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Uusiutuvan energian osuus sähköntuotannosta on kasvanut eksponentiaalisesti viime 

vuosikymmeninä, ja trendin odotetaan jatkuvan kiristyvien ympäristötoimien myötä 

yhä vahvempana tulevaisuudessa. Kahden keskeisimmän uusiutuvan energian 

muodon, tuulivoiman ja aurinkoenergian resurssien stokastinen luonne luo tarvetta 

säätövoimalle ja samalla asettaa haasteita sähköverkon vakaudelle.   

 

Yksi tapa vastata kulutuksen ja tuotannon epätasapainoon on sähköenergian 

varastointi, jota tässä diplomityössä tarkasteltiin luomalla dynaaminen malli 

paineilmaenergiavaraston (CAES) adiabaattisesta prosessikonfiguraatiosta Apros-

ohjelmistolla. Kirjallisuustarkastelun perusteella nykyiset mallit ovat 

yksinkertaistustensa takia riittämättömiä transienttien tarkasteluun, eikä toiminnan 

kannalta keskeisiä osakuormatilanteita ole tähän saakka voitu analysoida 

vaadittavalla tarkkuudella.  

 

Työn keskeisimpänä tuloksena mallinnetun prosessin hyötysuhteeksi 

suunnittelupisteessä määritettiin 58,7 %, joka todettiin kirjallisuusarvojen 

mukaiseksi, sekä validoitiin analyyttisten laskelmien perusteella. Lisäksi mallin 

toimintaa todennettiin kirjallisuudessa esitettyjä malleja vastaan, osoittaen hyvää 

korrelaatiota. Yhdistämällä kehitetty malli tuuli- ja kysyntädataan, voitiin CAES:n 

toimintaa sähköverkossa tarkastella. Dynaamista toimintaa varten CAES:n ylös- ja 

alasajoja approksimoitiin tiettävästi ensimmäistä kertaa dynaamisessa ympäristössä, 

ja kompressorien johdesiiville luotiin täysin uusi komponentti Aprosiin. 

 

Jo nykyisellään, modulaarisesti rakennettu malli toimii hyvänä pohjana lukuisia 

jatkotutkimuksia varten. Mallin validiteettia rajoittaa johdesiipien korrelaatioiden 

tarkkuus osakuormatilanteissa, jonka lisäksi lämpövaraston lämpöhäviöiden toteutus 

on tärkeää pidempien simulaatioiden mahdollistamiseksi. Ennusteiden 

laajamittaisempi käyttöönotto on yksi tärkeä kehityskohde, jos systeemin ajotapaa 

halutaan optimoida tulevaisuudessa.  
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The share of variable renewable energy in electricity generation has seen exponential 

growth during the recent decades, and due to the heightened pursuit of environmental 

targets, the trend is to continue with increased pace. The two most important 

resources, wind and insolation both bear the burden of intermittency, creating a need 

for regulation and posing a threat to grid stability. 

 

One possibility to deal with the imbalance between demand and generation is to store 

electricity temporarily, which was addressed in this thesis by implementing a 

dynamic model of adiabatic compressed air energy storage (CAES) with Apros 

dynamic simulation software. Based on literature review, the existing models due to 

their simplifications were found insufficient for studying transient situations, and 

despite of its importance, the investigation of part load operation has not yet been 

possible with satisfactory precision.  

 

As a key result of the thesis, the cycle efficiency at design point was simulated to be 

58.7%, which correlated well with literature information, and was validated through 

analytical calculations. The performance at part load was validated against models 

shown in literature, showing good correlation. By introducing wind resource and 

electricity demand data to the model, grid operation of CAES was studied. In order 

to enable the dynamic operation, start-up and shutdown sequences were 

approximated in dynamic environment, as far as is known, the first time, and a user 

component for compressor variable guide vanes (VGV) was implemented. 

 

Even in the current state, the modularly designed model offers a framework for 

numerous studies. The validity of the model is limited by the accuracy of VGV 

correlations at part load, and in addition the implementation of heat losses to the 

thermal energy storage is necessary to enable longer simulations. More extended use 

of forecasts is one of the important targets of development, if the system operation is 

to be optimised in future. 
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1 INTRODUCTION 

The energy sector has gone through its one of the most impactful and long-lasting 

changes, something that could only have been imagined at the beginning of the 

millennium. In both conceptual and practical level, renewable energy has exceeded 

all the predictions of its significance; not only it is now unambiguously considered a 

vital part of the energy system, the investments and consequent installations of today 

seem only to be a fraction of what is to come (World Energy Council 2013, 17). 

With renewable energy, the door is opened for a variety of other possibilities; in 

some cases the possibilities become a need, which is the case for energy storage, the 

topic of this thesis. In the following Chapter 1.1, the background for the thesis is 

presented. Based on the background, the research questions and delimitations are 

defined in Chapter 1.2. Before the main part of the thesis, Chapter 1.3 presents the 

structure of the thesis, and finally in Chapter 1.4 the company related to the conduct 

of the thesis is introduced.  

1.1 Background  

Based on the introduced changes in the energy sector, the following chapters address 

the rise of (Chapter 1.1.1) and the issues related to (Chapter 1.1.2) intermittent 

energy generation. The previous work related to the topic of the thesis is introduced 

in Chapter 1.1.3.  

1.1.1 The rise of intermittent generation  

Since the end of nineties, renewable energy sources have been gradually promoted 

by the energy policies, generating small or dispersed, and most importantly variable 

renewable electricity generation (Galant et al. 2013a, 4). The intermittency 

highlighted in Figure 1 is a fundamental limitation in utilization of this new 

generation capacity, among which are wind and solar energy. Despite not being able 

to carry the burden of supply alone, the world relies on these technologies. Public 

institutions have set a goal to limit the worldwide surface temperature increase to no 

more than 1.5°C compared to pre-industrial levels – a target which can only be 
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achieved by embracing renewable energy more extensively, leading to reduction in 

harmful CO2 emissions (United Nations 2015; Van den Broek et al. 2015, 1297; IEA 

2014a, 10; Garvey 2012, 1).  

 

 

Figure 1. Normalized wind generation (blue), insolation (gold) and power demand (red) diurnal time 

series data, average values highlighted in black. (Barnhart et al. 2013, 2805) 

For years, harvesting the wind resource has been one of the most affordable ways to 

produce electricity without carbon emissions (IEA 2014b, 9; Cavallo 2007, 124). 

Driven by national targets, wind power is expected to play a very important role in 

the future energy systems, with the continued trend of increasing installations 

illustrated in Figure 2 expected to remain. Although wind penetration level in each of 

the large markets – China (2.8%), United States (4.4%) and European Union (10.2%) 

– was considerably modest at the end of 2014, various scenarios, such as those of 

U.S. DOE (2015a, 11–12), IRENA (2015a, 9) and EWEA (2014a, 6) have envisaged 

clear increments to the current capacity, estimating the share of wind generation 

nearing or exceeding 20% in the large markets by 2030 (IEA Wind 2015, 5; Rave 

2014, 66–67). According to Metayer et al. (2015), the predictions of IEA have been 

strongly underestimated. Even at present, several smaller regions such as Denmark 

have seen wind penetration rising as high as 39.1% in 2014 (IEA Wind 2015, 5). 
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Solar power, on the other hand, has benefitted from policy mechanisms since the 

early 2000s, leading to exponential growth in installations (Brown 2013, 3).  

 

Figure 2. Cumulative installed global wind power and solar PV capacity from 2004 to 2014. (Adapted 

from EWEA 2014b, 11; GWEC 2015; EPIA 2014, 17; SolarPower Europe 2015, 12) 

1.1.2 The consequent need for electrical energy storage 

Due to the intermittent nature of both wind and solar power, technical barriers such 

as voltage and frequency control limit the penetration of variable renewable energy 

(VRE) in electricity grid (IRENA 2015b, 31; Pickard et al. 2009, 1). The integration 

is manifested for example as variation in voltage magnitude and delivery frequency; 

these small transients can cause instability in the transmission lines, resulting in a 

loss of electricity (Sundararagavan & Baker 2012, 2709). When specific 

circumstances are excluded, the integration of VRE can be managed by using the 

existing sources of flexibility up to the range of 10% to 25% of total generation 

(Schlumberger Energy Institute 2013, 13; Milborrow 2004, 7). The complication 

with VRE integration is the current electricity grid, which has been designed to 

support baseload generation – economies of scale are meant to be exploited and 

scheduled transmission in large volumes is supported (Anderson & Leach 2004, 

1604).  

 

Various options exist to counter the implications of intermittency, ranging from 

demand side response such as time-of-day electricity pricing to utility side response, 
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namely the construction of new peaking capacity (IEA 2005, 26). One way or other, 

these methods continuously balance the gap between the supply and demand. With 

an increasing amount of VRE integrated to the grid, the gap is growing (Oberschmidt 

et al. 2013, 281). At times, the generation may reach its maximum value only to be 

curtailed, resulting in a loss of revenue. Similarly, the generation may be insufficient 

at times, causing issues in maintaining the system reliability (Parfomak 2012, 20). If 

electricity production based on intermittent resources is to be a credible alternative to 

fossil fuels or nuclear power, it has to possess equal technical characteristics to those 

– to be available at the right time in sufficient quantities with required power quality 

(Cavallo 2007, 120; Pickard et al. 2009, 1). To make this possible in an efficient 

way, electricity has to be stored during hours of low consumption and supplied back 

when the demand is greater (Muradov 2013, 175).  

Different characteristics of these systems, including power output, storage capacity 

and discharge time, enable the coexistence of multiple technologies (Sabihuddin et 

al. 2015, 175; Parfomak 2012, 13). Storage systems on the order of seconds to 

minutes with fast response times are employed in power quality applications, 

allowing the momentary differences caused by fluctuations to be stabilized (Drury et 

al. 2011, 4959; Huggins 2010, 7; Akhil et al. 2013, 4). Larger transients may occur at 

times, commonly in the wake of a sudden and unexpected loss of a generator (Hesser 

& Succar 2012, 219). Additional supply consisting of primary, secondary and tertiary 

reserves is used in coordination to response to this disturbance in order to restore the 

generation (Ela et al. 2011, 5). The tertiary reserves are manually activated within 15 

minutes of a contingency and maintained active up to an hour, making the 

application suitable for a larger storage system. These systems are not necessarily 

able to deliver power quickly or at elevated level, but possess storage capacity on the 

order of hours to days (Schaber et al. 2004, 22). Other suitable applications include 

peak capacity services as well as load shifting and scheduling, often compensating 

the integration of VRE and potentially providing shorter-term grid services in 

addition (Dötsch 2009, 364; Drury et al. 2011, 4959). 

At present, at least of 140 GW of bulk electrical energy storage is installed 

worldwide, mostly consisting of pumped-storage hydroelectricity (PSH), which has 

been over the years and is currently the dominant storage method in the bulk scale 
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(IEA 2014a, 17). With over 200 active facilities capable of providing more than 130 

GW of capacity in total, PSH accounts for over 99% of the installed grid connected 

storage capacity (Kushnir et al. 2012, 123; IEA 2015, 58). Amongst the remaining 

percent is the compressed air energy storage (CAES), which captures electricity in 

the form of potential energy.  

1.1.3 The lack of dynamic features in the existing CAES models  

Although dynamic is a term that well describes the operation of any electrical energy 

storage, the existing dynamic models of CAES have mainly focused on the storage 

operation, for which analyses have been successfully carried out by authors including 

Khaitan & Raju (2011) and Nielsen & Leitner (2009). As illustrated by a selected 

sample of the recently introduced models in Table 1, the dynamic operation of 

turbomachinery has been largely neglected, although some analytical analyses based 

on commonly known off-design expressions have been conducted. Example of such 

is the work of Luo et al. (2016), who applied the Stodola’s cone law in their 

simulations. This general approach more focused on the steady-state operation has 

allowed the use of constant material properties, which is one of the factors limiting 

the accuracy of several of the existing models. For example, Barbour et al. (2015, 

809) make a conscious decision of using constant value for specific heat capacity, 

which according to the authors varies by less than 5% in the studied temperature 

range. More importantly, a fluid is more than its specific heat capacity, and the error 

is also present in the other properties – density, thermal conductivity, and viscosity 

are in addition readily addressed by the dynamic simulation software.  

 

Logic systems related to CAES exist widely in the literature, as the idea of 

combining energy storage with intermittent generation is well understood. When 

combined with the logic, the system is able to make dispatch decisions depending on 

the wind power generation and load demand, as introduced for example by Zhao et 

al. (2015a). Such logic systems suggest that the control engineering of CAES is 

highly complex. Clearly, there is a need to switch between operation modes and 

regulate the power depending on the demand and generation, while simultaneously 

maintaining the system as efficient as possible. Models which are able to perform 
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such tasks are not plentiful in literature – in fact, seemingly only the one developed 

by Budt et al. (2012) utilises the PID controllers to regulate the turbomachinery.   

 

Table 1. Selected CAES models in literature and the corresponding modelling approaches.  

Author 
Fluid 

properties 

Part-load 

operation 

Control and 

logic system 

Luo et al. (2016) Correlation - - 

Liu & Wang (2016) Constant - - 

Zhao et al. (2015a) Correlation Yes Logic 

Barbour et al. (2015) Constant - - 

Manfrida & Secchi (2015) Correlation No Logic 

Budt et al. (2012) Correlation Yes Control 

Jubeh & Najjar (2012) Correlation - - 

Hartmann et al. (2012) Constant - - 

De Samaniego Steta et al. 

(2011) 
- - Logic 

1.2 Research methodology, objectives and delimitations 

This thesis is preceded by a thorough literature review of CAES, which was carried 

out for VTT between July 2015 and August 2015. The literature review also forms a 

basis for the theoretical part of this work, which through latest scientific articles 

related to the field, books, as well as manufacturer information is extended to meet 

the requirements of the thesis. The practical part of the thesis consists of defining and 

modelling one process configuration of CAES by using analytical methods as well as 

Apros dynamic simulation software.  
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After the literature review, clear opinion of the suitable process configuration did not 

yet exist. However, certain state-of-the-art concepts were highlighted by the 

company for further evaluation, for which reason the no-fuel CAES technology 

forms the focus of the thesis. However, the reader should be aware that the advances 

made in the diabatic technology are purposely not neglected either, creating a 

coherent combination of the past, the present, and the future. The research objectives 

of the thesis can be categorized under three subjects as follows, each representing an 

individual chapter.  

 

1) Review the possible connection options of CAES. The available connection 

options mainly vary according how the air is stored and how the heat is 

introduced to the system. The study is to large extent limited to technical 

features, and only qualitative cost comparison is carried out in the thesis. 

 

Ultimately, based on the current development trends, the goal is to distinguish a 

technically feasible configuration with expansion potential to be implemented in 

Apros. Therefore, the main lines of development of CAES from the 1970s to the 

present are shown; introducing two existing large-scale systems, demonstration 

plant as well as several proposed state-of-the-art variants. Technical details 

characteristic to CAES, the related issues, and optimal design solutions are all 

addressed, so that the quality of the existing steady-state and dynamic models can 

be evaluated.  

 

2) Study the use of CAES with intermittent electricity generation and develop a 

framework for intermittent generation and electricity load demand. In order 

to evaluate the functionality of the developed model properly, mismatch between 

load and generation – controlling when and how the model is operated – has to be 

incorporated to the model. Wind generation with widely available wind resource 

data and several concepts related to CAES is selected to represent the intermittent 

generation, but the model is to be designed in a way that any varying form of 

electricity generation serves the purpose.  
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3) Develop a dynamic CAES model based on the selected configuration with 

Apros. Using the information found from literature, one setup for CAES process 

is selected for further evaluation. Based on analytical methods as well as adapted 

information from the existing concepts and models, a flexible system allowing 

easy scalability is developed. 

 

By incorporating the intermittent generation to the model, the system is to large 

extent forced to operate in off-design conditions. With this come several needs 

for development, which have been partially or completely neglected in the 

existing dynamic models, both in the literature and at VTT. For controlling the 

load, variable guide vanes currently not included in the standard component 

library of Apros have to be developed. In order to address the phenomenon of 

compressor surge adequately, compressor train piping and valving corresponding 

to a typical layout has to be designed. This, on the other hand, would allow 

demonstrating start-up and shutdown procedures based on literature information, 

which has not been implemented at this level of accuracy in the existing CAES 

models.   

 

The operation explained above is to be made possible with a control system. 

Intermittency leads to unpredictability, which allows demonstrating the 

robustness of the control system effectively. Although the design choices are 

made with consideration, the objective of the work is not to optimize the system. 

Instead, the goal is to develop a platform which allows studying the dynamic 

behaviour of CAES in Apros environment and opens up a possibility for 

numerous technical and economic studies in future.  

1.3 Structure of the thesis 

Chapter 2 forms the theoretical background for CAES. Therefore, the chapter 

introduces the working principle of CAES (Chapter 2.1), the theory of diabatic 

CAES (Chapter 2.2), and the theory of adiabatic CAES (Chapter 2.3). The last of the 

introduced chapters in particular is important considering the goals of the thesis, and 

consists of theory related to thermal energy storage (Chapter 2.3.1), the development 
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trends of adiabatic CAES systems (Chapter 2.3.2), the theory related to the geology 

and the system scaling (Chapter 2.3.3), and the state-of-the-art concepts (Chapter 

2.3.4). 

Chapter 3 can be considered as the transition from the theoretical to the practical part 

of the thesis. The chapter consists of the theory of wind-CAES systems (Chapter 

3.1), the control and operation strategies of wind-CAES systems (Chapter 3.2), as 

well as the design considerations of the system (Chapter 3.3). In Chapter 4, based on 

the literature information, the dynamic model is implemented. The chapter is 

initiated by introduction of Apros (Chapter 4.1), followed by setup of reference 

system based on thermodynamic analysis (Chapter 4.2). Based on the possibilities of 

Apros and the determined reference parameters, the dynamic model and its 

additional features are implemented (Chapter 4.3), and given functionality through 

the development of control system (Chapter 4.4).  

In Chapter 5, test cases for the evaluation of the model are first defined. Multiple 

case studies from operation at design point (Chapter 5.1) to dynamic operation 

(Chapter 5.4) are carried out, also focusing on details such as the performance of 

variable guide vanes (Chapter 5.2) and the evaluation of start-up sequences (Chapter 

5.5). In addition, the part-load operation is separately evaluated in Chapter 5.3. 

Finally, Chapter 6 discusses some of the selections made in the modelling process, 

and analyses the future development requirements of the model.  

1.4 VTT Technical Research Centre of Finland 

Since its establishment in 1942, VTT Technical Research Centre of Finland has 

become the leading research and technology company in the Nordic countries (VTT 

2016a). Operating with 2600 personnel and a turnover of 277 million euros, the 

company has selected to focus its research activities on six areas, namely, 

bioeconomy, low-carbon energy, and clean technologies (VTT 2016b).   

 

The energy sector is changing ever so fast, and new openings have to be made. Great 

amount of expertise around energy storage exists across VTT and numerous projects 

are focusing on the topic. This thesis along with the hydrogen storage developed in 
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the Tekes-funded (Finnish Funding Agency for Innovation) project Neo-Carbon 

Energy is one of the first steps towards incorporating the knowledge to Apros, which 

has commonly been used for advanced power plant simulations. More recently, great 

effort has been made to implement various renewable energy solutions including 

concentrated solar power technology into Apros. This thesis was commissioned by 

VTT under the programme Ingrid+, which among several topics focuses on future 

energy system analyses, integration of renewable energy sources, and smart energy 

concepts. 

 

 

 

  



28 

 

      

 

2 CONNECTION OPTIONS OF CAES 

Within the connection options of CAES, a great variety of concepts exist. Hybrid 

systems integrating CAES with external coal firing or external steam, Kalina and 

transcritical CO2 cycles are amongst those proposed during the recent years (Liu et 

al. 2014a; Liu et al. 2014b; Zhao et al. 2015b; Zhao et al. 2015c). More innovative 

concepts have recently seen CAES combined with underwater storage vessels, 

buoyancy work or high-flying kites, and even liquidation of the air has received 

interest (Lim et al. 2012; Pimm et al. 2014; Alami 2015; Schmitz & Madlener 2015; 

Kantharaj et al. 2015).  

 

This thesis focuses on no-fuel CAES and its two selected variants, low-temperature 

CAES and adiabatic-heated CAES. These concepts not only illustrate the difficulties 

in development of the adiabatic concept, but have interesting features possibly worth 

including in the model developed in the thesis. In addition, the diabatic and 

isothermal systems are introduced in order to support the modelling process. The 

literature often refers to three generations of CAES, which for clarity are described 

based on the key process components as follows:  

 

 First generation: Cooled compressor, combustor, expander 

 Second generation: Cooled compressor, combustor, expander, recuperator 

 Third generation: (Cooled) compressor, expander, thermal energy storage 

 

The literature part of the thesis is initiated by studying the working principle of 

CAES in Chapter 2.1, followed by introduction of the existing diabatic technology in 

Chapter 2.2. The no-fuel technology is the topic of Chapter 2.3, which describes the 

options for the important system components, and discusses the development of 

no-fuel CAES technology.  
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2.1 Working principle of CAES 

In order to understand the working principle of CAES, a conventional open Brayton 

cycle gas turbine configuration should be envisioned. Three main components are 

required for the operation: a compressor, a combustion chamber and an expander 

(Poullikkas 2005, 424). The basic configuration of a CAES system is closely similar 

as the comparison of simplified temperature-entropy diagrams of the two processes 

in Figure 3 suggests. In both systems, the compression (1–2), expansion (3–4) and 

combustion (either 2–3 or 2’–3) are identical, but in the CAES cycle the inclusion of 

compressed air storage unit (2–2') can be perceived as an anti-clockwise, energy 

consuming process (Kaiser 2015, 2). 

 

Figure 3. Temperature-entropy diagrams of a conventional open Brayton cycle (left) and CAES cycle 

(Kaiser 2015, 1) 

When the system is considered to be at its initial state, the operation starts when 

inexpensive electricity is available. Air at ambient state enters the compressor train in 

which the pressure is increased to the storage pressure. Multi-stage compression 

coupled with intercooling and aftercooling is commonly used to increase cycle 

efficiency due to decreased required compressor work (Garrison & Webber 2011, 4; 

Kim & Favrat 2010, 214). Compressors, selected according the desired flow rate and 

pressure ratio, exist in several categories out of which the most significant are shown 

in Figure 4. Typically, axial units are preferred for low-pressure stages, whereas 

high-pressure stages comprise centrifugal units operated greatly above synchronous 

speed with incorporated gearbox (Ter-Gazarian 2011, 108).   
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Figure 4. Main types of compressors and the associated performance characteristics. (Boyce et al. 

2003, 3) 

The compressed air storage, located between the compressor and expander trains as 

shown in Figure 5 is either an underground formation or an artificial container, to 

which energy is stored in form of cooled high pressure air (Luo et al. 2015, 514; 

Wolf et al. 2012, 184). The state of the storage is controlled with valves, which also 

can improve the performance of the expander train. During the peak hours, 

compressed air is extracted from the storage and heated – either by utilizing natural 

gas combustors or recovered heat of compression – and fed to the expander train. 

Expanders exist in the form turbomachines and volumetric expanders. In the existing 

CAES systems, the former is the mainstream configuration through the use of two 

axial turbines arranged in series (Zhao et al. 2016, 1165). The positive displacement 

expanders, consisting of screw expanders, scroll expanders and reciprocating 

expanders, have been proposed for the systems of smaller scale (Iglesias & Favrat 

2014; Saadat et al. 2015). Regardless of the expander configuration, the pressure is 

reduced in stages, eventually reaching the exhaust pressure. Recuperators are used in 

some systems to recover the heat from the air before it is rejected to ambient, thus 

reducing the required heat input to the process.  
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Figure 5. Simplified process schematic of a conventional CAES system. (Adapted from Kushnir et al. 

2012, 124) 

The important difference compared to conventional open Brayton cycle is that the 

compression and expansion can be performed independently of each other at 

different times. Electricity for compression is supplied separately by a motor-

generator unit, and the full power output of the expanders is used to generate 

electricity instead of powering the compressors (Succar & Williams 2008, 15–16). 

To make such operation possible, the centrally mounted electric machine is separated 

from both sides by clutches, to which the shaft ends are coupled – one end driving 

the compressor train and the other driven by the expander train. The clutches of 

automatic self-synchronized overrun type uncouple the inactive side of the system 

during normal operation (SSS Clutch 2010). During start-up, the turbomachinery 

train in operation may be loaded rapidly when the electric machine has reached its 

synchronous speed. The compressors are conventionally started with help from the 

expanders – while having the expander inlet valves open, both the trains are initially 

accelerated to synchronous speed. More recent approach is to increase the 

compressor train rotation speed to synchronous speed by using a frequency converter 

before the motor is connected directly to the grid and the compressors loaded. During 

shutdown, the compressors are unloaded before actively disengaging the clutch to 

allow the compressor train to be decelerated. (Freund et al. 2012, 12) 

The expanders are started on their own by opening the inlet valves. When the 

synchronous speed is reached, the clutch engages automatically. During shutdown, 

decreasing the air flow rate by throttling the inlet valves reverses the torque on the 
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clutch and causes it to automatically disengage, leaving the generator spinning (ibid., 

12). Some of the proposed systems use dedicated motor and generator units, allowing 

faster transition from charging to discharging, or even simultaneous operation (EPRI 

2003, 15-13; Denholm & Kulcinski 2003, 20). In a situation, where the storage is 

being discharged but the grid would require additional short-term load to balance the 

mismatch, load could be simultaneously provided with the compressor train instead 

of shutting down and restarting the generation unit (Desai et al. 2003, 18). 

Additionally, the system may be used for synchronous condensing (Conroy 2011, 

13). In this case both the clutches are disengaged and the electric machine supplies 

reactive power to the grid, supporting the grid voltage stability (Freund et al. 2012, 

12; ABB 2013, 1).  

2.2 Diabatic CAES 

Today, two large-scale CAES plants exist: one representing the first generation 

CAES and the other the second generation CAES, as summarized in Appendix I. 

These successfully implemented systems are diabatic, in which thermal energy is not 

recovered during the compression process. Therefore an external source of heat, 

commonly in form of natural gas, is required to enable efficient operation. Although 

only a minimum fuel input is necessary, the diabatic systems remain sensitive to cost 

and availability of fuels (Hobson et al. 1981, 4-1). Consequently, economic viability 

for such systems is only anticipated in niche markets where the wasted thermal 

energy can be consumed by a concentrated heat load (Safaei & Keith 2014, 124). 

During the recent decades, multiple additional diabatic systems have been proposed, 

but have eventually not been implemented. Amongst these are the Norton CAES and 

Seneca CAES, which both failed for economic reasons (U. S. Department of Energy 

2015b, 4; Staubly & Pedrick 2012, VI). On the positive note, at least five large 

projects are currently active in the United States, and one in Northern Ireland (Fawad 

2015; Gaelectric 2015; Kenning 2016).  

 

These diabatic systems are not pure energy storages by the true meaning of the word, 

but can instead be considered more of hybrid gas plants (Budt et al. 2012, 791). This 

approach provides high power density, but induces costs and efficiency losses 
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(Vazquez et al. 2010, 3884). As the compressed air is first cooled to near-ambient 

temperature before the storage and consequently heated back to a higher temperature 

level during discharging, relatively lower efficiency can be achieved compared to an 

adiabatic system (RWE Power 2010, 4). Both generations of the diabatic CAES are 

partly derivable from an open cycle gas turbine, which is a type of a heat engine 

(Wolf & Budt 2014, 159). For any heat engine, the theoretical maximum thermal 

efficiency is determined by the ratio of minimum and maximum process 

temperatures – the Carnot efficiency presented in the equation below 

(Simões-Moreira 2012, 17). 

 
𝜂C = 1 −

𝑇min

𝑇max
 (1) 

As the Carnot efficiency assumes the compression and expansion processes to be 

reversible, such efficiency is not achievable in a real heat engine. For diabatic CAES, 

a more realistic presentation of the system performance is given by cycle efficiency, 

which is defined for electrical energy storage systems in general as the ratio of 

electricity output to electricity input, as follows.  

 
𝜂cycle =

𝐸out

𝐸in
 (2) 

As diabatic CAES requires an external source of heat for the operation, the equation 

above is not valid, if the performance is to be compared with the adiabatic 

configuration. Although combining thermal energy and electrical energy quantities 

by algebraic manipulations is not possible, several formulations to measure the 

performance of diabatic CAES have been proposed, including the one shown in 

Equation (3).  

 

𝜂cycle =
𝐸out −  𝜂F𝐸F

𝐸in
 (3) 

By introducing an output correction term, fuel conversion efficiency and fuel input 

are taken into consideration by subtracting the contribution from the total output 

(Succar & Williams 2008, 38–39). 
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2.2.1 First generation – Huntorf CAES  

The first generation CAES is the simplest possible form of the CAES technology, 

with the only difference to a conventional gas turbine being the included compressed 

air storage. The best example of the technology is the Huntorf CAES plant, which is 

the first CAES facility in the world, located near Bremen, Germany. Commissioned 

in 1978 with a generation capacity of 290 MW and later upgraded to 321 MW in 

2006, the initial purpose of the plant included providing inexpensive peak power and 

helping in black starts of the nuclear plants of Germany (Succar & Williams 2008, 

22; E.ON n.d.; E.ON n.d. b). At present, the system is mainly used to help in peak 

shaving, to supplement the ramp rate of slow-responding coal plants, and more 

recently to mitigate the variability in wind power generation (Fertig & Apt 2011, 

2331). Figure 6 shows an example of the diurnal load profile and storage operation of 

the system, highlighting the compression and expansion cycles. During the recent 

decades the system has not been in as active use as initially, having seen the number 

of yearly starts decreasing from around 200 of the 1980s to below hundred with the 

coming of 21
st
 century (Crotogino et al. 2001, 4).  

 

Figure 6. Example of Huntorf CAES diurnal utility load profile and storage operation. (Adapted from 

Van der Linden 2006, 3449) 

Both compression and expansion are carried out in two stages, as the simplified 

system configuration in Figure 7 shows. The 60 MW rated compressor train, 

consisting of axial low-pressure machine and centrifugal high-pressure machine 
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operating respectively at 3000 and 7262 rpm, has three intercoolers and a single 

aftercooler incorporated to remove the heat generated during compression (Weber 

1975, 335; Ter-Gazarian 2011, 115 & 117). In order to prevent destabilisation, the 

role of the aftercooler is to ensure that the compressed air does not enter the storage 

at a temperature higher than 35°C (Budt et al. 2012, 792). The compressed air is 

stored in two salt caverns, which are designed to operate between 48 bars and 66 bars 

and to provide two hours of rated output, but later modified by operational means to 

be able to supplement three hours of capacity (Succar & Williams 2008, 22). 

Although the required storage capacity could have been ensured by a single cavern, 

the use of two caverns increases redundancy and allows easier cavern refilling and 

start-up procedures (Crotogino et al. 2001, 3). During discharging, natural gas is 

combusted in two separated combustion chambers, both followed by an axial 

expansion turbine (Eckardt 2013, 303). Due to the combustion processes, around 1.6 

kWh of natural gas in addition to 0.8 kWh of off-peak electricity is required to 

generate 1 kWh of electricity (BINE 2007, 2).  

 
 

Figure 7. Simplified process schematic of Huntorf CAES plant. (Adapted from Ter-Gazarian 2011, 

115) 

Huntorf CAES was engineered as a minimum risk commercial prototype, having a 

goal to maintain the design as simple as possible. As characteristic to first generation 

CAES, recuperation is excluded from the configuration. By recovering heat from the 

LP expander exhaust gases and preheating the compressed air entering the HP 

expander, the overall efficiency of the plant, reportedly around 42%, could have been 

improved (Kéré et al. 2015, 499; RWE Power 2010, 4). However, since the 
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recuperator would have not provided economical advantage because of the way the 

plant was intended to operate, it was omitted to help in minimizing the start-up time 

of the system (Succar & Williams 2008; Weber 1975, 333). The normal starting 

procedure from entirely standstill to full load takes around 10–11 minutes and an 

emergency start 6 minutes, and is performed in similar manner in both the charging 

and discharging cycles (Zschocke 2012, 10; Ter-Gazarian 2011, 119; Stys 1983, 

1081; Weber 1975, 335). After a preparation lasting half a minute, the compressors 

are started with help from the expanders and the remaining air in the reservoir, 

accelerating the group to synchronous speed in three minutes. When the motor-

generator unit is synchronized, the clutches disconnect it from the turbomachinery 

according the desired operation mode (Barnes & Levine 2011, 127). Full load can be 

reached within 2.5 or 7.5 minutes, whether an emergency start or a normal start is in 

question.  

2.2.2 Second generation – McIntosh CAES  

The second generation CAES is closely similar to its preceding generation, only 

making more efficient use of recuperation, expanders and air injection techniques in 

order to generate electricity (Valenti 2010, 13; Foley & Díaz Lobera 2013, 86). Due 

to the improvements, the systems are able to operate at lowered heat rate and 

increased overall efficiency (Liu et al. 2014c, 4991). Instead of working in closed 

cycle as the first generation CAES, the second generation CAES utilizes an open 

cycle approach. This allows the use of industry-proven gas turbine technology, 

namely combustion turbine modules and dedicated motor and generator units. Due to 

approach, the need for high-pressure combustors operating at the storage pressure is 

eliminated as well (Nakhamkin et al. 2009, 2).  

 

The best example of a second generation CAES system is the 110 MW rated 

McIntosh CAES plant located in south-western Alabama, United States, 

commissioned in 1991 as the second ever operating CAES facility. Figure 8 

introduces a simplified configuration of the plant, which main duty is to act as a 

regulating capacity between a 100 MW coal plant and the electricity demand, 

providing power supply during quick load changes in the mornings and afternoons. 
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Thus, the coal plant can be operated at full power at all times, providing its 

maximum efficiency (Arsie et al. 2007, 2). From the design viewpoint, the system 

resembles greatly the Huntorf CAES with comparable operating parameters, but the 

system also includes a heat recuperator, decreasing the fuel consumption by 25% and 

increasing the cycle efficiency approximately from 42% to 54% as a comparison to 

Huntorf CAES (Schainker et al. 2008. 1). A single salt cavern designed to operate 

between 45 bars and 74 bars is used to provide 24 hours of rated power (Succar & 

Williams 2008, 23; Zach et al. 2012, 22). The compressor train of McIntosh CAES 

consists of four stages with three intercoolers and one aftercooler totalling 50 MW of 

power, whereas the expander train is two-staged. The system is designed to operate 

efficiently at part load, as it can change load at a rate of 30% per minute, which is 

three times faster than any other type of power plant. In addition, when loaded with 

20% of rated capacity, the plant only loses 15% in efficiency (Ter-Gazarian 2011, 

119).  

 
 

Figure 8. Simplified process schematic of McIntosh CAES plant. (Adapted from Garrison & Webber 

2011, 5) 

Second generation CAES represents the state-of-the-art of diabatic systems. As the 

design of McIntosh plant has been further improved during the recent years, several 

new concepts have arisen. Nakhamkin et al. (2007, 2009) have been majorly 

involved in the development of this particular technology, introducing systems 

generating power separately from combustion turbines and expanders by using 

various air injection schemes. More recently, Dresser-Rand, the company which also 

provided turbomachinery for the McIntosh CAES, have developed a system named 

SMARTCAES, which is a direct upgrade over the previously used technology. 

Similarly, the SMARTCAES turbomachinery comprises four-staged compression 

and two-staged expansion, but the operating flexibility, start-up times and ramping 
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rates all have been improved through the use of variable speed drive and variable 

inlet guide vanes (Dresser-Rand 2015a, 8–11). The system is able to reach rated 

compression power in less than five minutes and rated generation in less than 10 

minutes. 

2.3 Adiabatic CAES 

Although the diabatic CAES technology can be improved to a certain extent, the 

technology contains fundamental issues. Its required connection to fuel distribution 

grid, relatively weak energy efficiency and carbon emissions all make the technology 

unsuitable for the future energy systems (Buffa et al. 2013, 1052–1053). The next 

step in the development is the no-fuel or regenerative CAES, commonly referred as 

adiabatic CAES. In this ideally adiabatic system, the heat of compression is 

recovered, stored and utilized in order to increase the cycle efficiency (Ter-Gazarian 

2011, 111; RWE Power 2010, 5).  

 

The idea of constructing an adiabatic system has been considered for several 

decades. Literal no-oil concepts omitting the use of any fuel were proposed in the 

1970s due to the first oil crisis after serious concerns over the availability of oil and 

natural gas for power generation applications, leading to the first patented adiabatic 

CAES system in 1972 (Kreid 1976, 5; Hobson et al. 1981, 1-2). Although the 

technical specifications were considered too ambitious at the time, it was concluded 

that relatively higher cycle efficiency compared to conventional CAES technology 

could be obtained (De Biasi 2009, 2). Indeed, it is widely agreed that adiabatic CAES 

would operate at cycle efficiency between 60% and 75% depending on the system 

configuration (Moser 2014, 12; Doty et al. 2010, 5; Pickard et al. 2009, 9). In the 

deregulated electricity markets of today where primary fuel prices are rising, 

emission penalties exist and the penetration of renewables is increasing, new 

assessments of the technical challenges have been made (Zunft et al. 2006, 2). 

Despite the foreseen potential, the technology is still in research and development 

stage with a number of persistent technical challenges (IEA 2014c, 4; Zhang et al. 

2013, 470).    
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The system in adiabatic CAES is built around thermal energy storage, which allows 

the rejected heat from compression to be recovered and stored (Budt et al. 2012, 

792). An example of such system is shown in Figure 9, where two-staged 

compression and expansion are employed. Performing the compression with a 

common radial or axial machine makes the process practically adiabatic, as thermal 

energy of the same order of as the magnitude of compression work can be recovered 

at the compressor outlet (Buffa et al. 2013, 1052). During discharging, the 

compressed air and the stored thermal energy are recombined and driven through the 

expander train, eliminating the need for combusting fossil fuels for preheating (De 

Biasi 2009, 2; Zunft et al. 2006, 2; Oberschmidt et al. 2013, 301). In practice, the 

system should minimize the transferred heat to the compressed air before it enters the 

expander (Kéré et al. 2015, 500). Despite of this, heat exchangers – commonly one 

or more – have been used in both compression and expansion train for recovering 

and supplying heat, as it offers the technically simplest option (Buffa et al. 2013, 

1053; Grazzini & Milazzo 2012, 463).  

 

Figure 9. Simplified schematic of adiabatic CAES system. The heat of compression is recovered, 

stored and used in the discharging process. (Adapted from Grazzini & Milazzo 2012, 462) 

Whereas the diabatic CAES can be considered to be governed by the Carnot 

efficiency, the same does not apply for adiabatic CAES. Having only electrical input 

and output streams, the cycle cannot be considered as a heat engine, suggesting that 

the interest should rather be in the cycle efficiency defined in Equation (2). What 

actually governs the cycle efficiency of adiabatic CAES is vital to understand. As 

derivable from the ideal gas law, the maximum process temperature does not have an 

effect on the theoretical cycle efficiency, nor consequently has the storage 
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temperature. However, the comparison in Figure 10 shows that higher efficiencies 

have been achieved in literature for the high-temperature concepts than to those 

operating at lower temperature levels. (Wolf & Budt 2014, 159–160).  

 

Figure 10. Carnot efficiency as a function of upper process temperature, and adiabatic CAES cycle 

efficiencies plotted over maximum storage temperature. Marked points refer to literature values, 

hatched area to fitted range. (Adapted from Wolf & Budt 2014, 160) 

This is due to the exergy losses, which correlate with the number of heat transfer 

processes within the system. In order to realize a system operating at a lower 

temperature level, heat has to be transferred between the storage and the process a 

greater number of times, consequently resulting as a lower cycle efficiency. Unlike 

the Carnot efficiency, the efficiency of adiabatic CAES cannot be presented by a 

single curve, but instead a value range depending on the technical design of the plant 

and factors on component level, such as mechanical and thermodynamic efficiencies. 

Still, a decreasing trend can be observed from the plotted points, but the illusive 

curve does not decrease as drastically as the Carnot efficiency at the low temperature 

levels. (Wolf & Budt 2014, 160) 

2.3.1 Thermal energy storage   

The described relation between the storage temperature and cycle efficiency suggests 

that a configuration operating with lower storage temperature would not be 

unreasonable. The thermal energy storage (TES) is the central part of adiabatic 
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CAES and its performance largely defines the characteristics and the level of 

efficiency of the entire process (Zunft et al. 2006, 4; Kéré et al. 2015, 501). From an 

economic viewpoint, the importance of TES should not be neglected either, as it 

represents approximately one fifth of the total investment costs of the system (Dötsch 

et al. 2012, 45). In TES, energy is stored by making a material subject to one or 

multiple thermodynamic phenomena, for example heating. When the process is 

reversed, the stored thermal energy becomes available, in this case through cooling. 

This is the working principle of a sensible heat storage system, in which energy is 

stored by causing a material to increase or decrease its temperature. If energy is 

stored by phase change in a constant temperature, the system is called latent heat 

storage. Different storage media is required for the two types of TES: the sensible 

storage systems typically use rocks, ground or water, whereas in latent storage 

systems energy is stored in phase change materials, which commonly change phase 

from solid to liquid during storage. (Dincer & Rosen 2010, 83–84) 

 

Ideally a TES would store and recover energy at the same temperature. That is to say, 

the storage would operate without exergy losses, which is hypothetically possible if a 

hot energy stream pushes a lower temperature stream out without mixing. In a real 

mixed system, energy can only be recovered at a temperature lower than the initial 

one (Bindra et al. 2013, 255–256). Nevertheless, the compressed air should ideally 

be cooled close to ambient temperature during charging the TES, and respectively 

the air should reach the highest possible temperature during discharging (Kéré et al. 

2015, 501). In addition to economic and environmental criteria introduced by Dincer 

& Rosen (2010, 90–91), the ideal TES would possess various technical qualities, of 

which many relate directly to efficiency, for example good heat transfer between heat 

transfer fluid and storage medium, low heat losses during cyclic operation, and a 

maximum storage temperature higher than the compressor discharge temperature. In 

an ideal situation, the following criteria would be met as well (Bruno et al. 2014, 

213; Zunft et al. 2006, 4; Yang et al. 2014, 520):  

 

 High storage material energy density to provide storage capacity 

 Ease of control and highly uniform outlet temperature to provide stability  

 Mechanical and chemical stability to support cyclic operation 
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 Complete reversibility of cyclic operation to allow long lifetime 

 

Furthermore, the specific application of TES by itself poses further limitations, as 

certain boundary conditions such as pressure range, temperature level or storage 

capacity set constraints to the selection of technology. The limitations in adiabatic 

CAES have commonly been caused by operation conditions, as the storage material 

involved is expected to be cycled between temperatures of around 50°C to 

600°C–650°C under pressure. As economically feasible TES material for the needs 

of adiabatic CAES has even been considered as non-existent at present, screening of 

applicable TES technologies is required (Doerte et al. 2012, 13; Kéré et al. 2014, 

113; Galant et al. 2013b, 264) 

 

TES concepts can be classified as active and passive systems as shown in Figure 11. 

The passive storage systems, also referred as regenerators typically utilize two 

different media – the fluid transferring heat passes through storage only to charge 

and discharge the storage material. Two types of active storage systems exist: in the 

direct system a single fluid is responsible for both heat transfer and storage, thus 

requiring the material to simultaneously possess the desired properties of both 

applications, but also eliminating the need for costly heat exchangers. This less 

frequently applied option allows the heat transfer fluid to be in direct contact with the 

storage medium, which enables larger heat transfer surface and low heat transfer 

losses, but on the other hand requires pressurized containment, leading to notably 

higher costs (Barbour et al. 2015, 806; Zunft et al. 2006, 4). In the indirect system, a 

secondary medium is used to store the thermal energy, which is transferred through 

heat exchanger tube walls separating the two fluid streams. Although the method 

allows using storage tanks at ambient pressure, the heat transfer fluids are costly and 

limited to only a specific temperature range (White et al. 2014, 648).  
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Storage concept

Active storage

Passive storage

Direct system

Indirect system

 

 

Figure 11. Classification of storage systems according the storage concept. (Adapted from Gil et al. 

2010, 33–36) 

At present, two-tank systems using molten salts or synthetic oils are the most 

commonly applied TES systems (Zavattoni et al. 2014, 125). In the field of 

concentrated solar power the research has been extensive, making the two-tank 

indirect TES using molten salt as storage material and thermal oil as heat transfer 

fluid the most applied technology with the widely represented parabolic trough plants 

(Doerte et al. 2012, 14). The use of thermal oil involves the inconvenience of 

maintaining the oil pressurized and inert (Zarza 2009, 182). As the vapour pressure is 

low in the temperature range of 100°C to 400°C, injection of oxygen-free gas allows 

both of the problems to be solved simultaneously.  

 

Although molten salts have not been utilized in duty cycles similar to those required 

in adiabatic CAES, they are widely known in other industrial applications related to 

heat transfer and thermochemical reactions (EPRI 2014a, 4). That is not by 

coincidence, as molten salt possesses several qualities making it suitable for such 

applications, including liquid state over a large temperature range and very low 

vapour pressure (Sohal et al. 2010, 1; Raade & Padowitz 2010, 1–2; Ushak et al. 

2014, 50). Figure 12 shows the indirect configuration of molten salt TES, where the 

flow to three heat exchangers connected in series is controlled by a single 

recirculation valve, three main valves for each tank, and pumps (Herrmann et al. 

2004, 886).  
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Figure 12. Schematic of a two-tank molten salt TES. While charging the compressed air storage, the 

heat transfer fluid (HTF) is transferred from the cold tank to the hot tank. (Adapted from Menéndez et 

al. 2014, 6724) 

Various molten salts with different thermal and physical properties exist, and are 

summarized for example by Serrano-López et al. (2013). Regardless of the selected 

salt, a conjunctive issue is the melting point of the material, above which the system 

should constantly operate in order to prevent unwanted freezing. The common choice 

for concentrated solar power applications, a binary mixture consisting of NaNo3 and 

KNO3 termed solar salt, has a melting point of 222°C (Andreu-Cabedo et al. 2014, 

4). Ternary mixtures allow lower melting points – for example KNO3-NaNo2-NaNo3 

commercialized with the name of Hitec enables operation above 142°C. In order to 

maintain the salt at a liquid state in concentrated solar power applications, molten 

salt is circulated between the two tanks during nights, causing losses below 2% of the 

annually collected thermal energy (Morin et al. 2015, 691). Although the lack of 

insolation is not a restricting factor considering CAES, critical thermal gradients can 
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be avoided by keeping the piping warm with parasitic heating or cycling (Chai et al. 

2014, 871). In the proposed CAES concept of EPRI (2014, 4–5), molten salt is 

pumped between the tanks whether the system is being charged or discharged, but 

maintaining 40% of the salt in each tank at all times in order to minimize thermal 

cycling and sloshing. (Kearney et al. 2004, 862; Doerte et al. 2012, 20) 

 

Due to a restraint caused by corrosivity and material degradation, molten salt enables 

a maximum storage temperature of about 550°C–565°C (Zavattoni et al. 2014, 125; 

EPRI 2014, 6). The applicability is not as restricted as with thermal oils, which allow 

operation up to about 400°C with synthetic mixtures (Kaltschmitt et al. 2007, 198). 

In order to increase the operation range, storage configurations using solid material 

of high thermal capacity have been proposed during the recent years. These systems 

based on direct heat exchange, called regenerators, eliminate the need for the heat 

exchangers as well as the separate heat transfer fluid (Barbour et al. 2015, 807). With 

a solid storage material, the high vapour pressure affecting the stability and liquidity 

of the thermal fluid is not a concern (ibid., 813). As of fact, the regenerators allow 

the highest possible temperatures of all the storage types, being only limited by the 

melting point of the solid material (Ushak et al. 2014, 65; Zanganeh et al. 2015, 813). 

The focus of research attention has been mostly on low-temperature systems 

operating below 200°C, but promising results have been achieved at temperatures up 

to 600°C (Ushak et al. 2014, 79; Klein et al. 2015, 61; Allen et al. 2014, 667). 

 

Great freedom exists in regenerator TES design, as the type and geometry of the 

storage material as well as the inventory arrangements are all modifiable. In 

particular, the last has a great effect on the design features (Zunft et al. 2014, 1089). 

Often in smaller scale the inventory is arranged as a formation of regularly shaped 

solid material, to which tube register heat exchanger is integrated (Laing et al. 2006, 

1284). The most promising inventory materials include concrete, limestone and 

refractory ceramics, out of which the first has been commonly proposed in literature 

to be used in conjunction with CAES (Hartmann et al. 2012, 544; De Samaniego 

Steta et al. 2011, 2; Zunft et al. 2006, 4). Alternatively, the inventory can be arranged 

in the form of a random assemblage of solid particles, a packed bed. Both of the 



46 

 

      

configurations offer easy scalability, use of inexpensive materials, and excellent heat 

transfer properties due to large specific heat transfer area (Doerte et al. 2012, 16–17).  

 

The heat transfer in a packed bed is complex and depends on various phenomena, 

both dependent and independent of the fluid flow (Barbato 2015, 28; Zavattoni et al. 

2014, 126). Given the complexity, concerns have been raised over the 

thermomechanical aspects (Doerte et al. 2012, 17; Ushak et al. 2014, 79). The cyclic 

thermal expansion and compaction may cause forces focusing on small containment 

wall areas, and the inventory material also has a risk to crumble (Zaloudek & Reilly 

1982, 3-16). Other fundamental disadvantages are the drop in outflow temperature 

near the end of the discharge cycle, and considerably high as well as unpredictable 

pressure drops through the bed inventory due to asymmetrical rock particles 

(Zanganeh et al. 2014, 316; Allen et al. 2014, 667). In order to reduce the 

temperature fluctuations, the use of encapsulated phase change materials has been 

suggested in conjunction with a sensible heat inventory, either as the top layer or 

filler material (Zanganeh et al. 2014; Peng et al. 2015). To summarize the chapter, 

Figure 13 shows the partial temperature range of the introduced and some additional 

TES methods. 

 

Figure 13. Conceptual temperature range of various heat transfer media. (Adapted from Dötsch et al. 

2012, 42) 

It should be pointed out that the maximum storage temperature is not always of the 

highest importance, especially when considering systems operating at lower 
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temperature levels. This is the case with molten salt – although the material offers 

excellent heat transfer properties, due to its high melting point the amount of 

recoverable heat between compression stages is more limited than with thermal oil. 

Furthermore, the available options in Apros should be considered. Water would be 

the most reasonable option due to the validated two-phase flow models of Apros, but 

the fluid does not meet the desired criteria of flexibility. The regenerator on the other 

hand characterizes flexibility due to its suitability for a wide temperature range, but 

would require significant effort in model development. Therefore, as the software 

allows fluid properties to be imported, commercial thermal oil named Therminol 

VP-1 is selected as the heat transfer fluid for the model, and its properties and 

implementation are described in more detail in Chapter 4.3.2. 

2.3.2 Adiabatic systems in development 

To the best of author’s knowledge, commercially operating adiabatic CAES systems 

do not exist. The reason for this has been discussed in literature by several authors, 

yet without an unambiguous consensus. Lack of awareness of the option, risk of 

using underground formations, and reduced price spreads due to transport capacities 

from other grids are amongst the presented views (EPRI 2003, 15-12; Foley & Díaz 

Lobera 2013, 88). Most likely, with conventional valuation techniques, the 

investment does simply not return as much as the competing technologies do, which 

is named by Bullough et al. (2004, 4) and Pickard et al. (2009, 9) as the main factor 

reducing the opportunities.  

 

Despite of the lack of active systems, notable research activities related to adiabatic 

CAES have been conducted during the recent years. Closest to actualization is a 

Swiss company ALACAES, who are developing a pre-commercial test plant in 

Pollegio, Switzerland. Differing from the conventional approach, the company is 

aiming to develop systems by using dismissed tunnels or dug caverns in mountains. 

As illustrated in Figure 14, the plant equipment in its entirety is placed inside the 

mountain. The TES, a packed bed of rock developed for concentrated solar power 

applications allowing temperatures up to 800°C, is located within the compressed air 

reservoir, eliminating the need for a pressure-bearing vessel. The technology enables 
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a cycle efficiency of over 72% with ramping times of less than five minutes. 

(ALACAES 2015a; ALACAES 2015b) 

 

 

Figure 14. Adiabatic CAES system design of ALACAES. (ALACAES 2015c) 

In Germany, adiabatic CAES was developed within a European Union funded 

project AA-CAES from 2003 to 2007, followed by project ADELE. Between the 

years of 2010 and 2012, a consortium consisting of RWE Power AG, German 

Aerospace Center, General Electric and Züblin AG worked with aims to develop a 

first-of-its-kind large-scale adiabatic CAES demonstration plant (RWE Power 2010, 

5). With approximately 260 MW of rated power and four to eight hours of storage 

capacity at full load, the proposed plant would have reached cycle efficiency of 70% 

without emissions, utilizing available technology leading to similar specific costs as 

PSH. As introduced by Zunft (2015, 5–7), the ADELE project was followed by 

ADELE-ING in 2013, shifting the focus from feasibility and concept studies to 

engineering aspects and system variant assessments. Three system configurations 

were selected for detailed engineering: a high-temperature system with molten salt 

TES and two low-temperature systems, one with two regenerators and the other 

combining a regenerator and thermal oil TES. The final phase of the project, 

ADELE-Stassfurt, would have commenced in mid-2016 and led to construction of 

the selected configuration, but the plans for constructing a large-scale facility were 

discontinued in 2015 due to lack of concrete market opportunities.  

 

The risk for such an investment – not only for adiabatic CAES, but for any first-of-

its-kind electrical energy storage system – was considered too large under the current 

market conditions (Volksstimme 2015; Moser 2014, 16). Despite these challenges, 

the efforts are still ongoing to seek possibilities for market entry, including the 

improved use of existing simulations and integrated solutions such as natural gas co-
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firing. Most importantly, Zunft et al. (2015, 16–17) mention the possibility to 

downscale the system.  

2.3.3 Geology and the question of scale 

As commencing CAES projects – both diabatic and adiabatic – has proven to be 

challenging during the recent decades, a question should be raised: to which scale 

should the adiabatic CAES system of this thesis to be developed? Bullough et al. 

(2004, 3) present three target applications: centralized storage device, decentralized 

storage device and island solution, each having their own operational strategies and 

target applications. The centralized plants (300 MW) generate revenue from price 

spreads and system service, the decentralized plants (150 MW) operate at or close to 

large windfarms, providing ancillary services and exploiting peak price sales, and the 

remote island solution (30 MW) is aimed for wind energy utilization in locations 

disconnected from the mainland grid, removing the need for separate generator using 

fossil fuels.  

 

An important design selection related to the scale of the system is geology, which 

affects both technical and economic feasibility of the investment, as the stored air 

parameters have significant effect on all other thermal cycle parameters (De Biasi 

2009, 2). From modelling viewpoint, it is also important to understand where the 

storage should be located, as the heat losses and possible leakages from the storage 

affect the dynamic performance. The suitable geologies for CAES can be classified 

into three categories: salt, hard rock and porous media (Succar & Williams 2008, 

17). Readily existing geological formations are preferred as they offer the lowest cost 

for storing the compressed air, but also make the capital cost of CAES greatly lower 

compared to other storage technologies (Zakeri & Syri 2015, 582; Abbaspour et al. 

2013, 53). If such a solution is not available, constructing the storage to salt geology 

has been considered as the best alternative, highlighted in Figure 15 by its 

coincidence with high wind potential in Europe (Zhang et al. 2014a, 2112). In both 

Huntorf and McIntosh CAES plants, caverns resembling tall and narrow cylinders 

have been solution-mined to salt domes (DeVries et al. 2005, 1; Succar & Williams 

2008, 18). Salt geology possesses several qualities of an efficient storage, such as 
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low permeability and self-healing characteristics, thus enabling an efficient pressure 

seal without the need of additional methods (Weber 1975, 336). However, the self-

healing also referred as salt creep convergence in addition to relatively weak 

structure of salt governs the allowed pressure levels of the cavern (Evans & 

Chadwick 2009, 30–31). The undesired convergence, wherein the cavern walls 

slowly move towards to the centre of the storage, can be managed by setting a 

minimum allowed cavern pressure. Although the convergence cannot be entirely 

prevented, the phenomenon has not caused issues in either Huntorf or McIntosh – the 

cavern of the former is designed for several months at ambient pressure (Valenti 

2010, 32).  

 

Figure 15. Coincidence of salt domes and high wind potential in Europe highlighted with blue. 

(Adapted from Succar & Williams 2008, 19) 

 

The two other suitable geology types, hard rock and porous media, have several 

disadvantages, or even issues. Even though with high structural strength and low 

permeability hard rock would provide almost opposite geological properties than salt, 

the comparably higher costs – estimated to be thirty times higher for a new reservoir 

and ten times higher when an existing reservoir is used – and leakages up to 4% of 

the daily stored mass make the geology unfavourable (Simmons et al. 2010, 27; 

Zakeri & Syri 2015, 582; Kushnir et al. 2012, 130). The applicability of porous 

media, especially aquifers has lately been investigated due to its extensive 
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availability and appealing costs (Oldenburg & Pan 2013, 203). According to 

estimations, developing storage to such formation would be ten times less expensive 

than to the salt geology, but on the other hand aquifer cannot store high pressure air, 

resulting in lower energy capacity (Zakeri & Syri 2015, 582; Mahlia et al. 2014, 

534). Although CAES has been proven theoretically feasible in aquifer geology, 

questions have been raised over the technical challenges (McGrail et al. 2013, 108; 

IEA 2014a, 32). While extensive information of porous media exists due to 

commercial experiences of natural gas industry, methane and air not only have 

different physical and chemical properties, but the natural gas storages are typically 

only cycled once per year (Allen 1985, 809; Succar & Williams 2008, 47). The 

suspicions were confirmed in the first-of-its-kind aquifer CAES project in Iowa, 

United States. After eight years of development, the project was terminated in 2011 

partly due to the geologic findings, which included concerns about oxidation, water 

encroachment and structural integrity (Schulte et al. 2012, 72–73).  

 

As suggested by many, the geology does not decisively limit the siting possibilities, 

but additional restrictions are caused by infrastructural factors (NREL 2012, 12-25; 

Van der Linden 2006, 3447; Moser 2014, 3; Thomsen & Liebsch-Dörschner 2006, 

179). As the storage should be located at a proximity to high voltage electric 

transmission lines, the siting options suddenly seem more restricted (Marean et al. 

2009, 2-1). For smaller systems with capacities of order 1 MW to 15 MW and 

discharge times of two to four hours, the geologic formations may not be appropriate 

(EPRI 2003, 15-12; Proczka et al. 2013, 597; Rastler 2010, 4–5).Whenever the 

convenience of siting is valued over the lack of a natural reservoir, the use of an 

artificial storage, either aboveground containers or near-surface piping, is likely the 

preferable option (Buffa et al. 2013, 1052; Schainker & Rao 2008, 19–20). The 

design option has been found more expensive than the use of underground reservoir 

by some extent, primarily caused by the additional costs induced by the storage unit 

(Zakeri & Syri 2015, 583–584; Doty et al. 2010, 5; Nakhamkin et al. 2008, 26). As a 

large volume of artificial containment is required, the number of pressure vessels 

becomes more of an optimization challenge from an economic viewpoint. If the 

number is reduced, higher storage pressure is required as a result, increasing the cost 

of turbomachinery in turn. On the other hand, the smaller system sizes allow the use 
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of equipment to which options are available from more manufacturers than the for 

larger plant sizes. Due to this, it is easier to optimize the plant with respect to the 

values determined by the thermodynamic and load shape requirements. As a result, 

the specific cost of these systems may be more attractive (Schainker & Nakhamkin 

1985, 792). Additionally, the control of air contaminants at turbine inlet is easier in 

an artificial storage unit, expectedly leading to increased operating lifetime and 

reduced operational costs (Grazzini & Milazzo 2012, 462; Buffa 2013, 1052). 

2.3.4 State-of-the-art no-fuel concepts 

The systems of smaller scale would find applications for example in distributed 

generation, which is an integral part of the future power networks (Chen et al. 2013, 

109; Mei et al. 2015, 610–611). The conventional CAES systems would however not 

offer the desired characteristics, for which reason along the challenges and 

uncertainties in the economic environment, tailored systems for different markets 

combining additional solutions and lower costs have been proposed. These concepts 

include systems downscaled to low-to-medium power range, and hybrid schemes 

utilizing excess electricity. 

 

Out of the proposed no-fuel concepts, the most efficient configuration is the 

isothermal CAES. In principle, the isothermal cycle should ideally continuously 

remove heat from the air along the compression, thus minimizing the work consumed 

per unit mass of compressed air (Lombardi et al. 2014, 117). As the removed heat is 

continuously returned along the expansion, complete energy recovery could 

theoretically be achieved (Lemofouet & Rufer 2006, 1106). In this case, the air 

would be retained in equilibrium with the environment at a constant temperature, 

making the ambient air itself the thermal storage, hence offering unlimited capacity 

at no cost (Grazzini & Milazzo 2012, 463). In reality, only near-isothermal behaviour 

can be achieved (Buffa et al. 2013, 1053). Approaching the temperature equilibrium 

has proven to be challenging or even impractical in large-scale plants to date, as 

either large heat transfer area is required or the heat transfer processes have to 

happen very slowly (Safaei & Aziz 2014, 3). This is due to the fact that the 

compressors and expanders often have very limited heat exchange capability. 
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Although reciprocating compressors offer limited cooling, centrifugal compressors as 

well as radial or axial turbines are practically adiabatic. Alternatively, isothermal 

behaviour can be approached by having a large number of compression stages, but a 

trade-off between the number of stages adding to capital costs and compression work 

adding to operating costs has to be made. Therefore, isothermal CAES seems to be 

more suitable for small-scale applications, in which power density is not the most 

decisive factor (Vazquez et al. 2010, 3884). 

During the recent years, fairly efficient isothermal CAES systems have been 

demonstrated by several companies including SustainX and General Compression 

(54%), and more recently by LightSail Energy (50%) and Tsinghua University (41%) 

(LaMonica 2013; U. S. DOE 2014; LightSail Energy 2015, Mei et al. 2015, 603–

604). In the design of SustainX illustrated in Figure 16, six pneumatic cylinders are 

coupled to a crankshaft, which converts the reciprocating work of the pistons to 

rotary motion suitable for a motor-generator unit (Bollinger 2015, 16). Within the 

cylinders a two-stage mixed-phase heat transfer process takes place (SustainX n.d.). 

During both compression and expansion, water is continuously sprayed as a large 

number of fine droplets, allowing continuous and efficient heat transfer due to high 

heat capacity of water and the low temperature difference between air and water. As 

the heat exchange occurs rapidly, the atomized water is not evaporated, but heated up 

and discharged with the air (Coney et al. 2002, 1). Consequently, the rapid heat 

exchange allows the system to process more gas in a given time, thus in theory 

resulting in a high thermal efficiency. The latest stage of the development, a 1.5 MW 

commercial system operates with 54% cycle efficiency and is able to reach full 

power in less than a minute (Bollinger 2015, 36). In the system, the mixture of 

warmed air and water is stored to aboveground pipe-type storage (Brody 2012, 5).  

 

 

Figure 16. Function diagram of an isothermal CAES system developed by SustainX. (Kim et al. 2012, 

1511) 
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The isothermal configuration was considered to have high potential – perhaps higher 

than the adiabatic configuration. Due to the rather specific component requirements, 

modelling the process and particularly the heat transfer accurately was considered to 

require effort not suitable for the scope of the thesis. Nevertheless, small-scale 

systems more similar to the conventional adiabatic design exist as well. As seen from 

Appendix II, several of the proposed concepts involve considerably high TES 

temperatures of around 600ºC. The high temperatures lead to a low start-up time in 

order to keep the thermal stresses to a minimum, and induce multiple technical 

challenges such as limitations in component availability. As a consequence, system 

operating with TES temperatures in range of around 90°C to 200°C has recently been 

proposed. The low-temperature CAES displayed in Figure 17 makes use of the fact 

that the adiabatic systems are not governed by Carnot efficiency. The system is 

divided in several individual compression and expansion processes, each respectively 

comprising aftercooling and preheating, allowing the process to reach cycle 

efficiencies of around 52% to 60% with a start-up time of less than five minutes 

(Wolf et al. 2012, 4; Budt 2014, 11). (Wolf & Budt 2014, 159) 

 

Figure 17. Schematic of a low-temperature CAES system. CAS is the compressed air storage, 

compressors (C) separated by intercoolers (IC). Expanders (E) placed after auxiliary heat exchangers. 

(Wolf & Budt 2014, 161) 

Low-temperature CAES is characterized by its simplicity – proven and commercially 

available technology can be applied to both TES and turbomachinery. As fast start-

up times are desired, the compressor discharge temperature is consequently limited 
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to 200°C. This allows either water, pressurized water or an organic medium to be 

used as the storage medium depending on the selected temperature and pressure 

levels. Heat is exchanged in the systems by two ways: the main heat exchangers are 

used to charge and discharge the two-tank TES, and the auxiliary heat exchangers – 

termed trim coolers – reject a small portion of the heat of compression to ambience 

in order to retain the TES at a low temperature. As the proposed concept is compact, 

alternative design for the single-shaft driven turbomachinery applied in Huntorf and 

McIntosh is required. The axial compressors, consisting of consecutively arranged 

stator and rotor disks, do not allow intercooling between each stator-rotor stage. 

Therefore, integrally geared compressors are applied; not only intercooling is hence 

enabled, but very high overall pressure ratio allowing outlet pressures in three-digit 

range is achieved. (Wolf & Budt 2014, 159; Wolf et al. 2012, 4–5) 

 

Although the low-temperature CAES avoids the major technical challenges, it is not 

necessarily the most feasible way to operate the system. As the thermal energy is 

stored at a lower temperature, the full potential of the available storage media is not 

realized. In adiabatic-heated CAES, electrical heating is used to increase the 

temperature of TES higher than the compressor maximum discharge temperature. 

Early ideas of using an electric heater in a compressed air system to maintain the 

TES at constant temperature were proposed by Morrison (2004), who introduced a 

storage system combining the advantages of thermal storage and compressed air. 

Sears (2005) discussed the same concept with the name of TACAS (Thermal And 

Compressed Air System), and also introduced the block diagram of the process 

shown below.  
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Figure 18. Process diagram of TACAS system. (Adapted from Baxter 2006, 79 & Sears 2005, 6-4) 

In TACAS, the heat of compression is dissipated and electric resistance heaters 

maintain a stainless steel core with internal passage acting as a thermal storage at a 

temperature of 1300°F, or around 704°C. During normal operation, the thermal 

storage is maintained at full operating temperature and the compressed air cylinders 

fully charged. When the discharging cycle begins, the air extracted from gas cylinder 

is passed through the thermal storage into expansion turbine, assuming the load in 

approximately one second. During charging, the electric heaters restore the thermal 

storage to full operating temperature within a couple of hours, while the compressor 

recharges the air cylinder. Despite of the relatively long charging period, the system 

gains capacity to support load linearly unlike batteries. TACAS is able to provide 

backup to some extent from the beginning of the recharging cycle, whereas batteries 

require a minimum period of recharge (Morrison 2004, 95; Sears 2005, 6-3). 

 

At the time, power output of 85 kW was identified as the most potential scale for the 

TACAS system (Sears 2005, 6-9 & 6-10). Units rated between 2 MW and 5 MW 

were proposed as well, but due to challenges observed in thermal storage material 

selection and fabrication, the technology was not considered to be mature for 

large-scale deployment. More recently an analogous concept of using an electric 

resistance heater in conjunction with the TES has been brought up by Yang et al. 

(2014) with the name of hybrid-thermal CAES. The suggested system shown in 
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Figure 19 divides the charging process into two stages. The first stage is similar to 

the charging process of conventional adiabatic CAES, but in the second stage excess 

electricity from variable renewable generation is used to heat the storage media of 

the TES to a higher temperature level.  

 

Figure 19. Scheme of adiabatic-heated CAES system. (Adapted from Yang et al. 2014, 520) 

By heating TES to a higher temperature with the electric heater, the proposed system 

is able to generate more power than a similarly sized adiabatic CAES system. 

Economic performance of the system is also increased, as only the excess electricity 

is used for powering the heater. Because of the larger capacity, the required storage 

volume is reduced, allowing the system to be located less restrictively. In addition, 

the higher storage temperature could increase the heat transfer efficiency of the TES, 

particularly at higher temperature levels when the effect of radiation becomes more 

significant. For the implementation of the system, Yang et al. (2014) propose a two-

stage configuration with regenerative TES. With electric heaters, the second stage 

TES temperature may be raised higher than the compressor discharge temperature, in 

which case it is beneficial to feed the compressed air directly through aftercooler to 

the storage reservoir. In theory, adiabatic-heated CAES would greatly improve the 

performance of the conventional adiabatic CAES. Unlike in the conventional system, 

the cycle efficiency is influenced by the maximum storage temperature – as the 

storage temperature is increased, the system is able to recover significantly more 
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excess electricity, resulting as improved economic performance. Even with a storage 

temperature of 400°C, the power output of the system is increased by 19.1% as a 

comparison to a reference adiabatic CAES system (Yang et al. 2014, 525). Despite 

the possible improvements, technical challenges exist in the integration of the heater 

and greater thermal expansion in the TES due to greater temperature variation 

compared to conventional adiabatic CAES (Yang et al. 2014, 520–523).  
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3 COMBINING CAES WITH VARIABLE RENEWABLE GENERATION 

Based on the literature review of the previous chapter, the main features described 

are to be combined into an adiabatic CAES system with a possibility for electric 

resistance heating. As shown by the development trends, in the current economic 

landscape the small-to-medium scale seems the most reasonable selection. In order to 

implement more sophisticated control strategies and create potential for further 

studies, the system is combined with wind generation.  

 

With the integration to wind generation come several other topics, which are briefly 

discussed in Chapter 3.1. Most importantly, the applicability of CAES with wind 

generation has to be addressed, as ideally the storage should be able to offer other 

benefits in addition to sheer energy arbitrage. Therefore understanding the 

possibilities of different wind-storage schemes is important, as it last governs the 

operation strategy of the system. Ideally, the developed system should be as efficient 

and economic as possible, due to which in Chapter 3.2 control strategies of the 

system are discussed. During the development process several technical 

considerations are made in the light of literature information. Compressor technology 

including its limitations such as compressor surge and power regulation methods 

such as variable guide vanes are examples of the topics addressed by Chapter 3.3.  

3.1 Introduction to wind-CAES  

To date, inclusion of additional storage capacity has not been considered as a 

necessity to accommodate the variability of wind, even with penetrations of up to 

about 30% (Denholm et al. 2010, 23). Although not always the cost optimal solution, 

the issues induced by the variability have instead been resolved by operational 

means. However, with significant fraction of total generation, typically 20% or 

above, technical or economic barriers may be created by the variability of the wind 

resource, requiring added regulation and resources for adequate grid stability control 

(Wang et al. 2013, 3393; Turkenburg et al. 2012, 770; Arsie et al. 2009, 11; Ferguson 

2008, 140; EPRI 2004a, 2-4). 
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Coupling wind with storage technology solves the fundamental challenges related to 

the intermittency – non-dispatchability, non-coincidental peak with load, and the 

effect on system stability at greater penetration (Kabouris & Kanellos 2010, 107). 

However, looking at the larger picture, an issue remains. Although being dependant 

on location, the hourly output of a wind farm typically does not vary more than 20% 

of its rated capacity (Wang et al. 2013, 3395; Holttinen 2005, 18; EPRI 2004a, 2-5). 

Nonetheless, the capacity factor of wind generation averages between 30% and 40%, 

requiring relatively more transmission capacity per unit of delivered electricity 

compared to base generation options (DeMeo et al. 2005, 40; EPRI 2004a, 2-5). With 

the ongoing rapid integration of variable renewables, the transmission capacity of the 

grid may be therefore limited at times, leading to disadvantageous situation. 

Increased costs may be caused for the grid operator due to take-or-pay contract, or 

the generator may be forced to control the output, leading to a direct and obvious 

forfeiture of revenue referred as curtailment (Bird et al. 2014, 1; Barnhart et al. 2013, 

2805).  

 

Studies suggest that not only the electricity generated by wind-CAES systems is 

affordable, but the use of CAES greatly improves the profitability of wind generation 

due to decreased curtailment (Lombardi et al. 2014, 125; Fallahi et al. 2014, 39; Le et 

al. 2012, 169; Hessami & Bowly 2011, 2762; Abbaspour et al. 2012, 58; Cavallo 

2007, 125–126). However, the economic viability is highly dependent on the grid 

and the applications, as studies imply. As the annual hours of curtailment can be 

limited to only a several tens to hundreds, constructing the storage for the primary 

use of transmission congestion mitigation is not a reasonable choice (Wolf et al. 

2012, 200; Siemes et al. 2008, 32). On the other hand, CAES has been shown to be 

far from profitable if only used for energy arbitrage (Lund & Salgi 2009, 1176–1177; 

Fertig & Apt 2011, 2336). In order to be viable, the system should clearly possess 

qualities to be suitable for multiple applications – energy arbitrage, spot market and 

reserve market (Madlener & Latz 2013, 301–302 & 308; Wolf et al. 2012, 200). 

With the increasing share of variable renewables, the price spreads may become 

greater, increasing the arbitrage opportunities (Schlumberger Energy Institute 2013, 

16).  
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When wind generation is coupled with storage technology, three basic strategies to 

generate the profit exist: dispatchable wind, capacity firming and baseload wind, 

summarized in Appendix IV. Dispatchable wind was an early strategy to improve the 

economics of wind generation (Baxter 2006, 234–235). In this scheme, the generated 

wind power in its entirety is stored and sold as a single block into the market. In 

capacity firming, the storage is used in a support role to ensure maximum peak 

energy sales (ibid., 236–238). Instead of storing all of the generated wind power, the 

storage is operated in a way that the system can guarantee a minimum power output, 

thus giving wind power a certain amount of dispatchability. The strategy is suitable 

for small-scale storage units as well, as the power rating of the storage unit only has 

to match the expected long-term median variations in the wind farm output. The third 

option, baseload wind is a suitable strategy for the largest scale wind power projects 

(ibid., 240–241). Instead of optimizing the production for direct sale, the strategy 

focuses on maximising the wind energy production and optimizes the delivery by 

using the storage unit. During normal operation, the primary output of the system is 

provided by the wind turbines and supplemented by the storage. Therefore, the 

strategy requires large capacity and relatively high power output from the storage 

unit, but provides an effective way to increase the capacity factor of the system 

(Cavallo 1995, 7–8). 

  

Best example of the last is the failed Iowa Stored Energy Park CAES project, in 

which ancillary services to grid were considered as a secondary goal. Instead of 

working “behind the customer’s meter” – seeing wind generation and storage as a 

single combined unit, the system would have located on the transmission system – 

“outside the customer’s meter” (Schulte et al. 2012, 11–13 & 47). Storage can be 

potentially placed anywhere on the grid, but the maximum benefits are achieved 

where it can take advantage of the system as a whole, without only having to respond 

the variation in wind output (Sullivan et al. 2008, 10). As suggested above, two 

frameworks for locating the storage can be distinguished: independent scenario and 

co-located scenario. In the former, the storage is located near the load, making it 

physically and operationally independent of the wind generation. The storage 

purchases and sells energy from the grid as a whole – not from a single entity, as it 

would not be optimal use of the resource. The independent framework allows larger 
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transmission capacity between storage and the grid, increasing the potential for 

energy arbitrage (Fertig & Apt 2011, 2332). As an alternative approach, in the co-

located scenario the storage is sited with the wind generation. Essentially, in the 

scenario the goal of the storage is to provide an alternative to transmission for wind, 

instead of being utilized for revenue generation through energy arbitrage, as Figure 

20 suggests. (Denholm & Sioshansi 2009, 3149–3150) 

 

 

Figure 20. Wind and storage transmission scenarios: independent storage (left) and co-location. 

(Adapted from Denholm & Sioshansi 2009, 3150) 

Clearly, the storage has to be located according on its desired benefits. In the Iowa 

Stored Energy Park CAES project, very little to none improvements to the 

transmission curtailment were found. Had the system storage system been located 

“behind the customer’s meter” – co-located with the generation, curtailment could 

have been more likely been reduced (Schulte et al. 2012, 13 & 48). From process 

modelling perspective, the co-located scenario is clearly more suitable for analysing 

the operation of CAES, and is therefore pursued in this thesis. 

3.2 Control and operation strategies of wind-CAES 

Not only the location of the storage matters, but also how the system is operated. 

Although Huntorf and McIntosh CAES plant are notably larger in scale than the 

system developed in this thesis, their control strategies serve as valuable information 

for building the model. This is largely due to the fact that the CAES systems are 

operated in a different manner than the conventional gas turbines (Weber 1975, 336). 

Instead of regulating the power output by altering the turbine inlet temperature, in 

CAES the air flow rate is varied to match the required power output, simultaneously 
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maintaining the expander inlet temperature at a constant value. This method allows 

greatly improved part-load heat consumption, leading to more efficient power 

regulation. 

  

CAES plants are designed to operate with either constant volume or constant 

pressure compressed air storage. The latter is only applicable for hard-rock caverns, 

in which a head of water applied by aboveground reservoir may be used to maintain 

the cavern at a constant pressure. In salt caverns, such operation would not be 

possible, as the salt would be dissolved by the flow of the water. The constant 

volume approach is therefore common, and governs whether compressed air is 

introduced to the expander train with constant or variable inlet pressure. By placing a 

throttle valve between the storage and the expander train, the air can be withdrawn at 

fixed pressure independent of the pressure variations in the storage. When operating 

at partial load, the inlet pressure decreases with the mass flow, which in turn reduces 

the power output. Although losses are caused by throttling, the method is utilized in 

both Huntorf and McIntosh due to increment in expander efficiency (Kaiser 2015, 3). 

If the variable inlet pressure method is applied, the variation in storage pressure 

reflects to the expander train inlet pressure, causing deportation from the design 

conditions. (Weber 1975, 336; Zhao et al. 2016, 1166; Succar & Williams 2008, 29) 

 

The information in literature regarding the control strategies of the existing CAES 

plants is scarce. In Huntorf, certain flexibility in operation is available, as after four 

hours of discharging at rated power the storage is able to provide air flow high 

enough to produce power at an exponentially decreasing level for over ten additional 

hours (EPRI 2003, 15-14). Although in diabatic systems the steadily decreasing 

storage pressure can be compensated with increased fuel consumption, in adiabatic 

systems such operation is not feasibly possible. Therefore, in order to simplify the 

operation, the developed model is assumed to only operate between the storage 

pressure boundary conditions. The 110 MW rated McIntosh CAES is designed to 

operate mainly under part load, providing most of its yearly generation expectedly at 

60 MW. The daily, weekly and continuous operating cycles also presented by 

Goodson (1992, 4-8 & 4-11) are not useful in the case of variable renewable 

integration, as the scheduled cycles have the issue of predictability. For this reason, 
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literature information is sought to evaluate the ramp rates and start-up times of CAES 

systems. Three main parameters are considered in the evaluation: the time to reach 

synchronous speed, the time to reach the full load and the ramp rate once the system 

is connected to the grid. It must be noted that the majority of systems presented in 

literature are diabatic, in which the demand can be met more flexibly by varying 

natural gas consumption, inherently allowing a faster response to the load changes 

than the TES. The adiabatic CAES models in literature rarely consider ramping, even 

then presenting values for ramp rates from the opposite ends of the scale (Wolf et al. 

2012, 195; Hartmann et al. 2012, 544). Therefore, the SMARTCAES concept is 

selected as the primary reference, and the ramp rates are conservatively selected in 

accordance with the gathered information as shown in Table 2. Emergency starts, 

allowing faster ramp up to the load, are excluded from the consideration.  

 

Table 2. Selected discharging and charging start-up sequence target parameters. (Bailie 2015, 2 & 4; 

EPRI 2004b, A-7 & A-9; Wolf et al. 2012, 195; Hartmann et al. 2012, 544) 

 
To synchronous speed Maximum ramp rate 

 Discharging Charging Discharging Charging 

Selected value 3.5 min 2.5 min ±20 %/min ±20 %/min 

 

Understanding how the storage part of the system should be operated is not enough, 

as the operation is largely dependent on the wind generation. Several schemes, 

working almost identically in terms of storage utilization, have been proposed in 

literature. As the role of storage is clearly to control the mismatch between the 

demand and wind generation, the question is when and how the storage should be 

utilized. In Figure 21, slightly modified scheme introduced by Arsie et al. (2007, 5–

6) is shown. The authors present a system based on simple valuation method, in 

which power generated by wind is primarily used to satisfy the load and the surplus 

power can be delivered to compressors or sold to grid depending on the margin, 

defined here as the difference between the price of electricity and operational costs. 

If the power above that provided by wind generation is required, it can be supplied 

by CAES or by the grid, or both.  
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Figure 21. Operation strategy of a wind-CAES system. (Adapted from Arsie et al. 2007, 5) 

The strategy introduced above is selected to be studied in this thesis. Although 

several possibilities for optimisation exist within the strategy, those are not pursued 

in this thesis. For example, the relative valuation of storage pressure and thermal 

energy should be further considered, particularly with the electric resistance heating. 

Taking the simple approach, four boundary conditions according the discharge 

potential of the system can be distinguished: 

a. Compressed air storage should be maintained at above throttle pressure 

b. Compressed air storage should not exceed its design pressure 

c. TES should be maintained at above a certain threshold temperature 

d. TES cannot exceed heat transfer fluid maximum operating temperature  

These criteria act as the basis of the system logic, which is introduced in Chapter 4.4.  

3.3 Design considerations of the system 

Understanding the operational requirements of the system, the remaining task is to 

find out the features which have potential to fill the requirements. Although CAES as 

a technology can be considered as rather mature, the need for improvements has been 
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pointed out, particularly considering the compression efficiency (IEA 2014a, 42). 

This chapter bases its discussion on the selected design challenges presented by De 

Biasi (2009, 1), mainly focusing on compressor technology.  

 

Perhaps the most important design selection is the number of compression and 

expansion stages, which greatly varies between the proposed systems, as shown by 

Appendix II. Possessing medium complexity and low technical risk, the systems with 

two compression and expansion stages are the most presented option, and were found 

the most advantageous in the ADELE-ING project (Zunft 2015, 7; Freund et al. 

2012, 8; Freund & Moreau 2012, 9). Theoretically, the cycle efficiency increases 

with the number of stages, but the increment is smaller with every added stage 

(Zhang et al. (2013, 477). Compromise between complexity and efficiency is 

therefore required, without neglecting the costs induced by additional components 

(Buffa et al. 2012, 1053). Five compression stages have been considered the optimal 

design choice, if heat is exchanged efficiently (Grazzini & Milazzo 2008, 2002–

2003; SedighNejad et al. 2014, 10–11). 

 

The selection is reflected directly in the compressor discharge temperatures. When 

assuming constant total pressure ratio, the more stages are included, the smaller the 

discharge temperature becomes. This, on the other hand, simplifies the selection of 

TES medium and lessens the challenges in material durability (Mei et al. 2015, 602). 

The current turbocompressor technology enables outlet temperatures close to 400°C, 

but not without downsides (Galant et al. 2013b, 264; Wolf & Budt 2014, 159; De 

Biasi 2009, 2). High-temperature compressors exist in gas turbine applications but 

often in lower pressures, and the industrial compressor trains typically are 

intercooled (Zunft et al. 2006, 3). Unlike the conventional compressor technology, 

the compressors should minimize cooling, thus allowing the maximum possible heat 

to be recovered and stored (Barbour et al. 2015, 813). Although intercooling does not 

decrease the recovery efficiency, it reduces the thermodynamic value of stored 

energy (Grazzini & Milazzo 2008a, 2001). Overall, the effect balances itself, as the 

achieved reduction in compression work is compensated by the reduction of 

expansion work due to lower air temperature. Therefore, the introduction of 

intercooling to compressor train offers the simplest design option, but the need for 



67 

 

      

specialized compressors has been pointed out for decades (Kreid 1976, 5; Bullough 

et al. 2004, 5; Zunft et al. 2006, 3).  

 

With intercooling come several issues. As the ambient air is able to carry a certain 

amount of water vapour, the decreased temperature causes the water to condense. 

Typically this occurs at the aftercooler, for which reason water separators should be 

installed (Wolf et al. 2009, 4). Furthermore, the issues are highlighted in two 

particular locations of the system: the inlets of compressed air storage and cold TES 

tank. This is ultimately due to heat exchanger effectiveness, which during charging 

limits the amount of heat transferred from air to the heat transfer fluid and vice versa 

during discharging. As the heat exchangers cannot operate with an ideal 

effectiveness, excess heat is left to the process. One may notice a contradiction in the 

discussion – heat is as valuable asset as the compressed air, but still considered as 

excess. Still, it is of great importance to remove the excess heat from the air before 

storing it, especially in the smaller systems, as the density of air increases with 

temperature. For the purpose, several authors have selected to introduce auxiliary 

heat exchangers, which commonly employ water as the heat transfer fluid and reject 

the excess heat to ambient (Hobson et al. 1981, 12; Dötsch et al. 2012, 64; Jubeh & 

Najjar 2012, 86; De Biasi 2009, 3). Luo et al. (2016, 598) also acknowledged the 

problem with utilization of excess heat, describing it as one of the prevailing design 

challenges in the discharging process. The problem is opposite – the excess heat now 

in the heat transfer fluid is transferred to cold TES tank, from which it is dissipated to 

ambient over time. In both cases, the excess heat can be managed in two ways: by 

either increasing the heat transfer in order to minimize the amount, or utilizing the 

heat elsewhere. Passive heat transfer enhancements such as twisted tape inserts 

increase heat transfer with a cost of increased pressure losses, and have been 

proposed to be used with CAES (Hasanpour et al. 2014, 56; Freund & Moreau 2012, 

9). 

 

Regardless of the number of stages, the variation in storage pressure during charging 

creates another challenge. The compressors are forced to adapt to this variation, 

which leads to off-design operation. In order to achieve the highest possible 

profitability, the compressors should yield their entire power along the whole 
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charging stage. Although such ideal components do not exist according to Grazzini 

& Milazzo (2012, 463), the operating curve of the components, defining the relation 

between the compression ratio and mass flow rate, can be modified through different 

means. Related to this topic are the two phenomena, which limit the operating range 

of compressors. In Figure 22, a simplified performance map for a multi-stage 

centrifugal compressor is shown. The line on the left displays the surge limit, left of 

which the operation is unstable, often even harmful due to momentary reversal of the 

flow (Mannan 2004, 633). On the right side of the map, the capacity is limited to the 

overload line, right of which the compressor will choke, rapidly losing its ability to 

produce head.  

 

 

Figure 22. Simplified centrifugal compressor performance map, showing the surge limit and the 

overload line. (Adapted from Boyce et al. 1983, 150).  

With part-load operation, start-ups, and shutdowns reducing the mass flow rate of the 

compressors, surge is more essential to consider than choke. This means that the 

capacity has to be controlled to ensure that the flow through compressor is not 

reduced below a certain level at a specific head. The most commonly used methods 

for modifying the operating curve, comprising suction throttling, variable speed 

control and variable guide vanes (VGV) as summarized in Table 3, are available 

depending on the compressor and its driver (Boyce et al. 1983, 157). 
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Table 3. Compressor capacity control methods and their characteristics summarized. Suitability refers 

to compressor types. (Lüdtke 2004, 116–120) 

Control 

method 

Part-load 

efficiency 
Efficiency influenced by Suitability Acts on 

Suction 

throttle 
Low 

Non-required head dissipated in 

throttle valve 
All  All stages 

VGV Medium 
Compressor only produces the 

required head 
Limited 

Pertaining 

stage 

Variable 

speed 
High 

Compressor only produces the 

required head 
All  All stages 

 

As the use of fixed-speed compression train has been a prevalent practice in both the 

existing and the proposed systems, variable guide vanes have been widely adopted 

(Dresser-Rand 2015a, 11; Budt et al. 2012, 796; Buffa et al. 2013, 1053; Freund et al. 

2012, 13; Kraft 2010; Baxter 2006, 73; Pollak 1994, A.4-25). By adjusting the swirl 

introduced to impellers, the mass flow can be controlled in a fast and efficient way, 

allowing load changes through shifting the operating point (Brasz 1996, 761; Xiao et 

al. 2007, 473; Kappis 2013, 102; Kim et al. 2014, 4099). Compared to variable speed 

control, the method offers notably less efficient performance at part-load, but allows 

the compressor to operate at considerably higher percentage of the nominal head at 

reduced mass flow (Brasz 1996, 761). In reality, the integration of variable guide 

vanes is influenced by the selection of the compressor type, namely with respect to 

the number of affected stator-rotor stages (Giampaolo 2010, 25; Lüdtke 2004, 120). 

As Apros does not create differentiation between the compressor types, the selection 

is only conceptual and does not have to be addressed.  
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4 DEVELOPMENT OF THE DYNAMIC MODEL 

In this thesis, Apros 6 Combustion is used for implementing the dynamic operation 

of CAES. Most of the tools for modelling the turbomachinery readily exist in the 

software, but the components supplementing the operation have to be developed 

separately, and are addressed in the following chapters. The configured system is 

first operated in steady-state conditions and then set subject to transient operation 

through the integration of variable wind and electricity demand data. Due to the 

encountered limitations in the software, further discussed in Chapter 4.3.2, it was 

considered reasonable to delay the study of electric resistance heating to a later 

occasion.  

 

As discussed earlier, the model is to be based on reference system which is set up 

through analytical calculations. The dynamic model presented by Budt et al. (2012) 

does not offer enough information to be accurately reproduced, whereas the 

steady-state models introduced in literature are often simplified and lack the 

necessary precision. For example, given the laws of heat conduction and convection, 

the models of Zhao et al. (2014) and Liu et al. (2016) both seemingly address the 

heat dissipation of hot thermal oil tank incorrectly, as the oil is cooled down more in 

the cold thermal oil tank (Incropera et al. (2007, 4 & 525). It is obvious that the 

above could be explained with uneven tank dimensioning, fill percentage, or even 

insulation, but none of them are shown by analyses. This highlights the advantage of 

dynamic modelling – none of the mentioned parameters can be selected without 

being aware of the consequences on the system performance. Furthermore, the 

analytical approach provides as much precision as is desired, and is more transparent. 

 

The limitations in model development are mostly related to the working fluids. In 

Apros, the available compositions for air do not allow experimenting constant 

volume storage schemes, nor allow the consideration of relative humidity. The latter 

slightly affects the results, as the density of water vapour is smaller than the density 

of air, leading to slight overestimation of the compressor power consumption. 

Additionally, the exclusion of water separators otherwise required improves the 

system performance due to avoided pressure losses. 
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4.1 Apros dynamic simulation software 

Apros is a dynamic simulation tool and modelling software originally developed by 

VTT Technical Research Centre of Finland and Imatran Voima Oy. The software 

includes tools for process and automation design, evaluation, analysis and testing of 

various types of processes (Hänninen et al. 1994, 4). Apros has been commonly used 

for simulation of nuclear power plants and combustion power plants, but due to 

comprehensively validated component model libraries and possibility to include own 

models in the calculation, the applications are wide (Hänninen & Ylijoki 2008, 15; 

VTT n.d., 2) 

 

In the model hierarchy of Apros, three levels exist: diagrams, process component 

level and calculation level. The user often operates on the diagram level, constructing 

the model out of the predefined process component models such as pipes, valves and 

heat exchangers, which operate analogous with their concrete counterparts. When 

included in the model, the process component automatically creates its necessary 

calculation level objects, the nodes and branches. With these objects, conservation 

equations for mass, momentum and energy may be solved. For solving the 

thermohydraulic solution several accuracy levels are available, including the 

commonly used homogenous and six-equation two-phase flow models, but the 

availability depends on the selected fluid.  

 

When solving the numerical solution, the calculation process may be conceptually 

divided into three parts: discretization, differentiation and solving the system of 

linear equations. In discretization, the conservation equations are reformulated from 

continuous form into discrete counterparts both spatially and temporally. Apros uses 

the staggered grid formulation, in which scalar variables (e.g. pressure and density) 

are solved within the nodes and vector variables (e.g. velocity) in the branches 

connecting the nodes (Hänninen et al. 1994, 8; Versteeg & Malalasekera 1995, 137). 

In addition, the non-linearized terms are linearized, and the enthalpy solution is 

differentiated by using first order upwind scheme (Hänninen & Ylijoki 2008, 19). 

The resulting linear equation groups are solved by solution algorithm based on the 

ideas of the SIMPLER algorithm (ibid., 15). Considering the modelling process, one 
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of the most impactful selections are the material properties used for air. The 

composition AIR is selected to be used, representing an ideal gas mixture of oxygen 

(23 m-%) and nitrogen (77 m-%).  

4.2 Setup of reference system 

The process component models contain the necessary equations and solution 

methods required to solve the operation of the system, and are introduced in this 

chapter. Based on the equations and thermodynamic analysis, the reference model is 

set up. The goal is not to optimise the system or its components, but rather to 

determine a reasonable configuration. Values for several variables of the developed 

model, such as polytropic efficiencies and heat exchanger efficiencies, are selected in 

accordance to reference models introduced in Appendix III. In addition, multiple 

nominal values including turbomachinery mass flow rates are required as inputs in 

Apros, meaning that the number of unknown variables is further decreased. The 

following assumptions are taken in order to simply the calculation process of the 

reference model:  

 

 Air is considered as ideal gas 

 Kinetic energy of the air is neglected 

 Specific heat capacity is assumed to be a function of temperature alone 

 Pressure losses are neglected in other components than heat exchangers 

 Heat losses are neglected in all components 

4.2.1 Thermodynamics of CAES 

When the air is introduced to the process, it first faces the compression. Uneven and 

decreasing pressure ratio distribution has commonly been adopted, but as shown by 

Narayanan (2004, 131) and also noted by Luo et al. (2016, 595), the minimum work 

input in multi-stage compression is achieved with equal pressure ratio distribution. 

Ideally, the pressure ratio should therefore be divided among the individual stages, 

fulfilling Equation (4) (Grazzini & Milazzo 2012, 466). 
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𝛽tot =  ∑

𝛽i

𝑖
= ∑

𝑝out,i

𝑝in,i
ii

 (4) 

where 𝛽tot total pressure ratio 

𝛽i pressure ratio of stage i 

𝑝out,i discharge pressure of stage i 

𝑝in,i suction pressure of stage i.  

Pressure losses Δp occur between the compression and expansion stages in pipes, 

valves and heat exchangers. This is due to relative roughness of the tube material and 

a number of singularities, such as form loss and discharge coefficients, all of which 

are defined to the respective components in Apros. Taking pressure losses into 

account, the equation above takes the form of Equation (5). (Grazzini & Milazzo 

2012, 466) 

 
𝛽tot =  ∑ 𝛽i −

Δ𝑝

𝑝i−1
= ∑

𝑝out,i

𝑝in,i
i

−
Δ𝑝

𝑝out,i−1
i

 (5) 

The pressure loss term is dependent on several variables, as Equation (6) suggests 

(Grazzini & Milazzo 2012, 466). Interdependency between variables, for example 

diameter of the tube and velocity of the fluid in the tube can be observed, requiring 

optimization to find out the best possible design. In the models of Zhang et al. 

(2014b) and Jubeh & Najjar (2012), an empirical equation is used to determine the 

pressure losses as a function of heat exchanger effectiveness. 

 

Δ𝑝 = 𝜌 (𝑓
𝐿

𝐷
+ ∑ 𝜉j

j

)
𝑤2

2
 (6) 

where 𝜌 density 

𝑓 friction factor 

𝐿 tube length  

𝐷 tube inside diameter 
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𝜉 concentrated pressure loss 

𝑤 velocity of the fluid inside the tube 

For each compression stage, the outlet temperature is determined from polytropic 

equation for compression using the selected polytropic efficiency of 85% as shown 

below (Hartmann et al. 2012, 543; Ramadan et al. 2015, 5). In literature, several 

authors have selected to use heat capacity ratio instead of defining average specific 

heat capacity, selecting a value of 1.4 representing adiabatic compression (McBride 

et al. 2012, 628). 

 
𝛽i

𝑅i
𝑐𝑝̅̅ ̅𝜂p =

𝑇out,i

𝑇in,i
 (7) 

where 𝑅 ideal gas constant for air 

𝑐�̅� average specific heat capacity 

𝜂p polytropic efficiency 

𝑇out,i discharge temperature of stage i 

𝑇in,i suction temperature of stage i 

The specific heat capacity [J/kgK] for air as a function of temperature [ºC] is 

calculated from correlation based on the values used in Apros as shown below. 

 𝑐�̅� = 995.12 + 0.25 · 𝑇 − 6.10 · 10−5 · 𝑇2 + 3.38 · 10−9 · 𝑇3 (8) 

One should consider the effect of the pressure ratio on the discharge temperature. 

When the compression is divided in multiple stages, the amount of recoverable heat 

diminishes, unless the compression ratio of each stage is high enough. It should also 

be noted that with an equal pressure ratio, the discharge temperature of the first stage 

is notably lower than in the rest of the stages, as the suction air is taken from ambient 

conditions. Similarly, the former principle can be applied to the expansion stages, for 

which the polytropic equation may be written as follows (Hartmann et al. 2012, 543; 

Ramadan et al. 2015, 6). With expanders, decreasing the pressure ratio decreases the 

amount of recoverable heat, but also lowers the need for reheating. 
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(
1

𝛽i
)

𝑅i𝜂p

𝑐𝑝̅̅ ̅
=

𝑇in,i

𝑇out,i
 

(9) 

As the expander component model in Apros requires isentropic efficiency instead of 

polytropic efficiency as an input, the relation between the efficiencies has to be 

derived. Polytropic efficiency represents an infinitesimal change in pressure, whereas 

isentropic efficiency is dependent on the pressure ratio of the particular component 

(Dixon 1998, 35; Zohuri & McDaniel 2015, 367). Therefore, the derivation is started 

from the definition of isentropic efficiency 

 
𝜂s =

Δℎ0

Δℎ0s
=

Δℎin→out

Δℎin→out,s
 (10) 

where 𝜂s isentropic efficiency 

Δℎ0 real enthalpy change 

Δℎ0s isentropic enthalpy change. 

Under the assumption of ideal gas law, one can write the real and isentropic enthalpy 

change terms as 

 
Δℎin→out = 𝑐�̅�(𝑇in − 𝑇out) = 𝑐�̅�𝑇in [1 − (

1

𝛽i
)

𝜅−1
𝜅

𝜂p] (11) 

 
Δℎin→out,s = 𝑐�̅�(𝑇in − 𝑇out,s) = 𝑐�̅�𝑇in [1 − (

1

𝛽i,s
)

𝜅−1
𝜅 ] (12) 

where 𝜅 heat capacity ratio 

𝛽i,s isentropic pressure ratio of stage i. 

Assuming the isentropic pressure ratio to be equal to the pressure ratio defined in 

Equation (4), and substituting Equations (11) and (12) into (10) gives the form from 

which the isentropic efficiency may be approximated.  
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𝜂s = [1 − (

1

𝛽i
)

𝜅−1
𝜅

𝜂p] / [1 − (
1

𝛽i
)

𝜅−1
𝜅 ] (13) 

The power consumption of compressors is given by Equation (14), for which the 

value for mechanical efficiency 𝜂mis selected as 99%. Under the same assumption, 

the expander power generation is calculated with Equation (15).  

 
𝑃C =

�̇�𝑐�̅�𝑇in

𝜂m
[𝛽i

𝑅
𝑐𝑝̅̅ ̅𝜂p − 1] (14) 

 𝑃DC = 𝜂m�̇�(ℎin − ℎout) (15) 

Between each compression and expansion stage are the heat exchangers, which 

require consideration in the design. As shown by Shah & Sekulic (2003, 132), 

varying the inlet temperature of either cold or hot side has a direct effect on both 

outlet temperatures as well as the heat transfer rate. The calculation process is 

simplified by the fact that for every heat exchange process, either the inlet or the 

outlet temperature for compressed air may be defined from Equation (7) or (9). By 

selecting an initial value for the cold storage tank temperature and selecting that the 

heat transfer fluid only passes a single heat exchange stage before reaching the hot 

storage tank, the outlet temperature of the heat transfer fluid may be solved 

iteratively.  

For the iteration, heat exchanger effectiveness ε representing the ratio of actual heat 

transfer rate to maximum possible heat transfer rate is required. The maximum heat 

transfer rate, suggesting that heat is perfectly transferred between the two fluids, is 

only achievable with an infinite heat transfer area (Srinivasan 2007, 453). In 

literature, values between 70% and 85% have been selected for effectiveness (De 

Samaniego Steta et al. 2011, 2; Grazzini & Milazzo 2012, 469; Zhang et al. 2014b, 

467; Garrison & Webber 2011, 6). With high effectiveness, excessive pressure losses 

may be caused due to requirement of large heat transfer area. Heat exchanger 

effectiveness may be written in equation form as follows, where subscripts h and c 

respectively refer to hot and cold fluid and min to the side characterized by the 

minimum heat capacity rate C (Saari 2009, 43; Zhang et al. 2013, 473).  
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𝜀 =

�̇�c(𝑇c,out − 𝑇c,in)

�̇�min(𝑇h,in − 𝑇c,in)
=

𝐶ḣ(𝑇h,in − 𝑇h,out)

�̇�min(𝑇h,in − 𝑇c,in)
 (16) 

From the relation above, one may solve the outlet temperature of the heat transfer 

fluid respectively for charging and discharging, as shown in Equations (17) and (18). 

 
𝑇c,out = 𝑇c,in + 𝜀

�̇�min

�̇�c

(𝑇h,in − 𝑇c,in) (17) 

 
𝑇h,out = 𝑇h,in − 𝜀

�̇�min

�̇�h

(𝑇h,in − 𝑇c,in) (18) 

 

In Apros, the heat exchangers are simplified and do not readily allow heat transfer 

enhancements such as baffles to be adapted. Another simplification is made in the 

tube bank configuration, for which only a single input representing free flow area is 

available. In reality, the tubes can be configured in either aligned or staggered 

patterns, out of which the latter offers better heat transfer properties, and is therefore 

selected with an 30° angle (Kuppan 2000, 234). The free-flow area AFF illustrated in 

Figure 23 is in Equation (19) derived from the geometric relation between the area of 

the triangle and the segment of the circle, knowing the values for transverse pitch ST 

and outer diameter Do. The total free-flow area is approximated by multiplying the 

result with total number of tubes. 

 

 

 

 

 

 

 

 
𝐴FF = 0.5𝑆T ·

𝑆T

tan (60°)
− 3 [
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𝜋
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𝐷o

2 (19) 

Figure 23. Equilateral tube bank configuration and its approximation in Apros. Free-flow area 

indicated with grey colour. 
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Even though the heat exchangers are not optimized in the study, the heat transfer 

coefficients and pressure losses are kept within reasonable range by iterating suitable 

tube bank configurations for each heat exchanger. For this purpose, a user 

component tracking the heat transfer effectiveness over time is created. As the heat 

transfer occurs between gas and high viscosity liquid, heat transfer coefficients 

within the range of 15–400 W/m
2
K depending on the gas pressure should be 

achieved (Saari 2009, 34). By decreasing the cross-sectional flow area – either by 

decreasing tube diameter or the number of tubes – the flow velocity can be increased, 

which consequently increases both the heat transfer coefficient and pressure losses. 

The need for smaller cross-sectional flow area is evident in the high-pressure 

compression and expansion stages, as the density of air increases as a function of 

pressure.  

In Apros, the heat transfer coefficient is estimated with the Dittus-Boelter 

correlation, which can be written as a function of velocity as follows (Hänninen et al. 

1994, 22). The correlation is automatically applied for both tube and shell side, and is 

in Apros respectively simplified to use inner or outer diameter as the equivalent 

diameter. 

 
ℎ = 0.023

𝑘

𝐷eq
Pr0.4(

𝜌𝑤𝐷eq

𝜇
)0.8 (20) 

where ℎ heat transfer coefficient 

𝑘 thermal conductivity 

𝐷eq equivalent diameter  

Pr Prandtl number 

The final system component to be dimensioned is the compressed air storage, which 

is charged and discharged with a defined mass flow rate. With a higher maximum 

storage pressure, the energy density of the storage is increased, but limits are posed 

by material strength as well as costs (SedighNejad et al. 2014, 10). Whether an 

artificial storage or natural cavern is used, the storage volume may be approximated 

as a cylinder. If multiple artificial storage tanks are selected, more realistic 

approximation of the required storage volume dimensions can be achieved by taking 
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the typical 2:1 shaped ellipsoidal head in consideration with Equation (21) (Proczka 

et al. 2013, 599). This expression is also used to determine the required storage 

dimensions of the reference model.  

 

𝐻 =
𝑉 −

2
3 𝜋𝑟i

2

𝜋𝑟i
2  

(21) 

In order to estimate the required storage volume, minimum and maximum pressure 

levels are defined for the storage. Under the assumption of ideal gas and constant 

storage temperature, the required storage volume may be approximated from 

Equation (22).  

 

𝑉 =
∫

d𝑚C

d𝑡
𝑡C

0

𝜌(𝑇, 𝑝max) − 𝜌(𝑇, 𝑝min) 
=

∫
d𝑚DC

d𝑡
𝑡DC

0

𝜌(𝑇, 𝑝max) − 𝜌(𝑇, 𝑝min)
 

(22) 

Writing the charged mass in integral form is useful, as the charging and discharging 

times tC and tDC are not necessarily equal. The analogy can be extended to the cycle 

efficiency as shown in Equation (23), in which the energy terms are divided into 

components and integrated over time.   

 

𝜂cycle =
∑ ∫

d𝐶DC

d𝑡
(𝑇in,i − 𝑇out,i)

𝑡DC

0
n
i=1

∑ ∫
d𝐶C

d𝑡
(𝑇out,i − 𝑇in,i)

𝑡C

0
n
i=1

 (23) 

 

With the presented equations, the reference model can be defined. Additional 

calculations are carried out during the development of the dynamic model, but as 

most of the equations are based on simple mass and energy balance conservation 

equations, detailed introduction is not considered necessary.  

4.2.2 Operating values of the reference system 

In order to select size for the system, capacity firming strategy is decided to be 

pursued. As noted by Rahman (2012, 3-2), the sizing is ultimately influenced by the 

load curve and the price of off-peak electricity. It is important to scale the system 
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accordingly, so that the fluctuations in wind generation can be smoothed. In 

literature, the suggested output of the system has been considered to be within the 

range of 9%–20% of the output of the wind farm (Le et al. 2012, 167; Wolf et al. 

2012, 197; Baxter 2006, 237). The size of wind farm also influences the sizing with 

respect to the applicability. With large wind farms the system is more suitable for 

energy arbitrage, but as the size decreases, possibility for spot and reserve market 

participation increases, simultaneously driving the system towards smaller scale 

(Wolf et al. 2012, 197). For this analysis, a 168 MW wind farm consisting of 56 

identical wind turbines introduced in Chapter 4.3.5 is selected.  

 

The design selections made in the previous chapters – medium power output, thermal 

oil, low-temperature TES and multiple compression stages – all have a great effect 

on the system design. The use of artificial storage is considered reasonable with the 

selected scale, and therefore the maximum storage pressure is selected as high as 155 

bars. Values around this level have been selected by many, including Marean et al. 

(2009), De Biasi (2009) and Shih et al. (2011). Because of the maximum allowable 

temperature of thermal oil, four compression stages are selected in order to maintain 

the compressor discharge temperatures in a reasonable level. In addition, the mass 

flow rates are scaled so that the designated system output range is met. Based on the 

analytical methods previously introduced, a system illustrated in Appendix V with 

operating parameters shown in Table 4 is designed. Pressure losses in the heat 

exchangers are taken into account iteratively and compensated by modifying the 

individual pressure ratios, so that storage pressure close to 155 bars is achieved. 

Because the material properties of thermal oil are only considered as a function of 

temperature, the values for pressure are not defined. Dimensioning of thermal energy 

storage and the heat exchangers is presented in more detail in Chapter 4.3.2. 
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Table 4. Key process parameters of the reference model. Heat losses neglected, pressure losses only 

considered in heat exchangers. Numbering refers to compression (C) and expansion (E) stages. 

System        

Rated charging power [MW] 25.41       

Rated discharging power [MW] 14.96       

Power ratio 1.70       

Charging period ratio 1.0       

Cycle efficiency [%] 58.87       

Compressed air C1 C2 C3 C4 E1 E2 E3 

Mass flow [kg/s] 35.00 35.00 35.00 35.00 35.00 35.00 35.00 

Pressure ratio 4.33 3.4 3.4 3.4 4.87 4.87 4.87 

Polytropic efficiency [%] 85 85 85 85 85 85 85 

Inlet temperature [°C] 20.2 69.1 78.1 81.4 159.1 154.8 16.3 

Outlet temperature [°C] 201.3 237.4 250.5 255.7 159.1 154.9 154.3 

Thermal oil C1 C2 C3 C4 E1 E2 E3 

Mass flow [kg/s] 20.56 20.26 20.07 19.64 19.22 19.40 19.43 

Heat transfer effectiveness [%] 75 75 75 85 80 80 80 

Inlet temperature [°C] 25.0 25.0 25.0 25.0 188.8 188.8 188.8 

Outlet temperature [°C] 157.2 185.0 194.1 221.1 69.8 53.1 50.8 

Compressed air storage        

Inlet temperature [°C] 40       

Throttle pressure [bar] 120       

Nominal pressure [bar]  155       

Storage capacity [h] 4       

Storage volume [m
3
] 12868       

Thermal energy storage        

Cold inlet temperature [°C] 57.8       

Cold outlet temperature [°C] 25.0       

Hot inlet temperature [°C] 188.8       

Hot outlet temperature [°C] 188.8       

 

The achieved cycle efficiency is modest, but falls within the range of the low-

temperature concept introduced in Chapter 3.2.3. Moreover, with storage temperature 

slightly below 190°C, the cycle efficiency is within the given range of Figure 10. 

Conservative but realistic values were selected for both heat transfer effectiveness 

and polytropic efficiency, and therefore the cycle efficiency is directly decreased by 

several percentage points from its theoretical maximum attainable value. One may 

notice that the power ratio between charging and discharging is above one, which is 

contrary to the existing systems. With higher power ratio, the operation of the system 

may become more profitable, as greater compression capacity allows the plant to 

charge in a shorter period of time, which allows increased revenue from arbitrage 
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(Marean et al. 2009, 7-2; Wolf et al. 2012, 197). On the other hand, Desai et al. 

(2003, 19) claim that the storage should be able to redeliver the stored electricity 

back to grid as quickly as possible, so that additional curtailment would not be 

caused.  

 

The selection of throttle pressure greatly influences the system performance. With 

120 bars, the choice of three expansion stages instead of symmetric four allows the 

outlet temperature of each stage to be decreased low enough. This in turn decreases 

the amount of excess heat transferred to the cold TES tank, but on the other hand 

complicates maintaining sufficient fill percentage in the tanks. The issue is partly 

caused by the fact that the charging period ratio is for simplicity maintained as one, 

meaning that the compressed air storage is charged at the same rate as it is 

discharged. With uneven number of TES discharge lines, the hot tank may 

accumulate more mass than the cold tank over extended periods of time, which may 

require further consideration. The values for TES inlet and outlet temperatures in the 

table refer to a situation in which nominal heat transfer effectiveness is reached. 

Increasing the effectiveness by slightly oversizing the heat transfer area was found 

advantageous in the dynamic model, meaning that the values are not valid for direct 

comparison. Part-load ability is given to the system by allowing the compressors and 

expanders to operate between 50% and 100% of the nominal power in accordance to 

McIntosh CAES as well as the work of EPRI (2004b, A-7 & A-8).  

4.3 Implementation of dynamic model 

The dynamic model is constructed to be modular and its structure consists of ten 

interdependent blocks simplistically shown in Figure 24 out of which the compressor 

and expander trains as well as the compressed air storage are primarily based on the 

existing Apros process component models. The control and logic blocks are 

developed from the available analog and binary signal components for the needs of 

CAES, whereas the TES is developed following the principles of an existing model, 

dividing the structure into process component and calculation level blocks. 

Additionally, measurements are carried out and handled in separate power (P) and 

temperature (T) control blocks.  
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Figure 24. Overall block layout and the interdependency of the blocks in the dynamic model.  

The following chapters introduce the contents of each of the blocks in detail. Chapter 

4.3.1 describes the overall layout of the turbomachinery, whereas in Chapter 4.3.2 

the calculation process behind the TES model is explained. The advanced features 

related to the turbomachinery – variable guide vanes and start-up sequences – are 

described respectively by Chapters 4.3.3 and 4.3.4. Finally, Chapter 4.3.5 introduces 

the reader to the developed wind farm and system load models.  

4.3.1 Overall layout of the turbomachinery 

Figure 25 shows simplified configuration of the compressor train, which consists of 

four stages connected in series, each controlled with variable guide vanes. Air is 

withdrawn from a point excluded from the simulations, remaining constantly at 

ambient conditions, and compressed to high pressure before reaching the compressed 

air storage. Cold thermal oil is pumped from the cold TES tank to the heat 

exchangers, experiencing increase in temperature. The first compression stage 

visualized in the upper subfigure is equipped with a blowdown valve. The other three 

stages recycle cooled air to compressor suction during transients in order to prevent 

surge, as illustrated by the lower subfigure. In the fourth stage, the compressed air 

storage is connected downstream the discharge shutdown valve.  



84 

 

      

 

 

Figure 25. Simplified compressor train and the related piping and valving. Piping and valving of the 

first stage shown in upper subfigure, stages 2–4 shown in the lower subfigure. Air indicated with blue, 

thermal oil with pink. 

 

Simplified configuration of the expander train consisting of three stages is shown in 

Figure 26. Heat exchange is performed similarly to the compressor train, with the 

only difference being the discharged hot tank instead of cold tank. Due to the 

absence of specific throttle valve component model, two control valves serve the 

purpose of a throttle valve – the first control valve is only actuated fully closed or 

fully open in order to allow the air flow from the storage, while the second control 

valve placed in front of the first expansion stage allows throttling the pressure to a 

fixed value.  

 

 

Figure 26. Simplified expander train and the related piping and valving. Air indicated with blue, 

thermal oil with pink. 
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Additionally, heat losses from the compressed air storage are taken into account by 

using a heat transfer process component, which is connected to a calculation level 

heat point node of the tank component. The heat is transferred from the fluid inside 

the tank to the inner surface of the tank, from which by conduction it passes to the 

outer surface. From the outer surface, Apros approximates the convection heat flow 

by using the Dittus-Boelter correlation. The calculation of radiative heat flow is 

excluded from the simulations due to the tank constantly being at relatively low 

temperature. Similar to the first compressor inlet, the point representing ambient 

conditions is maintained constant at 20°C and 1 bar. The thickness of the tank wall is 

modifiable and may be constructed out of several layers of different materials, i.e. 

mineral wool to simulate the effect of insulation or sand in order to simulate the 

effect of an underground storage reservoir. In the developed model, the outer wall is 

selected to consist solely of one layer of stainless steel with a thickness of 20 mm.  

 

Figure 27. Illustration of implementation of compressed air storage heat losses. The heat in the stored 

air (node NO) conducts through layers of wall material (nodes NH and branch HB) before being 

transferred to ambient by convection (node HP). 

Most of that presented above is made possible by the standard process components of 

Apros, but in order to implement the dynamic operation accurately, implementation 

of several additional features is required.  

4.3.2 Implementation of thermal energy storage 

At VTT, TES model using user-defined molten salt Hitec has been implemented by 

Hakkarainen & Tähtinen (2015a & 2015b), to whose work the storage model of this 

thesis is based on. The operation of the tank components in Apros is currently only 
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limited to certain fluids, as the software is unable to handle the interface of liquid and 

gas with fluids other than water and steam (Hakkarainen & Tähtinen 2015a, 7). As 

the molten salt has to be maintained in liquid state at all times, its operation is limited 

to above 120ºC. Given that the nominal compressor suction temperatures range from 

60ºC to 80ºC in the developed model, molten salt would not easily allow the air to be 

cooled down enough, as one can deduct from temperature diagram of countercurrent 

heat exchanger. Therefore, commercial thermal oil Therminol VP-1, allowing 

operation at pure liquid state between 12°C and 260°C, is selected as the TES 

material. Due to the temperature range, further simplifications are not created as the 

fluid does not vaporize under the expected operating conditions. Alternative heat 

transfer fluids such as Therminol 62 or 66 could be considered in case of increased 

temperature levels, as the fluids maintain in pure liquid state at well over 300°C 

(Eastman Chemical Company n.d.).   

 

Because of the described limitations in Apros, simple lossless energy and mass 

conservation equations are used to implement two-tank thermal oil TES. For 

example, the energy conservation equations for cold and hot tanks can respectively 

be written as stated in Equations (24) and (25). The energy flow rate terms in both 

equations are a function of mass flow rate, specific heat capacity and temperature, as 

shown by the term on the left side of the equation.   

For the time being, the heat losses from TES tanks are excluded from the 

consideration. Due to this lossless approach, the implementation of electric resistance 

heating would neither be reasonable, as the hot tank without heat losses would 

accumulate great amount of heat over time, leading to unrealistically high 

temperature. In reality, the stored thermal energy is dissipated over time despite the 

tanks being insulated, which sets a limit to the storage duration. After extended 

period of idle operation, the expander inlet temperatures cannot be maintained at 

 
�̇�c𝑐p

d𝑇

d𝑡
= �̇�c,in − �̇�c,out (24) 

 
�̇�h𝑐p

d𝑇

d𝑡
= �̇�h,in − �̇�h,in (25) 
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their nominal value due to the heat losses, which gradually decreases the output of 

the system over the discharging period (De Samaniego Steta et al. 2011, 1). The 

future version of Apros is to include the possibility for using the tank component for 

user-defined fluids, hence allowing the losses to be readily taken into account.  

In Apros, the shown energy balance equations in addition to mass balance equations 

are implemented with a number of analog signals and components. For both of the 

tanks in the given time step, mass of the fluid in the tank is initially solved. By 

solving the corresponding energy balance equation, the temperature can be solved 

from the definition of energy flow rate. This approach illustrated by Figure 28 results 

as an arithmetic loop, which however does not disturb the calculations.  

 

Figure 28. Conceptual implementation of TES tank mass and energy balances in Apros. Arithmetic 

loop shown in red. 

Additional calculations are carried out in order to determine the fill percentage of the 

tanks, which acts as a boundary condition when considering the dynamic operation. 

The TES model is initialized by setting values for the integral components used in 

both mass and energy balance calculations. For the mass, the initial value is given by 

the desired temporal capacity as well as the thermal oil flow rates defined in the 
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reference calculations. For the energy, the initial value can be calculated once the 

mass in the tank is known. The model is initialized to a state with 50% fill percentage 

in both of the tanks at nominal temperature, giving roughly around four hours of 

capacity with appropriate dimensioning of the TES tanks. For more realistic 

approach the system may be initialized with both tanks cold, which on the other hand 

forces the system to charge the compressed air storage until either the adequate 

temperature or fill percentage, or both, are reached in the hot TES tank. As 

Therminol VP-1 is not included in the standard Apros fluid libraries, its properties 

are imported to the program based on manufacturer reference sheet (Solutia 1999). 

Summarized in Appendix VI are polynomial constants for the density, dynamic 

viscosity, specific heat capacity and thermal conductivity of Therminol VP-1 as a 

function of fluid temperature. The corresponding correlations of second to fourth 

degree are valid for the entire liquid operation range of the pure fluid, from 12°C to 

260°C, and are defined with the accuracy described by the coefficient determination 

R
2
. Although Apros limits the degrees of the functions to second and fourth order 

accordingly, the accuracy of the correlations can be considered reasonable.  

Between the two tanks are the heat exchangers, of which multiple are required to 

transfer heat within the process. In the studied models in literature using thermal oil, 

heat exchanger dimensioning is not covered by the analyses, and the heat exchangers 

are shown as single units in the proposed system layouts. Shell-and-tube heat 

exchangers with counter-cross-flow connection have been proposed to be used in 

adiabatic CAES (Freund et al. 2012, 11, Grazzini & Milazzo 2012, 467). With 

thermal oil on the shell side and the high-pressure air on the tube side, only the shell-

side nozzles, domes and the tube sheets have to be designed to withstand the high 

pressures. The problem with using air as the heat transfer medium is its poor heat 

transfer properties, which lead to a requirement of large surface area for the heat 

exchangers in addition to sufficient cross-sectional area for the tubes to enable the 

required flow. Due to limits in component sizing, Freund et al. (2012, 12) adopted a 

configuration consisting of two parallel rows of three heat exchangers with the 

following dimensioning for each shell. 
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Table 5. Proposed oil-to-air shell-and-tube heat exchanger dimensioning as shown by Freund & 

Moreau (2012, 12). 

 Shell diameter Number of 

tubes 

Diameter of 

tubes 

Thickness of 

tube walls 

Length of 

tubes  

LP stage 2.5 m 8741 20 mm 1.5 mm 8 m 

HP stage 1.25 m 3637 16 mm 2 mm 8 m 

Due to the large temperature differences and the consequent heat transfer 

requirements, the use of single heat exchanger component between each stage was 

considered to either lead to unrealistic heat exchanger lengths or heat transfer 

coefficients. Although the inclusion of multiple heat exchangers between each stage 

is questionable from economic perspective, the option has shown to be greatly 

cheaper than regenerative TES, and also has lower risks (Freund & Moreau 2012, 

14). As the temperature of the thermal oil is increased in three steps, heat can be 

either imported or exported from external sources at different temperature levels, if 

desired. For the developed model, connecting the heat exchangers in parallel is not 

considered necessary due to considerably low mass flow rates, and the dimensioning 

shown in Table 6 is adopted in order to reach the desired heat transfer effectiveness. 

Table 6. Heat exchanger dimensioning of the developed model. Values shown for compression and 

expansion stages. 

 Number of 

heat 

exchangers 

Number 

of tubes 

Diameter of 

tubes 

Thickness 

of tube 

walls 

Length of 

tubes  

Target 

effectiveness 

Stage 1 3 8100 19.05 mm 1.5 mm 10 m 75% 

Stage 2 3 3136 19.05 mm 1.5 mm 10 m 75% 

Stage 3 3 1444 12.70 mm 1.25 mm 10 m 75% 

Stage 4 3 1225 12.70 mm 1.25 mm 10 m 80% 

Stage 1 3 1369 12.70 mm 1.25 mm 10 m 80% 

Stage 2 3 2500 12.70 mm 1.25 mm 10 m 80% 

Stage 3 3 9409 19.05 mm 1.5 mm 10 m 80% 

Larger heat transfer area is selected for the expansion stages in order to reduce the 

amount of excess heat more effectively. For the same reason, the fourth compression 
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stage has higher target effectiveness. As discussed earlier, the challenge in Apros is 

that the readily available heat exchanger components are only fundamentally pipe 

process components with more detailed heat transfer calculations, and do not include 

the possibility of including multiple tube passes. Therefore, the multiple heat 

exchangers can be alternatively considered to represent multiple tube passes.  

4.3.3 Implementation of variable guide vanes 

As of now, variable guide vanes are not included in the standard Apros component 

library. The attempts to use the control method have been limited, but the method of 

modifying compressor characteristic curves based on the position of inlet guide 

vanes has been suggested (Teemu Sihvonen 2015, personal communication). In 

literature, compressor maps including the variable guide vanes are scarcely available. 

Figure 29 shows the compressor map presented by Lüdtke (2004), further referred as 

VGV1. The second compressor map selected for analysis is introduced by Brasz 

(1997), abbreviated as VGV2. In these compressor maps, most of the values are 

shown relative to the nominal operation point. The values for guide vane angle as 

well the relative values for polytropic head, volumetric flow and efficiency are read 

with data extraction software for each of the marked points (Rohatgi 2015). The 

points are selected with consideration, keeping the desired operation range and 

accuracy at the design point in mind, as the red dots in the figure suggest. For 

example, the points clearly with seemingly high volumetric flow are left out from the 

selection.  
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Figure 29. Compressor performance map with variable guide vanes (VGV1). Coloured points indicate 

the read values, best efficiency point (BEP) shown in green. (Adapted from Lüdtke 2004, 119) 

As the values are relative, conversion to absolute form is necessary. Moreover, the 

conversion has to be done in a manner that the parameters may be easily imported to 

Apros, suggesting that the determination of mass flow rate and pressure ratio is 

necessary. For VGV2, this conversion is simple as the axes readily represent the 

relative values for volumetric flow and pressure ratio. One may deduce that relative 

volumetric flow is equal to relative mass flow rate, meaning that additional 

calculations are not required. For VGV1, the simplified form of the relation between 

polytropic head and pressure ratio is given by Equation (26) (Liebenthal & Kather 

2011, 11). For each data point, the ratio between polytropic head 𝑦p and nominal 

polytropic head yp0 is known from the performance map, and the nominal pressure 

ratio from the reference calculations. Therefore, the pressure ratio representing the 

polytropic head may be solved iteratively. It is assumed that in the best efficiency 

point the relative values on both x-axis and y-axis are 1, depicting the design point of 

the system. Due to inherent error in determining the values of the points graphically, 

the simplification of using constant value of 1.4 for specific heat ratio may be 

justified.  

 
𝑦p = 𝑅𝑇in

𝜅

𝜅 − 1
[𝛽

𝜅−1
𝜅 − 1]  (26) 
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From the dataset, two charts respectively for mass flow and polytropic efficiency are 

formed by fitting a least squares best fit quadratic polynomial to the data points, as 

shown by Equations (27) and (28). Additionally, Figure 30 and Figure 31 display the 

created efficiency charts, highlighting the polytropic efficiency on the color bars. 

Because the compressor train operation is limited to above 50% of the nominal 

power, the highly curved shape around the edges of the quadratic planes does not 

lead to an issue. Furthermore, the negative values for polytropic efficiency shown for 

VGV1 cannot be reached during the operation. The compressors operate largely in 

the range outlined by the fitted points, meaning that extensively extrapolated values 

are not used in the calculations. Although linear polynomial fit would completely 

nullify the issue, due to its poor regression the resulting values would be inaccurate.  

 �̇� = C1 + 𝛼C2 + 𝛽C3 + 𝛼𝛽C4 + 𝛼2C5 + 𝛽2C6 (27) 

 𝜂p = C1 + 𝛼C2 + �̇�C3 + 𝛼�̇�C4 + 𝛼2C5 + �̇�2C6 (28) 

 

 

Figure 30. Calculated compressor efficiency chart for VGV1. 

The created polynomial fits show reasonable accuracy outside the nominal point, but 

slight error is present and cannot be entirely removed due to the fitting method and 

the inherent limitations in reading values accurately from the chart. The coefficients 

are imported to Apros by creating a user component, which operates by methods 

developed by Tapani (2016). For each time step, the user component reads measured 
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mass flow and pressure ratio over the compressor as inputs, and returns nominal 

values for mass flow and polytropic efficiency to the compressor calculation level 

component. Because the first compressor is selected to operate at a higher pressure 

ratio than the others, the correlation has to be created separately, leading to small but 

acceptable error. For polytropic efficiency, the same coefficients are valid for each 

stage.  

 

Figure 31. Calculated compressor efficiency chart for VGV2. 

One may notice notable difference between the charts of VGV1 and VGV2. While 

the latter resembles a parabola, the former is more flat and returns relatively higher 

efficiencies even at low mass flow rates. In fact, the charts of VGV1 are not strictly 

increasing; a barely sloped plateau can be observed near the nominal operation point 

visualised with the darkest red. The best efficiency point is not located at the design 

point (0º), but rather somewhere between 0º and 10º, leading to a situation where 

opening the guide vanes does not result as increased mass flow rate at all times. The 

charts in question should therefore be slightly manipulated, by for example applying 

the limiter component in Apros to prevent values above the nominal point from 

occurring. However, this may in turn create more problems, and the logical selection 

is therefore to use VGV2 for the simulations of the thesis.  
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4.3.4 Implementation of start-up and shutdown sequences 

As the transient behaviour during both start-up and shutdown is an integral part of 

the dynamic operation of CAES, both sequences are implemented to the model. In 

order to enable the implementation, correct piping and valving is required. Figure 32 

shows an example of typical centrifugal compressor arrangement with piping, 

valving and control arrangement explained.  

 

Figure 32. Simplified schematic of typical centrifugal compressor piping and valving. Process 

instrumentation signals depicted with red, recycle line with blue. (Adapted from Arnold & Stewart 

1985, 283). 

The suction and discharge shutdown valves are used to isolate the compressor during 

shutdown periods (Arnold & Stewart 1999, 279 & 285). Discharge check valve 

placed in series with the discharge shutdown valve prevents backflow from 

occurring, thus preventing the potential damage to the compressor. Blowdown valves 

remove the trapped pressure to ambient when the compressor is shut down (ibid., 279 

& 284). Purge valves placed on the suction side remove the air from the piping 

system before the compressor is started. The valves are dimensioned small enough, 

so that the air flow rate does not cause the impellers to spin (ibid., 285) 

Due to the relative simplicity of the studied CAES models in literature, the dynamics 

of start-ups and shutdowns have not been considered. One of the few mentions about 

the topic from real environment is by Freund et al. (2012, 12), who in order to 

prevent surge and to allow unloading during these two events selected to equip the 

low-pressure compression stage with blowdown valve and high-pressure 
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compression stage with recycle valve. With more than two compressors in series, the 

reasoning behind this still applies. The first compressor can be started against open 

blowdown valve, but for the other compressors recycle valves are required. These 

valves have to be maintained partially open during the start-up, as the discharge 

valve otherwise prevents the compressor from building head (Brun & Nored 2008, 

12; Horowitz et al. 2005, 1781). Simultaneously, compressor surge can be prevented 

by opening the recycle and blowdown valves sufficiently. As pressurised air readily 

exists in the lines, the start-up is smoothed due to the compressor train being able to 

reach the storage pressure without the check valves opening at intervals. Moreover, 

the Joule-Thomson effect causes the gas forced through a valve to experience a 

decrease in temperature, which could have practical implications in the latter stages, 

if blowdown was applied. 

With the adequate piping and valving, the start-up sequences for both compressor 

and expander train are created based on information of the SMARTCAES concept. It 

has to be noted that the turbomachinery in question is designed for diabatic systems 

of greater size, for which reason the data is not completely valid for the developed 

model. Nevertheless, the time frames shown in Table 7 are among the most accurate 

information available in literature. In reality, smaller turbomachinery trains are able 

to start up faster due to the thermal and mechanical inertias being greatly lower 

(Freund et al. 2012, 12). The ramp rates are limited in order to maintain temperature 

gradients in the metal parts of the turbine within acceptable limits (Topel et al. 2015, 

1172). For example in case of steam turbine, the longer the standstill time is, the 

smaller the allowable loading gradient becomes in order to allow the parts to heat up 

adequately (Kehlhofer et al. 2009, 254).  
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Table 7. Start-up sequences of SMARTCAES turbomachinery and the respective time frames. 

(Adapted from Dresser-Rand 2015a, 8–9) 

Compressor train Expander train 

Task Time [min:s] Task Time [min:s] 

Preparation 0:00 – 0:30 Preparation 0:00 – 0:30 

Accelerate speed  0:30 – 2:00 Accelerate speed  0:30 – 3:00 

Synchronize  2:00 – 2:30 Synchronize  3:00 – 3:30 

Close blowdown  2:30 Initial loading  3:30 – 5:30 

Open main line  2:30 Combustor light-up  3:30 – 5:30 

Ramp up 2:30 – Ramp up 5:30 –  

In the presentation of Conroy (2011, 10–12), the SMARTCAES concept is illustrated 

to use turbomachinery connected on a single shaft, suggesting that charging and 

discharging cannot occur simultaneously. More recently the company has shown the 

concept to be viable for simultaneous charging and discharging due to introduction 

dedicated motor and generator units (Dresser-Rand 2015b). Although the latter 

would clearly improve the operational flexibility of the system, the option is 

excluded from the study due to its infrequency in the literature. Therefore, the 

working principle of clutches is emulated by creating a shaft from a number of 

switch and set dominant flip-flop components, which allow the clutches to be 

engaged according to the described sequences, hence allowing the turbomachinery to 

be connected with the electric machine at the right time. As shown by Figure 33, the 

approach allows the third operation mode, synchronous condensing, to be easily 

implemented although not being used in the current study.  

 

Figure 33. Implementation of clutches of single-shaft turbomachinery in Apros, synchronization of 

compressor train displayed. Step outputs (synchronize and desynchronize) govern the position of 

switches emulating the clutches through set dominant flip-flop components.  
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For the implementation of shutdown sequences, similar manufacturer data is not 

available. In order to enable the described compressor start-up sequence, a 

reasonable choice is to blow down the first stage and leave the last three stages 

pressurized. As an additional safety measure, the installation of flare valves would 

allow the trapped gas to be released in case of emergency (Bloch & Godse 2006, 

110). With expanders the situation is less complicated due to the absence of multiple 

valves. Kehlhofer et al. (2009, 259) and Boyce (2002, 642 & 644) discuss the 

shutdown procedures of gas turbines. Both authors show that the turbine is unloaded 

before allowing coasting down. Moreover, as presented earlier, the clutch 

automatically disengages in the event of sufficient throttling, leaving the generator 

spinning. Therefore, the modelled expander train, in order, is unloaded to minimum 

load, desynchronized and coasted down during the shutdown.  

 

As also noted by Brun & Nored (2008, 12 & 47), the largest challenge in the 

compressor start-up is to avoid overheating while simultaneously preventing surge. 

When the compressor is brought up to the nominal speed, the generated heat of 

compression stays within the recycle line due to the recirculation. Various 

arrangements to recycle the air have been proposed, differing from each other by the 

number of valves, whether the recycled air is cooled or not, and whether the air is 

recycled over a single or multiple compressors (Boyce 2003, 251–252; Brun & 

Nored 2008, 10 & 20–23). Because the surge control is not considered necessary 

during normal operation, the air is selected to be cooled and recycled over a single 

compressor with a single line. The approach offers low power consumption during 

start-ups, simultaneously allowing heat to be recovered. Based on the definition of 

surge margin shown in Equation (29), the recycle lines can be approximately 

dimensioned, although requiring consideration with respect to three parameters 

(Moore et al. 2009, 15). When increasing the piping volume, more time is allowed to 

bring the compressor up to speed, as larger mass of air is recirculated. This also 

moves the operating point away from the surge limit, but increases the power 

consumption. On the other hand, if the piping volume is decreased, the compressor 

operates closer to the surge point, and the discharge temperature is increased.  

 



98 

 

      

 
𝑆𝑀 = 100% · (

�̇�0 − �̇�surge

�̇�surge
) (29) 

 

where 𝑆𝑀 surge margin 

�̇�0 nominal mass flow rate 

�̇�surge surge point mass flow rate 

Apros enables the surge margin to be tracked directly through calculation level of the 

compressor, meaning that the typical temperature and pressure measurements are not 

necessary. Consequently, compressor surge can be controlled by regulating the 

recycle valve position based on the measured surge margin.  

4.3.5 Implementation of wind farm and system load 

Even though wind is abundantly available, not all the power in wind can be extracted 

without completely stopping the air mass in the intercepting wind turbine rotor area. 

Theoretically, only 59.26% of the power in wind can be utilized by the wind turbine, 

which is known as the Betz limit. In real wind turbines, power coefficient governs 

the extractable power as shown below. (Ackermann 2005, 34; Singh & Santoso 

2011, 15) 

 

 𝑃wind = 0.5𝐶𝑝𝜌𝐴𝑤wind
3 = 0.25𝐶𝑝𝜌𝜋𝐷b

2𝑤wind
3  (30) 

where 𝑃wind generated power 

𝐶𝑝 power coefficient 

𝐷b turbine blade diameter 

𝑤wind velocity of wind 

Wind turbines are designed to operate between two boundary conditions (Ackermann 

2005, 35). Power is only generated above cut-in wind speed, and the wind turbine 

shuts down when wind speed exceeds cut-out wind speed in order to prevent 

excessive loading on the tower and blades (Succar et al. 2012, 223). This relation 

between wind speed and power generation is followed by the power curve, which for 
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the developed model is defined by reading the generated power from manufacturer 

data and solving the power coefficient as a function of wind speed from Equation 

(30), as summarised in Appendix VII. Shown in the table below are the 

specifications of the reference wind turbine, which allow selecting the exact model 

out of the available manufacturer options. 

Table 8. Reference wind turbine and its specifications. (Vestas Wind Systems 2004, 14 & 19) 

Nominal power output 3.0 MW 

Blade diameter 90 m 

Hub height 80 m 

Power coefficient variable 

Cut-in wind speed 4 m/s 

Cut-out wind speed 25 m/s 

Reference density 1.125 kg/m
3
 

Noise level 106.7 dBA 

When considering a wind farm instead of a single wind turbine, the turbines placed 

in the last row with respect to the main wind direction experience relatively smaller 

wind speeds compared to the first row due to shadowing or wake effect between the 

turbines (Ackermann 2005, 35). This aerodynamic interference in a geometry array 

has a noticeable effect to a distance of 20 rotor diameters or more, therefore reducing 

the output of the turbines to downwind (Hau 2013, 725; Grubb & Meyer 1993, 171). 

The array spacing governs the magnitude of the losses, with a typical value being 

below 10% (Manwell et al. 2009, 423). Because the optimal wind farm design is not 

pursued in this work, a value of 8% is selected to estimate the array losses. 

That described above is implemented in Apros through branch-like calculations, in 

which the output of a single wind turbine is multiplied by the number of wind 

turbines. Slight error to the calculations is caused due to interpolative operation of 

the polyline component, to which the relation between wind speed and power 

efficient is defined. The interpolation leads to an incorrect value if the wind speed 

reaches the cut-out speed, and therefore the output is limited to its theoretical 

maximum value. In addition, the losses are taken into account after the component 

model. The validity of the calculation process is proven by Figure 34, in which the 

power output of the model is compared to the manufacturer data.  
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Figure 34. Power coefficient, reference power output and modelled power output as a function of 

wind speed. (Adapted from Vestas Wind Systems 2004, 14) 

 

The characteristics of the wind turbine partially determine the amount of power 

generated, but the properties of the wind resource also affect greatly (Langreder & 

Bade 2012, 118 & 133; Grubb & Meyer 1993, 159 & 165). In atmospheric boundary 

layer where the wind turbines operate, the wind develops due to spatial differences in 

pressure and temperature, and is considerably influenced by the orography and the 

topography. Therefore, the wind speed varies greatly vertically but also in direction, 

differing from prevalently unidirectional to broad-based between different regions. 

Some models, such as the one presented by Anderson & Bose (1983, 3793) evaluate 

wind speed in components, but for simple analysis, mean wind speed may be 

applied. Therefore, for the developed model, the wind speed data is retrieved from a 

wind tower located in United States (NREL 2015). The temporal resolution of the 

input data is one minute, and the measurement height of 80 meters is equal to the hub 

height of the selected wind turbine. For implementing the mismatch between load 

and generation, the load data with a temporal resolution of one hour is retrieved from 

the Finnish transmission grid operator (Fingrid 2015). The two data sets are shown in 

Figure 35, in which the wind generation has readily been estimated analytically. 

Most importantly, the load data is artificially scaled for both the figure and the 

model, so that the operation of the particular CAES system can be effectively 

studied. In addition, the wind data is slightly scaled in order to create challenging 

operating conditions.  
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Figure 35. System load and expected wind power generation. Wind generation data shown with a 

temporal resolution of one minute. (Fingrid 2015; NREL 2015) 

The selected data sets allow two particular features of the model to be studied. First 

of all, the high variation in wind generation tests the control system, as fast ramp 

changes should take place. Secondly, as both excess and deficiency exist during the 

selected period, the implemented start-up and shutdown sequences are required. 

4.4 Control system 

The developed control system can be divided into four sections according to the 

complexity: temperature regulation, power regulation, sequences and system logic. 

While only the first is required to allow operation at nominal point, the integration of 

variable renewable generation creates a need for adjusting the power consumption 

and generation, and requires the system to be started and shut down in a structured 

manner. Finally, all the explained should be performed depending on several 

boundary conditions, for which reason simple system logic is created.  

 

The integral part of the control system is the PI controller, which has become the 

standard choice in industry (Tehrani & Mpanda 2012, 213). Based on control-loop 

feedback mechanism, the controller determines error between the measured value 

and the set point value (Åström & Hägglund 1995, 5). The error is corrected within 

the controller with a minimum of one term depending on the controller type. When 

activated, proportional term (P) accounts the present error, integral term (I) accounts 

the past error and derivative term (D) accounts the future error based on the current 
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rate of change as shown by Equation (31). The corresponding control loop is shown 

in Figure 36. 

 

 
𝑢(𝑡) =  𝐾p𝑒(𝑡) + 𝐾i ∫ 𝑒(𝑡)

𝑡

0

𝑑𝑡 + 𝐾d

d𝑒

d𝑡
   (31) 

 

where 𝑢(𝑡) control signal 

𝑒(𝑡) error between the measured value and set point value; ym(t) 

 and ysp in Figure 36 

𝐾p  proportional gain 

𝐾i integral gain 

𝐾d derivative gain 

 

Figure 36. Simplified single controller feedback loop. (Adapted from Åström & Hägglund 1995, 6) 

In order to allow the controller to minimize the error optimally, the controllers are 

tuned empirically with either Ziegler-Nichols or Cohen-Coon method, depending on 

whichever is more applicable for the particular situation. The former method is based 

more on trial and error which may cause problems in accurate tuning, and may yield 

overshoot depending on the selected parameterization, whereas the latter method 

requires the controlled process to be at steady-state in order to introduce a step 

change. Additionally, in certain situations the resulting parameters are slightly 

adjusted manually in order to achieve the desired performance, i.e. to decrease the 

overshoot. For both the tuning methods, Apros allows the tuning parameters such as 
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ultimate gain or dead time to be determined with good accuracy by plotting the 

control variable over time.  

 

When the process involves notably great dynamics, for example long time constants 

or dead times, more responsive control may be achieved by building a nested system 

with primary and secondary control loops as illustrated in Figure 37; the cascade 

control (Åström & Hägglund 1995, 274–279). The primary controller in the outer 

loop adjusts the primary controlled variable and scales it as a set point for the 

secondary controller in the inner loop. The use of cascade control may be justified 

whenever the relation between the primary and secondary measured variable is well 

defined, the inner loop is faster than the outer loop, and the important disturbances 

occur in the inner loop. Cascade control loops of the developed model are tuned 

using the same methods as the single output controllers, first tuning the inner loop 

while setting the outer loop in manual.   

 

 

Figure 37. Simplified cascade control feedback loop. (Adapted from Åström & Hägglund 1995, 275 

& MathWorks n.d.) 

In certain parts of the turbomachinery in the developed model, cascade control loops 

were found more advantageous than the single output system due to the transients 

caused by the power regulation. The main goal of the control loops is to maintain the 

compressor inlet temperatures at their nominal value throughout the operation. By 

measuring the inlet temperature and thermal oil mass flow rate from TES, the set 

point value for pump rotation speed can be actuated accurately. For the auxiliary heat 

exchanger removing excess heat from the system between the last compression stage 

and the compressed air storage, the performance of single output control loop was 

found sufficient. In Apros, the process instrumentation is implemented as shown in 



104 

 

      

Figure 38. The continuous device controller component is used as an interface from 

the control to the process device.  

 

Figure 38. Illustration of process components used for temperature regulation. Single output system 

(left) and cascade control.  

The temperature control inherently has a certain amount of inertia due to large heat 

transfer area between the controlled point and the actuated pump, and restrictions in 

thermal oil mass flow rate. If the mass flow rate is increased excessively, the hot TES 

inlet temperature in turn decreases to undesirably low in case of compression, or 

excessive heat losses are induced in case of expansion. Only the pumps in the 

compression stages are therefore overdimensioned to allow 150% of the nominal 

mass flow rate, leading to faster temperature regulation in certain temporary events. 

For example, in start-ups the inlet temperatures may vary greatly from their nominal 

values, and should be corrected quickly enough to enable operation close to the 

nominal point. 

 

During charging, the power regulation is implemented with variable guide vanes and 

single PI controller feedback loop. Because of the terms raised to second order in the 

correlations used for variable guide vanes, the relation between guide vane angle and 

compressor power is not linear. This leads to an issue from control viewpoint, as the 

PI controllers are fundamentally linear and symmetric. Although the process itself 

cannot be linearized, by placing a piecewise linearized correlation between the 

controller output and the process as illustrated in Figure 39, the PI controller is 

deceived to control a linear process. Consequently, the need for more complicated 

approaches of controlling a non-linear system such as gain scheduling is avoided.  
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Figure 39. Simplified single controller feedback loop with linearization correlation. 

The linearization correlation is created by measuring the total compressor power 

consumption with varied values for guide vane angle with a step of 4 degrees, and 

fitting a third order polynomial correlation to the data. Being inside the feedback 

loop, accuracy of the correlation is not of the greatest importance. From the 

correlation, thirty ordered pairs for power consumption as a function of guide vane 

angle are imported to Apros by using the available polyline component.  

 

During discharging, the power generation is regulated with a control valve placed 

before the first expansion stage. With cascade control feedback loop, the primary 

controller measures the power generation set point and scales the signal for 

secondary controller, which measures the air mass flow rate and actuates the throttle 

valve. When the expander train is operating at the nominal point, the pressure is 

consequently throttled to its nominal value, although not being directly controlled. 

As the relation between the valve position and generated power is linear due to the 

linear characteristics of the valve, PI controllers may be used without further 

complications. The inclusion of derivative term for the secondary controller was 

considered in order to prevent overshoot in the power regulation, but not 

implemented. With the throttle valve having a driving time of only one second, slight 

overshoot is caused during fast transients and further amplified by the used Ziegler-

Nichols tuning method. The consequences are further discussed in Chapter 5.4.    

 

In order to limit the adjustment speed of the controllers regulating the power, ramp 

rate control based on literature information presented in Chapter 3.2 is implemented 

for both charging and discharging. As the calculation of the ramp rate cannot be 

directly positioned to the controller output, the varying set point value is introduced 

to the controller through a gradient component as illustrated in Figure 40. The 
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gradient component tracks the set point value linearly depending on the ramp rate 

coefficient, which is selected to be 20 %/min for both charging and discharging. 

With this approach, the performance of the controllers is improved, as the imposed 

step changes during operation are manageably small.  

 

Figure 40. Implementation of linear ramp rate system for charging and discharging.  

When integrated with variable renewable generation, sequence control components 

are responsible for starting and shutting down the system according the defined 

procedures, but also for activating practically every individual controller of the 

model. For both charging and discharging, separate sequences performing the control 

tasks introduced in Chapter 4.3.4 are created. When a sequence is activated, the 

program progresses through a number of steps which all have specified outputs. Each 

step is maintained active until its given control time is elapsed or certain process 

condition is met, while the corresponding step outputs controlling the system are 

maintained active. An example of such is shown in Figure 41, in which the 

implementation of compressor rotation speed control used in start-ups and shutdowns 

is shown. Step outputs are used to control the position of the switches, which in turn 

return a set point value for the gradient component determining the ramp rate and 

direction. In addition, a possibility for smoothing the increment in ramp rate of 

rotation speed during charging through a secondary gradient was included to the 

model. The reason behind this was an issue, which was concluded to derive from a 

combination of small mass flow rate and large pipe diameter. Therefore, the error – 

Set point [MW] 

Ramp rate [MW/min] 

Nominal power [MW] 

Ramp rate coefficient [%/min] 

Output to controller [MW] 

Set point tracked? 
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presumably numerical – is decreased when the ramp rate is not directly increased to 

its designated value, but the time required for start-up is slightly increased.  

 

 

Figure 41. Demonstration of the use of sequence control for implementing compressor rotation speed 

control. Step outputs determine the position of switches which control the set point value. 

Multiple similar binary signal systems exist within the model, and are required for 

example to activate the compressor temperature controllers, which adds relative 

complexity to the control system. On the other hand, only the implementation of 

sequence control enables the required flexibility in the control system. Flexibility is 

required for the final part of the control system, the system logic. As introduced in 

Chapter 3.2, several boundary conditions are introduced to the model, ultimately in 

order to control the state of the compressed air storage.  

Although the developed system logic is not overly complicated, it is appropriate 

considering the goals of the thesis, and is designed with expansion potential in mind. 

Particularly, when CAES is operated with intermittent generation, the need for 

predicting the available, or profitable, operating duration becomes evident. Although 

in reality the components would be constructed with certain margin of safety with 

respect to pressure, exceeding the safety limit may not be preferable. Moreover, the 

more essential issue is that the system could be started only to be shut down 

moments later. Therefore, the logic is constructed in predictive-reactive manner, 

consisting of two individual layers of boundary conditions. The former layer is 

applied only in the event of start-up – unless the conditions are met, the system 

Measured rotation speed 

Ramp rate 

Hold value 

Increase value 

Decrease value 

Switch 

Step output 
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cannot initiate operation. That is, these conditions are based on predictions and 

address the profitability of the operation. The control switches over to the second 

layer once the start-up sequence is finished. The boundary conditions of the second 

layers are reactive, and only address the current state of the system. In practice, an 

example of such is how the logic makes use of measured storage pressure. The 

predictive control ensures that the storage may be filled or emptied for a selected 

period of time, here 15 minutes, and the reactive control stops the operation 

whenever one of the designated boundary conditions is met, hence acting more or 

less as a failure protection.  

The challenge in the described model predictive control is that the forecasts are 

required in several temporal resolutions, if the operation is to be optimised. The 

fluctuations in wind may necessitate forecasts in the scale of minutes, whereas 

considering the variation in price and demand of electricity, the daily scale is more 

important. Where the predictions come topical are the two operation modes, load 

levelling and energy arbitrage, between which the logic allows the system to 

prioritize between. Energy arbitrage can only be studied with a prediction of the 

price spreads – unless the logic is aware of what price is considered cheap, the 

possibility for arbitrage is diminished. This calls for price forecasts, for which reason 

the operation mode is not selected to be studied in the thesis. Similarly, the long-term 

predictions are not used either for load or wind speed in the following simulations. 

However, can the system be operated without any predictions? The problem lies in 

the fact that the system may temporarily meet a boundary condition and return to 

favourable value only seconds later. For example, if the wind speed is introduced to 

the model with small temporal resolution, it is likely that at some point the set point 

value for power consumption or generation circles around the minimum boundary 

condition, giving the system consecutive signals to shut down and start up. Clearly, 

two options can be identified to address the situation: 

1. All the input data uses the same temporal resolution. The logic hence is able 

to make the decisions at specified and repeated intervals, for example 15 

minutes.   
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2. The input data uses indifferent temporal resolution. The logic hence has to 

adapt to the inputs and make decisions at varying intervals based on forecasts. 

In practice, the first option would require the variation in wind to be averaged over 

longer period of time, which is against the fundamental idea of dynamic modelling; 

if anything, the fluctuating nature of wind should be implemented even more 

precisely. The second option, which is therefore selected, could technically be 

enabled by allowing the system to purchase electricity from the grid and supply it by 

using a frequency converter whenever required. Actual load forecast data is available 

from Fingrid (2015), and for the wind speed measurement the 10-minute-ahead 

forecasts are known to have an error in the range of 0.5% to 1%, which is artificially 

applied to the data within Apros (McGroarty & Woolmington 2015). To summarize 

the developed logic system, Appendix VIII shows a flow chart of the logic system, 

highlighting the largely self-explanatory boundary conditions also listed in Table 9 

according the operation mode. The predictive conditions determining the available 

capacity function slightly differently. In the isothermally operating TES, the 

state-of-charge is only affected by the temperature, for which reason the remaining 

capacity with respect to time is always easily definable with pressure and 

temperature measurements. As the compressed air storage experiences isochoric 

charging and discharging, both the temperature and pressure vary over time. 

Moreover, the temperature is affected by the implemented heat losses even at times 

the storage is not operated. By applying the ideal gas law, the available operating 

time can be estimated by projecting the maximum mass in the storage with the 

current temperature and maximum pressure. 
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Table 9. Predictive and reactive boundary conditions of the system logic of the model. Boundary 

conditions only used with energy arbitrage operation mode shown in cursive.  

Boundary condition Allowed value Applies to 

Only charging or discharging true Both 

Excess in generation  P > 0.5PC,nom Both 

Deficiency in generation P > 0.5PDC,nom Both 

Pressure of compressed air storage 120 bar < p < 155 bar Reactive 

Capacity of TES tanks 0 < x < 1  Reactive 

Capacity of compressed air storage t > 15 min   Predictive 

Capacity of TES tanks t  > 15 min Predictive 

Margin 𝐶 > 𝐶start + ∫ 𝐶op

𝑡

0
 Predictive 

Profit for charging 𝐶 > 𝐶 ̅ − 𝜎(𝐶)  Predictive 

Profit for discharging 𝐶 > 𝐶 ̅ + 𝜎(𝐶)  Predictive 
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5 CASE STUDIES AND RESULTS 

In this chapter, the developed model is evaluated with three different case studies, 

leading to evaluation of the results from five viewpoints. The first study only 

involves steady-state operation. By successively filling and emptying the compressed 

air storage, the system is simultaneously maintained at its design point through the 

use of variable guide vanes and the simulated values are compared to the reference 

calculations. The primary goal of the study is to answer to the following questions: 

 

 Are the simulated values valid? 

 Is the cycle efficiency reasonable? 

 Are the variable guide vanes functioning correctly? 

 

In the second part of the analysis, the system is set subject to transient operation by 

including the system logic to the simulations, and the load following operation mode 

is investigated. Therefore, the compressed air storage is filled and emptied as 

governed by the load curve, which may lead to part load operation. The study aims to 

investigate the following:  

 

 How does the part load operation affect the cycle efficiency? 

 How does the control system perform under load changes? 

 Is the system logic sophisticated enough? 

 

The final part of the analysis covers the start-up and shutdown sequences. As 

reference data is available, the performance of the model may be validated. For each 

case, the possibilities and challenges are discussed in more detail in the respective 

chapters. 
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5.1 Nominal operation  

As the first task, the simulated values are compared to the reference calculations in 

order to validate the performance of the model at the design point. The model is 

simulated to a state equivalent to the reference calculations, which for compressor 

train is the total pressure ratio, and for the expander train the throttle pressure. Tank 

component with excessively large volume is used in place of the standard tank 

component during the initial simulations. This allows the pressure of the tank to stay 

unaffected for ten minutes, which effectively removes the possible fluctuations from 

the results. After allowing the inlet temperatures to equalize to their nominal values, 

the results shown in Table 10 are determined using the VGV2.  

Table 10. Comparison of reference values to simulated values at design point.  

 Cycle efficiency [%]  

 Reference Simulated  

Total 58.87 58.68  

 Mass flow rate [kg/s]  

 Reference Simulated  

Compressors 35.00 35.001  

Expanders 35.00 35.00  

 Power [MW] Discharge temperature [°C] 

 Reference Simulated Reference Simulated 

Compressor 1 6.59  6.64 201.3  203.5  

Compressor 2 6.15  6.17  237.4  238.5  

Compressor 3 6.31  6.33  250.5 251.4  

Compressor 4 6.37  6.39  255.7  256.1  

Total 25.41  25.53    

Expander 1 5.00 5.03 19.2 17.6 

Expander 2 4.95 4.98 16.3 14.4 

Expander 3 5.01 4.97 13.4 14.2 

Total 14.96  14.98   

 

Systematic error can be noticed from the results, and is likely caused by slight 

inaccuracy in the used correlations for specific heat capacity and variable guide 

vanes. The latter is particularly shown in the first compression stage with separately 

created correlation, forming half of the error in total compressor power consumption. 

Because of the error in the correlation, the compressor does not operate exactly with 

the nominal pressure ratio, which leads to slightly higher power consumption 
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compared to the reference value. Moreover, as the simulated mass flow rates are 

within 0.01 kg/s of the reference value, the reasoning is valid. With expanders, the 

deviation does not follow a similar decreasing pattern. Although the inaccuracy of 

correlations has an effect, the error is more likely caused by the pressure drop 

calculation of the particular component. In order to reach the desired pressure ratio 

while simultaneously achieving a reasonable velocity in the first expander, cross-

sectional area smaller than that of the preceding throttle valve is required. Therefore, 

the flow is in effect throttled by the first expander, which in turn requires a greater 

value for nominal mass flow in order to attain the reference mass flow. 

Consequently, as the expanders therefore do not in fact operate under nominal 

conditions, the values for discharge temperature and power output are slightly 

erroneous. The accuracy in mass flow rate was considered of the highest importance, 

as it governs the calculation of the other simulated parameters and may be the most 

important parameter considering the storage operation. With the selected approach, 

the relative error in cycle efficiency is less than 0.5%, suggesting that the operation 

at design point can be considered highly accurate. 

5.2 Performance of variable guide vanes 

In order to qualitatively validate the operation of the compressor train, the simulated 

results are compared to the work of Budt et al. (2012). Before discussing the 

simulation results further, Figure 42 highlights the power regulation during the 

charging period with the different variable guide vane correlations. With both VGV1 

and VGV2, the power is regulated by opening the guide vanes as the storage pressure 

steadily increases. Consequently, the mass flow rate increases – or it should increase. 

One should recall that VGV1 considers the angle of 0º fully open, while it is the 

position of 90º for VGV2. 
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Figure 42. Comparison of performance of VGV1 and VGV2 during the charging process. The shown 

values have not been simulated under exactly same conditions.  

Contrary to the results of Budt et al. (2012), the relation between guide vane angle 

and mass flow is not entirely linear at all times. This is partially explained by the 

compression ratio and polytropic efficiency diagrams of the Budt et al. (2012), which 

show almost linear behaviour at the predicted operation points. With the created 

correlations for the model, the non-linearity between mass flow rate and guide vane 

angle is more apparent. Another important difference comes from the used modelling 

software. Based on the shown information, the Modelica compressor model used by 

Budt et al. (2012) receives values from the correlations as direct inputs, whereas in 

Apros the guide vanes are selected to control the nominal values for both mass flow 

rate and polytropic efficiency. Numerically, the selected approach is more 

sustainable than directly transferring the values to the calculation level component, 

as the variation in control output does not affect the parameters of compressor 

without taking the parameters in the surrounding nodes and branches into account, 

meaning that sudden step changes are less likely to cause divergence. Nevertheless, 

as the correlations cause the nominal state of the compressors to slightly differ from 

each other every time step, relatively small time step is required to avoid divergence.  

Physically, the temperature dependency of the compressor component leads to an 

issue. At times, particularly in the event of a start-up, not single one of the 
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compressors is necessarily operating with the nominal inlet temperature. As seen 

from Figure 42 with VGV1, opening of the guide vanes is not directly manifested as 

increased mass flow rate – before the inlet temperature reaches its nominal value, the 

mass flow rate may even decrease. This phenomenon was considered rather complex 

to account for, as it can be understood to have a certain degree of reliance on 

controller deadbands. The deadband is described as the zone where no control action 

takes place, and is one of the multiple optional inputs for the controller component in 

Apros. Particularly concerning is the fact that, as one can observe from the linearly 

opening guide vane angle of VGV1, the situation is not caused by the deadband used 

in the controller regulating the guide vane angle. After rigorous investigation, the 

deadbands used in the compressor inlet temperature controllers were deemed as the 

reason for the occurrence. As the temperature is within the deadband region, the 

controller does not regulate the thermal oil mass flow, which leads to a numerical 

issue. In Apros, the heat exchanger component aims to minimise the heat flow 

difference between the tube and shell sides. Based on this, the mass flow rates on 

both sides are determined. Therefore, keeping in mind that the VGV component only 

manipulates the nominal mass flow rate, the variation in guide vane angle may not 

result as in variation of air mass flow rate, if the temperature controller is within the 

deadband region. Although this effect is experienced with both the guide vanes, it is 

more prominent with VGV1 due to its unfavourable shape.  

The problem is to large extent solved by slightly modifying the existing compressor 

component. Instead of using a constant input value for nominal inlet temperature, the 

temperature in the node preceding the compressor is by value transmitter maintained 

as the nominal temperature. Although the direct effect of temperature is hence 

removed from the compressor map, the density and consequently the mass flow rate 

are still dependent of the temperature. The temperature still hence affects the 

calculation of compressor power consumption, making the simplification reasonable. 

The only nominal value to stay unaffected is therefore the pressure ratio, which in 

reality is governed by the number of rotor and stator pairings, and hence should not 

be modified by the variable guide vanes.  
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5.3 Part-load operation 

The described method is applied in the following simulations, in which the set point 

value for compressor train power consumption is selected as 20 MW, and the storage 

is charged approximately four hours from 120 bars to 155 bars. Despite the 

differences in the modelling approach, the results show reasonable with the reference 

simulations. As shown by in Figure 43, the increment in storage pressure does not 

result as equal increment in compressor pressure ratios. Rather the latter of the eight 

stages experience increase in pressure ratio, whereas the first stages show almost 

constant values throughout the charging period. Due to uneven number of 

compressor stages, the comparison is done between the first and the last stages, and 

in addition the fourth stage of the model of Budt et al. (2012) is selected for the 

analysis. It also has to be noted that the charging period in the reference model lasts 

around six hours, during which the storage is filled from 100 bars to 152 bars. The 

interest should therefore be in the observation of trends, not the absolute results.  

 

Figure 43. Comparison of reference (ref) and simulated (sim) compressor pressure ratios during one 

charging cycle. Time shown in arbitrary scale. (Budt et al. 2012, 796) 

In the simulated results, the relative increment in the last stage is more apparent, but 

also the first stages experience increase in pressure ratio contrary to the reference 

simulations. As the mass flow rate increases over the charging period, its effect 
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should be reflected in the pressure ratio, unless the change is very small. Moreover, 

with the modelling approach of the variable guide vanes, the whole compressor train 

is affected by a single compressor operating outside the design point – in order to 

satisfy the mass balance, the mass flow rate through each component has to be equal. 

The simulated compressors hence reach their nominal pressure ratio simultaneously 

at the pressure of around 155 bars, whereas the first stage of Budt et al. (2012) can be 

considered to depict constant operation at the nominal point.  

Similarly promising correlation is noticeable from the compressor power 

consumption, for which the comparison is shown in Figure 44. As expected, the last 

of the stages show the greatest increase in power consumption; the stages in question 

experience the relatively largest increase in pressure ratio, and hence are forced to 

operate farthest from the nominal point. Comparing the two figures, one can notice 

that pressure ratio does not directly correlate with power consumption, which is due 

to the polytropic efficiency. As shown earlier, the compressor efficiency chart of the 

model is parabolic in shape, suggesting that power consumption should not vary 

linearly; this can be noticed particularly from the fourth simulated stage.  

 

Figure 44. Comparison of reference (ref) and simulated (sim) compressor power consumption during 

one charging cycle. Time shown in arbitrary scale. (Budt et al. 2012, 796) 
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For discharging, the simulated results are compared to the work of Zhao et al. (2016), 

who analysed the off-design performance of constant expander inlet pressure 

operation mode. Because of the different model parameters, the results are scaled to 

relative values with respect to the nominal state. In Figure 45, comparison of air 

mass flow rate under different load rate conditions is shown. As mentioned earlier, 

due to linear characteristics of the throttle valve, the relation between mass flow rate 

and power generation is linear, as confirmed by the comparison. The slope of the 

curve is insignificant as it is affected by multiple factors, perhaps most importantly 

by off-design characteristics of the valve, which are not addressed by the authors.  

 

 

Figure 45. Simulated air flow rate under different load rate conditions during discharging. Results of 

Zhao et al. (2016) shown as reference. 

Figure 46 shows a comparison of pressure ratios under different load rate conditions. 

The authors studied a system with two expansion stages, and claim that the decrease 

in pressure ratio is caused by the relation between Stodola’s ellipse law and mass 

flow rate (Zhao et al. 2016, 1170). The Stodola’s ellipse law states that with constant 

discharge pressure, the relation between the inlet pressure and mass flow rate should 

take the form of hyperbole (Raiko & Saarenpää 2014, 68).  
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Figure 46. Comparison of simulated and reference expander pressure ratio under different load 

conditions. 

Similar to Zhao et al. (2016), the only constant discharge pressure within the 

expander train is the final point representing ambient conditions. In this case, the last 

expansion stage should experience decrease in the pressure ratio – confirmed by both 

the simulations – as the inlet pressure decreases with load rate. However, with the 

discharge pressure of the first two expansion stages sliding, the pressure ratio should 

largely stay unaffected by the variation in the inlet pressure. This is not shown by 

Zhao et al. (2016) in the first stage, which despite the assumptions seems to function 

as the discharge pressure was constant. Therefore, the simulated performance of the 

model can be considered as more accurate representation of the discharging stage.  

5.4 Dynamic operation 

Based on the previous chapter, the operation of the model is satisfactory and the 

dynamic performance can be studied. The control system developed in Chapter 4.4 

may be the most detailed part of the model, and therefore contains multiple features 

that could be highlighted. The simplest task is to introduce step changes to the 

controllers responsible for power consumption and generation. In Figure 47 and 

Figure 48, 10% and 25% step changes are respectively introduced for the compressor 
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train power consumption set point value. Before the step change at t = 5 minutes, the 

controllers are given sufficient time to stabilize, so that the fluctuations in each of the 

compressor inlet temperature are only caused by the control operation. From the 

figures, one can observe that the power generation follows the set point very closely. 

Marginal overshoot spikes can be noticed by closer inspection from both the figures, 

but the magnitude is practically negligible.   

 Figure 47. Evaluation of compressor train control performance, 10% step change in 

power consumption set point introduced at t = 5 minutes. 

Although PID controllers are not commonly used in temperature control, the 

complications of variable guide vanes with controller deadbands described earlier led 

to the selection (Hannu Mikkonen 2015, personal communication). The PI control 

typically used is inherently more fluctuating, and even small deadband values of 

0.5ºC often led to a situation in which the system took excessive time to stabilise. 

With PID control, the fluctuations are minimised and the temperatures stabilise 

nearly perfectly in 10 minutes regardless of the magnitude of the step change. This is 

partly caused by the thermal inertia of the heat exchangers – when the air mass flow 
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rate is decreased, the relatively large amount of accumulated heat enables relatively 

low variation in thermal oil mass flow rate. With both step changes, the greatest 

variation in temperature is in last two stages, which are tuned with considerably more 

aggressive parameters than the first two stages. For example, the last stage is 

controlled with a proportional gain of 1.89 and integration time of 44.9 seconds, 

whereas for the first stage values of 3.62 and 164.4 seconds were determined 

optimal. This is directly related to the described inertia in heat transfer – the last 

stages have a smaller heat transfer area, and therefore are subject to faster heat 

transfer between the two fluids.  

 

Figure 48. Evaluation of compressor train control performance, 25% step change in power 

consumption set point introduced at t = 5 minutes. 

For expanders, step changes of the same magnitude are introduced and the resulting 

control performance is shown in Figure 49 and Figure 50. As described earlier, the 

power is regulated by a cascade scheme of PI controllers. The issue with PI 

controllers in general is the tendency to overshoot, particularly when tuned using the 

Ziegler-Nichols method, which can be noticed from the both the figures. As the 

controller reaches the set point value in power generation, the throttle pressure 

continues to decrease, forming a sharp spike before stabilising.  
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When the throttle valve rapidly changes its position slightly after t = 5 minutes, 

particularly the first stage temperature decreases relatively quickly, forming a 

vertical drop in the curve. Similarly, when the valve reaches the minimum point in 

pressure, the temperatures increase with a similar rate of change. This phenomenon 

does not take place in the line before the throttle valve, suggesting that it can be 

considered to be due to throttling instead of being a numerical error. Moreover, the 

total friction coefficient of the valve shows a sharp spike when the position of the 

valve is altered quickly, further supporting the idea. As the throttle pressure 

continues to decrease, each of the temperatures experience behaviour which is best 

described as sliding. Although the temperature controllers react to this disturbance 

instantly, the inertia also noticed with the compressor train does not allow the 

temperature to be regulated immediately. This can be observed as slightly curved 

increase in the temperature before the second spike.  
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Figure 49. Evaluation of expander train control performance, 10% step change in power generation 

set point introduced at t = 5 minutes. 
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Figure 50. Evaluation of expander train control performance, 25% step change in power generation 

set point introduced at t = 5 minutes. 

 

The first expansion stage is subject to greater disturbances due to its physical 

location after the throttle valve, which is controlled with a driving time of one second 

and cascade control with considerably short integration times. Despite of this, the 

fluctuations are within the range of 2ºC even with the greater step change. The 

temperature control is carried out with a single output PID controller unlike in the 

compressor train. Cascade PI control scheme based on thermal oil mass flow rate and 

expander inlet temperature was evaluated as well, but due to its stronger oscillations 

and the consequent effect on the fast throttle valve it was not selected. Particularly 

the temperature controllers of the first two stages show good performance, as the set 

point value is maintained after the second wave without using any deadband. The 

controller of the third stage was considered more problematic and a deadband of 

0.1ºC was applied to stabilise the operation. The controller is able to find the 

deadband range after the first wave, which can be perceived as the curved increment 

in the temperature.  

 

The greatest challenge to the control system is the grid operation, which combines 
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demand, and to make decisions to operate the system at the correct time. 

Simultaneously, the turbomachinery inlet temperatures have to be controlled at all 

times, and the surge margin during the compressor start-ups. In Figure 51 and Figure 

52, the model is operated for six hours in dynamic conditions in accordance to the 

input data introduced in Chapter 4.3.5. The former figure shows the power charged 

to or from the grid depending on the excess or deficiency in wind generation, while 

the latter figure illustrates the state of compressed air storage and TES. 

 

 

Figure 51. Power consumption and generation depending on the excess or deficiency in wind 

generation during the dynamic operation. 

 

Figure 52. Pressure of compressed air storage and fill percentage of TES tanks during the dynamic 

operation. 

 

As mentioned, the wind data is scaled in order to evaluate each part of the control 

system and the transitions between the operation modes. The following operation is 

primarily expected from the model during each of the temporal segments:  
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- Hour 1: nominal charging 

- Hour 2: no operation  

- Hour 3: nominal charging  

- Hour 4: part-load charging 

- Hour 5: part-load discharging  

- Hour 6: discharging 

 

The results shown above indicate that the expected operation is to large extent 

fulfilled. For example, during the last hour of the operation Figure 52 shows the 

compressed air storage pressure steadily decreasing, while the thermal oil is 

transferred from the hot TES tank to the cold TES tank at decreased temperature 

level. The flat plateaus in Figure 52 indicate that the system is not active, whereas the 

predominant flatness of the area curve in Figure 51 suggests that the system is to 

large extent operated with nominal load rate. The capability for accurate load 

following is particularly highlighted at around t = 2 h, where the high variability of 

wind leads to rapid changes in the wind farm output, to which the system is able to 

respond. Furthermore, even though the operation is only scheduled by using 10-

minute-ahead wind forecasts, the false signals for start-ups and shutdowns are largely 

avoided. This is proven during t = 1 … 2 h; although the system could potentially 

fulfil the deficiency in wind generation, the predictive boundary conditions prevent 

the system from starting as sufficient time for consecutive operation is not expected. 

On the other hand, exceptions of this are visible e.g. slightly before t = 3 h, where the 

system is needlessly shut down and started up multiple times consecutively. The 

problem, however, could be easily solved with higher degree of interlock 

mechanisms, for example through inclusion of longer-term forecasts. 

5.5 Evaluation of start-up sequences 

For the evaluation of compressor and expander train start-up sequences, the data 

presented for the SMARTCAES concept of Dresser-Rand (2015a) is used as the 

reference. The data is shown in graphical form with clear indications of the related 

time frames, and the only parameters left rather unclear are the values to which the 
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indicated relative power values are scaled. Figure 53 shows the simulated 

compressor train start-up sequence compared to the reference data. The timing of the 

sequence is exactly the same as in the reference, but certain differences exist due to 

conscious selections. When the rotation speed reaches its set point value at t = 2 min, 

the power consumption reaches a higher value than in the reference data. This value, 

50% of the nominal load, was selected due to the limitations in compressor discharge 

temperatures. When the reference value of slightly below 40% is selected as the 

power consumption set point, the discharge temperatures well exceed 400ºC, which 

can be considered too high given the limitations in the compressor technology. 

Furthermore, the induced thermal gradients due to the rapid heating would have 

likely been too high in reality. With the selected set point value, the discharge 

temperatures still reach values of over 300ºC for 30 seconds due to the circulation 

through the recycle lines, which are rather high yet not unrealistic.  

 

After the synchronization at t = 2.5 min, the reference compressor train reaches its 

designated power consumption set point faster than the simulated compressor train. 

This is due to the different ramp rates, as the system of Dresser-Rand (2015a) is able 

to ramp at the rate of 30%, and for the model the value of 20% was selected. Because 

of this, the model reaches its nominal power at t = 5 min, which at 1.5 minutes 

slower than the reference value is more in agreement with the majority of the 

literature information. However, this parameter is adjustable without any 

implications on the controller performance, as the gradient is imposed to the set point 

value, not to the controller output. Likely, as the system is notably smaller than the 

SMARTCAES, ramp rates closer to the said value are expected, and should be 

considered in the future studies.  
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Figure 53. Simulated compressor train start-up sequence compared to reference data. (Adapted from 

Dresser-Rand 2015a, 8) 

Certain challenges were not entirely solved during the model development process. 

One can notice a slight bump in the power consumption at around t = 1.5 min, which 

is caused by the sequential closing of the recycle and blowdown line control valves, 

and the opening of check valves in the main line. The control valves are regulated by 

the surge margin controllers, which react to the increase in the mass flow rate 

gradient and to the consequent increment in the surge margin at t = 1.5 min by 

gradually closing the control valves. This in turn allows the compressors to reach the 

required discharge pressure to force the discharge check valves open, leading to the 

rapid but temporary increment in both mass flow rate and power consumption. 

Furthermore, as the length of piping is considerably great, this disturbance lasts for 

around 10 seconds before the power consumption again continues to increase 

smoothly. Nevertheless, the surge margin of each compressor is effectively 

maintained at its suggested set point value of 10% during the periods of low mass 

flow rates (Brun & Nored 2008, 25). One way to eliminate the bump entirely is to 

manually time the opening and closing of the control valves to the sequence. This 

method was found successful, but its limitation is the varying pressure. Timing 

deemed correct for one situation may be incorrect for the other, as the density and 

consequently the mass contained in the recycle lines varies with pressure.  
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The other challenge was encountered with the variable guide vanes. Because of the 

modelling approach, there is no gradient limiting the rate of change of the angle. 

Instead, as the power consumption set point is introduced through a gradient for 

which literature values exist, one should expect more or less realistic performance 

from the variable guide vanes. This, however, excludes the unexpected situations in 

which rapid changes in the mass flow rate take place, such as the one described. 

Therefore, it was found effective to maintain the controller regulating the power 

consumption on manual state before t = 2 min. As the linearization correlation after 

the controller contains information about the relation between guide vane angle and 

power consumption, suitable manual output value for the controller can be found 

after some iteration, as shown in Figure 54. The selected output value locks the angle 

at around 14.75º, and once at t = 2 min, the controller is switched back to automatic 

mode and the set point becomes active, rapidly guiding the position to approximately 

12.5º in order to eliminate the slight overshoot.  

  

 

Figure 54. Evaluation of the controller performance during the transients in start-up sequence. 

The described method can be considered as decent approach to the start-up, as 

according to Wehrman et al. (2003, 218) the guide vanes are maintained almost shut 

during the procedure in order to minimize load torque, leaving only a central orifice 

through which the flow can pass open. However, as the guide vanes are locked to a 
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position and the frequency converter steadily increases the rotation speed, there is no 

way to control the power consumption; although it increases rather smoothly, there 

should be a way to control it. Likely, the guide vanes are gradually opened with the 

increased mass flow rate in reality, which would allow ramping in smooth and more 

controlled manner, if the issues with the valves are overcome. In the absence of 

reference information, this however is only speculation and was not implemented in 

the model. 

Less speculative is the simulated expander start-up sequence, which in Figure 55 is 

compared to the reference information. As suggested by the comparison, the model is 

able to replicate the reference parameters accurately. After synchronization 

(3:00–3:30), the power is ramped up to the initial loading level, which is selected to 

be 10% and is easily modifiable. The initial loading (4:00–5:30) is simplified in the 

absence of combustion chamber, as the light-up observable in the reference sequence 

(3:30–4:00) is not necessary. Similar to the light-up, the TES pumps are activated 

once after the expanders are synchronized to the grid. 

 

Figure 55. Simulated expander train start-up sequence compared to reference data. (Adapted from 

Dresser-Rand 2015a, 9) 

From control viewpoint, the selection of PI controller and the consequent tuning with 

Ziegler-Nichols method has an effect on the controller performance. As shown in 
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Figure 56, once the set point value equalizes to either the initial loading value (left 

subfigure) or to its target value (right subfigure), slight overshoot of at maximum of 

0.2% can be observed.  

 

Figure 56. Evaluation of the controller performance during the transients in start-up sequence.  

The inertia in the system can be noticed from both subfigures, as the power 

generation responds to the overshooting pressure with a slight delay. As the throttle 

valve is selected to have a driving time of only one second, the overshoot in throttle 

pressure is rather sharp in nature and is followed by slightly smoother spike in power 

generation. The introduction of derivative term was tried out without great overall 

improvement, considering the slight instability induced. Nevertheless, the overshoot 

spikes can be considered qualitatively and temporally so insignificant, that potential 

issues for the grid or the components would not be caused.  
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6 DISCUSSIONAND FURTHER STUDIES 

Perhaps the most concrete topic related to the results is the cycle efficiency, which 

according to simulations was determined to be 58.7% under nominal operating 

conditions. In particular, the question is whether the cycle efficiencies shown in 

literature are realistic. Hartmann et al. (2012) consider that the literature values of 

around 70% can only be reached through ideal, isentropic configurations. According 

to the authors, more realistic approximation based on polytropic efficiencies results 

as cycle efficiency of about 60%. As shown in Figure 57, the cycle efficiency is 

indeed largely dictated by turbomachinery efficiency. This confirms that the 

assumption of nominal polytropic efficiency of 85% is amongst the most influential 

design choices. Considering the future studies, one of the interesting possibilities is 

to evaluate the cycle efficiency under grid conditions. Although with proper 

dimensioning the system largely operates under nominal conditions, the start-ups in 

particular have a decreasing influence on the efficiency.  

 

Figure 57. System efficiency as a function of number of compression and expansion stages. Curves 

indicate three different values for turbomachinery polytrophic efficiency. (Adapted from Grazzini & 

Milazzo 2012, 470) 

Another critical design selection was made in the heat exchanger effectiveness, 

which was assumed to be 75%–80% for charging and 80% for discharging 

depending on the stage in question. The selection directly influences the cycle 

efficiency as it governs the utilization of heat of compression and therefore the 
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magnitude of losses due to dissipated heat. In some of the models in literature, such 

as those of Zhao et al. (2014) and Liu & Wang (2016), ideal heat exchange and 

constant pressure losses are assumed based on the shown energy balance equations. 

Not only the former assumption leads to exaggerated cycle efficiency, with 

effectiveness nearing its ideal value the pressure losses would in reality decrease the 

cycle efficiency drastically, as shown in the figure below. As the performance of the 

model is clearly sensitive to this parameter, its influence could be studied separately.  

 

Figure 58. Cycle efficiency as a function of heat exchanger effectiveness. Pressure losses neglected in 

ideal cases. (Adapted from Yang et al. 2014, 1040) 

 

Thirdly, a critical design selection was made with the expander operation mode, for 

which the constant inlet pressure operation mode was selected. As explained, the 

induced throttling loss can be justified by the high isentropic efficiency. The 

simulations were conducted with a constant isentropic efficiency, as the expander 

component in Apros only applies the efficiency loss when operated below 50% of the 

nominal mass flow rate. Therefore, the logical improvement would be the 

implementation of efficiency curves, for which a possibility readily exists in the 

software.  

 

Although the model can be considered reasonably accurate, the challenge in the 

development is the availability of reference data. As highlighted by Figure 59, the 

absolute error in the mass flow rate correlation of VGV2 is to large extent below 5%, 
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defined here as the difference between the values read from the compressor chart and 

the values calculated from the correlation. Although the error itself is within 

acceptable range, the shape of the imported correlation fits was found to influence 

the system performance. As questions were even posed on the validity of the VGV 

component, additional compressor charts should be sought and implemented in 

Apros in order to confirm the validity.  

 

Figure 59. Accuracy of the VGV2 in part-load operation, the mass flow decreases as the guide vane 

angle approaches 0º. The points indicate the absolute error between the values read from the chart and 

the values calculated from the correlation. 

Furthermore, alternative ways to influence the part-load performance should be 

considered in future studies. For example, Grazzini & Milazzo (2008, 2005) present 

a control scheme, in which the turbomachinery configuration is switched between 

series and parallel connections according to the storage pressure through the use of 

valves. This scheme has been revised by De Bosio & Verda (2015, 175), who simply 

selected to connect an additional compressor in series once a certain storage pressure 

is reached. As the sequence components of Apros were successfully included to the 

model, framework for implementing such valve configuration readily exists. 

 

Hybridisation in the form of electric resistance heating was not included in the model 

despite the initial plans due to limitations in Apros, which are however to be solved 
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in near future. The options for hybridisation are not only limited to the introduced 

concepts – several relatively unconventional systems were found to have been 

proposed during the recent years. This development trend should be encouraged, as 

no heat should be purposely wasted, nor should be the available electricity. 

Furthermore, if the cycle efficiency cannot be improved by conventional means, the 

system design could be extended to combined generation. Realistic and easily 

implementable short-term option under the relatively low natural gas prices would be 

boosting the output of the system with additional firing, requiring only small 

quantities of the gas (NASDAQ 2016; Freund et al. 2012, 8). In certain situations the 

increment in efficiency could be reached through increasing the pressure ratio of the 

final expansion stage low enough, allowing the system to be extended to combined 

generation of electricity, heat and cold.  

 

In the end, feasibility is the most important factor when considering the success of a 

technology. As the low-temperature approach fundamentally suffers from lower 

cycle efficiency compared to systems operating with higher TES temperatures, the 

design selection has to be justified somehow. The use of pressurised water or organic 

fluids would be more reasonable selection in an economic sense for a smaller system, 

as the synthetic thermal oils are amongst the most expensive storage materials 

(Freund et al. 2012, 9; Kearney et al. 2002, 5). Particularly the pressurised water 

would allow the challenges in the dynamic operation to be studied accurately due to 

the available two-phase six-equation flow model in Apros, but would likely require 

further downscaling as suggested by the reviewed concepts.  
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7 SUMMARY 

In the pursuit of limiting the average global surface temperature increase to 1.5°C, 

the world is witnessing the unfolding of renewable energy at greater pace than ever 

before. The abundantly available sources of carbon-free renewable electricity, 

insolation and wind, both carry the burden of intermittency. With the penetration of 

this intermittent generation continuously increasing, great stress is put on the 

electricity grid developed for deterministic generation.  

Among several solutions to counter the intermittency is compressed air energy 

storage (CAES), which balances the supply and demand by storing electricity in form 

of compressed air during hours of low consumption and releases it to meet higher 

demands. CAES has traditionally been considered as a bulk storage system – 

highlighted by the two successful and long-serving systems in operation – Huntorf 

(1978, 321 MW) and McIntosh (1991, 110 MW). Despite being industrially proven, 

these systems are diabatic and hence have the fundamental limitation of fossil fuel 

consumption, leading to carbon dioxide emissions. As an alternative, the heat of 

compression can be stored, recovered, and utilized, which is the working principle of 

adiabatic CAES. This approach expectedly allows higher cycle efficiency compared 

to the conventional systems, but despite extensive research activities, the technology 

is only nearing the demonstration stage. Limitations primarily related to the 

compressor technology and storing the thermal energy have led to the 

implementation of low temperature concepts. As the system efficiency is not 

governed by the Carnot efficiency, heat can be stored at a lower temperature level 

with relatively small efficiency penalty. Simultaneously, this approach gives the 

system the required flexibility to operate in the electricity market due to notably 

lower thermal gradients – the system is able to start up and ramp faster. This, along 

the prevailing economic limitations gives an incentive to develop downscaled 

systems.   

Although CAES as a process is fundamentally dynamic, the past efforts to simulate 

the dynamic performance in detail have largely focused on the storage operation. 

Analyses related to turbomachinery have been less commonly conducted, even then 

rather focusing on the component level instead of the system level. Based on the 
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studied models in literature, the implementation of dynamic start-ups and shutdowns 

has been neglected so far. Furthermore, the control and logic systems have not been 

widely implemented in the said models – even when implemented, the decisions of 

the logic systems have been based on fixed time intervals. Therefore, the main 

research objectives of the thesis were to implement a dynamic CAES model using 

dynamic simulation software Apros, and to study the dynamics of CAES by 

incorporating wind generation and electricity demand data to the model. While 

energy storage has recently been studied with Apros in the form of thermal energy 

storage (TES) and hydrogen storage, the specific requirements of CAES made it 

necessary to implement additional components to the model library. Models for 

compressor variable guide vanes (VGV) and thermal oil TES were developed using 

literature information, and combined with the readily existing and validated process 

components. In order to enable more detailed dynamic operation, manufacturer 

information was used to recreate start-up sequences of the turbomachinery.  

 

In the absence of models with suitable reference information in literature, reference 

configuration based on the investigated development trends was worked out by a 

thermodynamic analysis. By using the calculated parameters as the model inputs, the 

simulated cycle efficiency (58.7%) at design point was confirmed valid, and likely 

deviated from the reference cycle efficiency (58.9%) due to slight inaccuracies in 

used correlations. The performance of both compressor and expander trains was 

found to be in accordance with literature information – in some cases, certain 

inaccuracies in the previous work were observed. The developed start-up sequences 

for turbomachinery were in excellent agreement with the reference information, 

further allowing a possibility to adjust the related parameters e.g. ramp rates and 

synchronization times. In addition, the developed system logic was evaluated by 

operating the system in grid conditions, forcing to system to make dispatch decisions 

according the excess or deficiency in wind generation.  

 

Although the simulations were largely conducted successfully, there is a need to 

develop the operation strategies further, which would allow the storage operation to 

be optimized. Therefore, the improved use of forecasts and inclusion of economic 

indices should be considered as the near-term targets. In addition, the current TES 
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model does not take heat losses into account, which currently limits the possibility 

for extended simulations. This, however, is to be corrected with upcoming version of 

Apros, also allowing more accurate implementation of user-defined heat transfer 

fluids. Based on that presented, it can be concluded that dynamic model of adiabatic 

CAES has been successfully implemented with proven Apros dynamic simulation 

software. Despite the relatively simple model structure consisting of interdependent 

blocks, advanced phenomena e.g. compressor surge can be readily studied in the 

future research. 
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Appendix 1: Summary of the existing diabatic CAES systems

 

 Huntorf CAES McIntosh CAES 

 Location Bremen, Germany Alabama, USA 

Manufacturer Brown-Boweri [4] Dresser-Rand [4] 

CAES generation First Second 

Commissioned in December 1978 [4] June 1991 [4] 

Status Commercial Commercial 

Working principle Diabatic Diabatic 

Investment (2002 USD) $400/kWe [4] $410/kWe [4] 

Applications include 
Peak shaving, spinning reserve, 

VAR support 

Arbitrage, peak shaving, 

spinning reserve 

Technical, basic   

Generation power 321 MW 110 MW 

Compression power 60 MW 53 MW [3] 

Fuel Gas [4] Gas/oil [4] 

Recuperator No Yes 

Cycle efficiency 42 % [8] 49 % [8] 

Heat rate (HHV) 6050 BTU/kWh [4] 4510 BTU/kWh [4] 

Availability 90 % [4] 95 % 

Starting reliability 99 % [4] 99 % [4] 

Technical, operation   

Normal start 14 min [4] 10 – 12 min [1] 

Generation time 3 h [4] 26 h [4] 

Compression time 12 h [4] 41.6 h [4] 

Charging time ratio 4 1.6 

Storage   

Geology Salt Salt 

Number of reservoirs Two One 

Depth of reservoir 600 m [1] 500 m [1] 

Reservoir diameter 30 m [1] 80 m [1] 

Height of reservoir 200 m [1] 300 m [1] 

Distance between reservoirs 180 m [1] - 

Storage capacity ~ 310 000 m
3
 560 000 m

3
 

Storage pressure, min 48 bar [6] 45 bar [6], 51.71 bar [2] 

Storage pressure, max 66 bar [6] 74 bar [6], 79.28 bar [2] 
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Compressor train Huntorf CAES McIntosh CAES 

Stages 2  4 

Intercoolers 3 3 

Aftercoolers 1 1 

Max. air flow rate 108 kg/s [4] 94 kg/s [4] 

Temperatures   

Intake 15 °C [1], 281 K [7] 281 K [7] 

After first stage - - 

After second stage - - 

After third stage N/A - 

After fourth stage N/A - 

To storage 37 °C [1], 322 K [7] 110 F [2], 316.5 K [7] 

Pressures   

Intake 1 bar [1], 1.013 bar [7] 1.013 bar [7] 

After first stage 55 bar [1], 6 bar [7] 60 psi [2], 4.1 bar [7] 

After second  stage 68 bar [1], 46–72 bar [7] 150 psi [2], 10.3 bar [7] 

After third stage N/A 390 psi [2], 26.9 bar [7] 

After fourth stage N/A 890 psi [2], 62–80 bar [7] 

To storage - - 

Expander train   

Stages  2 2 

Max. air flow rate 417 kg/s [4] 157 kg/s [4] 

Temperatures   

HP inlet 
550 °C [1], 537 °C [4], 763 K 

[7] 

811 K [2], 537 °C [4], 810 K 

[7] 

LP inlet 871 °C [4], 1218 K [7] 
1144 K [2], 871 °C [4], 1144 K 

[7] 

Recuperator in/out N/A 311 K [2], 95 F / 584 F [5] 

Pressures   

Throttle outlet 46 bar [7] 50.7 bar [7] 

HP inlet pressure 
43 bar [1], 667 psi [3], 46 bar 

[4], 41.3 bar [7] 

667 psi [3], 43 bar [4], 43 bar 

[7] 

LP inlet pressure 
11 bar [1], 160 psi [3], 11 bar 

[4], 12.8 bar [7] 

213 psi [3], 15 bar [4], 15 bar 

[7] 

Exhaust 1.1 bar [7] 1.04 bar [7] 

 

References: 

[1] Ter-Gazarian (2011, 118–119) 

[2] Garrison & Webber (2011, 6) 

[3] Simmons et al. (2010, 35–36)  

[4] De Samaniego Steta (2010, 11) 

[5] Ridge Energy Storage & Grid Services (2005, 16) 

[6] Succar & Williams (2008, 22–23) 

[7] Kaiser (2015, 2) 

[8] Kéré et al. (2015, 499) 
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Appendix 2: Summary of reviewed adiabatic CAES concepts in literature 

Source C stages DC stages η [%] TES TES conditions IC / AC 

Marean et 
al. (2009) 

2 2 74.9 Two-tank indirect thermal oil N/A 1 / 1 

De Biasi et 
al. (2009) 

2 2 72.2 Two-tank indirect thermal oil N/A 2 / 1 

Freund et 
al. (2012) 

2 2 N/A Two-tank indirect thermal oil 
 70 bar / 320°C (HP), 
15 bar / 360°C (LP) 

1 / 0 

Jubeh & 
Najjar 
(2012) 

2 2 71 – 78 Two-tank indirect thermal oil  N/A 2 / 1 

Zhao et al. 
(2014) 

2 2 71.64 Two-tank indirect thermal oil N/A 1 / 1 

Moser 
(2014) 

2 2 N/A Two-tank indirect thermal oil 300°C 1 / 1 

Jannelli et 
al. (2014) 

3 2 57 Indirect two-tank diathermic oil N/A 2 / 1 

Liu & 
Wang 
(2016) 

2 2 66.98 Indirect two-tank thermal oil 
313°C (hot), 30°C 

(cold) 
2 / 2 

Moser 
(2014) 

2 1 N/A 
Two-tank indirect molten salt, two-tank 

indirect thermal oil 
650°C 1 / 1 

EPRI 
(2014) 

N/A N/A 60 – 70 Two-tank indirect molten salt 565°C 0 / 0 

Freund et 
al. (2012) 

2 2 75.9 Direct single-stage regenerator 647°C 1 / 0 

Freund et 
al. (2012) 

3 3 75.9 Direct two-stage regenerator 226°C - 332°C 1 / 0 

Freund et 
al. (2012) 

2 2 N/A Direct three-stage regenerator 227°C - 276°C 1 / 0 

Moser 
(2014) 

2 1 70 Direct regenerator 650°C / 65 bar 1 / 1 

Moser 
(2014) 

2 1 N/A Indirect regenerator 610°C 1 / 1 

Moser 
(2014) 

2 1 N/A Direct regenerator 550°C 1 / 1 

Barbour et 
al. (2015) 

2 2 71.1 Direct packed-bed regenerator 
20 bar – 81 bar, 

440°C 
0 / 0 

Barbour et 
al. (2015) 

3 3 70.8 Direct packed-bed regenerator 
20 bar – 81 bar, 

283°C 
0 / 0 

Barbour et 
al. (2015) 

4 4 70.5 Direct packed-bed regenerator 
20 bar – 81 bar, 

196°C 
0 / 0 

Buffa et al. 
(2013) 

7 6 52 Indirect two-tank water 
89°C (hot), 20 - 47 °C 

(cold) 
6 / 1 

Wolf & 
Budt 

(2014) 
<10 <10 52 – 60 

Indirect two-tank water / pressurized water / 
organic medium 

200°C (hot) < 9 / 1 

Manfrida 
& Secchi 
(2015) 

2 1 11 – 17 Indirect two-tank water 
90°C (hot), 20°C 

(cold) 
1 / 1 

Luo et al. 
(2016) 

4 4 53.8 Indirect two-tank water 
109°C (hot), 69°C 

(cold) 
4 / 4 

Shih et al. 
(2011) 

2 2  Indirect liquid N/A 2 / 1 
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Appendix 3: Evaluation of models using thermal oil as TES medium 

 

    

Marean et al. (2009) De Biasi (2009), Zhao et al. (2014) 

  Jubeh & Najjar (2012)   

Rated power, charging PC 96.3 157.6 25.2 

Rated power, discharging PDC 72.2 114.5 25.2 

Efficiency η 74.9 72.7 71.64 

Compressor 1 inlet 1 308.15 / 1.01 / 150.00 300 / 1 / 181.437 293.15 / 1.004 / 35.22 

Compressor 1 outlet 2 632.45 / 11.50 / 150.00 727.9 / 16.065 / 181.437 608.86 / 10.335 / 35.22 

Compressor 2 inlet 3 348.15 / 11.50 / 150.00 335.6 / 15.9 / 181.437 333.15 / 10.024 / 35.22 

Compressor 2 outlet 4 636.55 / 90.00 / 150.00 714.1 / 168.85 / 181.437 691.91 / 100.32 / 35.22 

Aftercooler inlet 5 N/A 456.6 / 167.16 / 181.437 N/A 

Air storage inlet 6 636.55 / 90.00 / 150.00 307.8 / 165.5 / 181.437 313.15 / 100.09 / 35.22 

Air storage outlet 7 333.15 / 75.00 / 150.00 300 / 137.89 / 181.437 303.15 / 70.00 / 51.76 

Expander 1 inlet 8 576.75 / 75.00 / 150.00 699.2 / 136.52 / 181.437 605.38 / 67.90 / 51.76 

Expander 1 outlet 9 - 436.3 / 19.03 / 181.437 351.14 / 7.544 / 51.76 

Expander 2 inlet 10 575.95 / 7.00 / 150.00 709 / 18.83 / 181.437 605.39 /  7.318 / 51.76 

Expander 2 outlet 11 358.85 / - / 150.00 364.7 / 1.02 / 181.437 370.27 / 1.013 / 51.76 

Cold tank inlet 12 120.20 / - / - - 339.91 / 1.746 / 47.83 

Cold tank outlet 13 - - 293.15 / 1.013 / 31.38 

Cold tank outlet, after pump 14 N/A N/A 293.26 / 1.80 / 31.38 

HEX 1 inlet 15 - 316.3 / - / 58.967 293.26 / 1.80 / 15.06 

HEX 1 outlet 16 336.20 / - / - 723 / - / 58.967 593.86 / 1.746 / 15.06 

HEX 2 inlet 17 339.80 / - / - 443 / - / 59.874 293.26 / 1.80 / 16.32 

HEX 2 outlet 18 - 722.4 / - / 59.874 676.94 / 1.746 / 16.32 

Hot tank inlet 19 611.15 / - / - - 637.07 / 1.746 / 31.38 

Hot tank outlet 20 - - 620.00 / 1.013 / 47.83 

Hot tank outlet, after pump 21 N/A N/A 620.43 / 1.80 / 47.83 

HEX 3 inlet 22 - 720.2 / - / 58.967 620.43 / 1.80 / 23.68 

HEX 3 outlet 23 - 316.3 / - / 58.967 313.15 / 1.746 / 23.68 

HEX 4 inlet 24 - 719.6 / - / 59.874 620.43 / 1.80 / 24.15 

HEX 4 outlet 25 - 443 / - / 59.874 366.14 / 1.746 / 24.15 
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    Liu & Wang (2016) Shih et al. (2011) Kim et al. (2012) 

Rated power, charging PC 1 N/A N/A 

Rated power, discharging PDC 1 N/A N/A 

Efficiency η 71.78 N/A N/A 

Compressor 1 inlet 1 303.15 / 1.0132 / 1.581 - 293.15 / 1.00 / - 

Compressor 1 outlet 2 602.92 / 8.897 / 1.581 631.15 / 11.50 / 150.00 548.15 / 7.10 / - 

Compressor 2 inlet 3 318.15 / 8.541 / 1.581 348.15 / 11.50 / 150.00 293.15 / 7.10 / - 

Compressor 2 outlet 4 632.76 / 75.00 / 1.581 639.65 / 90.00 / 150.00 549.15 / 50.00 / - 

Aftercooler inlet 5 N/A N/A N/A 

Air storage inlet 6 318.15 / 72.00 / 1.581 - 293.15 / 50.00 / - 

Air storage outlet 7 303.15 / 72.00 / 2.360 - 293.15 / 50.00 / - 

Recuperator inlet 7b 303.15 / 42.00 / 2.360 N/A N/A 

Recuperator outlet 7c  N/A N/A 

Expander 1 inlet 8 575.00 / 38.71/ 2.360 530.15 / 75.00 / 150.00 523.15 / 50.00 / - 

Expander 1 outlet 9 364.86 / 6.25 / 2.360 277.65 / 7.00 / 150.00 333.15 / 50.00 / - 

Expander 2 inlet 10 575..00 / 6.00 / 2.360 582.35 / 7.00 / 150.00 523.15 / 7.10 / - 

Expander 2 outlet 11 372.47 / 10.554 / 2.360 367.35 / 1.00 / 150.00 335.15 / 1.00 / - 

Cold tank inlet 12 353.83 / 1.7407 / 2.326 - 120.20 / - / - 

Cold tank outlet 13 303.15 / 1.0132 / 1.669 - 326.15 / - / - 

Cold tank outlet, after pump 14 303.47 / 1.8132 / 1.669 N/A N/A 

HEX 1 inlet 15 303.47 / 1.8132 / 0.820 - - 

HEX 1 outlet 16 572.97 / 1.7404 / 0.820 - 336.20 / - / - 

HEX 2 inlet 17 303.47 / 1.8132 / 0.849 - 339.80 / - / - 

HEX 2 outlet 18 602.32 / 1.7047 / 0.849 - - 

Hot tank inlet 19 587.90 / 1.7407 / 1.669 - 536.00 / - / - 

Hot tank outlet 20 586.00 / 1.0132 / 2.326 - - 

Hot tank outlet, after pump 21 586.23 / 1.8132 / 2.326 N/A N/A 

HEX 3 inlet 22 586.23 / 1.8132 / 1.175 - - 

HEX 3 outlet 23 333.02 / 1.7407 / 1.175 - - 

HEX 4 inlet 24 586.23 / 1.0132 / 1.151 - - 

HEX 4 outlet 25 353.83 / 1.7407 / 1.151 - - 
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Appendix 4: Market possibilities of grid connected wind power generation 

coupled with storage system 

 

 
 

 

 

Source: Adapted from Baxter (2006, 235 & 237 & 241) 

 



   Appendix V 

 

      

Appendix 5: Simplified process schematic of the developed dynamic model 
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Appendix 6: Coefficients of imported polynomial functions of Therminol VP-1  

 

 ρ [kg/m
3
] μ [Pa/s] cp [J/kgK] k [W/mK] 

a 1080.065 6.081·10
-2

 1507.522 1.381·10
-1

 

b -0.7665 -9.953·10
-4

 2.5356 -8.739·10
-5

 

c -6.446·10
-4

 6.276·10
-6

 6.577·10
-4

 -1.720·10
-7

 

d 2.625·10
-6

 -1.681·10
-8

 - - 

e -5.647·10
-9

 1.602·10
-11

 - - 

R
2
 0.99998 0.98067 0.99825 0.99999 

 

𝜌 = a + b𝑇 + c𝑇2 + d𝑇3 + e𝑇4 

𝜇 = a + b𝑇 + c𝑇2 + d𝑇3 + e𝑇4 

𝑐𝑝 = a + b𝑇 + c𝑇2 

𝑘 = a + b𝑇 + c𝑇2 
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Appendix 7: Specifications of Vestas V-90 (3.0 MW, 60 Hz, 106.7 dB(A), 1.225 

kg/m
3
) 

 

Wind speed [m/s] Generated power [kW] Power coefficient [-] 

0 0 0 

1 0 0 

2 0 0 

3 0 0 

4 77 0.30877 

5 190 0.39009 

6 353 0.41941 

7 581 0.43471 

8 885 0.44360 

9 1258 0.44287 

10 1641 0.42114 

11 2004 0.38640 

12 2353 0.34946 

13 2671 0.31201 

14 2888 0.27010 

15 2976 0.22630 

16 2997 0.18778 

17 3000 0.15671 

18 3000 0.13201 

19 3000 0.11225 

20 3000 0.09624 

21 3000 0.08313 

22 3000 0.07231 

23 3000 0.06328 

24 3000 0.05569 

25 3000 0.04927 

 

 

 

 

Source: Vestas Wind Systems  (2004, 3 & 14) 
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Appendix 8: Simplified flow chart of the developed system logic  

 


