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Abstract. Interest in supercritical CO2 power cycles is constantly 

increasing, showing good efficiency, and promising competitive costs and 

enhanced flexibility with respect to competing systems. Some project within 

the EU Horizon 2020 program have studied these systems and aim to 

demonstrate them in large scale, following the example of the STEP project 

in US. This work is part of the effort of the SOLARSCO2OL project to build 

a sCO2-CSP power demo plant at MW scale.  

A dynamic model of a simple recuperated sCO2 cycle is developed in 

TRANSEO, using miniREFPROP to compute fluid properties, and table of 

properties are implemented, when possible, to enhance the performance of 

the code. Control logics is described and simple controllers implemented.  

Finally, controllers are tested showing the response of the main parameters 

of the plant to a ramp variation of the load. Stable compressor inlet pressure 

is achieved with an inventory control, while a stable turbine inlet 

temperature allows a high efficiency in part-load operation. 

1 Introduction 

The use of supercritical CO2 (sCO2) for power application has become an important trend 

in research and development in the last decade. Starting from closed cycles applied to nuclear 

power plants [1], the topic has been revived and further applications has been investigated 

and studied [2], such as integration with waste heat recovery (WHR) [3], concentrated solar 

power (CSP) [4], and use for energy storage [5]. It is a promising technology for which it is 

foreseen a high efficiency and especially high flexibility in the production and rapid 

adaptation to part-load needs, characteristics required in the modern energy market. 

Previous studies investigated the behaviour of sCO2 cycles in part-load, as also reported 

in [2]. Inventory control is often shown to be efficient, despite slow and with possible stability 

implications [6]. Control of main mass flow trough compressor speed in a double shaft 

configuration is efficient and suggested in [7]. A part-load study for WHR can be found in 

[3], while an application to CSP of a part-load study is [8]. 

The present analysis follows previous works made within the SOLARSCO2OL EU 

project on the part-load analysis [9] and control strategy [10] of the demo cycle to be installed. 

In the present paper, after a presentation of the demo-cycle and the project aims, the dynamic 
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model developed is briefly presented, along with method to speed up the simulation. 

Preliminary controllers are implemented and analysed, followed by the analysis of a response 

of the main parameters of the plant to a ramp change in the load. 

2 The Demo-Cycle and the SOLARSCO2OL Project 

The SOLARSCO2OL [11] Horizon2020 European project aims at the installation and 

demonstration of a first-of-a-kind MW-scale sCO2 plant coupled with CSP in Europe. The 

sCO2 demo plant will be installed at the premises of the University of Evora and coupled 

with a pre-existing CSP plant using molten salts (MS) as heat transfer fluid. 

The MS are heated up by the solar concentrator and then stored in a hot tank. Then, their 

temperature is further increased by an electric heater before entering two MS-sCO2 heat 

exchangers to transfer heat to the actual sCO2 plant. 

The demo cycle is a simple recuperated supercritical Brayton cycle evolving CO2. The 

compressor inlet conditions are fixed at 83 bar and 33°C, close to the critical point of CO2 to 

reduce the compression work. The turbine inlet temperature is equal to 565°C and the 

maximum pressure is 188 bar. The recuperator effectiveness is set at 80%. This solution has 

a cycle efficiency of 21.3%. However, the study by Guedez et al. [11] demonstrated that an 

upscaled version of this concept could reach an efficiency higher than 31%, and adding 

recompression to the plant could lead to almost 50%. 

3 Modelling approach 

A dynamic model, described in previous works [9][10], was developed to study the off-

design behaviour of the sCO2 plant using TRANSEO [12], a simulation tool developed by 

TPG and based on the MATLAB-Simulink environment. The model simulates compressor, 

turbine, sCO2-sCO2 recuperator, two MS-sCO2 heat exchangers (i.e., the heater), 

compressor anti-surge valve (ASV), cooler bypass valve (BCV), turbine bypass valve (BTV) 

and throttling valve (TTV). At this stage, the cooler is modelled as ideal by imposing 33°C 

at the compressor inlet. 

 
Figure 1 - SOLARSCO2OL demo plant layout 

In the previous versions of this model, miniREFPROP [13] was integrated with 

MATLAB-Simulink and used to compute accurately the properties of CO2 in each 

component. However, this approach was computationally intensive given the number of 

required iterations. To improve the speed of the model, miniREFPROP was used offline to 

create tables which map a grid of pressure p and temperature T pointing to various properties 

of CO2. The tables were then implemented within some of the model components. Since the 
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tables have a lower accuracy close to the critical point, they were only used in the models for 

the turbine, recuperator, and heaters, which are not expected to work in its proximity. Each 

one of these components computes the thermophysical properties at the desired p and T by 

interpolation, by fitting a plane through the four nearest p-T points on the mesh. As more 

precision was necessary close to the critical T and p, these tables used uneven spacing in p 

and T in order to maximize the density of the mesh near the critical point while minimally 

impacting the table size. The table spacing was determined by increasing the spacing until 

the error at the midpoint between each step exceeded 0.2% of its actual value for any of the 

properties. This error tolerance was still lenient in areas where the properties had very large 

variations, such as near the critical point. Therefore, outside of the table bounds, as well as 

very close to the critical point (p<9 MPa and T<330.153 K), miniREFPROP was called 

directly. Table 1 shows the reduction of computation time that is achieved using the tables, 

in terms of computation time ratio RCT, alongside the error ε in each operating condition. RCT 

is defined as the ratio between computation time when using the tables and the one obtained 

when using miniREFPROP.  

Analysing Table 1, the recuperator shows the highest improvements in terms of RCT, 

being the component with the highest number of calls to compute properties. The errors are 

always lower in the “Out” case, which means that many properties can be outside of the table 

bounds, and thus computed through miniREFPROP; anyway, the RCT is below 1 since some 

properties can still be computed through the corresponding table. The “Nom” and “Near” 

cases show similar results, meaning that the dimension of the tables has a small impact on 

the computation time, and that the speed improvement comes from avoiding on-line 

miniREFPROP calls. 

Table 1 - Error and RCT by Component (“Nom” = Nominal conditions, “Out” = outside the table’s 

range, “Near” = near the critical region, but within the table’s bounds). 

 Heater Recuperator Turbine 

 Nom Near Out Nom Near Out Nom Near Out 

ε Tcold,out [K] -6.6e-3 -8.1e-4 3.4e-13 0.11 0.030 0.016 n.a. n.a. n.a. 

εmax Tcold,out [K] 1.4e-2 4.8e-3 -3.7e-6 0.12 0.044 0.016 n.a. n.a. n.a. 

ε Thot,out [K] n.a. n.a. n.a. 0.048 0.010 0.016 -0.031 -0.052 0.00 

εmax Thot,out [K] n.a. n.a. n.a. 0.048 0.021 0.016 -0.031 -0.036 0.00 

ε ṁhot,out [K] n.a. n.a. n.a. n.a. n.a. n.a. -3.8e-3 -1.2e-3 0.00 

εmax ṁhot,out [K] n.a. n.a. n.a. n.a. n.a. n.a. -4.9e-3 -2.0e-3 0.00 

RCT [-] 0.36 0.37 0.83 0.029 0.030 0.44 0.442 0.414 0.90 

4 Control development 

During the operation of the plant, it is necessary to maintain a safety margin from the CO2 

critical conditions in the compressor. To do this, inlet pressure and temperature must be 

always kept as close as possible to the design point, even during transients. Moreover, 

compressor surge must be prevented. Even if the compressor model does not simulate the 

effect of surge, it computes the surge margin Kp, defined as the ratio between the current 

mass flow and the mass flow on the surge line at the current pressure ratio. It is assumed that 

values of Kp over 1.1 ensure safe operation of the compressor. 

Given all these constraints, it is necessary to design a control philosophy able to regulate 

the plant and guarantee an efficient and safe operation. Based on previous off-design 

analyses, a control strategy was proposed by Gini et al. [10], which is resumed in Table 2.  
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Table 2 - Control philosophy. 

Controlled variable Manipulated variable 

Plant net power (Pnet) Compressor speed 

Turbine inlet temperature (TT,in) MS mass flow rate 

Compressor inlet pressure (pC,in) Total CO2 mass in the loop 

Compressor inlet temperature (TC,in) BCV opening 

 

In this study, the controllers of Pnet, TT,in and pC,in are designed, implemented and tested 

on the dynamic model. Since the cooler is modelled as an ideal component, the controller of 

TC,in was not included.  

In an off-design analysis in a previous work [10] the authors found that a control with a 

constant turbine inlet temperature leads to higher cycle efficiency; moreover, avoiding great 

temperature variations, a faster response is expected. For this reason, a simple feed-forward 

controller determines the MS mass flow necessary to reach the required TT,in, kept to the 

design value, as a function of the CO2 mass flow entering the heat exchangers. Figure 2 shows 

the data implemented into the feed-forward controller, in terms of percentage of the full load 

(FL) values. Another feed-forward controller is used to change the compressor rotational 

speed based on the net power demand. Later on these controllers can be integrated with a 

feedback loop to increase the precision.  

 
Figure 2 - TT,in feed-forward controller. 

The pressure control is guaranteed by a simple feedback on-off controller, which changes 

the internal mass of the loop if the difference between actual pressure and its setpoint (83 bar) 

exceeds a certain limit (± 0.05 bar). If the pressure is too low, more CO2 is introduced from 

the inventory, and if it is too high, some CO2 is expelled through a venting valve. According 

to the plant requirements, the control can be considered effective if the pressure is always 

kept within ± 0.75 bar from the setpoint value. Two different solutions have been considered 

for this analysis: Case I, where the introduced/vented mass flow is equal to 0.1 kg/s, and 

Case II, where it is 0.2 kg/s. 

5 Results 

First of all, the model was used to simulate the full load (FL) condition. In this case, the 

ṁCO2 circulating in the plant is equal to 20.65 kg/s, and the ṁMS to be provided to the heater 

is 19.35 kg/s. The simulation showed a generated net power Pnet of 1456 kW with an 

efficiency η of 21.64%. Then the model was used to define the off-design performance of the 

plant, changing the compressor speed between 100% and 60% of its FL value. 
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Figure 3 shows the values of η, normalised over FL conditions, with respect to the 

variation of Pnet. Finally, the model was used to simulate the transient operation of the plant 

and to verify the proper operation of the control logics. To do this, tests were carried out in 

different conditions, varying the net power of the plant from 100% to 50% of the FL value. 

The power variation follows a ramp performed over 15 minutes. Some of these tests were 

designed also to analyse the behaviour of the plant without some of the controllers. Table 3 

shows the conditions adopted in each test. The cases of the pC,in control refer to the two 

possible solutions presented in Section 4. 

During each test, the ramp variation of Pnet setpoint translates into a variation of the 

compressor speed. This allows to change the mass flow rate of CO2 in the whole cycle, which 

is what actually drives the net power variation, and, as a consequence, the variations of 

pressure ratio in the closed cycle and of temperature at the turbine inlet.  

 
Figure 3 - Efficiency variation at part load 

Table 3 – Conditions of the different transient tests. 

Test case Load Variation Ramp duration pC,in control TT,in control 

test a  100% → 50% 900 s Case I Yes 

test b  100% → 50% 900 s Case II Yes 

test c  100% → 50% 900 s No Yes 

test d  100% → 50% 900 s Case II No 

 

 
Figure 4 - Compressor Inlet Pressure with and without control implementation 
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Figure 4 shows the pC,in during the tests. Test ‘c’ shows the uncontrolled behaviour of the 

pressure, with a variation of 4 bar in response to a variation of 50% of the load. Tests ‘a’ and 

‘b’ show the effectiveness of the implemented pressure control. In particular, test ‘a’ shows 

that with a CO2 mass venting of 0.01 kg/s (Case I) the pressure value deviates from the 

setpoint value during the ramp, but always within the limit of ±0.75 bar. This deviation is 

quickly reduced to almost zero at the end of the ramp. On the other hand, test ‘b’ shows that 

a mass variation of 0.02 kg/s (Case II) leads to a stable operation of the compressor with a 

pC,in equal to 83 bar. However, this is achieved through a sudden and sometimes continuous 

shifts between introduction and venting of CO2. 

Figure 5 shows the surge margin behaviour during the same tests. The curve of test ‘b’ 

makes evident the alternating behaviour of the pC,in controller. It is important to recall that 

values over 1.1 represent a safe operative condition. Thus, since values of Kp lower than 1.1 

were reached during all tests, further simulations will be necessary to include the effect of 

the anti-surge valve. 

 
Figure 5 - Surge Margin with and without control implementation 

 
Figure 6 - Turbine Inlet Temperature with and without control implementation 

Figure 6 shows the effectiveness of the control on TT,in control, obtained through the 

correlation between CO2 and molten salts mass flow rates at the inlets of the heaters. 

comparing the results of test ‘b’ with the ones of test ‘d’, which shows the behaviour of the 

temperature without a controller. In this case the TT,in tends to the temperature of the molten 
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salts, fixed at 580°C. It is important to clarify that, if a reliable measurement of the CO2 mass 

flow at the heater inlet were not available in the real system, a different controller should be 

implemented, like a PID following the TT,in setpoint. 

6 Conclusions 

The paper presents the implementation of the controls for the compressor inlet pressure 

and the turbine inlet temperature of a simple recuperated sCO2 cycle.  

The model is described, and tables to compute fluid properties are presented. These help 

to reduce the computation time, and rely on the off-line use of miniREFPROP.  

The control on the compressor inlet pressure is an on-off variation of a mass flow rate 

from the inventory or to venting, and it allows to control the pressure through a variation of 

the total mass of the plant. It effectively allows a stable operation of the compressor until 

about 60% of load. After that, the surge margin breaks the safe region and a different control 

should be foreseen, for instance an intervention of the anti surge valve. Moreover, to avoid 

sudden variation of the control variable, a PID will also be analysed in a further study. 

The control on the turbine inlet temperature is a feed-forward to control the molten salts 

mass flow rate given a variation of the mass flow rate of CO2 entering the turbine. It 

effectively controls the temperature in all the conditions in which it is applied.  
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