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Nowadays many countries are trying to use more renewable sources of energy instead of 

fossil fuels. That is why new technologies should be developed and improved to fully take 

advantages of using renewable sources of energy. The Organic Rankine Cycle (ORC) is a 

perfect match for these operations. It can be used for the recovery of low-grade energy.  

This thesis presents basic information about ORC systems. The characteristics of working 

fluid MDM are presented. The main target of this work is to perform the generic dynamic 

modelling of the ORC system using Apros. The dynamical model was built using the 

parameters of the existing micro-ORC system in Lappeenranta – Lahti University of 

Technology LUT. Possibilities of Apros and modelling methods are described and discussed. 

Modelling results of each system component are presented. Finally, the results of the generic 

model performance are presented.  
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SYMBOLS AND ABBREVIATIONS 

Latin alphabet 

A coefficient 

Cp heat capacity       J/kg·K 

D diameter        m 

E rate of entrainment 

F friction        N/m3 

G mass flux       kg/m2s 

g acceleration of gravity      m/s 

h specific enthalpy      J/kg 

K heat transfer coefficient     W/m2K 

Ki interfacial heat transfer coefficient     kg/m3s 

n rotation speed       rpm 

P power        kW 

p pressure       Pa 

Q heat flow/volume      W/m3 

R rate of stratification 

T temperature       °C 

t time         s 

u velocity        m/s 

Xe equilibrium steam mass quality 

Greek alphabet 

α volume fraction of a phase 



 
 

Δ difference 

Γ phase change rate       kg/m3s 

η dynamic viscosity       kg/m·s 

ηcycle cycle thermal efficiency      

λ thermal conductivity       W/m·K 

ρ density         kg/m3 

Dimensionless numbers 

Nu Nusselt number 

Pr Prandtl number 

Re Reynolds number 

Superscripts 

* total 

Subscripts 

Ch Chen correlation 

cond condenser 

cr critical 

ev evaporator 

fl form loss 

g gas phase 

H hydraulic 

i interface 

k phase (either liquid or gas) 

l liquid phase 



 
 

n non-condensable gas 

ne flow without entrainment 

out outlet 

pu pump 

s stratified flow 

sat saturation 

Sh Shah correlation 

t turbine 

va valve 

w wall 

Abbreviations 

DEMO  Demonstration Fusion Power Plant 

HRSG  Heat Recovery Steam Generator 

LNG  Liquified Natural Gas 

LUT  Lappeenranta – Lahti University of Technology  

OC  Operation condition 

ORC  Organic Rankine Cycle 

R&D  Research and Development 
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1 INTRODUCTION 

1.1 Background 

Nowadays, energy consumption is increasing every year. Most of the thermal energy is 

generated by burning different types of fuels and nuclear reactions. However, a significant 

part of low-grade energy is used extremely inefficiently. In recent decades, renewable 

sources of energy such as biofuels, solar power, geothermal energy (hot springs, geysers) 

have become more and more widespread.  

Organic Rankine Cycle (ORC) is increasingly used for the recovery of low-grade energy. 

This cycle type is more preferable to use when the temperature from the heat source is limited 

and using gas or steam cycles is inconvenient. Using water as a working fluid for low-

temperature power output systems (temperatures below 500 °C) due to the steam properties 

will lead to multistage turbines with the high cost and liquid formation throughout the 

expansion. This will affect the plant arrangement and cycle efficiency. Using the ORC with 

proper alternative working fluid becomes desirable in case of small/medium power 

generation due to the simple plant layout with a modest turbine. (Macchi et al. 2017) 

ORC systems manufacturers appeared on the market since the 1980s. There are two major 

manufacturers regarding installed systems and total power (Tartière and Astolfi 2017): 

1. ORMAT – 1102 ORC systems; 1701 MW 

2. Turboden – 267 ORC units; 363 MW 

There are also many companies which appear on the ORC market with low-capacity units. 

However, they have not achieved enough technical maturity yet for large-scale competitive 

commercialization. 

The ORC market is spreading fast. The first installed commercial ORC plant was in the 

1970s and after there was an exponential growth of installed ORC. Figure 1 shows the 

growth of installed power and the number of plants from the 1980s to 2012. 
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Figure 1. The growth of the number of plants and installed power (Quoilin 2013) 

At the beginning of 2017, the ORC technology had total installed power 2701 MW and 1745 

units. Figure 2 shows the total installed power and the total number of units divided by 

application and manufacturer. It can be seen that the main field of application is geothermal 

and ORMAT is the world leader among other manufacturers.  

 

Figure 2. Total ORC technology per application and manufacturer (Tartière and Astolfi 2017) 

ORC is the proven technology for geothermal power, biomass CHP and waste heat recovery. 

However, it is not widespread technology for solar applications. The systems usually 

installed in the MW power range, and there are only a few plants in the kW power range. 

(Tartière and Astolfi 2017)  

Figure 3 shows how the installed capacity per application was changing yearly. Geothermal 

application has always been the most significant type among other types of application. In 

2016, a decrease in installed capacity occurs due to the decrease in electricity price and the 

increase of other renewable sources of energy such as wind and solar.  
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Figure 3. Changes of installed power per application over time (Tartière and Astolfi 2017) 

In last decades ORC has become a subject of a huge number of researches. Several studies 

are focused on working fluid choice. Vivian et al. (2015) made a design of four ORC 

configurations. All of them were operated with 27 types of working fluids for recovering 

heat from the heat source at 120, 150, and 180 °C. Their studies show that working fluid 

selection depends on the difference between the critical temperature and the heat source 

temperature. Xu and Lu (2013) investigated how the supercritical ORC performs with 

several fluids, such as R236fa, R134a and R218. The heat source temperature was 150 °C. 

According to this work, R218 has the lowest maximum cycle efficiency. R236fa and R134a 

have approximately the same maximum cycle efficiency – 13%. The author discovered that 

fluids that have Ths,in – Tcrit > 78 °C are less suitable for investigating the maximum power 

output. Invernizzi et al. (2007) investigated the ORC and different working fluids. This work 

focuses on the predesign of a micro-combined cycle with the regenerative micro-gas turbine. 

The investigated ORC system recovers heat from the heat source (exhaust gases) in the range 

of 250-300 °C. Work aims to find the most suitable fluid according to environmental and 

technical issues. Using esamethyldisiloxane as a working fluid shows good results and 

electric efficiency can be increased from 30% to 40%. Tchanche et al. (2009) presented a 

fluid choice for a low-temperature solar ORC. This system uses hot water with a maximum 

temperature of 90 °C as the heat source. The investigated fluids were compared by pressures, 

volume flow rate, mass flow rate, cycle heat input, efficiencies, environmental and safety 

data. The overall result is that R600a, R134a, R290, R152 and R600 are the most appropriate 
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for low-temperature operations with a maximum temperature of 90 °C. Ongoing research 

and development (R&D) focus on the problem of working fluid selection as well as ground-

breaking cycles architecture. Table 1 shows the advanced configurations for the next 

generation ORC systems. 

Table 1. Next-generation ORC systems (Quoilin et al. 2013) 

Configuration Performance improvement, % 

Transcritical cycle 8 

Zeotropic mixtures (components that have 

different boiling points) 
Up to 16 

Regenerative cycle 14 

Cascade cycle N/A 

Two-phase expansion cycle N/A 

Cycle with reheating 4 

Multiple evaporation pressures 16 

 

Several numbers of studies are investigated the economic and thermodynamic efficiency of 

ORC. Quoilin et al. (2011) investigated the economic and thermodynamic optimization of a 

small-scale ORC system for recovering waste heat. For optimizing the thermodynamic 

operating an optimal evaporating temperature should be found to maximize the output 

power. However, the optimal evaporating temperature is lower than the temperature of the 

heat source. According to thermoeconomic optimization, high temperature of evaporation 

should be chosen. This will bring increasing of the high-pressure vapour density and 

decreasing of the expander and evaporator costs. According to both optimizations, n-butane 

can be chosen as optimal fluid. Shuster et al (2010) analyzed supercritical ORC with the 

initial heat source temperature – 210 °C. During this analysis sub- and supercritical 

conditions were done for the same parameters and compared. The maximum thermal 

efficiency of the supercritical cycle is 14,4% and of subcritical is 13,3%. It means that the 

improvement of the efficiency is 8%. This improvement is connected with the decreasing of 

exergy losses and decreasing of exergy destruction. The supercritical condition has lower 

exergy losses. Shuster et al. (2020) also made an investigation of the design and 

thermodynamic optimization of ORC with radial turbines using mean-line models. The 
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turbine has an inlet temperature – 150 °C. These models allow predicting the efficiency of 

the turbine that can be obtained and the necessary number of stages at the cycle design phase. 

Chen et al. (2006) compared the transcritical CO2 power cycle with ORC using R123. Both 

cycles have the low-grade heat source with 150 °C temperature. The conclusion is that the 

transcritical CO2 power cycle shows insignificantly higher power output than ORC. 

However, the transcritical CO2 power system is more compact and better for the environment 

than the system with organic working fluid. 

Many authors present works about the design and performance of ORC, and comparison of 

different architectures and components of ORC systems. Hoang (2018) presented an 

overview of the component design and economic profitability of the ORC system which can 

be used to recover waste heat from diesel engines. The most significant parameters in 

calculation and design are the mass flow rate and temperature of waste heat source. The most 

appropriate heat source for recovery is the exhaust gas. The diesel engines with power output 

less than 20 kW have a low value of exhaust gas mass flow rate which makes them not 

appropriate for ORC system embeddedness. Ziviani et al. (2014) made a guide for 

developing powerful and effective ORC design models with R245fa as a working fluid. 

Figure 4 presents the results of the authors’ work. This figure presents the comparison 

between experimental data and the results of the simulated model. The trend of the simulated 

ORC system shows sufficient compliance with the measured data. The divergence between 

experimented and simulated values within acceptable limits.  

 

Figure 4. Experimental and simulated values of the ORC system (Ziviani et al. 2014) 

Lecompte et al. (2015) reviewed several ORC system configurations for waste heat recovery. 

Jiménez-Arreola et al. (2019) made a comparison of using two types of evaporators in ORC: 
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direct and indirect. The indirect evaporation can decrease the heat fluctuations, which leads 

to a reduction of abrupt changes in boundary conditions. Direct evaporation has higher 

thermal efficiency. Manente et al. (2017) suggested design guidance to choose the single-

stage or two-stage (dual pressure) arrangements. The two-stage arrangement of ORC system 

does not have any significant profit in system efficiency. The single pressure layout is better 

to choose from. In the case when the heat source inlet temperature is lower than the critical 

temperature of the working fluid the dual pressure can be chosen. Jiang et al. (2017) 

investigated the overall performance of a small-scale pumpless ORC system. This system is 

operated on a low-temperature heat source. Pumpless ORC system shows significant 

improvement compared to authors’ previous prototype of conventional small-scale ORC 

system. Improvements may be seen in exergy efficiency, energy efficiency and power 

output. This type of ORC system can be used in low-grade heat utilization.  Rech et al. (2017) 

compared utilizing single-stage and two-stage ORC for waste heat recovery from the engines 

onboard Liquified Natural Gas (LNG) carrier. Both systems worked with R245fa fluid. The 

results show that supercritical architecture has perfect operation among the two-stage ORC 

systems. 

Works about modelling and simulation also should be mentioned. However, studies about 

the dynamic modelling and control of the ORC systems share less than 10% of the total 

number of studies in the open literature. Imran et al. (2020) made a review of the dynamic 

modelling and control of ORC systems. The following conclusions were made: 

• The dynamics of ORC is mainly determined by heat exchangers. 

• Dynamic changes in working conditions lead to the performance lag a large of which 

accounted by heat exchangers.  

• The control of ORC plays a significant role in system operation and safe operation. 

Advanced control algorithms should be used. 

Hu et al. (2015) analyzed the off-design performance of ORC in the view of control 

strategies. Authors compared the sliding pressure performance, the constant pressure 

performance and the optimal control strategy to figure out their differences. The results show 

that at a low fluid mass flow rate, the constant pressure with variable guide inlet vanes 

produces more net power in compare with sliding pressure performance. The optimal control 

strategy depends on the off-design performance of such components as evaporator and 
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turbine. Landelle et al. (2017) made an extensive open-access database that includes more 

than 100 ORC experiments collected from 175 literature references. This database includes 

experiments with temperature heat source ranges from 60 °C to 600 °C. Most ORC systems 

have R245fa as the working fluid. Park et al. (2018) reviewed experimental data trends of 

ORC. Most of the published experiments were made with micro-and mini-scale ORC 

systems with output power less than 10 kWe. The main components of ORC such as 

expander and pump were considered. The connection between components efficiency and 

power scale was pointed up. Two study cases were compared: closed source case and open-

source case. For the closed source case highest efficiency could be obtained with subcritical 

ORC using R245fa as a working fluid. The highest efficiency in the open-source case could 

be achieved with a transcritical ORC with R404a. Influence on ORC operation of such 

parameters as expander efficiency, power scale, hot temperature, use of regenerator and 

lubrication were analyzed. The expander efficiency shows the highest influence on ORC 

operation. Lubrication has negligible effect. Poles and Venturin (2007) simulated ORC using 

Scilab. The numerical solver for simulation of steady-state solutions of the ORC systems 

was presented and described. The numerical solution for the circuit is not easy due to the 

nonlinearities. During the solution, precise attention should be paid to the constitutive laws 

gained by interpolation and extrapolation of the data. This is done to decrease the errors 

between theoretical laws and experimental data. 

Since this work is related to the Apros, it is worth mentioning researches made using this 

software. Though, there are not so many researches and works about Apros in free access 

and open literature. Alobaid et al. (2008) investigated and modelled the combined cycle 

power plant using Apros. The calculations, models, and dynamic simulation of existing 

HRSG were described. Using Apros for modelling shows the results of high accuracy. 

Szógrádi et al. (2020) made dynamic modelling and analysis of the helium-cooled 

Demonstration Fusion Power Plant (DEMO) with an auxiliary boiler in Apros. The model 

made by Apros shows a good and satisfying performance. Leskine et al. (2020) modelled 

the helically coiled steam generator using capabilities of Apros. New correlations were 

implemented into Apros. These new calculation models demonstrate reasonable accuracy. 
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1.2 Structure of the thesis 

This thesis is focused on investigating the ORC systems. The theoretical part of the thesis is 

presented in chapters 2, 3, 4. This part provides general information about ORC systems. 

Chapter 2 provides general theoretical information about ORC systems and working fluids. 

Chapter 3 describes the technical components of ORC systems and their variations. Chapter 

4 presents the principles of dynamic modelling and modelling of different components. 

Experimental part aims to build the generic model of the ORC system by special software 

and check its performance. Chapter 5 is the first chapter in the experimental part of the thesis. 

It contains a description of the existing micro-ORC system in LUT which parameters are 

used for building the generic model. Chapter 6 presents a description of the modelling 

software – Apros. Simulations of the components and full ORC system are presented in 

Chapter 7. Chapter 8 describes the results of obtained from the simulation of the full ORC 

system model. Chapter 9 contains the conclusion. 
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2 THEORETICAL BACKGROUND OF THE ORGANIC RANKINE 

CYCLE SYSTEMS 

2.1 The Organic Rankine Cycle principles 

The ORC has the same working principles as the steam Rankine cycles. It has four stages: 

1. Compression of fluid (in the feed pump) 

2. Vapour formation (in the evaporator) 

3. Expansion (in the turbine) 

4. Condensation (in the condenser) 

Figure 5 presents a simple ORC system with the main components. 

 

Figure 5. Simplified plan of ORC system with and without recuperation (Quoilin et al. 2013) 

The working principle is quite simple. The working fluid in a liquid state pumps by the feed 

pump to the evaporator, where it evaporates at high pressure. Then, the vapour enters the 

turbine where it expands and performs work. The turbine shaft rotates and drives an electric 

generator. The exhaust vapour is cooled in the condenser and the working fluid condensed. 

The working in the liquid state enters the feed pump and the cycle closes. Also, there are 

schemes with recuperator. In this case, the working fluid at the outlet of the turbine enters 

the recuperator. In recuperator, it gives away part of the thermal energy to the compressed 

fluid, which goes to the evaporator. (Belov and Dorokhova 2014) 

 



18 
 

2.2 Working fluid selection 

The working fluid choice depends on many factors, particularly on the energy source, range 

of temperatures and pressures and power unit. It is difficult to say clearly which properties 

of fluid have the greatest effect on the efficiency of the cycle. In general, when choosing the 

working fluid, the following considerations must be taken into consideration (Quoilin et al. 

2013):  

1. The specific work of cycle should be maximum for a given operating temperature 

range. The heat of vaporization should be as high as possible 

2. The low viscosity of the liquid and vapour phases should provide low friction losses 

and high value of the heat transfer coefficient 

3. The high thermal conductivity of the working fluid will provide effective heating and 

cooling it in the heat exchangers 

4. The pressure of the saturated vapour in the Rankine cycle should not be too low or 

too high. If it is very low or very high problems with creating vacuum may occur 

5. The working fluid should have thermal stability in the region of high temperatures. 

However, most organic compounds are exposed to chemical changes while heating 

and their properties also change 

6. The working fluid must not freeze up over the operating temperature range. The triple 

point of the working fluid must lie below the lowest cycle temperature 

7. The working fluid must not be toxic and flammable. It should not be harmful to the 

environment if it gets into it 

8. The working fluid should be inexpensive and easily accessible 

Working fluids can be divided into three main classes: wet, dry and isentropic. Negative 

saturation vapour curve which corresponds to wet fluid cause droplets in the last stages of 

expansion. In this case, vapour should be superheated before the turbine to prevent turbine 

destruction. On the positive saturation vapour curve which corresponds to dry fluid side, 

recuperator can be utilized to rise cycle efficiency (Quoilin 2013). The T-s diagram for fluid 

categories presented in Figure 6. 
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Figure 6. T-s diagrams for isentropic, wet and dry working fluids (Quoilin 2013) 

Maintaining the saturated vapour conditions before the turbine can help to obtain the 

maximum cycle efficiency in case of dry fluids. To increase the condenser loading and 

turbine outlet temperature the dry fluids should be superheated. These will not have a 

significant impact on the turbine power output. (Javanshir et al. 2017) 

The safety and environmental characteristics should be taken into account. The most 

important characteristics are toxicity, flammability and corrosiveness. These characteristics 

play a huge role in the plant operators’ health and environment. (Javanshir et al. 2017) 

2.3 Control methods for the Organic Rankine Cycle system 

The main control methods are connected with the parameters after the evaporator. Baccioli 

and Antonelli (2017) presented two control loops for the ORC system. Figure 7 shows 

control loops.  

 

Figure 7. Control loops for the ORC system (Baccioli and Antoneli 2017) 

The first loop is designed to control the temperature of the evaporation by changing the speed 

of the expander with the help of PI-controller. In reality, this control could be made by using 

built-in PI-controller of the inverter which controls the electric generator frequency. For 

controlling liquid level at the outlet chamber of the evaporator the second loop can be used. 

This variable can be controlled by changing the pump speed. PI-controller can also be used 
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to control the pump speed (Baccioli and Antoneli 2017). More about control presented in 

Chapter 4 and Chapter 7.  
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3 TECHNICAL OPTIONS FOR THE ORGANIC RANKINE CYCLE 

ORC can be used for various operations with different energy sources. It is quite suitable for 

small available heat output and medium temperatures heat sources. ORC systems have less 

complex arrangement due to the limited power output. Another reason for the simplicity of 

ORC has to do with the thermodynamic properties of working fluids. Using liquids with high 

complexity leads to a low-temperature drop along with the expansion, the turbine discharge 

temperature is higher than in steam cycles. In this case, recuperative cycles are usually 

introduced with less complex control and design of the system. (Macchi et al. 2017)  

There are four main classes of components in the ORC unit: 1) heat exchangers, 2) expander, 

3) pump, 4) generation unit. There also other components required for the stable and safe 

performance of the system and its control. This chapter contains a description of the main 

ORC plants units. 

3.1 Heat exchanger 

The heat exchangers in ORC systems are used for (Macchi et al. 2017): 

1. the process of introducing heat into the primary heat exchanger 

2. realizing heat to the environment in a condenser 

3. internal regeneration of thermal energy obtained from hot vapour is discharged by a 

turbine in a recuperator 

The type and construction of primary heat exchangers can be different. It depends on the 

application, working fluid and operating conditions of thermodynamic. There are several 

types of heat exchangers (Macchi et al. 2017): 

1. Shell and Tubes 

The general type of heat exchanger in the ORC systems and usually used for 

superheater components. The working fluid flows in the tubes to reduce the cost of 

the heat exchanger. Figure 8 shows the construction of Shell and Tubes heat 

exchanger. 
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Figure 8. Shell and Tubes heat exchanger construction (Macchi et al. 2017) 

2. Evaporator and water-cooled condenser 

Kettle boiler is the common type of evaporators in large plants with a liquid heat 

source. Kettle boiler is more expensive than Shell and Tube type. The price 

difference is since there are thicker shell and a large amount of fluid contained. 

However, this is a good solution for bigger power plants and systems because it 

makes it possible to control the quality of vapour (Macchi et al. 2017). The working 

fluid in subcooled condition enters in a separate section where it is preheated to the 

saturated state by mixing with the saturated liquid. Figure 9 shows the construction 

of the kettle boiler. 

 

Figure 9. Construction of kettle boiler heat exchanger (Macchi et al. 2017) 

The water-cooled condenser has a similar construction. Cooling water can be 

obtained from the environment (river, lake, sea, etc.). It also can be heat transfer fluid 

for district heating in the cogenerative back-pressure configuration, but this way is 

not common for the ORC systems (Macchi et al. 2017). The construction of the 

water-cooled condenser is shown in Figure 10.  
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Figure 10. Construction of water-cooled condenser (Macchi et al. 2017) 

3. Air-cooled condenser 

In some situations, water cannot be used as a cooling source (i.e. it can be not 

available). In such situations, ambient air is the only possible scenario. Air has a 

particularly low heat transfer coefficient and the condenser has to discharge a huge 

amount of the power unit to the environment (Macchi et al. 2017). Based on these 

facts it is obvious that the construction and design of the air-cooled condenser can 

vastly affect the plant economics. The share of power block cost could be around 

20%. Larger area results in decreasing of the condensation pressure and growing of 

the power output. Nonetheless, it results in greater equipment cost and greater fans 

electric consumption. Figure 11 shows the construction of the air-cooled condenser. 

 

Figure 11. Construction of air-cooled condenser (Macchi et al. 2017) 
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4. Recuperator 

The recuperator is highly important at when the temperature after the turbine is high 

and it is possible to recover this heat. It also very important when the minimum heat 

source temperature is high. There are several reasons why recuperative preheating is 

important (Macchi et al. 2017): 

• Achieve high efficiency 

• Limit the temperature differences 

• Reduce the heat release to the environment 

This component is placed after the turbine diffuser. The arrangement of the 

component is explained by the reduction of pressure losses in the piping between two 

components. 

5. Plate heat exchangers 

The Plate heat exchanger uses metal plates for transferring heat from one fluid to 

another. Figure 12 shows the basic idea of how Plate heat exchanger works. 

 

Figure 12. Flow principle of a plate heat exchanger 
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In small-scale ORC systems, Plate heat exchangers are more appropriate to use as 

evaporator or recuperator as they are more economical, have a higher value of heat 

transfer coefficient, easier to repair and maintain.  

3.2 Expander 

One of the main parts of ORC is the expander. According to the working fluid properties 

and the size of the plant, it may vary. There are two groups of expanders (Macchi et al. 

2017): 

1. Turbomachines 

Formed by an arrangement of stages. Each stage includes stator and rotor. This type 

of expanders is applicable when the power output varies from 100 kW to 15 MW. 

The most typical selection for ORC system in the case when the power output is 

higher than 0,5 MW is an axial turbine. 

2. Volumetric expanders 

In some cases, power output can be below 100 kW. In such cases, the design of an 

efficient turbomachine is troublesome, however, good efficiency can be obtained 

even when the power output is low. The usage of positive displacement devices can 

be profitable if the power output below 100 kW. In positive displacement device, a 

fixed amount of fluid is captured, expanded and discharged. The shaft work can be 

recovered due to the transformation of rotors movement into the rotating movement 

of the shaft.  

3.3 Pumps 

In ORC systems pumps are generally multistage centrifugal with a common design. The 

pump may have a consumption which can be a significant share of the turbine gross power 

output. It depends on the fluid choice, cycle design parameters and cycle arrangement, and 

can be 20-30% in supercritical cycles with high critical pressure fluids. To achieve high 

cycle efficiency pump efficiency should be designed accurately. In small size systems 

efficiency of the pump is significantly reduced which makes the effect more distinct. 

(Macchi et al. 2017) 
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3.4 Generators, gearboxes and power electronic system 

The main purpose of a generator is to convert mechanical energy into electricity. Usually, it 

is straight connected to the expander and rotates at the grid frequency. In the case of micro-

ORC systems, superfast radial inflow turbine should be used. The gearbox can be placed 

between the turbine shaft and the generator shaft. In case of extremely high rotational speed, 

the generator is normally connected straight to the expander. In this case, electric power is 

produced with a higher frequency than the grid one. To correct the frequency difference an 

AC/DC + DC/AC power system used. (Macchi et al. 2017) 
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4 DYNAMIC MODELLING AND CONTROL OF THE ORGANIC 

RANKINE CYCLE SYSTEMS 

A certain number of aspects such as working fluid, cycle configuration and type of the 

components can affect dynamic behaviour and control of the ORC system. The ORC 

component modelling based on three conservation equations for each component: 

momentum, mass and energy. There are two types of configuration which are commonly 

used: the standard Rankine cycle and the regenerative Rankine cycle. In some specific 

situations, more complicated configurations can be used. (Macchi et al. 2017) 

Dynamic modelling and simulation are obligatory parts of the system design. It makes 

possible: 

• Make most of the experiments at a low marginal cost 

• Improvement system designs during early design stages 

The system-level models used to examine the dynamic behaviour of the system. It helps to 

understand main characteristics such as the speed of response, response dynamics and 

delays. It also helps to analyze the response of the system to small step changes in the control 

inputs. The next step is to create a model-based control design. After that, the detailed model 

can be built and used to test the closed-loop operation of the controller by simulation. 

(Macchi et al. 2017) 

According to the computational time and accuracy, dynamical modelling can be divided into 

two classes (Imran et al. 2020): 

1. Data-driven.  

This type relies on system knowledge gained from measurements or previous 

simulations. To create highly efficient models, different computational methods (i.e., 

machine learning) can be used. However, the accuracy of the model depends on the 

quality of the data set 

2. Physics-based.  

This is a component level model which is based on the conservation laws: 

momentum, mass and energy. In this case, changes in the system configuration and 

operating in extreme conditions can be estimated more simply 
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4.1 Heat exchanger 

The heat exchangers have an impact on the ORC system dynamic behaviour. The heat 

exchangers have most of the operation lag because of dynamic changes in operating 

conditions. The reason is that the heat exchangers have a much larger time constant than the 

time constant of expander and pump. (Imran et al. 2020) 

In the case of two-phase flows heat exchangers, two modelling methods are ordinarily used. 

Conservation laws (mass, momentum and energy) underlie these methods defining the 

control volume (Imran et al. 2020): 

1. Moving boundary method.  

According to this method, many control volumes form heat exchanger fluid flow.  

The fluid can be in several states of matter such as liquid, vapour, two-phase and the 

number of control volumes is equal to the number of these states. During the transient 

operation, the control volume can change its size in real-time. Solving this method is 

a non-linear implicit problem which can results in convergence problems if the 

assumed values are not specified 

2. Finite volume method. 

In this method, the flow length of the heat exchanger is discretized into a specific 

number of cells. In these cells, the conservation equations for mass and energy are 

utilized. It is assumed that fluid properties are changed only in the flow direction   

Wei et al (2008) compared these two methods. According to their results, both methods can 

predict the dynamic operation of the ORC system adequately with 4% deviation from 

experimental data. The moving boundary method is faster than the finite volume method. 

Nonetheless, the finite volume method is more accurate in comparison with measured data 

than the moving boundary method. Besides, introducing the moving boundary method could 

more complex as it has complicated variable control volume lengths. Finite volume method 

is easier to introduce, and it can present supplementary parameters of the heat exchanger. 

As for modelling assumptions, the evaporator flow structure can nearly be approximated as 

an equivalent one-dimensional counter-current one. In the evaporator, the two phases 

velocity can be varied. Recuperator commonly shows up as one-dimensional counter-current 

heat exchanger, but can also be represented in different types 



29 
 

The most common modelling assumption for the condenser is that the condenser performs 

at fixed pressure and temperature values. In this case, the ORC system can be considered as 

an open-loop system. It means that the feed flow has prescribed initial temperature and 

pressure values, and the turbine discharges into another fixed pressure values. (Macchi et al. 

2017) 

The preferable condenser model should be used taking into account issues in the absence of 

conservation of the total mass of the closed-loop. This should be done if the condenser design 

and control play a significant role in the system design. As in the evaporator, similar one-

dimensional models can be utilized when the condensation occurs in a homogeneous model. 

In this model, the fluid moves along with the outlet of the condenser and the vapour fraction 

slowly declines. (Macchi et al. 2017) 

Shell and Tube condensers also can be used. In this case, there should be an association of 

Nusselt-type condensation and one-dimensional model of the coolant flow with zero-

dimensional models which have lumped parameters of the vapour maintained in the shell of 

the subcooled liquid in the condenser hot well. 

When the surface of separation is small enough and the fluid velocity at the interface region 

is insignificant, the vapour and liquid heat transfer coefficient can be ignored. (Macchi et al. 

2017) 

4.2 Expanders 

According to the system design the turbine or the volumetric expander can be utilized. The 

first performance law (rotational speed of the expander, pressures and flow rate) and the 

second performance law (rotational speed, flow and isentropic efficiency of the expander 

with pressure) must be described. Emperical or semi-emperical algebraic correlations form 

the expanders models. In these correlations, dynamics are negligible. (Lemort et al. 2009) 

1. Multistage turbine 

The stage-by-stage models are used. The flow is evaluated stage-by-stage with the 

acceptance of blade geometry. (Imran et al. 2020) 

2. Volumetric expanders 

The isentropic efficiency and filling factor can be used for modelling. It concerns the 

actual filling and discharging the expander variable volume. It also takes into account 
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the detailed behaviour of the discharge and admission valves and their control 

system. (Imran et al. 2020) 

4.3 Pumps 

Pumps are generally modelled using steady-state lumped parameter model. The performance 

maps describe this model: 

1. Generally supplied by the manufacturer in the form of the head against volume flow 

curves at various rotational speeds.  

2. Can be presented in two ways:  

• Efficiency curves on the head-flow plane 

• Power consumption curves depending on flow and speed 

It is expected that the pump isentropic efficiency can be from 60% to 85%. Nonetheless, 

isentropic efficiency can be as low as 40% according to the experimental data. (Imran et al. 

2020) 

4.4 Storage tank 

The storage tank plays the role of a buffer for the working fluid during the transient 

performance of the ORC. If there is an overfilling, the fluid in the liquid phase will 

accumulate in the condenser. This will result in higher condenser pressure which will lead 

to decreasing power output and efficiency. (Imran et al. 2020) 

4.5 Control systems 

The control systems aim to hold the system stable and safe performance, to reduce the 

influence of disturbance and to correct the ORC system performance. The basic control 

strategy can be divided into two methods (Zhang et al. 2018): 

1. Following the connection load (FCL).  

In this model, the generator and expander are connected with the single shaft. A 

gearbox can be placed between the expander and the generator to hold the same speed 

ratio if they have different rotation speed. In most cases, a generator linked to the 

power grid with no means of a power converter interface. The expander rotational 
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speed can be utilized for controlling the expander upstream pressure when the 

frequency converter is used. 

2. Following the thermal energy input (FTE).  

This mode aims at the maximization of electricity production which can be obtained 

from the available heat. All available heat supplies to the ORC system and this heat 

is converted into electricity. 
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5 DESCRIPTION OF THE SIMULATED OBJECTS 

5.1 Organic Rankine Cycle application in LUT 

There is a micro-ORC system in Lappeenranta-Lahti University of Technology (LUT). The 

main aim of this work is to build the generic dynamic model and simulate it. Parameters for 

the model were taken from the existing micro-ORC system in LUT. Table 2 shows the main 

design parameters of the ORC system in LUT. 

Table 2. Design parameters of the ORC system in LUT (Turunen-Saaresti et al. 2017) 

Working fluid MDM Recuperator heat rate 40 kW 

Working fluid mass flow rate 0.2 kg/s Recuperator effectiveness 0.68 

Electric power output 10 kW Condensing temperature 57 °C 

Evaporator heat rate 67 kW Condensing pressure 0.03 bar 

Turbine inlet pressure 7.9 bar Turbine outlet pressure 0.07 bar 

Turbine inlet temperature 265 °C 
Conversion efficiency (heat-to-

el.) 
15 % 

 

The main characteristics of ORC in LUT (Turunen-Saaresti et al. 2017):  

1. Design power output ~10 kW 

2. Siloxane MDM as the working fluid  

3. Recovers high temperature (about 350 – 450 °C) exhaust gas heat from a 200-kW 

scale design engine 

4. Has a hermetic turbogenerator including a high-speed generator, supersonic radial 

turbine and barske type feed pump assembled on a single shaft, the main 

turbogenerator components were designed at LUT 

5. Turbogenerator design speed is 30000 rpm and it has working fluid lubricated 

bearings  

6. Turbogenerator speed control by using a frequency converter 

7. Direct evaporation without thermal oil loop 

8. Water-cooled condenser 
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5.2 Working fluid 

The ORC system in LUT has a siloxane MDM as working fluid. MDM is a short name for 

octamethyltrisiloxane (C8H24Si3O2) which is a linear siloxane.  

Siloxane has Si-O-Si linkage and plays the role of functional group in organosilicon 

chemistry. Siloxanes have branched compounds with one oxygen atom between a pair of 

silicon centres. Siloxanes are anthropogenic and quite popular in industrial and commercial 

usage due to high flexibility.  

Siloxanes are a group of organic compounds that contain oxygen, hydrocarbon group and 

silicon. They have been successfully applied in high-temperature ORC systems for large 

power capacities (400 kWe – 2 MWe). (Uusitalo et al. 2011) 

Benefits of siloxanes: 

1. Low level of toxicity 

2. Great thermal stability 

3. Limited combustibility 

4. Great thermodynamic properties in medium and high temperature applications 

5. Good lubricating properties 

Usitalo et al. (2011) reviewed the suitability of different siloxanes as a working fluid. 

According to their results, MDM is regarded as the most suitable siloxane as working fluid 

due to the relatively high electrical efficiency, suitability for using in single-stage turbine 

design and acceptable condensing pressure   
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6 APROS 

6.1 Description of Apros 

Apros is a very detailed, accurate and very convenient to use for dynamic simulation and 

modelling of power plants, industrial processes and energy systems. Apros is developed by 

VTT (Technical Research Center of Finland) in co-operation with Fortum. It is used all over 

the world by different power plant operators, engineering companies, research institutes.  

Apros includes everything to simulate the dynamic behaviour of combustion power plants. 

Models made with Apros can be utilized in different ways throughout the life cycle of the 

power plant. Apros includes huge libraries to model various power plants operations. 

Furthermore, it contains libraries for modelling the automation and electrical systems of 

power plants. 

Some examples of using Apros models: 

1. Design engineering 

2. The basis for a training simulator 

3. Test the automation system 

Apros Combustion (Thermal) is high-performance dynamic simulation software which 

allows working with integrated thermal power plant process and automation engineering and 

design. It also allows us creating extremely realistic plant-specific operator training 

simulators. It contains huge libraries which allow building dynamic models of thermal power 

plants for training simulation and engineering needs. (Liuko 2010) 

The performance potential of modelling includes and is not limited to the following: 

• Sub-critical, super-critical boilers 

• Pulverized bed boilers 

• Fluidized bed boilers 

• Circulating fluidized bed combustion 

• Gas turbines, compressors 

• Heat recovery steam generators 

• Piping systems 

• Steam turbines 
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• Air and flue gas systems 

• Valves 

• Fuel gas and oil burners 

• Fans 

• Condensers, feedwater tanks, vacuum systems 

• Dewatering systems 

• Electrical systems 

• District heating/cooling systems 

• Carbon captures processes 

• Thermal stress/fatigue calculation 

• Diesel engine systems 

Some plant-specific components can be configured by combining various existing process 

components. 

6.2 Solution principles 

Apros solution based on the thermal-hydraulics model library. This library includes various 

thermal-hydraulic models for on dimensional flow (homogeneous, five-equation, six-

equation) (Liuko 2010). Homogeneous model is used in this work.  

6.2.1 Homogeneous model 

The three-equation model or the one-dimensional homogeneous two-phase flow model 

formed on the basis of momentum, energy and mass conservation equations of the mixture. 

Thus, water and gas or steam have equal temperatures and velocities. (Liuko 2010) 

The conservation equations are written for each phase separately. Overall continuity 

equations for mass (1), momentum (2) and energy (3) for phase k (either liquid or gas) in the 

one-dimensional form are presented as (Siikonen 1987): 

𝜕𝛼𝑘𝜌𝑘

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘𝑢𝑘

𝜕𝑧
= Γ𝑘         (1) 

αk = volume fraction of phase k    [-] 

ρk = fluid density of phase k     [kg/m3] 
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uk = fluid velocity of phase k      [m/s] 

Γk = phase change rate of phase k     [kg/m3s] 

𝜕𝛼𝑘𝜌𝑘𝑢𝑘

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘𝑢𝑘
2

𝜕𝑧
+ 𝛼𝑘

𝜕𝑝

𝜕𝑧
= Γ𝑘𝑢𝑖,𝑘 + 𝛼𝑘𝜌𝑘𝑔 + 𝐹𝑤,𝑘 + 𝐹𝑖,𝑘 + 𝐹𝑣𝑎 + 𝐹𝑓𝑙 + Δ𝑝𝑝𝑢 (2) 

g = gravitational acceleration    [m/s2] 

Fw,k = friction between wall and phase   [N/m3] 

Fi,k = friction between phases    [N/m3] 

Fva = friction through valve     [N/m3] 

 Ffl = friction from form loss     [N/m3] 

 Δppu = pump pressure difference    [Pa] 

𝜕𝛼𝑘𝜌𝑘ℎ𝑘
∗

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘ℎ𝑘
∗ 𝑢𝑘

𝜕𝑧
= 𝛼𝑘

𝜕𝑝

𝜕𝑡
+ Γ𝑘ℎ𝑖,𝑘

∗ + 𝑄𝑖,𝑘 + 𝑄𝑤,𝑘 + 𝛼𝑘𝜌𝑘𝑢𝑘𝑔 + 𝐹𝑖,𝑘𝑢𝑖,𝑘 + 𝐹𝑤,𝑘 (3) 

 hk* = total specific enthalpy of phase k    [J/kg] 

hi,k* = total interfacial specific enthalpy   [J/kg] 

Qi,k = interfacial heat flow     [W] 

Qw,k = heat flow between wall and phase    [W] 

where 

ℎ𝑘
∗ = ℎ𝑘 +

𝑢𝑘
2

2
          (4) 

ℎ𝑖,𝑘
∗ = ℎ𝑖,𝑘 + 𝑢𝑘𝑢𝑖 −

𝑢𝑘
2

2
        (5) 

𝑢𝑖 = 𝛽𝑢𝑔 + (1 − 𝛽)𝑢𝑙        (6) 

 ui = interfacial velocity     [m/s] 

 𝛽 = weighting factor      [-] 
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6.2.2 Five-equation model 

The five-equation model relies on a conservation equation of momentum for a mixture. It 

also relies on conservation equations of energy and mass, but in contrast with the 

homogeneous model these equations for liquid and gas phases. Velocities of fluids are solved 

by a separate drift-flux model. This model requires its correlations for heat transfer friction 

calculations. The calculations are fast as there are no iterations needed in the five-equation 

model. (Liuko 2010) 

6.2.3 Six-equation model 

The six-equation model is used for precise simulation with dense nodalization in fast 

transient which makes this model more suitable for detailed engineering and safety analysis 

(Liuko 2010). The six-equation model is centred around the conservation equations of 

energy, momentum and mass for the two phases. The total of six partial differential equations 

are used, when the equations are applied to the liquid and gas phases. The equations of mass 

(7), momentum (8) and energy (9) expressed as (Hänninen 2012): 

𝜕𝛼𝑘𝜌𝑘

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘𝑢𝑘

𝜕𝑧
= Γ𝑘         (7) 

𝜕𝛼𝑘𝜌𝑘𝑢𝑘

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘𝑢𝑘
2

𝜕𝑧
+ 𝛼𝑘

𝜕𝑝

𝜕𝑧
= Γ𝑘𝑢𝑖,𝑘 + 𝛼𝑘𝜌𝑘𝑔 + 𝐹𝑤,𝑘 + 𝐹𝑖,𝑘 + 𝐹𝑣𝑎 + 𝐹𝑓𝑙 + Δ𝑝𝑝𝑢 (8) 

𝜕𝛼𝑘𝜌𝑘ℎ𝑘
∗

𝜕𝑡
+

𝜕𝛼𝑘𝜌𝑘ℎ𝑘
∗ 𝑢𝑘

𝜕𝑧
= 𝛼𝑘

𝜕𝑝

𝜕𝑡
+ Γ𝑘ℎ𝑖,𝑘

∗ + 𝑄𝑖,𝑘 + 𝑄𝑤,𝑘 + 𝐹𝑖,𝑘𝑢𝑖,𝑘   (9) 

There are some assumptions in the six-equation model. The non-condensable gas can stay 

in the gas phase. It means that dissolution in the liquid phase is not considered. Another 

assumption is that non-condensable gas and steam can form a mixture which will be 

homogeneous and will have the same temperature and velocity. According to these 

assumptions mass equation for the non-condensable gas (10) is expressed as (Hänninen 

2012): 

𝜕𝛼𝑔𝜌𝑛

𝜕𝑡
+

𝜕𝛼𝑔𝜌𝑛𝑢𝑔

𝜕𝑧
= 0         (10) 

 αg = volume fraction of a gas phase    [-] 

ρn = density of a non-condensable gas   [kg/m3] 
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ug = velocity of a gas phase     [m/s] 

The partial differential equations are discretized towards space and time. Enthalpy, density 

and pressure are state variables and they are calculated in the centre of the mesh cells. Such 

parameters as gas and liquid velocities are flow-related variables and calculated at the border 

of two mesh cells. For enthalpy calculations, the first-order upwind scheme is used. 

(Hänninen 2012) 

Such parameters as dynamic viscosity, density, temperature, heat capacity and thermal 

conductivity are material parameters of liquid and gas and they are calculated as a function 

of enthalpy and pressure. Such parameters as saturation temperature and enthalpy depend 

upon pressure. State equations for interfacial friction, wall friction, interfacial heat transfer 

and wall heat transfer are used to associate the conservation equations. (Hänninen 2012) 

6.3 Interfacial heat transfer  

The interfacial heat transfer is calculated separately for liquid (11) and gas (12) phases 

expressed as (Hänninen 2012): 

𝑄𝑖,𝑔 = −𝐾𝑖,𝑔(ℎ𝑠 − ℎ𝑠,𝑠𝑎𝑡)        (11) 

 Ki,g = interfacial heat transfer coefficient for gas phase [kg/m3s] 

𝑄𝑖,𝑙 = −𝐾𝑖,𝑙(ℎ𝑠 − ℎ𝑙,𝑠𝑎𝑡)        (12) 

 Ki,l = interfacial heat transfer coefficient for liquid phase [kg/m3s] 

The evaporation or condensing mass flow rate (13) is calculated by figuring out the energy 

balance for the interface. 

Γ = Γ𝑔 = −Γ𝑙 =
−𝑄𝑖,𝑙−𝑄𝑖,𝑔

ℎ𝑠,𝑠𝑎𝑡−ℎ𝑙,𝑠𝑎𝑡
        (13) 

In case of condensation (hk < hk,sat) and evaporation (hk > hk,sat) cases, the heat transfer 

correlations are used separately. (Hänninen 2012) 

6.3.1 Evaporation 

The superheated liquid vaporizes rapidly and achieves the saturation state is a short time. 

Correlation of interfacial heat transfer for superheated liquid ensures fluid saturation in all 
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situations (Hänninen 2012). The interfacial heat transfer coefficient from the liquid side (14) 

is expressed as: 

𝐾𝑖𝑙 =
1,2∙10−8𝑒4,5𝛼𝜌𝑙

2𝑢𝑙
2

𝜂𝑙Pr𝑙
, 𝑖𝑓 ℎ𝑙 > ℎ𝑙,𝑠𝑎𝑡       (14) 

ρl = density of a liquid phase     [kg/m3] 

ul = velocity of a liquid phase    [m/s] 

ηl = dynamic viscosity of a liquid phase   [kg/m·s] 

 Prl = Prandtl number for liquid phase   [-] 

hl = specific enthalpy of a liquid phase   [J/kg] 

hl,sat = specific enthalpy of a saturated liquid  [J/kg] 

6.3.2 Condensation 

The ratios for the coefficient of interfacial heat transfer of liquid during condensation are 

chosen depending on the flow mode: flow with entrainment, flow without entrainment or 

stratified flow (Hanninen 2012). The rate of entrainment and rate of stratification are used 

as weighting coefficients: 

𝐾𝑖𝑙 = 𝑓𝑛 {𝑅𝐾𝑖𝑙,𝑠 + (1 − 𝑅)(𝐾𝑖𝑙,𝑛𝑒 + 𝐸𝐾𝑖𝑙,𝑒)}     (15) 

 fn = correction parameter for a non-condensable gas  [-] 

 R = rate of stratification      [-] 

 Kil,s = heat transfer coefficient of stratified flow   [kg/m3s] 

 Kil,ne = heat transfer coefficient of flow without entrainment [kg/m3s] 

 Kil,e = heat transfer coefficient of flow with entrainment  [kg/m3s] 

 E = rate of entrainment      [-] 

To calculate the interfacial coefficient for heat transfer of liquid during condensation for 

flow without entrainment four correlations can be used (Hanninen 2012): 
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1. Shah correlation 

𝐾𝑖𝑙,𝑛𝑒 =
𝐾𝑖𝑙,𝑆ℎ

1−
𝐾𝑖𝑙,𝑆ℎ

𝐾𝑤𝑙

        (16) 

where 

𝐾𝑖𝑙,𝑆ℎ =
0,092𝑅𝑒𝑙,𝑡

0,8𝑃𝑟𝑙
0,4𝜆𝑙

𝐷𝐻
2 𝐶𝑝𝑙

[(1 − 𝑋𝑒)0,8 + 3,8𝑋𝑒
0,76(1 − 𝑋𝑒)0,04(

𝑝𝑐𝑟

𝑝
)0,38] (11) 

λl = thermal conductivity    [W/m·K] 

  Cpl = heat capacity     [J/kg°C] 

  DH = hydraulic diameter    [m] 

  Xe = equilibrium steam mass quality   [-] 

  pcr = critical pressure     [kg/m3s] 

The Reynolds number in this equation is calculated in respect with all mass is in 

liquid phase: 

𝑅𝑒𝑙,𝑡 =
𝐺𝐷𝐻

𝜂𝑡
        (17) 

 G = mass flux      [kg/m2s] 

 

2. Chen correlation 

𝐾𝑖𝑙,𝑛𝑒 =
𝐾𝑖𝑙,𝑆ℎ

1−
𝐾𝑖𝑙,𝑆ℎ

𝐾𝑤𝑙

        (18) 

where 

𝐾𝑖𝑙,𝐶ℎ =
4𝑁𝑢∙𝜆𝑙

𝐷𝐻𝑐𝑝𝑙[
𝜂𝑙

2

𝜌𝑙
2𝑔

]

0,33       (19) 

The Nusselt’s number is expressed as 

𝑁𝑢 = [(0,31𝑅𝑒𝑙
−1,32 +

𝑅𝑒𝑙
2,4𝑃𝑟𝑙

3,9

2,37∙1014 )0,33 +
𝐴𝑃𝑟𝑙

1,3

771,6
(𝑅𝑒𝑙,𝑡 − 𝑅𝑒𝑙)

1,4𝑅𝑒𝑙
0,4𝜆𝑙]

0,5(15) 

The parameter A is expressed as 

𝐴 =
0,252𝜂𝑙

1,177𝜂𝑔
0,156

𝐷𝐻
2 𝑔0,666𝜌𝑙

0,553𝜌𝑔
0,78       (20) 

 ηl = dynamic viscosity of a gas phase  [kg/m·s]  
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3. Nusselt theory for condensation on tube banks 

4. Nusselt theory for condensation inside horizontal tubes 

The correlations found on Nusselt’s theory can be used for the condensation both 

outside or inside of tubes, when the Reynolds number is not high. 

Hänninen et al. (2012) made a detailed description of equations for six-equation model. 
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7 ORGANIC RANKINE CYCLE SYSTEM MODELLING IN APROS 

This chapter shows modelling different parts of the ORC system and full ORC system. The 

existing full micro-ORC system in LUT is represented in Figure 13. Figure 14 shows the 

thermodynamics states of the working fluid.  

 

Figure 13. ORC system in LUT (Turunen-Saaresti et al. 2017) 

 

Figure 14. Thermodynamic states of working fluid (Turunen-Saaresti et al. 2017) 
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7.1 Working fluid 

Selecting fluid is a crucial step in modelling using Apros. The fluid type can be selected in 

the properties of process components such as Point, Tank, Condenser, etc. Each fluid 

automatically uses its material databank which is placed in Apros. Such components as 

pipes, valves, and pumps do not need fluid information. The system will automatically 

search and define it when connections are made.  

The working fluid in the simulated ORC systems is MDM. In Apros MDM located in RP 

section. RP section contains more than 100 pure fluids which can be chosen for modelling 

in the Apros homogeneous flow model. RP stands out from other fluid sections because it 

requires special separate software – Refprop by NIST. This software is required for solving 

material properties. Table 3 shows the list of all RP fluids. 

Table 3. Fluid names and numbers in the RP section 

1 Water 36 Isohexane 71 Toluene 

2 Air 37 Isopentane 72 Transbutene 

3 Acetone 38 Krypton 73 Trifluoroiodomethane 

4 Ammonia 39 MD2M 74 Xenon 

5 Argon 40 MD3M 75 R11 

6 Benzene 41 MD4M 76 R12 

7 Butane 42 MDM 77 R13 

8 Butene 43 Methane 78 R14 

9 Carbon dioxide 44 Methanol 79 R21 

10 Carbon monoxide 45 Methyllinoleate 80 R22 

11 Carbonylsulfide 46 Methyllinolenate 81 R23 

12 Cisbutene 47 Methyloleate 82 R32 

13 Cyclohexane 48 Methylpalmitate 83 R41 

14 Cyclopentane 49 Methylstearate 84 R113 

15 Cyclopropane 50 Methylcyclohexane 85 R114 

16 D4 51 MM 86 R115 

17 D5 52 Neon 87 R116 

18 D6 53 Neopentane 88 R123 

19 Decane 54 Nitrogen 89 R1234YF 

20 Deuterium 55 Nitrogentrifluoride 90 R1234ZE 
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21 Dimethylcarbonate 56 Nitrousoxide 91 R124 

22 Dimethylether 57 Nonane 92 R125 

23 Dodecane 58 Octane 93 R134A 

24 Ethane 59 Ortohydrogen 94 R141B 

25 Ethanol 60 Oxygen 95 R142B 

26 Ethylene 61 Parahydrogen 96 R143A 

27 Fluorine 62 Pentane 97 R152A 

28 D2O 63 Perfluorobutane 98 R161 

29 Helium 64 Perfluoropentane 99 R218 

30 Heptane 65 Propane 100 R227EA 

31 Hexane 66 Propylcyclohexane 101 R236EA 

32 Hydrogen 67 Propylene 102 R236FA 

33 H25 68 Propyne 103 R245CA 

34 Isobutane 69 Sulfur dioxide 104 R245FA 

35 Isobutene 70 Sulfurhexafluoride 105 R365MFC 

    106 RC318 

 

More information about how to install RP section can be found in Apros Help section. 

7.2 Components  

7.2.1 Turbine 

In existing micro-ORC system turbine included in turbogenerator. The turbogenerator 

consists of the turbine, pump and generator. All of them are placed on the same shaft. To 

simplify the model and tune it more accurate, the turbine and pump are separated and work 

with the constant efficiency and rotational speed. 

To describe the expansion of working fluid in the turbine the TURBINE_SECTION module 

in Apros can be used. To define the behaviour of the turbine such parameters as mass flow, 

pressures, specific volume should be set up. The connection points before and after the 

turbine module must have the Flow model 2 or the Flow model 6. In this simulation, the 

Flow model 2 is used. The turbine calculates the enthalpy after the turbine module. This 

calculation based on the enthalpy before the turbine, the efficiency and the nominal values 

of the turbine. Rotation speed can be given as input value or calculated by the generator. The 
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whole solution of the turbine model has two parts: 1) calculation of the pressures, 2) 

calculation of the enthalpies.  

The expansion in the turbine is isentropic. However, in reality, the process is not fully 

isentropic or isothermal. The process is usually polytropic but the efficiency is isentropic. 

The expansion equation is obtained from Johanson’s equation (Alobaid et al. 2009):  

ℎ1

ℎ2
= (

𝑝1

𝑃2
)

𝜂

𝜁          (21) 

where 

𝜁 =
𝛾

(𝛾−1)
          (22) 

𝛾 = isentropic exponent     [-] 

𝜂 =
1

𝑣

𝜕ℎ

𝜕𝑝
 expansion efficiency for the differential process   (23) 

In Apros attribute TY1_EFFICIENCY (calculation level) corresponds to the variable 𝜂. 

Turbine efficiency can be defined as a constant value or efficiency curves. The user can 

define whether the flow/efficiency curve is given as a function of volumetric flow or a mass 

flow and define the points of the user-given volumetric flow/efficiency or mass 

flow/efficiency curve. In this model, the constant efficiency used as input as no efficiency 

curves are defined.  

The ORC system in LUT has a single-stage turbine with high rotational speed. In Apros 

turbine is modelled with one TURBINE_SECTION module. Table 4 presents the turbine 

design parameters. Figure 15 presents the turbine model in Apros. 

Table 4. Turbine design parameters  

Inlet temperature 265 °C Nominal mass flow 0,2 kg/s 

Inlet pressure 7,9 bar Nominal specific volume 0,016 m3/kg 

Outlet temperature 220 °C Rotational speed 31000 rpm 

Outlet pressure 0,07 bar Design power output ~10 kW 
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Figure 15. Turbine model in Apros 

The highlighted points with red squares are not included in the simulations. Excluded from 

simulation points defines the boundary conditions for the system. Their properties can be 

modified during the simulation to observe how they affect simulation process.  

Each component in Apros has some default values written in them at the calculation level. 

The simulation starts from these values that is why transients occur at the beginning. After 

that, steady-state is found and fluctuations disappear. Steady-state and no fluctuations show 

that calculations in the model are done correctly and there are no external influences. Table 

5 shows the main parameters during steady-state operation. Simulated parameters show 

close values to the design ones. 

Table 5. Turbine parameters during steady-state operation 

Inlet temperature  264,98 °C 

Inlet pressure 7,899 bar 

Outlet temperature 220,6 °C 

Outlet pressure 0,075 bar 

Thermal power output 10,81 kW 

 

When the model reaches a stable state, changes in boundary conditions and components can 

be made to check how it will affect the investigated parameters make it closer to design 

parameters. Figures 16, 17 and Table 6 shows changes in turbine outlet temperature and 

turbine thermal power when the efficiency of isentropic expansions was changed from 50 % 

to 90 %.  
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Table 6. Turbine outlet temperature and thermal power output for different values of efficiency of 

isentropic expansion 

Efficiency of isentropic 

expansion, % 

Turbine outlet temperature, 

°C 

Turbine thermal power 

output, kW 

50 231,1  7,18 

60 226,72  8,58 

70 222,34 9,98 

75 220,16 10,67 

80 217,98 11,36 

90 213,63 12,73 

 

 

Figure 16. Changes in turbine outlet temperature for different efficiencies of isentropic expansion 
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Figure 17. Changes in turbine thermal power output for different efficiencies of isentropic expansion 

From Figures 16, 17 and Table 6 it can be seen that an increase in efficiency of isentropic 

expansion leads to the decreasing of the turbine outlet temperature and increasing of the 

turbine thermal power. Setting efficiency of isentropic expansion at the value 75% shows 

parameters close to the design ones. 

Another investigation was made during changes in boundary conditions. The turbine inlet 

pressure was changed from 7,9 bar to 6,0 bar. These changes were made with the efficiency 

of isentropic expansion 76 %. Table 7 and Figures 18, 19 show changes in the turbine outlet 

temperature and turbine thermal power. No fluctuations and reaching a stable state after 

influence indicates the correct operation and calculations in the model. 

Table 7. Turbine outlet temperature and thermal power output for different values inlet pressure 

Turbine inlet pressure, bar Turbine outlet temperature, °C Turbine thermal power, kW 

7,9 220,16 10,67 

7,0 222,82 8,95 

6,5 224,25 8,06 

6,0 225,65 7,21 
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Figure 18. Turbine outlet temperature changes during turbine inlet pressure step-changing  

  

Figure 19. Turbine thermal power output changes during turbine inlet pressure step-changing 

From Table 7 and Figures 18, 19 it can be seen that decreasing turbine inlet pressure leads 

to the increasing of the turbine inlet temperature and decreasing of the turbine thermal power.  

These investigations show that how the model reacts to step changes. No fluctuations and 

reaching a stable state after influence indicates the correct operation and calculations in the 

model. 
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7.2.2 Condenser 

The CONDENSER module is used to condense the exhaust vapour from the turbine with 

help of cooling water. The CONDENSER module has two blue dots which represents 

points 1 and 2. These points are associated with cooling water path. Flow models in these 

points can be 2 (homogeneous), 5 (five-equation) or 6 (six-equation). The Flow model of 

both points should be the same. The homogeneous model is used in the simulation. 

The calculation of heat transfer depends on the thermodynamic state of the flows and 

dimensions. Before simulating the dimensions of the condenser and the number of 

calculation nodes should be specified.  

To show the proper simulation of condenser it is better to make the model of the condenser 

in pair with the turbine. Table 8 shows the design parameters of the condenser. Figure 20 

presents the condenser model in Apros. Table 9 presents the parameters during steady-state 

operation. 

Table 8. Condenser design parameters  

Condensing temperature 57 °C 

Condensing pressure 0,03 bar 

Cooling water inlet temperature 10 °C 

Cooling water mass flow  
40 l/m  

(0,6 kg/s) 

Heat transfer coefficient 249 W/m2K 

Area 7,2 m2 
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Figure 20. Condenser model in Apros 

Table 9. Condenser parameters during simulation 

Pressure before condenser/after the turbine 0,078 bar 

Condenser pressure 0,039 bar 

Condenser temperature 61,3 °C 

Cooling water mass flow 0,66 kg/s 

Void fraction after the condenser 0 

 

Void fraction value of the working fluid in the point after the condenser shows if the fluid 

fully in the liquid phase or not. After reaching steady-state operation step changes of cooling 

water mass flow were made to check the component reaction. The cooling water mass flow 

was changed from 0,66 kg/s to 0,95 kg/s, then to 0,82 kg/s and back to 0,66 kg/s. Figures 21 

and 22 present how condenser temperature and pressure change with cooling water mass 

flow step changing. Condenser pressure and temperature are affected by the cooling water 

mass flow rate. Decreasing of cooling water mass flow leads to increasing of the condenser 

temperature and also increasing of condenser pressure. The condenser model reacts properly 

on the step changes.  
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Figure 21. Condenser temperature changing in case of cooling water mass flow step-changing 

 

Figure 22. Condenser pressure changing in case of cooling water mass flow step-changing 
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7.2.3 Storage tank and pump 

The storage tank in this system plays a simple role – to store the condensed liquid. To see 

the changes in liquid level, attribute ANIMATION can be turned on. If the working is RP, 

the number of calculation nodes in the tank should be 1. This will avoid warnings and issues 

about densities and pressures. Table 10 shows the tank and pump parameters.  

In the existing micro-ORC system in LUT pump is included in the turbogenerator. It is 

placed on the same shaft as the turbine and generator. In this model, the pump is simulated 

separately from the turbine. This was made to simplify the model for more accurate tuning 

as the pump dimensions were not provided and they are found in this model. 

The BASIC_PUMP module increases pressure in the fluid flow. Figure 23 presents the tank 

and pump model. The main input values should be found and set up in Apros: 

1. Set up the flow density as the nominal density of the pump. It can be found from the 

properties of the point if the inlet values are known 

2. Set up the flow length and flow area of the pump 

3. Set up the nominal flow. It can be found by dividing mass flow by density 

4. Set up the nominal head. It can be found by dividing pressure change by density and 

gravitational constant (g = 9,81 m/s2) 

5. Set up the maximum head. The recommendation is that the maximum head should 

be at least 25% more than the nominal head 

The BASIC_PUMP module has two attributes connected with the efficiency. 

PU11_PUMP_EFFICIENCY defines the efficiency of the pump. It can be given by the user 

as an input value or searched from the volume flow/efficiency curve. In this model, a 

parabola is fitted to the given maximum head, nominal head and nominal volumetric flow. 

PU11_PUMP_EFFI_NOMINAL defines the nominal efficiency of the pump. It also can be 

given by the user as an input value or searched from the efficiency curve. The nominal 

efficiency is the efficiency corresponding to the nominal volumetric flow.  
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Table 10. Parameters for tank and pump  

Tank Pump 

Pressure 0,03 bar Nominal density 780 kg/m3 

Temperature 56 °C Nominal volumetric flow 0,0002 m3/s 

Volume 100 l (0,1 m3) Nominal head 105 m 

  Maximum head 129 m 

  Flow area 0,00049 m2 

  Flow length 1 m 

 

 

Figure 23. Tank and pump model in Apros 

The pipe after the pump can be replaced with the control valve. After reaching steady-state 

operation the pressure after the pump reached the value of 8 bar. After that, the pump 

rotational speed was reduced from 100 % to 85 % to check how the step change will affect 

the system. Figures 24 and 25 present the results of the pump and tank model simulation. 
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Figure 24. After pump pressure changes during pump rotation speed step-changing 

 

Figure 25. Tank liquid level changes during pump rotation speed step-changing 

From Figures 24 and 25 it can be seen that the system reacts on the step-change immediately. 

Pressure after the pump decreases as the rotational speed of the pump was decreased. The 

liquid level of the tank starts increasing because with decreasing of the pump rotational speed 

the mass flow at the tank outlet also decreases and becomes lower than at the inlet. The pump 

works properly and reducing rotation speed leads to pressure decreasing without fluctuation. 
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7.2.4 Recuperator 

The ORC system in LUT contains an internal heat exchanger (recuperator). The recuperator 

should recuperate heat from expander exhaust vapour to preheat liquid after the pump. In the 

existing micro-ORC system in LUT the recuperator is plate-and-shell type.  

In Apros recuperator can be modelled by using TUBE_HEAT_EXCHANGER module or 

PLATE_HEAT_EXCHANGER module. In this model, the counter-current 

PLATE_HEAT_EXCHANGER module is used as it is made in the existing system in LUT.   

Table 11 shows the design values of the recuperator. Figure 26 presents the recuperator 

model in Apros. In the upper line, there is a cold line with liquid fluid after the pump. The 

lower line is a hot line with the exhaust vapour after the turbine. The pipes before the 

recuperator in each line can be replaced with control valves to change the fluid flow during 

the simulation. The highlighted points with red squares show boundary conditions. These 

points do not include in simulation and their parameters can be changed to observe how they 

affect the simulation.  

Table 11. Design parameters of the recuperator  

Total heat transfer area 16 m2 
Inlet MDM vapour 

temperature 
220 °C 

Overall heat transfer coefficient 43 W/m2K 
Outlet MDM vapour 

temperature 
110 °C 

Mass of heat exchanger 218 kg 
Inlet MDM liquid 

temperature 
57 °C 

Logarithmic mean temperature 

difference 
59 °C 

Outlet MDM liquid 

temperature 
155 °C 
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Figure 26. Recuperator model in Apros 

The main aims were to find out the specific dimensions of recuperator by this model as they 

were not provided and to match the recuperator model close to the LUT unit. Table 12 shows 

tuned dimensions and simulated parameters of the recuperator model. The simulated 

parameters have close values to the design ones which means that model was tuned 

accurately.  

Table 12. Characteristics of the recuperator model 

Tuned dimensions Simulation results 

Thickness of one plate 3,5 mm 
Outlet MDM vapour 

temperature 
125, 7 °C 

Breadth of one plate 2 m 
Outlet MDM liquid 

temperature 
150,9 °C 

Length of one plate 2 m 
Overall heat transfer 

coefficient 
49,36 W/m2K 

Distance of two plates in the first 

circuit 
1 mm 

Logarithmic mean 

temperature difference 
66,38 °C 

Distance of two plates in the second 

circuit 
8 mm   

Heat transfer area 16 m2   

Mass of heat exchanger 218,4 kg   

 

It is very important to have the same values of the void fraction before and after the 

recuperator, as no phase changing should occur in the recuperator. Vapour should not 
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condense, and liquid should not evaporate. However, in some extraordinary situations, there 

might be phase change. In Figure 26 POINTS components present pressure, temperature and 

void fraction. It can be seen that the void fraction in both lines before and after heat 

exchanger does not change (liquid – 0, vapour – 1) which means that the phase changing 

does not occur. 

7.2.5 Evaporator 

In Apros recuperator can be modelled by using TUBE_HEAT_EXCHANGER module or 

PLATE_HEAT_EXCHANGER module. In this model, the counter-current 

PLATE_HEAT_EXCHANGER module is used as it is made in the existing system in LUT.   

Table 8 shows the design values of the recuperator. Figure 23 presents the recuperator model 

in Apros. The upper line contains the working fluid. The lower line contains the heat source. 

In LUT heat is transferred from diesel engine exhaust gas. The FG (flue gas) is chosen as 

the name of fluid for the heat source. In Apros concentration of flue gas can be specified. In 

this model, it is set as default. Table 13 shows the parameters of the evaporator. Figure 27 

presents the evaporator model in Apros. 

Table 13. Design parameters for the evaporator  

Total heat transfer area 30,4 m2 
Working fluid inlet 

temperature 
155 °C 

Overall heat transfer coefficient 31 W/m2K 
Evaporator outlet 

temperature 
265 °C 

Mass of heat exchanger 515 kg Heat source inlet temperature 450 °C 

Logarithmic mean temperature 

difference 
72 °C Heat source inlet pressure 1,3 bar 
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Figure 27. Evaporator model in Apros 

The main aims were to find out the specific dimensions of the evaporator by this model as 

they were not provided and to match the evaporator model close to the LUT unit. Table 14 

shows tuned dimensions and simulated parameters of the evaporator model. The simulated 

parameters have close values to the design ones which means that model was tuned 

accurately.  

Table 14. Characteristics of the evaporator model 

Tuned dimensions Simulation results 

Thickness of one plate 4,4 mm 
Evaporator outlet 

temperature (working fluid) 
268,2 °C 

Breadth of one plate 1 m 
Overall heat transfer 

coefficient 
53,84 W/m2K 

Length of one plate 3 m 
Logarithmic mean 

temperature difference 
70,93 °C 

Distance of two plates in the first 

circuit 
2 mm 

Void fraction at the 

evaporator outlet 
1,0 

Distance of two plates in the second 

circuit 
2 mm 

Void fraction at the 

evaporator inlet  
0,0 

Heat transfer area 30 m2   

Mass of heat exchanger 514,8 kg   
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7.3 Full cycle 

When all components were tested, the full cycle can be built. Figure 28 shows the full ORC 

system. The full ORC contains: 

• Turbine  

• Condenser 

• Tank 

• Storage Pump 

• Recuperator  

• Evaporator  

• Valves 

• Pipes 

• Control part 

• Connection points  
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Figure 28. Model of the ORC system 
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Each component represents the main parameters: 

• Turbine: mass flow, flow area, fluid velocity, rotational speed 

• Condenser: liquid level, average heat flow, the pressure of the shell side, the temperature 

of the shell side, the mass flow of cooling water 

• Heat exchangers: average heat flow, the mass flow of the  first circuit, the mass flow of the 

second circuit 

• Tank: liquid level, pressure, temperature, name of fluid, the elevation of tank bottom 

• Pump: mass flow (total, liquid and gas), flow area, flow length, fluid velocity, rotation 

speed, speed setpoint 

• Valves:  mass flow (total, liquid and gas), flow area, flow length, fluid velocity, position 

setpoint 

• Pipes: mass flow (total, liquid and gas), flow area, flow length, fluid velocity 

• Points: pressure, temperature, name of fluid, elevation, void fraction 

All parameters of each component can be found in the properties view window. Boundary 

conditions for the heat source and cooling water are set by excluding first and last points from the 

simulation. These points are highlighted with red squares. 

For closed-loop, control logic should be also implemented. The temperature before the turbine is 

the variable used to control the system. The temperature of the superheated MDM vapour should 

be above 250 °C, but not higher than 300 °C to avoid thermal decomposition of the fluid. The 

control is done by varying the mass flow of the working fluid. Higher the mass flow of working 

fluid leads to lower superheating. This parameter is controlled by the pump. Figure 29 shows the 

simple automation model for controlling the temperature before the turbine by changing the 

rotation speed of the pump. 
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Figure 29. Pump control in Apros 

The control system contains:  

• TEMPERATURE_MEASUREMENT module – used to measure the temperature from 

different process components. The measurement low and high limits should be in line with 

the measurement parameter.  

• SET_POINT module – used as a set point generator in control circuits. It determines the 

setpoint. All analogue signals can be used as a setpoint for the controller. This can also be 

dynamic. 

• CONTROLLER module – used in closed-loop control circuits to perform one of the PID-

controller variants (P, I, PI, PD or PID). P-part makes manipulated variable change 

proportional to the control error. I-part makes sure that the process output reaches the 

setpoint in steady-state. D-part improves closed-loop stability. Usually, PI-controllers are 

most commonly used.  

• ACTUATOR module – used to interface control and logic modules to process devices 

Regularly, controllers are tuned by trial and errors. The recommended module type for control is 

CONTROLLER as it scales the measurement range and output range between 0-1. This makes 
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tuning easier. If the nonscaled measurement and setpoint signals are used the controller gain must 

be considered carefully. The gain depends on the units used in the measurement and setpoint, and 

on the controller output scaling. The existence of negative gain should be remembered. For 

example, it may occur in controlling the tank liquid level. The upper and lower limits of the output 

should be checked. The derivative part has filtering included – increasing the derivative gain 

increases filtering effect.  

This model used PI-controller, so it has a proportional gain (Kp) and integral term (Ki). In PID-

controller there is also derivative gain (Kd). The general effects of each controller parameter are 

presented in Table 15.  

Table 15. Effect of controller parameter  

Parameter Rise time Overshoot Settling time Steady-state error 

Kp Reduction Growth Minor change Reduction 

Ki Reduction Growth Growth Reduction 

Kd Minor change Reduction Reduction No change 

 

Main parameters for the modelled control system in Apros are presented in Table 16. 

Table 16. Parameters for control system  

Measurement module Controller module 

Low limit 0 Controller variant PI 

High limit 320 Gain 2 

Time constant 5 s  Integration time 100 s 

Setpoint module Actuator 

Setpoint value 265 Driving time 3 s 

 

Before starting the simulation, it is important to check all parameters in each component. All values 

should be realistic. When the simulation starts, the model starts iterating to the equilibrium. During 

this state, all the values such as pressure, temperature, mass flow, etc. might be strange and 

fluctuates highly. Many errors may appear and this part of simulating can be tedious and tricky 

because different values should be checked and corrected several times after the divergence. 

Sometimes it is difficult to identify the reason for divergence. In that case, some parts of the model 

could be excluded from the simulation and run the simulation again. If the simulation, still diverges 

initial conditions could be reloaded and more parts of the model are excluded and simulation runs 

until divergence disappear. This helps to find out where process values are incorrect. After that 

values can be fixed and parts included back in simulation. The components of the system were 
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tuned and discussed earlier in this chapter. When setting up the model, pipe diameters and 

elevation of each component must be found and specified. Table 17 shows approximate pipe 

diameters.  

Table 17. Pipes characteristics 

Pipe connection Pipe diameter, mm Material 

Turbine – Recuperator  115 

Stainless steel 

Recuperator – Condenser  115 

Condenser – Storage tank 15 

Pump – Recuperator  25 

Recuperator – Evaporator  25 

Evaporator – Turbine  32 

Heat source line 350 

Cooling water line 20 
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8 RESULTS AND DISCUSSION 

Main results for the full ORC system model are presented in this chapter. From the obtained 

results, it can be seen that separate models for each component are working properly.  

Knowing the initial design data for the turbine and condenser and having the T-s diagram of the 

design process other parameters for key points can be calculated. The pressure and enthalpy of 

MDM for each point were calculated by a software – CoolProp. Table 18 shows the comparison 

between design and simulated parameters for ORC system.  

Table 18. Comparison between design and simulated parameters  

 Design Simulated 

Points 
Temperature, 

°C 
Pressure, bar 

Enthalpy, 

kJ/kg 

Temperature, 

°C 

Pressure, 

bar 

Enthalpy, 

kJ/kg 

Turbine 

inlet 
265  7,9  346,53  264,6  7,83  345,9  

Turbine 

outlet 
220  0,07  280,31  218  0,06  278,5  

Recuperator 

outlet 
110  0,07  84,67 123  0,04  107  

Condenser 57  0,03  -187,69  55,6  0,03  -192,65  

After pump 57  7,9  -187  55,4  8,04  -192,45  

Evaporator 

inlet 
155  7,9  5,53  146,8  7,84  -11,75  

Evaporator 

outlet 
265  7,9  346,53  264,7  7,84  345,9  

 

The calculation was made approximately according to the T-s diagram in Figure 14. The simulated 

thermodynamical parameters in each point show close values to the design ones. Reasons of small 

deviations from design parameters could be losses in different components that are taken into 

account during simulation, and differences between the values of tuned parameters of the model 

components and the actual values of the same parameters. Not all the dimensions for the system 

components were provided so they were found with the model. However, the simulated parameters 

show, that processes are proceeding correctly in all system components and components were 

tuned close to the real ones.  

Another evaluating of the built model can be made by comparison with several operating 

conditions of the existing system. Uusitalo et al. (2020) experimentally investigated small-scale 
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ORC system during different operating conditions (OC). Table 19 shows the comparison of 

simulated parameters with parameters obtained from experiments.  

Table 19. Comparison between simulated and experimental parameters  

 Simulation Experiments 

OC 1 OC2 OC 3 OC 4 

nt, [rpm] 30000 27060 28843 30629 31325 

Pt, [kW]  11,03 10,8 11 10,6 9,7 

pev,out, [bar] 7,84 6,6 6,7 7,0 7,4 

Tev,out, [°C] 264,7 258,1 254,6 252,7 249,6 

Tt,out, [°C] 218 220,9 217,6 215,4 214,3 

Tcond, [°C] 55,6 32,2 34,1 34,1 47,5 

pcond, [bar] 0,03 0,05 0,05 0,05 0,13 

ηcycle 17 14,1 14,4 13 11,7 

 

The difference in experimental operation conditions has been investigated and analyzed in more 

detail by Uusitalo et al (2020). The model shows great parameters that are close to the design 

parameters and measured parameters. The differences between simulated values and measured 

could be explained by model simplification and assumptions.  

Figure 30 presents the working of the control system during steady-state operation without external 

influences. The control system should control the turbine inlet temperature by changing pump 

rotational speed. The control logic changes the value of pump rotational speed from 97 % to 100 

%. This is enough to keep the turbine inlet temperature on the proper level – above 250 °C and 

below 300 °C.  



68 
 

 

Figure 30. Control system operation 

Changes in heat source inlet temperature were made to check how the model reacts on external 

influences especially reactions of control logic. The heat source inlet temperature was changed 

from 450 °C to 470 °C and back to 450 °C. Figure 31 presents how pump rotational speed and 

turbine inlet temperature reacts on step-changing of heat source inlet temperature. Increasing of 

heat source temperature leads to increasing of turbine inlet temperature. However, increasing of 

turbine inlet temperature effects on control logic which increases the pump rotational speed to 

decrease the superheating. Decreasing of heat source inlet temperature leads to the opposite effect 

(decreasing of turbine inlet temperature and decreasing of the pump rotational speed). From Figure 

31 it can be seen that control logic used in the model is reasonable as it keeps the turbine inlet 

temperature above 250 °C and below 300 °C in case of external influences. 
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Figure 31. Control system operation in case of step changes 

In this chapter, the generic model of the ORC system was presented. This model was built by using 

parameters of the existing micro-ORC system in LUT, but the model has some simplifications and 

assumptions. Each component was tuned and tested and then implemented in the full model of the 

ORC system. Despite the differences from existing ORC system, the generic model shows great 

results, all components show stable performance with values close to designed and measured ones. 

Adding more components and lines such as valves, bypass and control logics, and setting up more 

detailed dimensions can be helpful to obtain more specific values. 
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9 CONCLUSION 

Nowadays the energy sector runs into difficulties related to rising energy demand and changes in 

climate and global warming. Interest for in low-grade heat recovery is growing swiftly each year. 

New solutions on how to produce energy from heat sources with low temperature come up. 

However, the ORC systems the most popular and widely used technology. Such popularity stems 

from the fact that this system is quite simple. And what is more working fluid is an organic and it 

is more suitable for low-grade heat recovery than water. Using the ORC systems can play a huge 

role in overcoming these difficulties.  

The purpose of this work was the investigation principles of ORC systems and building the generic 

model for dynamic simulation. This model uses the parameters of the existing micro-ORC system 

in LUT. The investigations of running the micro-ORC system have been completed with the help 

of the advanced process simulation software (Apros). The obtained results show a good level of 

accuracy and reliability according to the design data. Thus this model represents a simplified 

micro-ORC system and can describe a dynamic phenomenon of the operating process. This model 

can be an efficient tool for a huge number of future researches, investigations and improvements. 

The existing micro-ORC system in LUT has a manual control system. Using this model 

automation control can be tested and implemented in real ORC system. Also, this model can be 

used in future investigations of different types of the working fluid, their behaviour, suitability and 

efficiency. Lastly, it should be mentioned that the built ORC system model allows simulating other 

ORC systems with different working fluids. The model-building strategy can be transferred to 

other applications.  

The rise in interest of ORC systems resulted in significant numbers of researches and technological 

developments. The automotive industry supports the idea of using heat recovery systems based on 

the Rankine cycle for passengers vehicle applications. Mini-and micro-ORC systems with 

turbogenerators have a high potential among other solutions. If this sector becomes successful, 

new markets for mini-and micro-ORC systems could be available. Many kinds of research 

investigated the expanders, especially volumetric types such as scroll, piston, screw. These 

researches investigate improvements of the dynamic performance of the expanders as they affect 

power output and efficiency and thus economic profitability. Increasing of commercially available 

micro-expanders could make ORC systems a great solution for domestic CHP. The concept of 

using ORC system for ocean thermal energy conversion has been studied for several years, 

however, it is not common due to the technical and economic issues. Future researches and 

experiments can help to achieve the economic profitability of this solution. Companies that have 

been in the market since the beginning of ORC systems distribution and new companies in the 
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market should increase their concernment in future researches and developments which will help 

to increase the potential of current and future applications of ORC systems.  
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