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ABSTRACT 

Various control strategies for supercritical carbon dioxide 

cycle (S-CO2 cycle) have been developed. A combination of 

bypass and inventory controls is regarded as one of the most 

important and efficient strategy. When only an inventory control 

is actuated, the system pressure changes significantly to 

maintain velocity and temperature at approximately constant 

level. Hence, an off-design performance of turbomachinery is 

comparable to on-design performance so that inventory control 

could allow S-CO2 cycles to maintain high thermal efficiency 

during part load operating conditions. Nevertheless, an 

inventory control alone is expected to have issues of delayed 

response, compressor surge and unexpected system shut down. 

Therefore, a bypass control should compensate the slow 

response time of an inventory control even though the bypass 

control results in undesirable cycle performance at off-design 

operating conditions. A quantitative assessment of inventory 

control for an S-CO2 cycle has been rarely conducted because 

non-ideal thermodynamic properties of S-CO2 make the 

assessment of appropriate inventory for the selected operating 

conditions to be difficult. In this paper an S-CO2 cycle 

performance inventory tanks are modeled to assess various 

control schemes in terms of response and efficiency.  

INTRODUCTION 

Supercritical CO2 cycles (S-CO2 cycles) are regarded as a 

promising power cycle because S-CO2 cycles have many 

advantages in a practical application. High thermal efficiency, 

low volume to power ratio, mild environment for keeping 

integrity of turbomachinery blade are the expected advantages 

of the cycle [1-4]. Thanks to small volume and high efficiency 

of S-CO2 cycles, KAIST has developed an S-CO2 cooled fully 

modularized Small Modular Reactor, namely KAIST Micro 

Modular Reactor (MMR), to provide energy to a remote region 

for 20 years without refueling [5].  

An important feature for the MMR is to be equipped with 

autonomous control. In the previous work, a part load 

simulation of MMR was implemented and it showed that MMR 

core is autonomously regulated without a reactivity control. 

Two controllers used in the system  are inventory and turbine 

bypass controls to adjust the system to demand from grid [6]. 

However, the inventory control was assessed based on the 

infinite inventory tank previously. In this paper, the effect of 

having finite volume inventory tank will be first evaluated. 

Various control schemes are compared to find the most proper 

scheme in terms of fast response and part load efficiency as 

well. 

KAIST MMR 

MMR is designed to supply electricity to a remote region 

and can be transported by ship, train and vehicle. The heat is 

rejected to ambient air so that it can be independent from the 

site location. MMR is composed of a single unit including 

reactor core, power conversion system and all other supporting 

systems in a double wall containment for good transportability. 

For compactness of the system, the layout of MMR is simple 

recuperated cycle. The following figure represents a conceptual 

picture of MMR. 

Figure 1: Conceptual picture of MMR 

INVENTORY CONTROL 

For closed Brayton cycles including S-CO2 cycles, turbine 

bypass, inventory, turbine throttle and turbine inlet temperature 

controls are conventionally used to follow a load following 

condition [7-9]. Among these control strategies, inventory 

control is known as the most efficient control [10, 11] but the 
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inventory control 

is not expected to 

be used for rapid 

load changes because gas transfer from and to the operating 

inventory is normally a very slow process [12]. To compensate 

its slow characteristic time, turbine bypass control is operated in 

case of a drastic load change situation. However, turbine bypass 

valve makes efficiency of closed Brayton cycles to be inferior 

as shown in Figure. 2. 

 

 
Figure 2: Part-load efficiency for the various control modes 

[10] 

 

 

 

 

PART LOAD OPERATION RESULTS WITH INFINITE 

VOLUME OF INVENTORY TANKS 

   In this part, various control scheme which is indicated in 

Table I with infinite volume of inventory tanks will be analyzed 

and part load results will be presented when infinite volume is 

applied. The grid load is reduced from 100% to 25% and it will 

be increased again from 25% to 100% with ±5% per minute 

rate of grid load change [9]. 

  

 

 

 

 

 

 

 

 

 

 

Table I. Control scheme options of MMR 

 

 
<Control scheme 1> 

 
<Control scheme 2> 

- Turbine bypass (1) 

- Discharging: Compressor outlet (2-2) 

- Feeding: Precooler inlet (2-1) 

- Turbine bypass (X) 

- Discharging: Compressor outlet (2-2) 

- Feeding: Precooler inlet (2-1) 

 
<Control scheme 3> 

 
<Control scheme 4> 

- Turbine bypass (X) 

- Discharging: Compressor outlet (2-2) 

- Feeding: Compressor outlet (2-1) 

- Turbine bypass (1) 

- Discharging: Compressor outlet (X) 

- Feeding: Compressor outlet (X) 

 

Commonly, a single inventory tank, whose pressure is in 

between maximum and minimum pressures of a cycle, is located 

between the compressor outlet and the precooler inlet. The 

layout is shown in control scheme 1, which is the most general 

control scheme of closed gas Brayton cycles. Since mass 

transfer can occur naturally due to pressure difference between 

inventory tank and the cycle, control scheme 1 is advantageous 

in the aspect of simplicity and fast response when load is 

decreased. However, control scheme 1 leads to a delayed 

response in case of increase in load. The reason is that the 

system inventory should also increase when the load is 

increased. In control scheme 1, inventory is increased at the 

compressor inlet which can cause an instantaneous rise of 

compressor mass flow rate compared to the turbine. 

Consequently, compressor work exceeds turbine work at the 

beginning of inventory charging [13]. If charging rate is slow 

enough, turbine and compressor gradually reach the balance and 

the cycle will approach to a new stable state but if not the 

system will be unstable so that the system can shut down. It can 

be confirmed in right figure of Figure 3. The dashed slopes in 

the figure represents demanded load and solid line means the 

actual current load. As shown the figure, when inventory is 

supplied at compressor inlet, there is a large distinction between 

demand load and current load. Hence, application of control 

scheme 1 is not proper in order to have fast response control 

system for both increase and decrease in power. 
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Figure 3: Net power when introducing inventory into 

compressor outlet (left) and compressor inlet (right) [13] 

 

It can be also confirmed that control scheme 1 is not suitable for 

the load increase condition in case of MMR system as shown in 

Figure 4. 

 

 
Figure 4: turbine speed (left) and grid demand and net power 

(right) with control scheme 1 

 

Control scheme 2 is identical with control scheme 1 except 

there is no turbine bypass control. In case of control scheme 1, 

turbine bypass control compensates slow response of inventory 

charging but control scheme 2 does not have turbine bypass 

control at all. As a result, control scheme 2 makes MMR system 

to be very unstable even at 10% load reduction as shown in 

Figure 5. 

  

 
Figure 5: Turbine speed (left) and grid demand and net power 

(right) with control scheme 2 

 

Control scheme 3 requires two inventory tanks and both tanks 

are located at compressor outlet. One tank is pressurized more 

than the compressor outlet pressure to charge inventory through 

compressor outlet line and the other is pressurized less than 

compressor outlet pressure to discharge inventory. When this 

scheme is applied, delayed response problem which occurs in 

case of load increase can be resolved. Since inventory charging 

and discharging are conducted at the compressor outlet, 

compressor work does not exceed turbine work during 

inventory control. Especially, the response time of this control 

scheme is quick enough to regulate turbine rotational speed 

with only inventory control so that the turbine bypass control 

can be eliminated from the control scheme. This control scheme 

was firstly devised by Salzmann et al. [14]. As shown in Figure 

6, control scheme 3 shows superior performance compared to 

control schemes 1 or 2.  

 

 
Figure 6: Turbine speed (left) and grid demand and net power 

(right) with control scheme 3 

 

Control scheme 4 represents that the control scheme is equipped 

with only bypass control. Due to nature of bypass control, it 

shows the fastest response than other control schemes.  

 

 
Figure 7: Turbine speed (left) and grid demand and net power 

(right) with control scheme 4 

 

CONCEPTUAL DESIGN OF INVENTORY TANK  

 Previous results are calculated with an assumption that infinite 

volume exists in inventory tanks. However, inventory tanks 

indeed have finite size. Therefore, upper and lower limit of 

MMR part load along to inventory volume, initial pressure and 

temperature will be assessed by adopting thermodynamic 

equilibrium states between MMR loop and inventory tank. 

Upper and lower limit of conventional closed gas cycle’s load 

range with given initial mass of inventory tank and loop can be 

obtained from the following equation [15]. 
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M0, M1: Initial mass of gas respectively in the loop and in the 

transfer tank 

y: Ratio of the cycle HP to the initial pressure of the tank 

ω: Pressure ratio of the closed gas cycle 

 

The equations (1)~(2) are derived based on the pressure 

equilibrium with isothermal process after inventory tank is 

connected to the primary loop. To obtain the lower or upper 

limit at given inventory tank condition, some assumptions are 

made. 

 

1. Ideal gas of Equation of State 

2. Isothermal process between tank and loop 

3. High pressure is proportional to current part load 

operation 

(
, ,

( ) ( )High net

high o net o

P t W t
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4. Turbomachinery pressure ratio is constant during part 

load condition 

  

In case of finite inventory tank design for S-CO2 cycles, the 

previous assumptions should be demonstrated whether they are 

reasonable or not. The first assumption cannot be applied to an 

S-CO2 inventory tank because CO2 has abrupt property changes 

near the critical point. The second assumption is still used to 

analyze the S-CO2 system because the temperature difference 

between loop and tank can results in thermal stress and two 

phase flow problem. As a result, initial temperature of inventory 

tank should be identical with point where inventory tank is 

connected to the loop. From the comparison results of three 

control schemes, CO2 inventory should be charged or 

discharged at the compressor outlet as proven in control scheme 

3. The initial temperature of low pressure and high pressure 

inventory tank should be determined as 142oC which is the 

outlet temperature of MMR compressor at the design point. The 

third assumption can be also applied to S-CO2 part load 

condition. Figure 8 represents equilibrium pressure of 

GAMMA+ code at compressor outlet with respect to part load 

condition after an infinite volume of inventory tank is 

connected. The figure shows that almost linear dependence 

between part load and equilibrium pressure until 20% so that 

the part load operation using finite volume of inventory tank 

will be limited to 20% part load as a lower boundary. Therefore, 

current part load can be estimated from the current equilibrium 

pressure of compressor outlet. 
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Figure 8: Equilibrium pressure after inventory tank is 

connected 

 

The final assumption is partially proven in S-CO2 systems as 

shown in Figure 9. The figure shows almost constant pressure 

ratio of compressor with respect to part load condition when 

infinite volume of inventory is applied. In short, except the first 

assumption, other three assumptions can be applied to S-CO2 

cycles. 
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Figure 9: Pressure ratio of compressor along to part load 

condition 

 

Compared to equation (1) and (2), equilibrium state of MMR 

loop with inventory tanks cannot be expressed in a single 

equation. Instead of formulating equation, calculate equilibrium 

state can be calculated from NIST database. Figure 10 shows 

the flow chart how the equilibrium pressure of MMR is 

obtained. This calculation process is implemented in MATLAB. 
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Figure 10: Flow chart to obtain equilibrium pressure of S-CO2 

cycle 

 

Basically, there are three parameters (Initial pressure, 

temperature and volume of inventory tank) for deciding 

equilibrium condition. In case of MMR system, transportability 

is the prior factor so that volume has to be constrained and then 

initial temperature is determined as the compressor outlet 

temperature to minimize thermal stress as mentioned earlier. 

Thus, only initial pressure is the parameter to confirm whether 

the finite inventory tank can have capability: 100-25-100% load 

change with ±5% per minute rate.  

At first, LP tank’s volume for discharging inventory is 

constrained for 5% of total external volume of MMR which is 

7m for axial length and 3.9m for diameter (83.6m3). Therefore, 

the equilibrium pressure results with respect to initial pressure 

of inventory tank. The calculation is based on 4.19m3 volume of 

inventory tank and an isothermal condition was assumed as 

shown in Figure 10. The small discrepancy is due to LP 

inventory tank is not going through isothermal process. 

Nevertheless, the MATLAB code shows reasonable predictions 

on the equilibrium pressure.  
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Figure 11: Equilibrium pressure with respect to initial pressure 

of LP tank 

 

From Figure 11, initial pressure of LP tank should be less than 

2MPa to receive the excessive inventory for reducing load 

down to 25% level. According to Figure 8, MMR has 20% part 

load at around 8MPa of equilibrium pressure. On the other 

hand, the HP tank for charging inventory to the loop should 

recover the equilibrium pressure from 25% part load condition 

(8MPa) to 100% full load condition (20MPa). At the first 

calculation, 30MPa for an initial pressure of HP tank and 

4.19m3 showed marginal equilibrium pressure about 21MPa as 

shown in Figure 12. The marginal equilibrium pressure can 

cause slow response when load is increased because pressure 

difference between inventory tank and loop becomes small. 
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Figure 12: Equilibrium pressure with respect to initial pressure 

of HP tank 

 

To resolve the marginal equilibrium pressure problem, 

increasing initial pressure can be a solution but too high initial 

pressure of inventory tank can require strong structure material. 
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Hence, instead of increasing initial pressure of HP tank, 

increasing volume of HP tank can lead to more reasonable 

enhancement. From MATLAB calculation, 8.36m3 volume and 

30MPa initial pressure showed 24MPa equilibrium pressure. As 

a result, HP tank is decide to have 8.36m3 volume. 30MPa for 

initial pressure and 142oC for initial temperature. 

 

PART LOAD OPERATION RESULTS WITH FINITE 

VOLUME OF INVENTORY TANKS  

   From the part load simulation with infinite volume of 

inventory tanks, it can be seen that only control scheme 3 is 

available to meet the part load requirement. First, part load 

results (100-25-100% with 5%/min rate) with control scheme 3 

using finite volume of inventory tanks will be presented. 
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Figure 13: Grid load and net power results applying control 

scheme 3 with finite inventory tanks 
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Figure 14: Turbine rotational speed result applying control 

scheme 3 with finite inventory tanks 
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Figure 15: Temperature results applying control scheme 3 with 

finite inventory tanks 
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Figure 16: Pressure results applying control scheme 3 with 

finite inventory tanks 
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Figure 17: Mass flow rate results applying control scheme 3 

with finite inventory tanks 
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Figure 18: Part load efficiency of control scheme 3 and 4 

Part load results with control scheme 3 using finite inventory 

tanks show some oscillations in the value, which can result from 

that control scheme 3. Nevertheless, this control scheme has 

potential to have fast response because transferred mass flow 

rate is small as indicated in Figure 17. By optimizing controller 

gains, it could be equipped with fast response. In Figure 15, 

temperatures of inventory tanks are not varied substantially, so 

that isothermal process assumption seems to be reasonable. In 

Figure 16, when load is decreased LP pressure is increased for 

receiving inventory from the loop and when load is increased 

HP pressure is decreased for providing inventory to the loop. In 

terms of part load efficiency, from Figure 18, it is noticeable 

that control scheme 3 is the most efficient control scheme than 

other schemes. 

CONCLUSIONS 

MMR has been designed to provide electricity to a remote 

region by adopting transportable nuclear system concept. 

Autonomous regulation is another requirement of MMR 

because it will be operated in a remote region. From this 

demand, various control schemes are evaluated in terms of 

response and efficiency. Based on the part load results using 

infinite volume of inventory tank, initial thermodynamic states 

of inventory tanks can be determined and the finite inventory 

tanks are again applied to the three control schemes. 

The results showed that among four control schemes 

control scheme 1 and 2 are inadequate due to its slow response. 

Especially, control scheme 3 has the highest part load efficiency 

because no bypass control is adopted but its response time is 

not so fast. Furthermore, inventory controller’s parameters such 

as valve area, and variable controller’s gains will be studied to 

treat fast transient demand. 

NOMENCLATURE 

xL: Lower limit 

xU: Upper limit 

M0: Initial mass of MMR loop 

M1: Initial mass of inventory tank 

y: Ratio of the cycle HP to the initial pressure of the tank 

ω: Pressure ratio of the closed gas cycle 

PHigh: Current Pressure at compressor outlet 

PHigh,0: Nominal Pressure at compressor outlet 

Wnet: Current Net Power 

Wnet,0: Nominal Net Power 

P0: Initial compressor outlet pressure 

P1: Initial pressure of inventory tank 

T0: Initial compressor outlet temperature 

T1: Initial temperature of inventory tank 

V1: Volume of inventory tank 

ρeq: Equilibrium density between loop and tank 

Teq: Equilibrium temperature between loop and tank 

Peq: Equilibrium pressure between loop and tank 
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