Mass-flow rate of helium 

A simple process model was developed to determine the mass-flow rate of helium 
through the reactor based on the ROT and the corresponding RIT, as seen in 
Figure 3. A 600-MWth high-temperature reactor was assumed for the model. The 
primary loop is helium at 7 MPa. It is assumed that the pressure drop across the 
reactor is 2% of the nominal pressure of the loop.  The pressure drop is based on 
preliminary designs of reactor primary and secondary helium loops.  Pressure 
drops in these designs vary from 1.24% to 2.5% of the nominal pressure [5, 6]. 
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Figure 3. Process model of reactor. 

Figure 4 is a plot of the ROT, the RIT calculated from Equation (1), and the flow 
rate of helium through the reactor calculated from the process model.   The 
following can be concluded: 

• As the ROT increases, the RIT increases, but not as rapidly. For every 
degree increase in the outlet temperature, the inlet temperature increases 
only 0.82°C.  

• The temperature difference between the outlet and inlet temperature 
increases as the outlet temperature increases, which causes the helium 
mass-flow rate to decrease.   

• The primary helium flow rate is influenced by the slope and intercept of 
Equation (1).  The slope affects the rate of change in the mass flow rate as 
a function of temperature and the intercept affects the average magnitude 
of the mass flow rate.  

The approach in this TEV to calculate the RIT and primary helium flow is a 
statistical approach based on literature.   A recommended approach is to select a 
reactor core type and look at the nuclear physics and heat transfer within the core 
as a function of the reactor outlet temperature. 
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Figure 4. RIT and helium flow rate as a function of ROT. 

3. POWER CYCLE THERMAL EFFICIENCY AS A FUNCTION OF 
THE REACTOR OUTLET TEMPERATURE 

3.1 Introduction 

One of the functions of an HTGR is to produce electricity. A power cycle 
generally consists of four stages: (1) heat addition, (2) power generation through 
expansion, (3) heat rejection, and (4) compression. When the working fluid of the 
power cycle directly cools the core of the nuclear plant, it is called a direct cycle. 
If the working fluid of the power cycle and the primary cooling loop of the reactor 
core are separate, it is called an indirect cycle. In an indirect cycle, heat from the 
core is provided to the power cycle by means of a steam generator or intermediate 
heat exchanger (IHX). Direct power cycles can provide more electrical power 
from heat generated by the core, but the power cycle components are 
contaminated with radioactive materials. 
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Optimal thermodynamic performance of a cycle is measured by its thermal 
efficiency. The thermal efficiency is defined as the electrical power output 
divided by the heat input, or: 

H
th Q

W



=η  (2) 

A power cycle is thus based on the thermodynamic concept of a heat engine. 
Power may be produced from a heat engine that is placed between a 
high-temperature source and a low-temperature sink, as shown in Figure 5. The 
work of the heat engine is defined as: 

LH QQW  −=  (3) 

 

Figure 5. Heat engine between hot source and cold.  

Heat is transferred from the high-temperature source to the heat engine, and heat 
is rejected from the heat engine to the low-temperature sink. The thermal 
efficiency of a heat engine can be shown as: 

H

LH
th Q

QQ


 −=η
 (4) 

In real situations, a temperature difference is needed to transfer the heat from the 
source to the heat engine and from the heat engine to the heat sink. However, if 
those differences were made to go to zero, an ideal or maximum efficiency could 
be determined. The maximum efficiency is called the Carnot efficiency and is a 
function of source and sink temperatures only, as in: 

TH 

TL 

W

HQ

LQ
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H

LH
Carnot T

TT −=η
  (5) 

3.2 Power cycle process model 

As the ROT increases, the power cycle efficiency should increase as well. 
However, power cycles used at lower ROTs do not perform well at higher reactor 
temperatures. A Rankine steam cycle operates well at ROTs of 600°C, but a 
Brayton cycle is ideal for ROTs of 900–950°C.  

Figure 6 shows a plot of the power cycles from literature as a function of the ROT 
[1, 5, 11, 12, 13, 14].    The types of power cycles represented by the markers are 
Rankine steam cycles, combined cycles, Brayton gas cycles, and super-critical 
carbon dioxide cycles. The markers represent direct and indirect versions of the 
cycles.  A power cycle at 66% of the Carnot efficiency is also plotted and 
compared to the data.  

 

Figure 6. The net efficiency and 66% of Carnot conversion efficiency as a function of the ROT 
compared with power cycles within literature.  
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A power conversion model was developed using the “HYSYS.Plant” process 
modeling software (see Figure 7). A 600-MWth helium-cooled reactor was 
assumed and Equation (1) was used to calculate the RIT. The reactor was 
modeled using a heater. The outlet of the heater was set to the desired ROT. The 
pressure in the loop was assumed to be 7 MPa. The outlet stream enters a sub 
flow sheet, which consists of the inlet and outlet streams and a cooler block, 
labeled HX (see Figure 8). An embedded spreadsheet calculates the Carnot 
efficiency from the inlet temperature and the assumed ambient temperature of 
21.1°C. The power cycle efficiency is calculated as 66% of the Carnot efficiency. 
The heat of HX is calculated and the value of the Electric Power Out power 
stream is calculated by multiplying the heat of the HX by the power cycle 
efficiency within the embedded spreadsheet. A net efficiency is also calculated by 
dividing the difference of values between the Electric Power Out power stream 
and the circulator power, Circ1 Pwr, by the reactor heat. Therefore, as shown in 
Figure 6, the net efficiency is less than 66% of Carnot. The necessary power cycle 
cooling, Ql, is also calculated using Equation (4). Figure 6 shows that as the ROT 
increases, so do the power cycle efficiencies. However, at higher temperatures, 
the efficiency begins to level out.  The 66% of Carnot value was selected by 
fitting the net efficiency with the published data using the solver function in 
Excel.   

 

Figure 7. Primary loop process model. 
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Figure 8. Power cycle sub flow sheet. 

3.3 Conclusions and recommendations 

The following conclusions may be made: 

• The assumption of 66% of the Carnot efficiency is a fair assumption for a 
power cycle.  This assumption over predicts the power conversion 
efficiency at lower ROTs and under predicts at higher ROTs. 

• Actual power cycles need to be selected based on the ROT which may 
require the research and development of power cycles to fit the ROT. 

• As the ROT increases, the power cycle efficiency increases resulting in 
more electric power for a given reactor heat. 

It is recommended that power cycles be analyzed over ROTs to determine ROT 
ranges for the cycles. 

4. HIGH TEMPERATURE STEAM ELECTROLYSIS AS A FUNCTION 
OF THE REACTOR OUTLET TEMPERATURE 

The purpose of this section is to determine the effect of the reactor outlet temperature and 
the sweep gas on the production of hydrogen using high temperature steam electrolysis. 
Two types of HTSE systems were modeled: a steam sweep model and an air sweep 
model. The sweep gas in HTSE is used to remove oxygen generated from the solid oxide 
fuel cells. A variety of gases could be used, but for this study, steam and air were 
considered. If pure oxygen is desired as a product, the steam sweep gas may be 
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condensed and removed from the oxygen, but, as presented in the results section, it tends 
to limit heat exchangers due to phase changes on both sides.  It will be shown that as the 
ROT increases, hydrogen production increases and that air sweep produces more 
hydrogen than steam sweep at a given ROT. 

4.1 Process Models 

Figure 9 shows a block diagram model of the HTSE process with sweep gas and 
topping heat. The reactor supplies heat to generate power and to raise the 
temperature of the water used for electrolysis and for the sweep gas. Recuperation 
is used both at high temperatures and low temperatures to recover the heat from 
the gases exiting the electrolysis process. At lower reactor temperatures, 
additional heat called topping heat is required to obtain an electrolysis 
temperature of 800°C. This heat is obtained from the combustion of the natural 
gas. The combustion products, after raising the temperature of the steam and 
sweep gas to electrolysis conditions, are still hot and are therefore used to 
generate additional power via a small power cycle. 

High 
Temperature 
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Reactor & 
Primary He Loop

Power CycleProcess Heat

Process Heat

Water
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Figure 9. Block diagram of HTSE with sweep gas and topping heat. 
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When the steam sweep is used, the water on the sweep side may be condensed 
and recycled.  The resulting oxygen product is 99.9% pure.  Also pumps are used 
on the sweep side to cycle the water 

If an air sweep is used, compressors bring the sweep gas to electrolysis pressures. 
Since the oxygen is difficult to separate in this process, the sweep gas eventually 
passes through a turbine to generate power.  The air sweep process is a once-
through process. 

For both models, at reactor temperatures of 850°C or above, neither the natural 
gas heat exchangers nor the high-temperature recuperators are necessary. 

The following assumptions were made for the process models: 

• The power cycle is based on the 66% of the Carnot cycle described above 

• The heat exchangers in the process models have minimum approach 
temperatures of 25°C 

• The circulators have adiabatic efficiencies of 80% 

• All other compressors and pumps have adiabatic efficiencies of 75% 

• The turbines have efficiencies of 80%. 

• Of the steam entering the electrolysis process, 66% is converted to 
hydrogen and oxygen 

• Pressure drops in heat exchangers are 2% of the nominal pressure. 

4.2 Results 

The hydrogen production efficiency is a means by which the thermodynamic 
performance of HTSE may be measured. The hydrogen production efficiency is 
the higher heating value of the hydrogen produced divided by the total thermal 
input into the process. For the process models in this study, the total thermal input 
of the process is the sum of the reactor heat and the higher heating value of the 
natural gas used for topping heat. Figure 10 is a plot that compares the steam 
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sweep’s hydrogen production efficiency against the air sweep’s efficiency.  

 

Figure 10. Hydrogen production efficiency as a function of the ROT. 

For both cases, as the ROT increases, so does the hydrogen production efficiency. 
At higher ROTs, the power cycle efficiency increases. Since HTSE depends on 
electric power, the hydrogen production increases as the power cycle efficiency 
increases. The air sweep tends to produce more hydrogen than the steam sweep 
because the recuperating heat exchangers using steam sweep tend to constrain or 
pinch due to water condensation on one side and boiling water on the other.   

Figure 11 shows the mass flow of natural gas used and the mass flow of carbon 
dioxide produced, normalized by the mass flow of hydrogen produced. As the 
reactor temperature increases, the natural gas and carbon dioxide flows decrease 
until an ROT of 850°C is achieved, at which point, no natural gas is needed and 
therefore no carbon dioxide is produced. The air sweep cases require slightly 
more natural gas and produce slightly more carbon dioxide. Figure 12 shows the 
percent that natural gas makes to the total thermal input to the HTSE process. 
Less than 2% of the total heat needed comes from the natural gas. The remainder 
of the heat comes from the reactor. Of the heat from the reactor, 90–93% of the 
heat is used to make electricity.  
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Figure 11. Natural gas and carbon dioxide flow normalized to hydrogen flow. 

 

Figure 12. Percentage of natural gas to total heat into the HTSE process. 
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The thermal heat input and the hydrogen product flow rate for air sweep and steam sweep as a 
function of ROT are shown in Figures 13 and 14.  The total heat input is the sum of the reactor 
heat and the thermal value of the natural gas used for topping heat.  As can be seen in both 
figures, the heat from the natural gas is only used for ROTs of 800°C or below. The reactor heat 
is constant at 600 MWth.  Therefore the 650°C to 800°C cases have a total heat input that is 
slightly greater than 600 MWth.  The heat from the natural gas is very small.  Hydrogen 
production for the steam sweep cases varies linearly from 1.90 to 2.10 kg/s as the ROT varies 
from 650 to 950°C.  The hydrogen production for the air sweep cases vary from 1.94 to 2.12 kg/s 
over the same ROT range.   

 

Figure 13.  Thermal heat into HTSE process and hydrogen product flow as a function of ROT for 
steam sweep. 
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Figure 14.  Thermal heat into HTSE process and hydrogen product flow as a function of ROT for 
air sweep. 

4.3 Conclusions and recommendations 
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• Hydrogen production rates varies from 1.90 to 2.12 kg/s as a function of 
the ROT and sweep gas. 

It is recommended that: 

• Actual power cycles are developed and used in the HTSE process models 
to determine hydrogen production as a function of ROT. 

• Other topping heat conditions like electric heating are analyzed to 
determine the effects on hydrogen production. 

5. PROCESS HEAT 

5.1 Introduction 

For this analysis, it is assumed that process heat is supplied in two forms: steam 
and helium. The process heat may be used for a variety of industrial processes. 
The purpose of this analysis is to determine the effect of the ROT on the heat.  For 
this analysis it is assumed that the process return temperature must not adversely 
affect the reactor inlet temperature. With this assumption, the RIT becomes a 
boundary condition which limits the maximum process return temperature.  If the 
process return temperature is below this boundary condition, the RIT is not 
affected.  If the process return temperature is above this condition, heat must 
either be rejected or the heat used in some other process like power generation.   

In general, the process steam mass flow rate is constant regardless of ROT for a 
given process return temperature.   The process heat mass flow rate of the helium 
decreases as the ROT increases for a given process return temperature.  Maximum 
process heat flow conditions are achieved for both cases when the optimal process 
return temperature is obtained.       

5.2 Process Model 

Two relatively simple process models were developed to analyze this problem: 
one for steam and one for helium process heat. Figures 15 and 16 show the 
process models. The following assumptions were used for the analysis: 

• Heat exchangers have minimum approach temperatures of 25°C 

• The circulators have adiabatic efficiencies of 80% 

• The pumps have adiabatic efficiencies of 75% 
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• 2% nominal pressure drops occur within the heat exchangers and heaters 

• A 600-MWth reactor supplies the heat in the primary loop 

• The RIT and primary loop flow rate are determined as outlined in the RIT 
section of this report. 

For both models, two loops are used: a primary reactor loop and a secondary 
process heat loop. For the steam case, the steam is condensed and a pump is used 
to circulate the water into the steam generator. For the helium case, a circulator is 
used on both the primary and secondary loops. It is assumed for the steam case 
that steam is produced at 540°C and 17 MPa. The helium is produced at 25°C 
below the ROT (due to the minimum approach within the IHX) and 7 MPa.    

 

Figure 15. Steam process heat model. 
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Figure 16. Helium process heat model.  

5.1 Results 

5.1.1 Steam case 

To analyze the steam case, a parametric study was made in which both 
the ROT and the process heat return temperature were varied.  The 
results of this study are plotted in Figure 17.   

The maximum process return temperature is determined by one of two 
conditions.  For ROT of 770°C and below, the maximum process return 
temperature is set by the minimum approach temperature of the steam 
generator.  Above a ROT of 770°C, the process return temperature is set 
at the saturated liquid condition to ensure pumping.  At the ROT of 
770°C, both conditions are met. 

A corresponding maximum steam mass flow rate is plotted based on the 
maximum process return temperature.  At ROTs less than 770°C, the 
maximum flow rate increases as the ROT increases because the 
maximum process return temperature increases.  At ROTs greater than 
770°C, the maximum steam flow rate becomes constant because the 
process return temperature is set at the saturated liquid condition at a 
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pressure of 17 MPa and the inlet temperature is set at 540°C resulting in 
a constant difference across the steam generator on the steam side. 

Three parametric lines are plotted based on constant process return 
temperature of 100, 200 and 300°C.  Since the inlet temperature is 
constant at 540°C, the corresponding process steam mass flows are 
constant regardless of ROT.  However the ROT must be greater than 
707°C at a process return temperature of 300°C or the RIT will be 
adversely affected because the return temperature is too high.  

 

Figure 17. Process steam results for 600-MWth reactor.  
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across the intermediate heat exchanger, IHX, is constant for the entire 
heat exchanger.  The maximum process return temperature is affected 
most by the reactor inlet temperature and therefore follows closely the 
same trend as the RIT.  The circulator power on the secondary helium 
side however causes the temperature difference between the RIT and the 
maximum process return temperature to increase slightly as ROT 
increases.   

The maximum process mass flow rate is equal to the primary helium 
loop due to a fairly constant helium specific heat across large 
temperature ranges and a constant temperature difference across the 
IHX. 

Constant process return conditions were set at 100, 200, 300 and 400°C.  
As the ROT increases at a given process return temperature, the process 
mass flow decreases.  This is due to an increasing temperature difference 
between the increasing process supply temperature and the constant 
return temperature.  At a given ROT, the mass flow rate increases as the 
process return temperature increases because the temperature difference 
decreases. 

The maximum process return conditions limit the mass flow rate and 
process return temperatures.  For instance, a process return temperature 
of 400°C can only be achieved at ROTs of 850°C or greater without 
adversely affecting the RIT. 

Both the process steam and helium plots show some important concepts 
that need to be considered when integrating processes with HTGRs.  If 
the reactor inlet temperature must be maintained, the process return 
temperature may not exceed the maximum return temperature.  The 
maximum return temperature sets the maximum mass flow rate for the 
process heat.  If the return temperature is greater than the maximum 
allowable temperature, heat must be rejected or used to bring the return 
temperature down.  If the return temperature is lower than the maximum 
allowable return temperature, then there is no effect on the reactor inlet 
temperature, however, the process mass flow rate decreases.  The effect 
this last statement has an important consequence on the integration of 
heat between the process and the reactor.  As an example, if a process 
needs 900°C process heat at a flow rate of 200 kg/s or more and the 
helium return temperature is 400°C which is just below the maximum 
process return temperature of 441°C, one could use this helium stream in 
another lower temperature process and drop the return temperature 
further, for instance to 200°C.  However that would cause the helium 
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flow rate to decrease from 260 kg/s to 156 kg/s for a single 600 MWt 
HTGR and would ultimately result in more HTGRs to ensure the correct 
high temperature process heat at 900°C.   

 

 

 

 

Figure 18. Helium process heat results:  Reactor inlet temperature and Maximum process return 
temperature as a function of ROT; and the secondary loop helium flow rate at various 
process return temperatures as a function of ROT. 
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In general: 

• Maximum process flow rates are obtained at maximum return 
temperatures. 

• Higher process return temperatures and flow rates are limited to higher 
ROTs and are bound at lower ROTs by the maximum conditions. 

• Maximum process flow rates and process return temperatures result in the 
least number of HTGRs needed for heat integration. 

For steam heat: 

• For steam generation at 17 MPa, ROTs greater than 770°C offer no 
advantages. 

• Maximum process return temperatures and mass flow rates are set by one 
of two conditions: 

o At conditions below the saturation temperature of the process 
steam, the process return temperature is strongly affected by the 
RIT. 

o At conditions above the saturation temperature of the process 
steam, the process return temperature is at the saturated liquid 
condition 

• At a given process return temperature, the steam mass flow rate is 
constant. 

For helium: 

• The maximum process flow rate is the same as the primary loop flow rate. 

• At a given process return temperature, the mass flow rate decreases as the 
ROT increase. 

• At a given ROT, the mass flow rate increases as the process return 
temperature increases. 

It is recommended that: 

• Steam process heat be analyzed at a variety of pressures and process inlet 
temperatures 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 32 of 148

 

 

• Other process fluids like nitrogen, carbon dioxide, or argon are analyzed 
as carriers of process heat. 
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Appendix A 
Power Cycle Process Model and Results 

The model of the power cycle process and results in Appendix A were developed using 
“HYSYS.Plant” version 2.2.2 (Build 3806) from Hyprotech Ltd. on a desktop computer running 
Microsoft Windows XP Professional Version 2002 Service Pack 3. 

 

Figure A-1.  Process model of power cycle 
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Appendix B 
HTSE Process Model and Results 

The model of the high-temperature steam electrolysis process and results in Appendix B were 
developed using “HYSYS.Plant” version 2.2.2 (Build 3806) from Hyprotech Ltd. on a desktop 
computer running Microsoft Windows XP Professional Version 2002 Service Pack 3. 

B-1  HTSE with Steam Sweep 
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Figure B-1.  Process Model of HTSE Below ROT of 850°C with Steam Sweep 
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Figure B-2.  Power cycle model 
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Figure B-3.  Electrolysis process model. 
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Figure B-4.  Process Model of HTSE at or Above ROT of 850°C with Steam Sweep 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 71 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 72 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 73 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 74 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 75 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 76 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 77 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 78 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 79 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 80 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 81 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 82 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 83 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 84 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 85 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 86 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 87 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 88 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 89 of 148

 

 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 90 of 148

 

  



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 AN ANALYSIS OF THE EFFECT OF 
REACTOR OUTLET TEMPERATURE OF 
A HIGH TEMPERATURE REACTOR ON 

ELECTRIC POWER GENERATION, 
HYDROGEN PRODUCTION, AND 

PROCESS HEAT 

Identifier: 
Revision: 
Effective Date: 

TEV-981 

 0 

 09/14/10 Page: 91 of 148

 

 

B-2  HTSE with Air Sweep 

 

Figure B-5.  Process Model of HTSE Below ROT of 850°C with Air Sweep. 
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Figure B-6.  Process Model of HTSE at or Above ROT of 850°C with Air Sweep. 
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Appendix C 
Process Heat Models and Results and Results 

The models of the steam and helium process heats and results in Appendix C were developed 
using “HYSYS.Plant” version 2.2.2 (Build 3806) from Hyprotech Ltd. on a desktop computer 
running Microsoft Windows XP Professional Version 2002 Service Pack 3. 

C-1  Helium Process Heat 

 

Figure C-1.  Process Model of Helium Process Heat. 
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C-2.  Steam Process Heat 

 

Figure C-2.  Process Model of Steam Process Heat. 
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