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Energy balancing of electricity grid by low controllable power plants is unprofitable and
inconvenient. The problem could be solved with compressed air energy storages, which
are object of this thesis. Aim of the work is the calculation of CAES technical and

economic characteristics for different Russian regions.

Technical analysis demonstrates that CAES efficiency is increasing with cavern pressure
growth, however increment rate is low for higher pressure. Discharging period has the
most significant influence on compressor and turbine power, however annual generated
electricity remains the same at constant cavern volume. Reduction of cavern pressure
difference let to increase CAES efficiency and reduce investment cost, however power

capacity is essentially decreasing due to air mass flow reduction.

Results of economic analysis for all Russian regions and different CAES configurations
and operational parameters show that only some regions in Russia are suitable for CAES
installation. Both diabatic CAES schemes with and without recuperator have better
economic characteristics for all Russian region. Adiabatic CAES have a relatively high

payback period, and their installation is unprofitable in almost all Russian regions.
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1 INTRODUCTION

1.1 Background

One of the most important issues in energy sector is inequality and fluctuations of energy
generation and consumption during the time. The appearance of load peaks and off-peaks
for any power grid caused by an uneven energy consumption schedule by consumers at
various hours of the day, the days of the week or different seasons leads to the necessity to
use additional generating capacities and to attach all available units in order to cover peak
loads of the energy system. The time of maximum power usage during load peaks is
relatively small. Due to this fact, the cost of additional generated energy during this period
is high. The use of separate thermal power plant units to cover the load-peak could be
unprofitable and not convenient, because they are not controllable enough. So, it means that
preparation for the start-up of thermal power units requires considerable time. Moreover, in
this case of separate thermal power plant units, after passing the power grid peak load, it is
necessary to unload a significant part of the units, and some of them should be stopped.
Especially challenging moment is the passage of the night minimum off-peak, when a part
of the units requires everyday shutdown. In such conditions efficiency of these units during
the part load will be low, because of operation in off-design mode. Consequently, energy
price will increase. In addition, equipment lifetime will be shorter due to numerous start-ups
and shutdowns. Nuclear power plants are usually considered as base load power plants due
to operational challenges during the load reduction (Xenon effect). However, there are

models with changing load, but they are not used extensively.

Further growth of energy demand will cause higher difference between load peaks and oft-
peaks in consumption, due to larger overall operated capacity during the daytime. Although
energy demand during the night also will be higher, growth rate will be less, than in the
daytime. Therefore, fluctuations of generation and production in power grid could be more
in the future. Moreover, broad integration of renewable energy sources can bring additional
fluctuations in energy generation. Renewables can be integrated in energy system to cover
load peaks in energy demand. However, some types of renewable energy sources, such as
wind turbines and solar power plants, cannot guarantee a stable amount of generated
electricity due to variable weather conditions. Additionally, excess from renewables, when

generation exceeds demand, can be stored and used in periods of high energy demand. Thus,
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the search for effective modern solutions for equalizing energy consumption and generation

schedules remains relevant and necessary.

One of the most controllable power plant is hydro power plant, which has the relatively short
startup period. However, share of hydro power plant in total energy balance is still modest.
Such power plants cannot be used in all places. So, other solutions for smoothing of energy

consumption schedules are applied.

One possible solution is the accumulation of unused energy during the off-peaks, for
example, at the night time, for its subsequent usage during load peak periods. The generated
excess of electric energy with low energy cost could be stored or converted into other energy
forms. It will help to balance supply and demand, reduce energy losses and the costs of
energy production. This will ensure the sustainable operation of the energy system and

reduce the total power required to cover the peak demand.

There are small-scale and large-scale electricity storages. The first type is intended for
electricity balance of one or several separate power units, while large-scale storages balance
the whole power grid. There are two main types of grid electricity storages: pumped
hydroelectric energy storage (PHES) and compressed air energy storage (CAES). Currently,
PHES takes a lion share in total storage capacity. However, development and investigation
new generations of CAES could change current trends. In the last years new generation of
CAES is considered as effective and reasonable alternative to PHES. Currently, these CAES
are, mostly, under development and not used in large scale due to operational hurdles in

CAES parts and relatively high specific investments.

In Russian conditions CAES for balance of electricity generation from renewables is not
considering due to minor share of renewables in total energy balance. CAES usage instead
of power plants for electricity grid balance is the most attractive option in Russia. Taking
into account relatively low prices of natural gas, CAES with fuel consumption could be

favorable alternative to low controllable power plants.
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1.2 Aims of the thesis

The aim of the Master's thesis is to perform comprehensive technical and economic analysis
for CAES of different configurations and initial values. It is important to define which
characteristics should be accepted in planning and design of CAES and what influence they
have on other parameters. Also, there is a lack of research for new generation of CAES, so
called, advanced CAES in terms of realization such configuration in real life. So, technical
features of advanced CAES also will be considered. The aim of the thesis could be divided

into several subtasks.

The aim in theoretical part includes a full literature review of state-of-the-art sources. It will
cover as overall literature review of CAES principles, different CAES models and their

comparison, as the comparison between different types of suitable caverns for CAES.

The aims in practical part extend forward and they should provide a detail investigation of
CAES for chosen storage with defined volume. It was assumed that there is a storage suitable
for CAES plant, but other characteristics should be defined by designer, according to specific
regional conditions. Charging and discharging time, turbine pressure, pressure difference in
the cavern, number of compressor and turbine stages and CAES configuration will be varied

in order to investigate influence of each parameter.

As the result of investigation, aim is to calculate efficiency, turbine and compressor power
for different CAES configurations, depending on varied characteristics. In addition, it is
important to evaluate economic side. Firstly, feasibility of CAES installation for current
Russian projects in Kaliningrad Oblast and Smolensk Oblast should be investigated. Further,
economic analysis of all Russian regions should be performed in order to find the most

attractive regions for CAES installation from economic point of view.
1.3 Structure of the thesis

Chapter 2 represents literature review of CAES. Necessity of energy storages for power
sector is discussed in Chapter 2.1. Chapter 2.2 describes operational principles and
equipment, which is required and suitable for CAES. The main types and operational options

are defined in Chapter 2.3. Chapter 2.4 focuses on the currently operated, ceased and planned



12

CAES projects, their technical characteristics and equipment performance. Comparison of

different cavern options, suitable for CAES plants, is considered in Chapter 2.5.

Chapter 3 describes methodology of initial parameters selection (Chapter 3.1), calculations
and required equations for technical analysis (Chapter 3.2) and economic analysis (Chapter

3.3).

The main results of calculations are represented in Chapter 4. Investigation of CAES
characteristics, depending on cavern pressure, for different CAES configurations, and
technological problems, which were found for adiabatic CAES are explained in Chapter 4.1.
Influence of cavern pressure difference and discharging time on the main CAES
characteristics is analyzed in Chapter 4.2. Feasibility of CAES installation for currently
developing Russian projects is evaluated in Chapter 4.3. Economic analysis of different

CAES schemes is described in Chapter 4.4.
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2 LITERATURE REWIEW

2.1 Justification and necessity of energy storages

Energy consumption highly vary during the different periods. The reason for this is different
energy demand by consumers, especially in various parts of the day, and different parts of
the week. For example, human activity is seen mostly during the day time, when people
work, spend a time at home, where they use light and computers, watch TV, cook and do
many other activities, using electricity. In the night time the most people prefer sleep, that is
why electricity demand reaches its minimum value. Approximately the same situation can
be looked during the week, when electricity demand is lower in weekends than in weekdays,
and during the year, when in summer time electricity demand is lower because of longer
daylight time and higher temperature. So, electricity is not used for electric heating and less
used for lighting. The typical electricity consumption graph during the week is illustrated in

Figure 1.
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Figure 1. Typical demand during the week (Askja Energy, 2014).

Currently, it is not possible store energy for very long periods without significant losses to
cover differences in demand during the year. However, this is not so essential, because for
long periods peaking thermal power plants can be used or other power plants, including
renewables with small-scale storages. The most essential fluctuations in energy demand
occur during the day. According to International energy agency (IEA, 2014), average energy
consumption growth rate was 1.8% per year since 2011. (IEA, 2017a) predicts reduction of

this value due to government restrictions, reduction of industry share and energy efficiency
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improvements. (IEA, 2017a, 1) estimates energy demand growth at 30% between 2017 and
2040. Thus, average energy consumption growth rate is evaluated at around 1.3% per year
from 2017 to 2040. As a consequence, it could cause higher differences between load peaks
and off-peaks. Indeed, if energy consumption will be higher for some country during the
load peaks, for example, due to higher population, it means that number of electric
appliances, which will be turn off during the night also will be more. Therefore, the
difference between consumption during the day and night also will be more. That is why,

mitigation of these fluctuations could be even more essential in the future.

Another source of fluctuations is going from electricity generation side. Installation of
renewables throughout the world could bring additional instability in power grid due to
weather variability of some renewable energy sources. According to REN21 (2017, 20),
power capacity of renewable energy sources reaches the largest growth per year in 2016 with
161 GW of new installed capacity. Forecasts by IEA (2017b, 13) indicate that overall
capacity will be much higher in the future and it is expected to grow at 43% with new 930

GW capacity by 2022.

One possible solution for equalization of consumption and generation schedules is usage of
large-scale grid storages. Melikoglu (2017, 148) mentioned in his article that currently,
PHES have the lion share at 99% of global storage capacity. Overall storage capacity was
132 GW in 2012. While CAES still represent a very small share with just several installations

in the world.
2.2 Equipment and operational principles of CAES

Thermodynamic cycle of existing CAES is based on the thermodynamic cycle of the gas
turbine, but with using of storage. Operational principle of CAES lies on the ability to
accumulate energy generated during the off-peak periods of energy consumption with
relatively low price by means of the air accumulation by air compressors, which store air
under high pressure in special underground storages: in natural salt and hard rock caverns,
depleted natural gas formations and porous reservoirs. Air is stored during the period when
electricity price is low because of low energy demand of consumers. Thus, the cheaper
energy during off-peaks is used for compressor driving. Then, this air is released from

storages and its potential is subsequently used in turbines during peak loads. Electricity is
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generated during the expansion in turbine. Summing up, there are two stages during CAES
operation: compression (charge) and expansion (discharge) stages. Electricity generation

during the day using CAES is shown in Figure 2.
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Figure 2. Electricity generation during the day with CAES usage (Crotogino, Mohmeyer and Scharf, 2001, 1).

From Figure 2 the highest load peaks are covered by CAES, while during the low energy
consumption CAES is using some energy, increasing energy demand. Hereby, the difference
between maximum and minimum peaks in the graph of electricity generation for other power
plants will be lower. Consequently, maximum total required power capacity could be lower.
It will mitigate stress on thermal power plant units, which could be used with less number

of shutdowns, and improve stability of electricity grid.

Hadjipaschalis, Poullikkas and Efthimiou (2009, 1520) define five main elements of CAES:
1. The motor/generator attached to the compressor and turbine with clutches. Also, it could
be two separate shafts and separate motor and generator;

2. Air compressor, consisting of two or more stages, intercoolers and aftercoolers intended
to reach efficient compressor operation and to prevent moisture content in the air;

3. Turbines, including high and low-pressure turbines. The most of design modes also have
a recuperator;

4. Control and regulation systems of turbine-compressor and other auxiliary equipment, as
well as regulation and control of the transition from energy production to energy storage;

5. Underground storage for compressed air and auxiliary equipment for heat exchangers

control.
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There are different schemes and types of CAES, consisting of various elements and
equipment in different combinations. The main types of CAES will be considered in chapter
2.3. The scheme of the simplest compressed air energy storage for understanding the

operational principle is presented in Figure 3.

exhaust gas
compressed air | combustion
k! / chamber
storage equipment

fuel

Figure 3. Scheme of CAES (Yin et. al., 2014).

From Figure 3 it can be seen that such modification has combustion chamber as usual gas
turbine. The difference between conventional gas turbines and CAES turbines in this case,
excepting appearance of storage in CAES scheme, is that in the latter case the compressor
and turbine can work independently and separately. Motor-generator provides compressor
and turbine startups and shutdowns by usage a pair of clutches. Therefore, motor-generator
can be as an engine during the charging stage and as a generator during the discharging stage

(Kushnir, Ullmann and Dayan, 2012a, 124).

Due to the fact that the turbine is independent from the compressor, its power is not spent
for compressor driving during the power generation, so all electricity generated during the
expansion inputs in the grid (Elmegaard and Brix, 2011, 3). The article by Crotogino,
Mohmeyer and Scharf (2001, 1) note that in a conventional gas turbine, required power for
compressor driving can be up to 2/3 of the overall turbine generated power. In order to
illustrate this, authors give a simple example, for every 100 MW of the net capacity, 200
MW is required for air compression. Thus, overall capacity for gas turbine operation is 300
MW, while net output is 100 MW. At the same time, the CAES turbine in this case can
produce all 300 MW instead of 100 MW during the expansion stage. Nevertheless, electricity
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consumption by compressor in CAES will not be less than in gas turbine. Moreover, it could
be even more due to necessity to compress air until higher pressure than pressure before
turbine. However, in contrast with conventional gas turbine, electricity cost for compressor

driving will be lower than for gas turbine.

In addition, Kushnir, Ullmann and Dayan (2012a, 125) note that a smaller compressor could
be installed in CAES compared to conventional gas turbine. Separate turbine and compressor
operation enables to reduce air consumption in the compressor due to a longer compression

period compared to an expansion period.
2.3 The main types and operational options of CAES

There are many various scheme options of CAES, differing from each other by different
equipment sets. These differences are defined by CAES type. At the same time the same or
almost the same CAES scheme can operate in different variable parameters. These

differences will be shown by operational options of CAES.
2.3.1 The main types of CAES

All CAES can be divided into the following main types: 1. CAES with combustion chamber,
so called, diabatic CAES; 2. Adiabatic CAES; 3. Isothermal CAES.

Diabatic CAES

Diabatic CAES is referred as the first generation CAES by Chassé et.al. (2017, 3). This is
the most common and studied technology. This technology is implemented in the first two
CAES plants in Huntorf and Macintosh, which will be considered in chapter 2.4. Scheme of
the simplest diabatic CAES was represented in Figure 3 in chapter 2.2. However, structure
of currently operated CAES systems is much more complex. Usually, turbine and
compression trains have more than one stage, and compression part is equipped with
intercoolers and aftercoolers, while turbine stages can have more than one combustion
chamber. Also, CAES can be equipped with recuperator for heat recycling after the last
turbine stage. Scheme of improved diabatic CAES (D-CAES) with two combustion

chambers is shown in Figure 4.
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Figure 4. Scheme of improved diabatic CAES: 1 — air; 2,5 — compressor; 3,6 — heat exchanger; 4,7 — heat; 8 —
reservoir; 9 — compressed air; 10,13 — combustion chamber; 11,14 — fuel; 12,15 — turbine; 16 — exhaust; 17 —
motor/generator; 18 — electricity; 19,20 — clutch; 21 — recuperator (Chen et.al., 2013, 108).

Operational principle is very similar which was described before. The main feature of all
diabatic CAES is presence of combustion chamber. In this CAES scheme compressed air
before the expansion is injected and mixed with fuel in combustion chamber 11 (Figure 4).
Flue gases are expanded in high pressure turbine and entered in combustion chamber 13.
After the low-pressure turbine heat is recovered to compressed air before entering the
combustion chamber 11. So, process of diabatic CAES is similar to the cycle of conventional

gas turbine.

CAES also can work together with a self-operating conventional gas turbine. During the low
power consumption period, the air is compressed and stored in an underground storage
facility by usage low price electricity generated in gas turbine. During the peak load in
electricity consumption, CAES will generate electricity together with gas turbine. The

scheme of such configuration is presented in Figure 5.

Figure 5. Combined operation of CAES and gas turbine: 1,15,24 — electricity; 2 — motor; 3,16 —air; 4,17 —
filter; 5,18 — compressor; 6 — intercooler; 7,8,11 and 25 — valve; 9 — underground cavern; 10 — compressed air;
12 — recuperator; 13,21 — turbine; 14,23 — generator; 19 — combustion chamber; 20 — fuel; 22 — exhaust (Chen
et.al., 2013, 108).
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From Figure 5 compressed air is heated in the recuperator 12 by exhaust gases from the gas
turbine and expands in the high-pressure turbine, generating electricity. Then, air enters in
the combustion chamber of the conventional gas turbine, mixing with a fuel and ensuring
combustion process. Further the whole process takes place as in usual gas turbine. In this
case, CAES plays a role as storage, which equalize production and consumption schedules
of only gas turbine, compared to considered previously CAES which are intended for

schedules mitigation of whole power grid.

One of the most important issues for diabatic CAES is efficiency evaluation. Various articles
give different definitions for D-CAES efficiency. Thus, Elmegaard and Brix (2011, 6) give
a definition of plant energy efficiency:

Wi

“Wro (D),

Np.e

where: W, — turbine work [MJ]; W, — compressor work [MJ]; Qs — fuel thermal energy [MJ].
However, in this expression input energy is represented by different energy forms. This value
does not show an electrical storage efficiency and cannot be used for comparison with other

electricity storages.

In order to evaluate electricity storage efficiency Succar and Williams (2008, 39) propose
roundtrip efficiency, which includes energy input, consisting of electricity:

E¢

—_ (2),
E. + g - Qf

Nr

where: E; — overall generated electricity [MJ]; W, — consumed electricity by compressor
[MJ]; Qf — fuel thermal energy [MJ]; nyg — efficiency, indicating amount of electricity,
which can be derived from natural gas in another power plant. Usually this efficiency is
applied equal to 0.4 or 0.5 as in usual power plant (Kim et. al., 2012b, 1507). However, it is
not obvious, which value can be applied in order to compare with other electricity storage

facilities.

Also, it is not clear, which kind of efficiency is indicated for currently operated CAES
systems. According to Gulagi et. al. (2016, 6), the efficiency of currently operated CAES in
Huntorf and Mcintosh is 42% and 54%, respectively. Authors do not specify which kind of
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efficiency. Luo et. al. (2014, 605) and some other articles define this efficiency as a roundtrip
or cycle efficiency. But, none do not indicate, which values was used for 7y.. In order to
clarify it calculation of different efficiencies will be provided for Huntorf and Mcintosh

CAES plant in chapters 2.4.1 and 2.4.2.

Adiabatic CAES

Chassé et.al. (2017, 3) define the second generation of CAES, so called, adiabatic CAES (A-
CAES) or advanced adiabatic CAES (AA-CAES). In such installations combustion
chambers are not used. Thermal energy storages (TES) are applied instead of combustion
chamber for thermal energy accumulation, which is subsequently used for compressed air

heating before turbine stages. The scheme of A-CAES is shown in Figure 6.

Air
Exchaust

Air

intake Heat Storage

Cavern

Figure 6. Advanced Adiabatic CAES (Milewski, Badyda and Szablowski, 2016, 248).

Despite the higher projected cost of such CAES in comparison with the diabatic CAES, the
implementation of such a system can be justified due to the absence of the need to burn fuel,
what can be reasonable, especially for fuel dependent countries. In contrast with diabatic
CAES, efficiency of A-CAES can be calculated easily, because only one energy form
electricity is consumed and produced. Efficiency for A-CAES is calculated with the next
equation:

=% (3)

According to Safaei Mohamadabadi (2015, 62), the efficiency of electricity production with
adiabatic CAES 1is expected to be up to 70%. However, investigation carried out by
Hartmann et.al. (2012, 541) refutes this value. They claim that almost all sources

overestimate efficiency of A-CAES, assuming that process is fully isentropic (ideal).
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Unfortunately, such process cannot be reached in real conditions, and achievable efficiency

is about 60%.

Key element in A-CAES is thermal energy storage (TES). Jakiel, Zunft and Nowi (2007,
302) define two main types of TES for A-CAES: thermal storages with direct contact of air
flow and storage material, where storage material is solid; thermal storages with indirect heat

transfer, where storage material is liquid.

In the first case storage material can be rock, concrete, ceramic, brick and others. During the
charging stage, a hot stream of air passes with direct contact through a solid media. This
flow gives heat to the material and then enters the storage. During the expansion period, the
cooled stream goes through the TES again and takes away the heat from this material.
Barbour et. al. (2015, 813) note that such TES allow to use wider temperature variations than
indirect and do not require fluid media and water pump for media movement. Consequently,

electricity consumption will be lower.

TES with a liquid storage media can have one or two storage materials. In TES with one
storage material during the charging stage, one tank is hot, another is cold. After taking a
heat from air after compressor liquid media moves in another storage tank and delivers heat
to air before the turbine. In order to cover high temperature range, two storage media can be
applied, for example, oil and salt. However, this leads to higher investment cost (Bullough
et. al., 2004, 6). Simmons et.al. (2010, 30) note that in the presence of high carbon taxes, the

use of less economical adiabatic CAES can be more economically beneficial.

Isothermal CAES

Isothermal CAES (I-CAES) is the most modern and less studied type of CAES. Simmons
et.al. (2010, 30) describe that such installations require a slow injection of air and its
expansion. For this reason, such installations can only be of low power. Chen et.al. (2013,
109) indicate that power should be less than 10 MW. Ibrahim, Belmokhtar and Ghandour
(2015, 308) expect the efficiency of I-CAES to be around 70-80%.

The main challenge for I-CAES is how to provide isothermal or very close to isothermal

process. Currently all I-CAES projects include the next stages to solve this problem. The
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first stage is the liquid (water/oil) injection into a reciprocating piston cylinder of compressor
or air bubbling through the liquid. The second stage is air/water separation and heat
accumulation into a TES. The last one is the warm liquid re-injection into the cylinder during

the expansion. Such technology of I-CAES is illustrated in Figure 7.
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Figure 7. Isothermal CAES (Ibrahim, Belmokhtar and Ghandour, 2015, 308).

Such CAES scheme does not use an underground cavern. In additional to it, some
construction features of equipment parts can be implemented. Park et. al. (2012, 5) in their
investigation define that for [[CAES a narrow and long cylinder of compressor with slow
stroke time facilitate isothermal process due to improvement of heat transfer conditions

between air and cylinder wall.

Also, thermal energy storages, using phase change material (PCM), are considered by
Castellani et. al. (2015) to provide isothermal process. PCM is able to store energy in one
phase state and to give during the transition in another phase state. Thus, during the melting
of PCM energy is stored in material, and during the solidification energy is released. In this
research Castellani et. al. (2015, 2776) note that turbine is not used in the experimental
facility, and expansion function is implemented by valve. For this configuration they obtain
process close to isothermal, but they also mention that in future planning configuration with
turbine paraffin-based PCM will be installed inside turbine. However, it is not clear how

they plan to place PCM inside turbine with the same operational conditions of turbine.
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Liquid air energy storage and supercritical compressed air energy storage

Wang et. al. (2017a, 7) define two new types of CAES: liquid air energy storage (LAES)
and supercritical compressed air energy storage (SC-CAES). The purpose to create LAES
lies on opportunity to rise the energy storage density due to air liquefaction. It enables to use

smaller energy storages. Such system is shown in Figure 8.
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Figure 8. LAES scheme (modified from Williams et. al., 2013, 16).

From Figure 8 process consists of three stages: liquefaction or charging, cold storage and
power recovery (Williams et. al., 2013, 16). Brett and Barnett (2014, 3) describe the
operational principle of LAES. The first stage is represented by cycle, which is very similar
to refrigeration Claude cycle with additional recycling of cold after power recovery stage
during the expansion. In the refrigeration cycle ambient air after cleaning particles,
hydrocarbons and moisture is compressed. After compression air is cooled by means of
reverse flow of cold gas and stored recycled cold after power recovery stage in cold storage
and expanded. Figure 8 shows simplified scheme. According to Alekseev (2014, 127),
expansion is provided in two ways. One part of the flow goes through expander, recovering
some energy to compressor, while another is expanded in throttle valve. In the result of
condensation separated liquid air is stored in the tank. Brett and Barnett (2014, 3) note that

heat of compressed air can be stored separately in TES and can be used for heating before
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the turbine in power recovery stage. During load peaks by means of pumps the liquid air
goes in evaporator, where it becomes gaseous by warmer recycled air flow. Then, air is
heated and expanded in turbine, generating electricity. Such LAES with 300 kW power is
operate in Slough, Great Britain. According to Morgan et. al. (2015, 846, 852) cycle
efficiency can highly vary in different LAES configurations, and they note efficiency from

43% to 72% in various installations.

The main feature of SC-CAES is compression until supercritical state. Wang et. al. (2017a,
8) claim that SC-CAES combine benefits of AA-CAES and LAES. SC-CAES scheme is

illustrated in Figure 9.
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Figure 9. SC-CAES scheme: V — throttle valve; C — compressor; T — Turbine; G — Generator; M — Motor; P —
Pump; HE — Heat storage and Exchanger; CE — Cold storage and Exchanger (Wang et. al., 2017a, 8).

From Figure 9 multi-staged compressor C1 and C2 increases ambient air pressure to
supercritical value. After that compressed air enters hot storage HE, where heat is taken by
fluid, circulating inside hot storage HE. Air is cooling until temperature close to the ambient
air. Further air is going to cold storage CE, where it is liquefied by means of stored cold
energy from reverse air flow and expanded through the throttle valve V or expander and
stored in the tank. After liquefaction there is gaseous part, which is going to cold storage
CE, heated and released into atmosphere. During the load peaks liquid air is pumped into
the cold storage CE with high pressure, where it is heated until ambient air temperature by
previously stored heat. Next, air comes in hot storage HE, where it is heated by means of hot
fluid, which previously stores compression heat and additional external source, for example,

waste heat. Finally, it is expanded in turbine stages T1 and T2, generating electricity. Thus,
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hot storage HE represents intercoolers and aftercoolers of compressor and preheater and
reheater for turbine. Inside hot storage HE there are cold and hot tanks for circulating fluid
(Guo et. al., 2017, 97). Such scheme has not any operated facilities yet. This technology
combines advantages of LAES, but it is assumed as more efficient due to supercritical
parameters (Guo et. al.,, 2016b, 168). SC-CAES and LAES technologies will not be
considered in the next chapters, and they are shown to represent overall vision on CAES

technologies.
2.3.2 Operational options of CAES

Kushnir, Ullmann and Dayan (2012b, 2) state that there are different operational modes of
CAES turbines. The constant mass flow rate CAES are the most common type. In this case
during the work at unchanging mass flow rate, pressure after compressor is growing.
According to Succar and Williams (2008, 29), such CAES have the constant volume storage,
which can work in some pressure range. This type could work in two various pressure modes.
The first type, which applied today, is CAES, working with a constant pressure before the
turbine. Constant inlet turbine pressure is provided by throttle, which reduce air pressure
from the cavern until chosen pressure before the turbine. The second option is variable inlet
turbine pressure, according to changes of storage pressure. The first mode demands bigger
storage, due to pressure losses, but turbine operation at constant inlet pressure enables to use
turbine with higher efficiency and constant power generation (Kim, Shin and Favrat, 2011,

6221).

Another operational CAES mode is unchanging pressure after compressor, in this case
storage volume is changing during the charging stage. Constant pressure in the reservoir is

provided by means of a compensating water column. Such system is illustrated in Figure 10.
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Figure 10. A compensating water column in constant pressure CAES (Kim, Shin and Favrat, 2011, 6221).
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From Figure 10 released air is replaced by water, providing constant pressure in the storage.
Kim, Shin and Favrat (2011, 6221) claim that such CAES systems enable to use smaller
caverns (approximately 1/5 of volume for usual CAES). However, Succar and Williams
(2008, 30) note that such type of CAES cannot be applied for salt-based storages due to
consequential destruction of the storage walls. Moreover, constant pressure CAES with
compensating water column demands storage in large depth to provide water pressure
difference. This circumstance restricts area of application of such systems and cause

increasing of investment costs (Kim, Shin and Favrat, 2011, 6221).

One of the possible solutions to solve the problem of large storage depth is usage of water
pump in lieu of compensating water column to provide required pressure. Such system is

shown in Figure 11.

Figure 11. CAES with hydraulic pump (Kim, Shin and Favrat, 2011, 6222).

The drawback of such solution is high electricity consumption by water pump. According to
Kim, Shin and Favrat (2011, 6221), it is around 15% of total generated electricity. Authors

also propose a combined solution with two storages as shown in Figure 12.
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Figure 12. Combined CAES system with hydraulic energy storage (Kim, Shin and Favrat, 2011, 6222).
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During the compression pump/motor serves as water pump to move water from the left
storage to the right, providing a constant air pressure in the left storage. Water in the left
reservoir is replaced by compressed air, while in the right reservoir water is stored in the
form of potential energy. During the expansion stage air is released from left reservoir and
expanded in turbine, generating electricity, while pump/motor serves as motor or hydro

turbine. Thus, additional electricity is generated by mean of hydro turbine.

The last case is CAES operation with variable values of mass flow rate and pressure at the
same time. This type is described only in theory and was not applied due to high complexity

to implement it in the real life.
2.4 Overview of existing operated CAES

Until recent times, it was supposed and shown by many articles that only diabatic CAES,
precisely speaking only two CAES plants, operate in the world. However, during the

thorough search, it was found that it is not correct anymore.
2.4.1 Huntorf CAES

According to Succar and Williams (2008, 22), the first CAES in the world was
commissioned in 1978 in Huntorf, which is located in Lower Saxony, Germany. As it was
mentioned before the first two operated CAES are diabatic CAES. Initially, CAES was
working during two hours with total power at 290 MW, but after it was improved, and,
currently, CAES in Huntorf can reach 321 MW power during the two hours (Chen at. al.,
2016, 531). The required power for compression is 60 MW during the eight hours. Simplified
scheme of Huntorf CAES is illustrated in Figure 13.

Air out (Dischargi
Air in (Charging) ir out (Discharging)

HP-Compressor HP-Turbine  LP-Turbine

HP-Burner LP-Burner

Figure 13. Scheme of Huntorf CAES (Steinmann, 2017, 3).
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According to Steinmann (2017, 4), CAES includes two-staged compressor with intercooling
and aftercooling, two staged turbine and two underground caverns. Compressor consists of
axial low-pressure (LP) and centrifugal high-pressure (HP) stages. Article by Raju and
Khaitan (2012, 476) shows that air after HP compressor is cooled until 50 °C, which matches
to approximate cavern wall temperature. The overall volume of underground caverns is
310,000 m3. They are located between 650 and 800 m below ground. Air pressure in the
cavern is indicated between 43 and 70 bar (Steinmann, 2017, 4-5). Ortega-Fernandez et. al.
(2017, 282) indicate that absolute possible minimum and maximum pressure at 22 and 76
bar respectively. However, minimum and maximum values correspond to minimum and
maximum values for possible operation. Operational pressure range is narrower, and it is
evaluated between 46 and 66 bar. Such range corresponds to two hours of operation, so,
discharge rate is 10 bar per hour. CAES uses two caverns instead of one in order to prevent
CAES shutdowns in the maintenance periods, to simplify refilling process after pressure
reduction in one of the caverns to atmospheric pressure and to remove the need to use each
time mobile compressor to ensure minimum required back pressure in the cavern (Crotogino,
Mohmeyer and Scharf, 2001, 3). During the expansion period, air pressure before the first
combustion chamber is provided constant at 42 bar by throttle valve. After mixing with
natural gas and combustion gas temperature is 550 °C. After the HP turbine gas enters the
second combustion chamber, where its temperature is risen until 825 °C with pressure at 11
bar (Steinmann, 2017, 4). Temperature after the second turbine stage is 369 °C (Kushnir,
Ullmann and Dayan, 2012a, 127). Considering that charging stage (eight hours) exceeds
discharging stage (two hours) at four times, turbine air flow approximately at four times
more than air flow in compressor. According to Raju and Khaitan (2012, 476), turbine flow
1s 417 kg/s, while in compressor is 108 kg/s. The full usual CAES startup takes 11 minutes
in order to reach a full load, but, if electricity is urgently required, for example, due to
unpredictable peak load in the grid, CAES could be run during the six minutes, but this mode

is considered as emergency mode and more dangerous (Vadasz, 2009, 233).

According to Crotogino, Mohmeyer and Scharf (2001, 3), CAES fill the gap during the
intervening time, when low controllable fossil fuel power plants are run and reach a full
capacity, and they are also used during the evening to cover load peaks and for equalizing

of generation schedules from wind turbines.
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Previously mentioned CAES efficiency is 42%. In order to define what kind of efficiency is
it, calculation for previously defined plant energy efficiency will be done. In the article by
Lim et. al. (2012, 2), heat rate HR for Huntorf CAES: HR = 5800 k]J/kWh. Turbine work
with 321 MW power during the 2 hours:

W, =321-2-3600 = 2.3112 - 10° M] (4)
Compressor work with 60 MW power during the 8 hours:

W, =60-8-3600 = 1.728-10° MJ] (5)
Fuel energy input:

Qf = E,-HR =321-2-5800 = 3.7236 - 10° MJ (6)
Plant energy efficiency:

oW 2.3112 - 10°
- W.+Q; (1.728 + 3.7236) - 106

Mp.e = 42% (7)

Therefore, efficiency at 42% for Huntorf CAES, which is indicated in many sources as
roundtrip efficiency, is power energy efficiency. This value can be used for efficiency

comparison only for diabatic CAES plants.
2.4.2 McIntosh CAES

The second CAES was commissioned in 1991 in McIntosh, Alabama, United States.
McIntosh CAES can operate during 26 hours with 110 MW power capacity, while charging
stage demands 40 operational hours and 50 MW power for compressor. Scheme of McIntosh
CAES is illustrated in Figure 14.
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Figure 14. Scheme of McIntosh CAES (Karellas and Tzouganatos, 2014, 867).
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The main feature of McIntosh CAES compared to Huntorf CAES is presence of recuperator
for heat recycling after gas turbine. Compression part is similar to Huntorf CAES. From
article by Foley and Diaz Lobera (2013, 87) compressed air is stored in one salt cavern with
overall volume at about 532,000 m3 (some sources indicate differ values). Start-up time is
estimated at 14 minutes to reach full load. According to Chen (2013, 106), cavern is located
450 m below ground. Operational pressure 45 and 74 bar, and McIntosh CAES as Huntorf
CAES operates at constant pressure before the turbine with 43 bar. Natural gas is also used
as fuel, but Succar and Williams (2008, 24) note that McIntosh CAES has combustion
chambers, which are able two use two fuels: natural gas and oil. Temperature before the first
stage is 537 °C. After the first expansion stage flow is heated during the combustion process
in the second combustion chamber until 871 °C with pressure 15 bar. After the second
turbine stage heat is used in recuperator, where air from cavern with temperature at 35 °C is
heated to 315 °C (Foley and Diaz Lobera, 2013, 87). Some sources give other values, thus,
Steinmann (2017, 4) indicate that air is heated until 295 °C. Chen (2016, 532) claim that
adding of recuperator in CAES scheme enables to decrease fuel consumption by 25% and
increase overall CAES efficiency to 54% in contrast with Huntorf CAES. The same
calculation for plant energy efficiency as for Huntorf CAES can be provided for McIntosh
CAES as well. According to Safaei Mohamadabadi, Hugo and Keith (2011, 1), heat rate HR
for McIntosh CAES: HR = 4220 kJ/kWh. Turbine work with 110 MW power during the
26 hours:

W, =110 -26 - 3600 = 10.296 - 10° M] (8)
Compressor work with 50 MW power during the 40 hours:

W, =50-40-3600 = 7.2-10° M] 9
Fuel energy input:

Qf = E;-HR =110 - 26 - 4220 = 12.0692 - 10° M] (10)
Plant energy efficiency:

oW 10.296 - 10°
C W.+0Qr (7.2+412.0692) - 106

np.e = 53.4% (11)

This efficiency is a little differ from 54%. This can be caused by various values for heat rate

in different sources.
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2.4.3 Other operated CAES, planned in the near future and ceased projects

The Iowa Stored Energy Park (ISEP) project was planned to build in Dallas Center, lowa
with overall capacity at 270 MW. It was not intended as a peaking power plant, and it was
planned to mitigate fluctuate generation from wind power plants. It was proposed for
operation for 12-16 hours during the weekdays. Compressor power was evaluated at 220
MW. In contrast with currently operated CAES, which are used salt cavern, ISEP project
was planned to use a porous rock reservoir (Schulte et. al., 2012). This system was planned
to combine with from a 75 to 150 MW wind farm. Charging stage period was estimated
more than 50 hours (Beaudin et. al., 2010, 306). However, according to Budt et. al. (2016,
265), project was ceased after geological analysis due to lower real volume capacity than it
was assumed before. Schulte et. al. (2012, 76) also add other reasons, such as, storage
porosity after analysis was at 16-17% higher compared to previous evaluation and high sand

stone permeability.

Another diabatic CAES project is Norton CAES in Ohio with 800 MW initial power and
overall 2,700 MW power in final construction. Storage operating pressure is between 55 and
110 bar (Succar and Williams, 2008, 24). According to Fertig and Apt (2011, 2338), storage
is located in 670 m below the surface and it is depleted limestone storage. The storage
volume is about 9,600,000 m3. Expansion stage period was assumed during the two days
continuous work (Budt et. al., 2016, 252). However, according to Chen et. al. (2016, 532),

this huge project was ceased as well due to economic issues.

Another CAES with 317 MW power is planned in Anderson County, Texas by the Bethel
Energy Center. The project was permitted, and it is planned to be expanded until 476 MW.
Commissioning is planned in 2020. CAES will be intended, mostly, for smoothing
fluctuations from wind farms, which represent the largest installed capacity in Texas. Start-
up time is estimated at 10 minutes. CAES configuration and equipment of compression and
expansion stages will be very similar to McIntosh CAES (Apex CAES, 2018). Other

technical details are not revealed yet.

The PG&E project in Northern California with 300 MW power was granted with 50 million
dollars. Commissioning is planned in 2021. CAES is planned to be connected to the power

grid to provide capacity, more reliability and help to integrate in the grid wind turbines.
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Expansion stage is estimated during the 10 hours to provide electricity for 225,000 homes.
Porous rock storage from abandoned former natural gas reservoir will be used for

compressed air (U.S. Department of Energy (DOE), 2014, 22, 27).

CAES Larne with 330 MW power is planned to build in Northern Ireland by Gaelectric
company. The construction is planned to start in 2018, and commissioning in 2021. The
company plan to build two salt caverns with operational cavern pressure between 201 and
228 bar on the depth around 1500 m below surface with overall volume at 290,000 m3.
Expansion will be provided during the six hours (Gaelectric, 2018). Other technical

characteristics are indicated in Figure 15.
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Figure 15. Larne CAES scheme with proposed characteristics Gaelectric (2018, 10).

Budt et. al. (2016, 252) also defines other planned projects such as D-CAES on Hawaii with
aboveground cavern and CAES in Nebraska with 100-300 MW power porous sandstone

storage.

One small scale Kami-Sunagawa CAES with additional combustion was commissioned in
2001 in Sorachi District, Hokkaido with 2 MW power during the four hours. Compression

stage takes 10 hours. Cavern is located in 450 meters below the surface with operating
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pressure between 40 and 80 bar (Zhang, Li and Zhang, 2017, 13). According to Chen et. al.

(2016, 532), storage is represented by rock cavern with volume at approximately 1,600 m3.

The first A-CAES plant ADELE was started in 2010. It was assumed as solution to utilize
energy excess from wind turbines, equalizing generation schedules. Total power was
expected at 90 MW with 70% CAES efficiency (Luo et. al., 2014, 606). However, according
to Houssainy et. al. (2017, 1044) project was ceased. Zunft (2015) represents a new A-CAES
project ADELE-ING with 260 MW turbine output and 200 MW compressor input. Expected
efficiency is around 70% with 4-8 operating hours. But, finally, author notes that expected

income is not sufficient for economic feasibility of this project.

Another advanced CAES is located in Toronto with 0.7 MW power. According to official
site of Hydrostor company (2018), CAES is operated from November 2015. This A-CAES
operates at constant pressure storage, which is provided by water. This CAES uses
underwater accumulators for compressed air, as shown in Figure 16. Total CAES efficiency

is around 60%. Robinson (2015) states that discharge stage is a little more than 1 hour.

CAES Process Equipment

Figure 16. A-CAES in Toronto (Hydrostor company, 2018).

Figure 16 represent a general view of underwater accumulators. On Toronto CAES special
underwater balloons are used as accumulators. Six balloons are located at around three
kilometers from shore and 60 meters below the ground. During the expansion stage the
pressure of water pushes balloons, releasing air from storage. Underwater balloons in

Toronto CAES are shown in Figure 17.
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Figure 17. Underwater balloons in Toronto CAES (Tweed, 2015).

Hydrostor company (2018) indicates that there are two new adiabatic CAES projects. CAES
with 1.75 MW power during 4 hours of expansion is currently constructed in Goderich,
Canada. Another project is | MW power A-CAES with 6 hours of expansion in Vader Piet,

Aruba. Project is not constructed yet, but there is a contract on construction.

A-CAES project is developing in Dong Sheng, China with 15-20 MW power. Pilot project
with only 1.5 MW for characteristics studying was commissioned and it reaches 53% overall

efficiency (Wang et. al., 2017b, 95).

In the last years three projects in isothermal CAES have been developing. These projects
still have a status of pilot projects. According to Cleary et.al. (2015, 3), the first isothermal
CAES SustainX with 1.5 MW power was constructed in Seabrook, New Hampshire, USA.
This CAES store heat after compressor in water. Heated air—water mix is stored in the pipes.
Another I-CAES project is implemented by LightSail company. I-CAES is constructed
California, USA and achieve 250 kW as a maximum power. The end temperature difference
is about 10 °C, so the process is very close to isothermal. The number of reliable operational
hours is more than 300. The technology uses water droplet injection (LightSale Energy,
2018). The third project is number of 2 MW I-CAES for energy storing from wind farm is
located in Gaines, Texas and provided by General Compression company. However,
according to St. John (2015), SustainX was merged its business with General Compression
company. Petersen, Elmegaard and Pedersen (2013, 50) estimate efficiency of General
Compression [-CAES at 75%. The main available characteristics of operated CAES are
indicated in Table 1. Isothermal CAES are not represented in this Table due to lack of

available information.
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Characteristic Huntorf Mclntosh Slﬁzrgn;\_}va Toronto
CAES type diabatic diabatic diabatic adiabatic
Turbine power, MW 321 110 2 0.7
Compressor power, MW 60 50 n/a n/a
Charge time, h 8 40 10 n/a
Discharge time, h 2 26 4 1
Marine
Storage type salt cavern salt cavern | rock cavern | accumulator
(balloons)
Cavern volume, m> 310,000 532,000 1,600 n/a
Efficiency, % 42 54 n/a 60
Start-up time, min 11 14 n/a n/a
Cavern pressure, bar 46-66 45-74 40-80 n/a
Turbine pressure, bar 42 43 n/a n/a
Compression air flow, kg/s 108 93 n/a n/a
Expansion air flow, kg/s 417 156 n/a n/a

2.5 Types of underground storages

2.5.1 Salt caverns

The first two operated CAES in Huntorf and McIntosh have the salt caverns. Succar and
Williams (2008, 18) note relatively small amount of investments and low air leakages. In
addition, during the operation of two CAES plants there are no danger and significant

problems for turbine erosion and corrosion due to impurities.

Salt caverns are created in salt deposits. They are formed by entering water. After the drilling
a hole until salt formations, water is pumped inside. There is leaching of salts and the
formation of brine. The brine is removed from the storage facility by pumping. There are
two types of salt deposits: salt domes and salt beds. Salt beds are much smaller and thinner
than salt domes. The thickness of such layers does not exceed 300 meters. While the height

of the salt domes can reach up to 10 km. Due to this reason salt domes are more reliable for
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use with CAES. (Kushnir, Ullmann and Dayan, 2012a, 129). The vertical salt cavern created

in salt deposits is illustrated in Figure 18.
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Figure 18. Salt cavern (Kushnir, Ullmann and Dayan, 2012a, 129).

Kushnir, Ullmann and Dayan (2012a, 129) add that it is better to avoid too high and narrow
cavern and restrict ratio between them below 5. If cavern consists of two or more separate

storage, they can be connected for interaction between them by connection collectors.

During the charging and discharging stages, pressure and temperature inside the storage
continuously change. However, there are strict and obligatory pressure and temperature
restrictions in order to prevent cavern destruction. These restrictions are highly very for
different caverns. But, as a common rough value, for homogeneous salt deposits, maximum
pressure must be no more than 16.39 bar per 100 meters of height, while temperature must
not be exceeded more than 80 °C. Pressure reduction based on Huntorf CAES experience

should no more than 10 bar/h (Kushnir, Ullmann and Dayan, 2012a, 129).

The main challenge with salt caverns is location close to high energy demand. According to
Succar and Williams (2008, 18), in United States salt beds are located in the central, north
central and north east parts, and salt domes are concentrated in the Gulf Coast on the south
east part of the country. In Europe location of salt cavern is indicated in Figure 19 with red

circles on the map.
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Figure 19. Salt caverns location in red circles (Succar and Williams, 2008, 19).

According to Parkes et. al. (2018, 51-52), salt caverns have the highest charge and discharge
rates compared to other storages and able to operate with frequent cycles. Investment and
development costs at 1-5 $§ per kWh produced electricity are also estimated as one of the

lowest and placed on the second place after aquifer.
2.5.2 Hard rock caverns

Hard rock caverns are created with the help of special mining equipment, for example, a drill
machine. Such storages are usually horizontal. Usually the cavern quality is increasing
toward to depth, but generally, they can be located at almost any depth (Kushnir, Ullmann
and Dayan, 2012a, 130).

According to Parkes et. al. (2018, 52), this type of storage is the most expensive with 10 $
per kWh produced electricity for existing hard rock caverns and 30 $ per kWh for new
excavated storages. The storage temperature is restricted by 80 °C, as in the case of salt
caverns, but for some formations this value should not exceed 50 °C (Kushnir, Ullmann and
Dayan, 2012a, 130). The main challenge for rock caverns is air leakage prevention.
However, hard rock caverns provide more flexible site selection and give opportunity to
install CAES in the places with high energy demand and closer to intermittent renewable
energy sources. In this case, it excepts the necessity to build long transmission lines. The

most desirable characteristics of rock for hard rock cavern are around 30 m of rock thickness,
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a compressive strength at 69—138 MPa, a hydraulic conductivity at lower than 2x10°® m/s

and cavern depth at 395-579 m (Kim et. al., 2012a, 655).

As it was mentioned before CAES storages can work in different operation modes: constant
and various pressure caverns. Salt caverns cannot operate at constant pressure, because they
cannot survive with water. In contrast, hard rock storages are divided into two types: dry and

hydraulically compensated. The scheme of both types is presented in Figure 20.

Surface - Pond

Figure 20. Scheme of hard rock cavern with and without compensation water column (Kushnir, Ullmann and
Dayan, 2012a, 130).

Rock can be different depending on location. However, it should have high impenetrability
and handle with a high pressure. Kushnir, Ullmann and Dayan (2012a, 130) note some
acceptable rocks for hard rock caverns. Among them are sedimentary carbonate rocks, such
as limestone and dolostone, the magmatic rocks and the metamorphic plutonic rocks, such

as quartzite or gneiss.
2.5.3 Porous rock reservoirs

According to Wang and Bauer (2017, 307), porous rock storages have a highly permeable
porous formation and water layer with impenetrable cap rock, which prevents air leakages,

as shown in Figure 21.
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Figure 21. Porous rock reservoir (Wang and Bauer, 2017, 308).

There are two types of porous rock reservoirs: aquifers and depleted gas reservoirs. In the
aquifers air is inputted in the cavern, replacing the water as in the Figure 21. In such
reservoirs estimated cavern pressure should be between 20 to 80 bar. It is very important to
control water level in reservoir in order to avoid water droplets in the air flow, going from
the storage (Kushnir, Ullmann and Dayan, 2012a, 128). According to Parkes et. al. (2018,
52), aquifer is the cheapest CAES cavern with capital cost at 0.1 $ per kWh produced energy.
Calculations by Guo et. al. (2016a, 350-351) show that due to slower temperature reduction
in aquifer, storage efficiency is a bit more than salt cavern. Another difference, it is a
presence of pressure gradient in aquifer during the specific time frames, while pressure in
the salt cavern is the same. Start-up period is longer in aquifers, as well as more complicated
conditions for temperature control of injected air due to additional influence, caused by rock
and porosity properties. In addition, Li et. al. (2017, 13) conclude that large-scale aquifers
increase CAES efficiency by means of smaller energy losses through the cavern walls per

unit air mass flow.

Another type is former gas fields. The main advantage of these reservoirs in comparison
with the aquifers is that it is not necessary to carry out thorough geological survey, because
almost all necessary information is already known. The main properties of the cavern, such

as, permissible pressure and temperature, cavern dimensions and porous rock properties, will
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be the same for CAES operation. Caverns from former gas fields can be dry or filled with
water. The operation principle of former natural gas fields with water will not differ from
aquifers. Dry natural gas fields are more convenient due to absence of additional water
resistance and operation in any pressure inside maximum permissible. However, in such
storages there is a danger of presence natural gas remains. This is very unsafe, because even
small portions can create a combustible mixture. That is why, it is very important to provide
thorough purification of natural gas cavern from any gases (Kushnir, Ullmann and Dayan,

2012a, 129).
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3 METHODOLOGY

3.1 Initial values

During the developing of CAES for a particular region, electricity consumption and
generation schedules in the region could be taken as the initial data. According to this
information, it is possible to determine how much electricity can be used for air compression
at the night time and how much energy is required to cover the peaks in the grid. However,
this data is not available in free access. Moreover, the main purpose of this investigation is
compare different configurations and operational parameters for various regions. That is why
initial conditions should be equal for all regions in order to evaluate economic feasibility of
CAES installations. It was assumed that there is a storage with known fixed volume, suitable
for CAES plant. Storage volume often could be used as initial data for CAES design,
especially in Russian conditions. The current Russian projects assume usage of depleted
natural gas fields with fixed known volume. For all regions the same cavern volume at

190,000 m3 was chosen as initial data.

CAES can operate as energy storage for renewables as power plant for equalizing electricity
schedules. In this work economic analysis was provided for CAES, which operates in
compression stage during the night using base load electricity with relatively low energy
price and in the expansion stage during the day, generating electricity, which could be sold
for the daytime price. Charging time t. was applied equal to 8 hours, as a maximum period
possible for power usage with low price in Russia. Discharging time t; should cover peaks
in energy consumption in the morning and evening. For different regions required period
could highly vary. In the calculations discharging time is varied from 2 to 6 hours in order

to show the differences in generated power.

It is assumed that CAES works with a constant pressure before the turbine, as well as all
existing CAES. This pressure also was varied in order to investigate impact of this parameter
on economic and technical characteristics. Low level of the cavern pressure was assumed at
two bar more than the pressure before turbine. Simplified CAES scheme with initial

parameters is indicated in Figure 22.
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tc=8 hours tt=2-6 hours
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Figure 22. Simplified CAES scheme with initial values.

Calculations were performed for different Russian regions. According to personal meeting
with representative of Mosoblhydroproject company, currently, there are two CAES projects
in Russia: Kaliningrad Oblast and Smolensk Oblast, which were selected for investigation
as regions, where current Russian projects are developing. In these regions there are suitable
storages from the former gas fields. Also, in these regions load peaks in consumption are
covered by usual power plants, working on fossil fuels. However, energy prices are highly
varied in different regions in Russia, including two-rate tariffs. Difference between night and
daytime electricity prices also could be diverse depending on region. So, in order to identify
the most suitable regions for CAES installation analysis of two-rate tariffs was provided for
all regions in Russia. Economic analysis was performed for both CAES types: adiabatic and

diabatic.
3.2 Calculation of whole CAES scheme

For evaluation the economic feasibility of CAES installation it is necessary to calculate all
operational parameters in order to obtain possible generated power and required compression
power with charging and discharging periods. Cavern volume was accepted as the main
initial condition. From this value and applied compression and expansion periods mass flow
through compressor and turbine could be found. Mass flow rate could be found with usage

of cavern mass balance:

m; +myy =m, (12),
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where m; — total mass of the air in the cavern after discharging stage at the low cavern
pressure level [kg]; myq = G, - t. — total mass of the air, compressed in the cavern during
the compressor operation from low to high cavern pressure level [kg]; m, — total mass of

the air in the cavern after charging stage at the high cavern pressure level [kg].

Cavern volume is constant, so it can be calculated at the initial and final states of charging
and discharging stages [m®]:

m; M Myt Mgy

Ve, = =
ot P1 P2 P2

(13),

where p; — air density at the low cavern pressure level p; [kg/m’]; p, — air density at the
high cavern pressure level p, [kg/m?]. From equation (13) mass of the air in the cavern at

low pressure level before the charging stage:

m .
m, = Lpl (14)
P2 —P1

Thus, equation for calculation of cavern volume (13) with usage of equation (14):

_ my _ Maq

VSt - - (15)
Pr P2~ P1
From equation (15) total mass of air, which enters in the cavern:
Maq = V¢ - (P2 — p1) (16)

Accepting charging and discharging periods, mass flow rate for compressor and turbine

could be calculated with the next equations:

_ Maq _ Lt

G =Tad _ o 2t 17

= =Gy (17)
m t

G, = t“d=6c-t—c (18)
t t

Initial values before the compressor:
p, = 1.013 bar
T, =20°C=293.15K
Polytropic and mechanical efficiency were accepted for compressor and turbine:

np =85%
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Mm =98 %

During the calculation process some assumptions were applied: 1. Air is considering as ideal

gas; 2. Air is completely dry; 3. There is no pressure losses in the system.

Pressure ratio:

_r

o (19)

&

The lowest compression work could be achieved at the same pressure ratio in each stage. In

this case pressure ratio of one stage:
g = e (20),

where € — pressure ratio of the whole compressor; €; — pressure ratio of i-stage compressor;

n — number of stages.

Air properties vary, depending on pressure and temperature. Calculations were performed in
Excel. In order to automate calculation process add-in FluidProp, which calculates gas and
mixture properties, was introduced in the program. Library GasMix was used for the

properties with air composition, as shown in Table 2.

Table 2. Air composition.

Component Symbol Volume fraction
Nitrogen N, 0.7809
Oxygen 0, 0.2095
Argon Ar 0.0093
Carbon dioxide Cco, 0.0003

Air density could be introduced from ideal gas law:

p

= 21D,

p

where p — air density [kg/m’]; p — pressure [Pa]; R — specific gas constant [J/kg-K]; T —

temperature [K]. Specific gas constant could be defined with ideal (universal) gas constant

R = 8.314 ]J/mol - K and air molar mass M = 28.9656 kg/kmol:
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R J
R =1 =287.046 K (22)

Temperature after compression in i-stage of compressor:
k-1
k-

Ty =Ty & (23),

where T, ; — temperature after compression in i-stage [K]; T; ; — temperature before i-stage
[K]; & — pressure ratio in i-stage; k — adiabatic index (heat capacity ratio); 1, — polytropic

efficiency.

Temperature after expansion in i-stage of turbine:

k-1
1\ & M
Ty; =Ty <g_>
l

(24),

where T, ; — temperature after expansion in i-stage [K]; T; ; — temperature before i-stage of

turbine [K]; &; — pressure ratio in i-stage.

Adiabatic index (heat capacity ratio) could be calculated with isobaric and isochoric heat

capacities, which could be found with FluidProp:

C
k=22 (25)

Cv.a

Compression and expansion power of the i-stage, taking into account that air is dry:

_ Ge - (hz.i - hl.i) _ Ge - Cp.ava * (Tz.i - Tl.i)

N, =G, 26
c C L.c T’m T’m ( )
N, =G, = Ge - (hy; — hyy) _ Gt * Cpava (Ty; — Ta) )
Nm Nm

where [, and [; — compression and expansion specific work [J/kg]; T; ; — inlet temperature

[K]; Tz; — outlet temperature [K]; ¢, 4. — average specific heat capacity between ¢ 41 ;
1i az.i ' '
(specific heat capacity at the temperature Ty ;) and cp4,; (specific heat capacity at the

temperature T, ;) [J/kg-K]; n,,, — mechanical efficiency.

Annual electricity generation:



46

Ee =Ng -ty - tyear (28),

where tyeqr — Operational period during the year [day].

Annual electricity consumption by compressor:
Ec=N¢-t.- tyear (29)

Taking into account the experience of CAES operation in Huntorf, which is working
continuously during the all year without stopping for repair and maintenance, it was assumed
that the investigated CAES also will work during the whole year. Thus, operational period

during the year was accepted: tyqqr = 365 days.

In this work calculations were performed for both CAES schemes: adiabatic and diabatic.
However, because the main purpose of this work comparison between different schemes and
operational conditions, it is more reasonable to fix parameters of compression part for both
schemes at the same pressure. Thus, it is possible to analyze how much additional power can
be obtained with fuel combustion. As it was noted in chapter 2.3 TES could be with solid
and liquid storage material. But for diabatic CAES there is no TES. Cooling between
compression stages is performed with liquid media. Thus, TES with solid transfer media
(regenerator) will not be suitable for comparison. TES with liquid transfer media is
represented by two tanks: hot and cold. During the compression stage, the heat transfer
media from the cold tank enters the intercoolers and aftercoolers, takes heat energy from the
air and enters the hot tank. During the discharge process, the heat transfer media deliver
thermal energy to the air coming from the storage in front of the turbine sections. The
parameters at the inlet and the air flow rate are known in the heat exchangers. The outlet air
temperature is usually regulated by the flow rate of the heat transfer media. Usually, outlet
air temperature should not exceed 50 °C, according to the permissible air temperature in the
cavern under safety conditions, as well as due to the increase in thermal losses through the
walls because of a larger temperature gradient. The most important characteristic of the heat

exchanger is the efficiency:

Ccold : (Tcold.o - Tcold.in) _ chot : (Thot.in - Thot.o)

Eyg =

== (30),
Cmin : (Thot.in - Tcold.in) Cmin ' (Thot.in - Tcold.in)
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where Copiqg = Geolg - Cp.cota — heat capacity flow of the cold flow [W/K]; Chot = Grot *
Cp.not — heat capacity flow of the hot flow [W/KJ; Cmin — minimum heat capacity flow

between the cold and hot flow [W/K]; Teoid.0> Teotdins Thot.o ¥ Thot.in — Outlet and inlet

temperatures of the cold and hot flows [K].

Temperatures of the cold and hot flows:

Tcota.o = Teotain + .mm *EHE - (Thot.in - Tcold.in) (31)
Ccold
_ Cmin
Thot.o - Thot.in - *EHE * (Thot.in - Tcold.in) (32)
hot

Weighted average temperature of heat transfer fluid (HTF):

"G T;
Tyrr.av = % (33),
=141
where G; — mass flow of HTF in i cooler; T; — temperature of HTF after i cooler; n — total

number of intercoolers and aftercoolers.

Synthetic HTF was selected as heat transfer media for CAES. It was used by many authors
in their calculations. Thus, for example, Szablowski et. al. (2017, 14) used Therminol 55 as
HTF. According to Heller (2013, 5) and Ushak, Fernandez and Grageda (2015, 50), the main
requirements to synthetic HTF are:

1. High temperature range with liquid state;
Low viscosity, which reduce power consumption by pumps;
High heat capacity;

Low vapor pressure;

M

Low corrosion.

VDI (2010, 173) provides comprehensive analysis on different synthetic heat transfer media.
According analysis and requirements, which were represented above, Therminol and
Dowtherm were selected for detailed consideration. Therminol is HTF created by Eastman
company, which has different types of HTF with large temperature ranges and properties.

Temperature ranges for various types of Therminol are shown in Figure 23.
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Figure 23. Temperature ranges for different kinds of Therminol (Therminol, 2018a).
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For this work one of the most important requirements is high temperature range. From Figure

23 the largest and suitable temperature range Therminol 66, 68, 72 and VP-1. Therminol

VP-1 works in two-phase and costs much higher. So, it will be out of consideration.

Dowtherm RP has the widest temperature range and more suitable characteristics between

all models Dowtherm. The comparison between selected HTF is indicated in Table 3.

Table 3. Comparison between HTF (Therminol, 2018b and DOW, 1996).

Parameter Therminol 66 Therminol 68 Therminol 72 Dowtherm RP
Boiling 359 308 271 353
point, °C
Temperature _3:345 26+360 ~14+380 -20+350
range, °C
0°C |1320.00| 0°C |130.00| 0°C | 59.20 | 0°C |221.10
Viscosity, 100°C | 3.60 | 100°C | 2.60 | 100°C | 1.61 | 100°C | 2.77
mPa-s 200°C | 0.86 | 200°C | 0.70 | 200°C | 0.33 | 200°C | 0.80
345°C | 033 | 360°C | 0.26 | 380°C | 0.14 | 350°C | 0.31
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Parameter Therminol 66 Therminol 68 Therminol 72 Dowtherm RP

0°C 1.49 0°C 1.56 0°C 1.50 0°C 1.56

Heat 100°C 1.84 100°C | 1.88 | 100°C | 1.77 | 100°C | 1.86
capacity,
kJ/(kg'K) | 200°C | 2.19 | 200°C | 2.20 | 200°C | 2.18 | 200°C | 2.16

345°C | 2.5 360°C | 2.72 | 380°C | 2.53 | 350°C | 2.60

100°C 0.05 100°C | 0.24 | 100°C | 0.33 100°C -

Vapor
pressure, 200°C 2.20 200°C | 8.15 | 200°C | 61.60 | 200°C | 2.00
kPa

345°C | 78.00 | 360°C | 251.00 | 380°C | 623.00 | 350°C | 96.00

From Table 3 Therminol 68 and 72 have a relatively low boiling point at the atmosphere
pressure and high vapor pressure in contrast with Therminol 66 and Dowtherm RP. The main
disadvantage of Therminol 66 is high viscosity at low temperatures what can impose
problems with pumping from the cold tank. Dowtherm RP has wide temperature range, one
of the highest heat capacity, one of the lowest vapor pressure and low viscosity compared to

Therminol 66. Thus, Dowtherm RP was chosen as HTF for calculations.

Heat capacity can be introduced as a polynomic function of temperature in order to automate
calculation process Excel. Data for heat capacity of Dowtherm RP was used from DOW
(1996, 5). According to these values, function of HTF heat capacity as a function of the
temperature was performed in Excel, and coefficients for polynomic function were found
from graph, as shown in Figure 24.

2700

y =-3.4067681E-06x> + 2.9770225E+00x + 1.5608288E+03

2500

0 50 100 150 200 250 300 350
T, °C

Figure 24. Heat capacity of air as a function of temperature.
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Results show that function is almost linear. Polynomic function of second order with seven
decimal places gives reasonable values which correspond table values from DOW (1996, 5).
In calculations polynomic function with seven decimal places was used, but in the report
polynomic function of HTF heat capacity as a function of temperature with four decimal

places could be shown:

Cpurr = —3.4068-107¢ - T + 2,977 - T + 1560.829 (34)
Efficiency of adiabatic CAES was calculated, according to equation presented in chapter
2.3:

E. Ne-t,

77r:E—c Nc'tc

(35)

Diabatic CAES was estimated for standard diabatic CAES scheme as in Huntorf and for
CAES with recuperator. For diabatic CAES compression part and parameters were applied

the same as for adiabatic CAES. In contrast with adiabatic CAES two turbine stages were

accepted for diabatic CAES.

The main challenge for feasibility of CAES is selection of suitable equipment. Standard
equipment could be applied only for CAES with turbine pressure before 40 bar, using gas
turbines. For higher pressure only few models are available in the market, so specially
constructed equipment is necessary. Therefore, some assumed temperatures before the
turbine could be used for calculations. Temperatures before turbine could be selected the
same for all cavern pressures, according to currently operated CAES plant, for example,
MciIntosh CAES. In this case heat ratio HR vary. Heat ratio will increase with cavern

pressure reduction.

Low heating value of natural gas could vary in different regions, but it was accepted that it
is the same in all regions. Natural gas prices in Russia are established for low heating value:
LHV = 33080 kJ/m3 (Gazprom, 2018). This value was accepted. Temperatures before the
first and second turbine stages were assumed at 537 °C and 871 °C respectively, as in

McIntosh CAES. In the CAES scheme without recuperator required heat energy:

Q=G Cp.ava (Ttl.in - Tst.o) (36),
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where T4 ;,, — air temperature before the first turbine stage [K]; T, — outlet air temperature

from storage [K].

Required volume flow of natural gas [m?/s]:

Q

Ung — m (37)

Expansion stages are calculated in the same way as for adiabatic CAES, excepting changing

mass flow and heat capacity. Thus, turbine power is calculated:

(Gt + Upng - pNG) * Cp.av.mix (Tl.i - Tz.i)

Nt = (G + Vg * Png) * Lic = (38)
Nm
Annual natural gas consumption:
Ung.an = (UnG1 T Ung2) - 3600 -ty - tyeqr (39),

where vy and vyg, — volume flows of natural gas for the first and the second combustion

chambers [m?/s].

Heat rate:

Q _ (vNGl + vch) * 3600 * LHV

HR =
Nt R Nt

(40)

Diabatic CAES with recuperator was calculated with accepted efficiency of recuperator.
Currently, only CAES in Mclntosh has a recuperator. Efficiency of Mclntosh recuperator
was applied for calculations. Cold flow from air side of recuperator will have a minimum
heat capacity flow, because mass flow and heat capacity of air and flue gases mixture from
other side is more. It means that C,y;y = Cypin. SO, recuperator efficiency with values from

chapter 2.4.2:

(Tcold.o B Tcold.in) _ (315 B 35)

Erec = = = (0.838 (41)
ree (Thot.in - Tcold.in) (369 - 35)
Temperature of air after recuperator:
Treco = Tsto + €rec * (Ttz.0 — Tst.o) (42),

where Ty, , — temperature after the second turbine stage [K]; Ty, — outlet air temperature

from storage [K].



52

Exhaust temperature:

- Erec * (th.o - Tst.o) (43);

Texn = Tt2.0 C
mix.a.FG

where Cpixare = (Gt + Vng * Prc) - Cp.mix.a.rc — heat capacity flow of mixture of air and

flue gases [W/K]; C, = G, - ¢, — heat capacity flow of the air from the cavern [W/K];

Required heat energy in the CAES scheme with recuperator:
Qrec = Gt - Cp.ava (Ter.in — Trec.o) (44)

Further calculations are the same as for diabatic CAES without recuperator.

Efficiency of diabatic CAES was calculated, according to equation from chapter 2.3:

Wi

b = ————— (45)
Ndiab VVC + Qf

3.3 Economic analysis

Economic analysis was performed for feasibility evaluation of CAES installation. Earnings
from CAES installation are based on usage of two-rate tariff, when electricity price is
different for night Sy;4n, and daytime Sy ;. The bigger the difference between them is, the
more income is from CAES operation. According to Locatelli, Palerma and Mancini (2015,

18), total expenditures consist of variable operating costs (VOC) and fixed operating costs

(FOQ):
C,. =VOC + FOC (46)

It was applied that VOC only consist of electricity and natural gas expenditures.
Compression stage is assumed during the night, so annual expenditures for electricity during

the compression:
Cexe = night ° E. (47)
For diabatic CAES there are additional expenditures for natural gas:

Cex.NG = SNG * UNG.an (48),

where Sy — natural gas price [rub/m’]; Vs qn — annual volume flow of natural gas [m>/a].
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Annual fixed operating costs depend on total turbine power:

FoC,, = FOC - N, (49),
where FOC was assumed, according to Locatelli, Palerma and Mancini (2015, 18):

FOC =9.51 £/(kW - year) = 10.63 €/(kW - year) = 783.53 rub/(kW - year)
Annual revenue from electricity selling:

Creve = Sat - Et (50)
Annual profit from adiabatic CAES operation:

ACqgiab = Creve = Cexe = FOCqy (51)
Annual profit from diabatic CAES operation:

ACgiap = Creve = Cexe = Cexng = FOCqyn (52)

Completely accurate economic analysis cannot be carried out for the CAES, because capital
investments in the CAES could be only estimated, according some literature sources. Capital
investments could highly vary in different regions and even more for countries, because they
depend on not only equipment costs, but on cavern type, geology investigations and
excavations as well. Moreover, equipment costs also cannot be estimated precisely, because
the standard equipment is usually not suitable for the most of configurations, especially for
CAES with high cavern pressure. Summing up, capital costs were estimated, according to
literature sources, which evaluate specific capital costs per kW of total CAES power:

Cinv.spec [Tub/kW, €/kW]. Capital costs in CAES installation:

Ciny = Cinv.spec - Ny (53)
Payback period for CAES:
Cinv
PP. = 54
c= (54

According to Wang et al. (2013, 75), discounted payback period (DPP) is the period when:

CE,
DCF = Z(l— = Cinv (55),

where DCF — discounted cash flow (profit) [mln rub]; CF, — cash flow (profit) in the year n
[mln rub]; n — time period [year]; N — pledged operating life [year]; r — interest rate [%/100].
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4 RESULTS

4.1 CAES characteristics, depending on cavern pressure

In this part pressure difference in the cavern is assumed at 20 bar, as for CAES in Huntorf
and McIntosh. In this part investigation of CAES characteristics was performed, depending
on pressure before turbine and different discharging time. Pressure before the turbine was
changed from 20 to 70 bar, while discharging period for each inlet turbine pressure was
varied from 2 to 6 hours. Cavern inlet temperature was accepted equal to 50 °C, as in the
Huntorf CAES. In the literature there is lack of information on heat losses in the cavern.
However, heat losses could vary in different regions, depending on cavern and geology type.
So, temperature reduction at 5 °C was assumed for cavern, due to relatively short
intermediate period between charging and discharging stages (air temperature cannot be
reduced at the high value because of short period between night and peak hours). Thus, outlet
air temperature is 45 °C. Calculations were performed for adiabatic and diabatic CAES

schemes.
4.1.1 Adiabatic CAES

For adiabatic CAES there is no clarity how many stages should be installed for some specific
pressure. So, calculations were performed for two and three compressors and turbines.
Temperature of HTF in the cold tank was accepted at 25 °C. HTF in the hot tank after
intercoolers (IC) and aftercooler (AC) should be cooled faster than air due to better heat
transfer properties of HTF. However, it was assumed that hot tank for HTF will be
constructed with appropriate insulation in contrast with cavern. However, heat losses could
not be completely negligible. Taking into account that heat losses depend on HTF
temperature, temperature reduction in the hot tank was applied at 10%, considering relatively

short period between charging and discharging stages and hot tank with insulation.

CAES operates at the constant mass flow rate with various pressure after compressor. It
means that power consumption by compressor is different during the operation, as well as
temperatures after compressor stages and, as consequence, HTF temperatures after
intercoolers and aftercoolers. Therefore, calculations were performed for an average
pressure ratio in order to obtain average HTF temperature in the hot tank and average

compression power. Power generation is constant during the discharging stage because of
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constant pressure before the turbine. Firstly, calculation results for pressure before the
turbine at 70 bar and expansion period at 6 hours will be considered for two and three
compressor and turbine stages. Calculation results for CAES with two compressor and

turbine stages are indicated in Table 4.

Table 4. Results for CAES with two compressor and turbine stages at 70 bar.

Compressor Turbine

Parameter
Cl C2 T1 T2

Mass flow, kg/s 143.349 143.349 191.132 191.132
Volume flow, m*/s 119.051 14.588 4.198 34.935
Inlet pressure, bar 1.013 9.115 70.000 8.422
Outlet pressure, bar 9.115 82.000 8.422 1.013
Pressure ratio 8.996 8.996 0.120 0.120
Inlet temperature, K 293.150 323.150 535.542 536.248
Outlet tempearature, K 603.601 662.040 322.856 323.295
Power, MW 45.747 50.308 41.518 41.574
Heat exchanger IC1 IC2 HEI1 HE2
Inlet air temperature, K 603.601 662.040 318.150 322.856
Outlet air tempearature, K 323.150 323.150 535.542 536.248
Inlet HTF temperature, K 298.150 298.150 573.905 573.905
Outlet HTF temperature, K 578.601 637.040 363.486 367.983
Mass flow of HTF, kg/s 71.792 69.385 94.118 94.118
Heat exchanger efficiency 0.918 0.931 0.850 0.850

CAES facility
Turbine power, MW 83.092
Compressor power, MW 96.055
Efficiency, % 64.879
tI—aIlgll; tlzmperature in the hot 607.322
aAf:z:rre;IgE’I?(TF temperature 365.734
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CAES scheme for turbine pressure at 70 bar with all average characteristics (at the time
t./2) for compressor and with constant characteristics for turbine is shown in Figure 25.

Pc=96.1 MW Pt=83.1 MW

C2 p=70 bar
p=9.1 bar p=82 bar G=191.1kgls . .
Air T=330.5°C T=388.9 oc T=2624°C gormmmsers T=263.1 °C
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Figure 25. CAES scheme with two compressor and turbine stages at 70 bar.

Results show that serious technical problems can occur during the realization of current
scheme. The most important issue is related to HTF temperature after the second compressor
stage. High pressure ratio in the second stage force to create a new TES or with another type
of HTF, because operational range of HTF is restricted by 350 °C, while HTF temperature
at the outlet of aftercooler is 363.9 °C. Moreover, this is an average temperature, so at the
end of process with cavern pressure at 92 bar, this temperature will be even more. It means
that this HTF is not suitable, and only regenerator type TES or HTF with phase change could
be applied. Investigation for CAES scheme with two compressor and turbine stages and for
lower turbine pressure will be considered later in this chapter in order to obtain maximum

permissible pressure ratio in compressor stage without boiling of HTF.

Also, selection or construction of suitable equipment for compression part could be
complicated due to high pressure ratio in each stage. Mass flow through compressor is high
(143.3 kg/s). For such mass flow axial compressor will be more suitable for the first stage
of compressor train as for CAES in Huntorf and MclIntosh. Pressure ratio of axial compressor
could be varied, depending on number of stages. However, in all operated CAES schemes,
which were considered in chapter 2.4, in currently proposed CAES by Dresser-Rand

company (Conroy, 2011, 10), which provides equipment for McIntosh CAES, and in initially
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planned CAES in Soyland (Olhovskiy, Kazaryan and Stolyarevskij, 2011, 130), maximum

pressure ratio of axial compressor without intercooling was 6.63 for Soyland CAES.

Results for CAES scheme with equal pressure ratio in each stage show that efficiency of
intercooler and aftercooler is high (0.92 and 0.93 respectively) due to high air temperatures
after compressor stages and necessity to provide cavern temperature at 50 °C. It demands
large heat transfer surfaces. Efficiency of heat exchangers in turbine was assumed at 0.85.
Described reasons do not let to use two stages for high cavern pressures. Investigation for
low cavern pressures will be described later in this chapter. CAES scheme with three

compressor and turbine stages for turbine pressure at 70 bar is illustrated in Figure 26.
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Figure 26. CAES scheme with three compressor and turbine stages at 70 bar.

Calculation results for CAES with three compressor and turbine stages for cavern pressure

at 70 bar and expansion period at 6 hours are indicated in Table 5.

Table 5. Results for CAES with three compressor and turbine stages at 70 bar.

Compressor Turbine
Parameter
Cl C2 C3 T1 T2 T3

Mass flow, kg/s 143.349 | 143.349 | 143.349 | 191.132 | 191.132 | 191.132
Volume flow, m*/s 119.051 | 30.340 | 7.014 3.456 | 14.159 | 58.087
Inlet pressure, bar 1.013 4.383 18.958 70 17.060 | 4.158
Outlet pressure, bar 4.383 18.958 82 17.060 | 4.158 1.013
Pressure ratio 4.325 4.325 4.325 0.244 0.244 0.244
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Compressor Turbine
Parameter
Cl C2 C3 T1 T2 T3
Inlet temperature, K 293.15 | 323.15 | 323.15 | 440.905 | 440.243 | 440.171
Outlet tempearature, K 477.260 | 524.801 | 524.801 | 313.735 | 313.257 | 313.205
Power, MW 26.786 | 29.492 | 29.492 | 24.607 | 24.570 | 24.566
Heat exchanger IC1 IC2 AC HEI1 HE2 HE3

Inlet air temperature, K 477.260 | 524.801 | 524.801 | 318.15 | 313.735 | 313.257

Outlet air tempearature, K | 323.15 | 323.15 | 323.15 | 440.905 | 440.243 | 440.171

Inlet HTF temperature, K | 298.15 | 298.15 | 298.15 | 462.568 | 462.568 | 462.568

Outlet HTF temperature, K | 452.260 | 499.801 | 499.801 | 342.746 | 338.709 | 338.270
Mass flow of HTF, kg/s 78.028 | 75.569 | 75.569 | 101.852 | 101.852 | 101.852
Heat exchanger efficiency | 0.860 0.890 0.890 0.85 0.85 0.85
CAES facility

Turbine power, MW 73.743
Compressor power, MW 85.770
Efficiency, % 64.483
HTF temperature in the

hot tank, K 483.614
Average HTF temperature 339,908

after HE, K

Results show that described problems for CAES with two compressor and turbine stages are
solved for CAES with three stages. Thus, average temperature of HTF in the hot tank after
compression stage is 210.5 °C, what is much lower than high value of HTF operational range
(350 °C). Efficiency of intercoolers and aftercooler is 0.86 and 0.89, what is still quite high

value, but lower than in two stages system.

Pressure ratio for each compressor stage is 4.325. So, it is possible to use axial compressor
as the first compressor stage. For the second compressor stage can be used as axial
compressor with lower volume flow as centrifugal compressor. Centrifugal compressor

should be used for the third compressor stage.
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However, there are some operational and construction features inherent to all adiabatic
CAES schemes with TES, consisting of two tanks. Firstly, it is not possible to create a system
with different number of compressor and turbine stages without external heat energy. For
example, a very common for diabatic CAES scheme with two turbine stages and three
compressor stages cannot be created for adiabatic, because outlet turbine temperatures are
below 0 °C. Air temperature before the first turbine stage in any case will be lower than air
temperature after the last compression stage. Pressure ratio in each stage in two stages of
turbine train is more than in the three turbine stages. It means that temperature reduction in

each turbine stage also is more for two stages system.

Secondly, it is necessary to provide removal of heat from HTF before the cold tank. Air
temperature from the cavern is 45 °C, so HTF cannot be cooled to lower temperature. So, its
temperature after heat exchangers will be in any case more than 25 °C. In addition to it, heat
energy, which was absorbed during the compression stage could not be completely returned
during the expansion stage due to heat losses in the hot tank. It could impose technical
problems on realization of such system in real life. In the winter time heat energy could be
partly removed by water for heating and hot water supply of the CAES buildings or near
districts. But it is complicated to remove all heat energy in order to cool HTF to 25 °C due
to high mass flow of HTF. In summer time, when heat demand is lower, it is necessary to
remove heat in some different way. If there are no any industry located near the CAES plant
with heat demand, it is necessary to construct cooling tower and remove heat energy into the

atmosphere.

Thirdly, high mass flow of HTF force to create huge hot and cold tanks for TES in addition
to cavern, what can significantly increase investment costs and complicate CAES

construction.

Further investigation of CAES parameters, depending on turbine inlet pressure were
performed for CAES scheme with three compressor and turbine stages with discharging
period at 6 hours and pressures from 20 to 70 bar before the turbine. Results for each turbine
pressure are represented in Appendices 1-5. Comparison of the main CAES parameters,

depending on pressure with discharging stage at 6 hours, is indicated in Table 6.



Table 6. Comparison of CAES characteristics, depending on turbine pressure.
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Turbine pressure, bar

Parameter

20 30 40 50 60 70
Compressor power, MW 63.793 | 69918 | 74.856 | 79.008 | 82.600 | 85.770
Turbine power, MW 49.822 | 57.156 | 62.586 | 66.937 | 70.588 | 73.743
Efficiency, % 58575 | 61311 | 62.706 | 63.541 | 64.093 | 64.483
Compressor pressure ratio | 3.161 3.461 3.716 3.941 4.142 4.325
HTF temperature inthe | 3/ 131 | 147 976 | 459.108 | 468.447 | 476.509 | 483.614
hot tank, K
Average HTF temperature | 54, 137 | 334 999 | 336.229 | 337.506 | 338.745 | 339.908
after HE, K
IC1 efficiency 0811 | 0828 084 | 0848 | 0855 | 0.860
IC2 and AC efficiency 0858 | 0868 | 0876 | 0882 | 0.88 | 0.890

Dependence of CAES efficiency, turbine and compressor power as a function of turbine

pressure is illustrated in Figure 27.
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Figure 27. CAES efficiency, turbine and compressor power as a function of turbine pressure.

From Figure 27 three parameters are rising with increasing pressure, but growth rate is lower

for high pressure CAES. From Table 6 HTF temperature is significantly increasing, while

HTF temperature growth after heat exchanger is slight. Efficiency of intercoolers and

aftercooler is more for higher pressure system, what demands higher heat transfer area.
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On the next step of technical analysis CAES scheme with two compressor and turbine stages
was considered for low pressure systems. Calculations were performed for each turbine
pressure in order to define the highest permissible pressure ratio in compressor without
boiling of HTF. Temperature of HTF should be investigated at the end of charging process
at the outlet of the aftercooler, because it is higher than an average HTF temperature in the
hot tank. Calculation results for HTF temperature, depending on cavern pressure are

indicated in Table 7.

Table 7. HTF temperature as a function of cavern pressure.

Cavern pressure, bar 32 42 52 62 72 82

HTF temperature at the

outlet of aftercooler, °C 272.693 | 297.914 | 318.362 | 335.630 | 350.620 | 363.890

Graph of HTF temperature as a function of cavern pressure compared to maximum HTF

temperature of operational range is shown in Figure 28.
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Figure 28. HTF temperature as a function of cavern pressure compared to HTF operational range.

From Table 7 HTF temperature for 72 bar (350.620 °C) is slightly more than maximum
permissible temperature (350 °C). Maximum permissible outlet pressure is around 70 bar
without boiling of HTF, according Figure 28. For selected pressure difference in the cavern
at 20 bar, the highest permissible pressure is 62 bar, which correspond to CAES with turbine

pressure at 40 bar.
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Calculation results for CAES with two compressor and turbines for turbine pressures at 20,
30 and 40 bar are indicated in Appendices 6-8. Differences in characteristics for two stages
and three stages are represented in Table 8 on the example of CAES with turbine pressure at

30 bar.

Table 8. Comparison of two and three stages CAES.

Number of compressors and turbines

Parameter
2 3

Compressor power, MW 76.760 69.918
Turbine power, MW 63.306 57.156
Efficiency, % 61.855 61.311
Compressor pressure ratio 6.438 3.461
HTF temperature in the hot tank, °C 270.830 174.826
Average HTF temperature after HE, °C 82.355 61.849
IC1 efficiency 0.898 0.828
IC2 and AC efficiency 0.916 0.868

Results show that CAES efficiency for two compressors and turbines (61.855%) is slightly
more compared to CAES efficiency for three compressors and turbines (61.311%). Average
compressor power (76.760 MW) is higher for two stages than for three stages (69.918 MW),
while turbine power is more (63.306 MW against 57.156 MW). Compression power is
always reducing for many staged compressor (three stages), however HTF temperature is
also lower (174.826 °C against 270.830 °C). This is the reason of turbine power reduction.
Average HTF temperature after HE is more for two stages (82.355 °C against 61.849 °C),
what force to remove more heat energy before the cold tank. However, if there is a consumer
with heat demand, this parameter can be considered as an advantage. Capital costs for
compressor and turbine equipment should be less for CAES with two compressors and
turbines, but they cannot be evaluated precisely. Thus, scheme with two compressor and
turbine stages could be used instead of CAES scheme with three stages for turbine pressures
at 20, 30 and 40 bar. But, final selection of the scheme configuration could be chosen only

for specific and final prices of equipment.
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4.1.2 Diabatic CAES

Compression part for diabatic CAES was applied the same as for adiabatic scheme with three
compressors due to lower compression power. Firstly, comparison was performed for two
diabatic CAES schemes: without and with recuperator for turbine pressure at 70 bar.

Comparison of the main technical characteristics is represented in Table 9.

Table 9. Comparison for two configurations of diabatic CAES for turbine pressure at 70 bar.

Configuration

Parameter

without recuperator with recuperator
Compressor power, MW 85.770 85.770
Turbine power, MW 156.097 155.815
Efficiency, % 44.566 55.329
Heat rate 5440.532 3864.258
Volume of NG, m?/s 7.131 5.056
Exhaust temperature, °C 448.076 119.923

Results show that efficiency of CAES scheme with recuperator (55.329%) is more than in
the scheme without recuperator (44.566%) on the value very close to difference between
efficiencies for currently operated CAES in Huntorf and McIntosh (42% and 54%
respectively). Slight reduction in turbine power for scheme with recuperator is caused by
decrease of natural gas consumption and, as a consequence, reduction of total mass flow

through turbine.

CAES scheme without recuperator with all calculated parameters is shown in Figure 29.
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Figure 29. Parameters of diabatic CAES without recuperator with turbine pressure at 70 bar.
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CAES scheme with recuperator with all calculated parameters is illustrated in Figure 30.
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Figure 30. Parameters of diabatic CAES with recuperator with turbine pressure at 70 bar.

Further similar calculations were performed for different turbine pressures. Results of
numerical values are represented in Appendix 9. Comparison of efficiency, compressor and

turbine power for two diabatic CAES schemes and for adiabatic scheme for different turbine

pressures is illustrated in Figure 31.

140 . - 55
—&— Compressor power, MW

120 —&— Turbine power adiab, MW L 50
> —®— Turbine power diab, MW .
2 —e—Efficiency diab, % i
£ 100 Efficiency diab (rec), % 45 %
2 S
~ &
80 40 =

60 35

40 30

20 25 30 35 40 45 50 55 60 65 70
Turbine pressure, bar

Figure 31. Compressor and turbine power, efficiency as a function of turbine pressure for different schemes.

From Figure 31 turbine power of diabatic CAES is more than twice times compared to
turbine power of adiabatic CAES. Comparison of efficiency between adiabatic and diabatic
schemes is not presented here, because they could not be compared due to different energy
forms. Comparison between adiabatic and diabatic schemes will be considered in the

chapters 4.3 and 4.4 from economic side. Efficiency of diabatic scheme with recuperator is
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more than without recuperator. However, growth rate of diabatic CAES with recuperator is
modest for high pressure systems. It is caused by lower temperature after the last turbine
stage, so less heat energy is returning back to the system. Comparison of exhaust temperature

and required volume flow of natural gas is shown in Figure 32.
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Figure 32. Exhaust temperature and NG volume flow as a function of turbine pressure for diabatic schemes.

According to Figure 32, difference between exhaust temperature of diabatic CAES without
and with recuperator multiplied on heat capacity flow shows how much heat energy is

returning to the system with recuperator.

4.2 CAES characteristics, depending on discharging time and pressure

difference in the cavern

In chapter 4.1 discharging period was accepted at 6 hours. However, another discharging
period could be used at the same charging period. Another discharging period influence on
air mass flow through turbine, while compressor characteristics remain the same.
Investigation will be provided for both CAES types adiabatic and diabatic. Calculation

results of air mass flow for different discharging periods are represented in Table 10.

Table 10. Mass flow as a function of discharging time.

Discharging time 2 3 4 5 6

Air mass flow, kg/s | 573.396 382.264 286.698 229.358 191.132
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Air mass flow is a hyperbolic function of discharging time, as shown in Figure 33.
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Figure 33. Air mass flow as a function of discharging time.

Compressor power is the same for specific pressure, but with different discharging time,
while turbine power is varied. Calculation results for turbine power of adiabatic CAES as a

function of turbine pressure and discharging time is illustrated in Figure 34.
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Figure 34. Turbine power as a function of turbine pressure and discharging time for adiabatic CAES.

From Figure 34 turbine power is rising with increasing of turbine pressure and discharging
time, however overall electricity, generated during the expansion period, is the same for all
discharging periods and varies, only, depending on turbine pressure. It means that
discharging time has not any influence on CAES efficiency. Its selection should be based on
consumption schedules of each specific region. If consumption schedule has high

fluctuations, CAES with lower discharging time and higher turbine power could be used to
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fill the highest peaks, while the rest of electricity demand could be cover by baseload power
plants. Graph of turbine power for diabatic CAES as a function of turbine pressure and

discharging time is shown in Figure 35.
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Figure 35. Turbine power as a function of turbine pressure and discharging time for diabatic CAES.

From Figure 35 maximum turbine power at 458 MW could be achieved for turbine pressure
at 70 bar and discharging time at 2 hours. In contrast with adiabatic CAES, discharging time
has influence not only on turbine pressure, but on volume flow of natural gas as well. Graph
natural gas required volume flow from turbine pressure and discharging period for CAES

with recuperator is illustrated in Figure 36.
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Figure 36. Volume flow of NG as a function of turbine pressure and discharging time for CAES with
recuperator.
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Volume flow of natural gas has a minor dependence on pressure ratio compared to
discharging time. It is caused by higher mass flow through turbine, so higher mass of air

should be heated until turbine inlet temperature.

The second parameter, which was investigated in this chapter is pressure difference in the
cavern. In both currently operated CAES of high overall power, pressure difference in the
cavern accepted at 20 bar. However, for smaller turbine pressure it could be unprofitable.
Thus, for turbine pressure at 20 bar, cavern pressure at the end of charging stage should be
in around two times more. Therefore, other pressure differences should be considered.
Pressure differences at 5, 10 and 15 bar were investigated for CAES with turbine pressure at
20 bar and discharging time at 6 hours. Results of the main CAES characteristics are

indicated in Figure 37.
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Figure 37. Main CAES characteristics, depending on pressure difference in the cavern.

With reduction of pressure difference in the cavern air mass flow through compressor and
turbine is linearly decreasing at constant cavern volume. Thus, with pressure difference
reduction from 20 to 10 air mass flow in compressor is reducing in two times (from 143.349
kg/s to 71.675 kg/s). From Figure 37 efficiency is increasing with reduction of cavern
pressure difference for all CAES schemes. However, the most significant efficiency growth
is occurred for adiabatic CAES. At the same time, turbine power is reducing almost linearly,
according to mass flow through turbine, but a little lower due to lower HTF temperature in
the hot tank. So, with pressure difference reduction from 20 to 10 air turbine power for

adiabatic CAES is decreasing from 49.8 MW to 24.5 MW. Summing up, cavern pressure
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reduction could be used for CAES with small turbine pressures, when there are a relatively
low electricity peaks in the grid. However, significant pressure reduction in the system with
constant volume reservoir is not reasonable. For cavern with the same cavern volume overall
power, which could be obtained, will be essentially lower for low cavern pressure difference
than it is with higher pressure difference. For example, turbine power with pressure
difference at 5 bar is only 12.1 MW. Hence, annual profit from CAES operation could be a
very low with approximately the same investment costs (investment costs will be lower only
due to lower required compressor power and lower requirements to cavern because of cavern

pressure reduction, but it is not linear function).
4.3 Economic analysis of currently planned projects

Currently, Russia considers installation of CAES in two regions: Kaliningrad Oblast and
Smolensk Oblast, because there are suitable and already investigated caverns from former
natural gas fields in these regions. In addition to it, load peaks are covered by low
controllable fossil fuel power plants. However, suitable geology it is only one side of
successful CAES operation. Electricity prices in the regions also have a large influence.
Economic analysis was performed for considered CAES schemes in the chapters 4.1 and

4.2: adiabatic, diabatic and diabatic with recuperator.

The main problem with economic evaluation is capital costs estimation. Due to lack of
available and suitable equipment on the market and high privacy of equipment producers,
capital costs in CAES plant could be only estimated, according overall CAES power capacity
[€/kW]. According to Olhovskiy, Kazaryan and Stolyarevskij (2011, 143), turbomachines
have a lion's share in capital costs (79.3%). Energy storage has 12.4% of capital costs, and
supplementary electrical equipment (5.8%). Capital costs in turbomachines and air cavern
are highly influenced by overall turbine power due to specific requirements to storage, for
example, because of high pressure, and size of turbomachines. Summing up, calculation of
total capital costs, according to specific capital costs [€/kW], could be justified, because
more than 90% of capital costs depends on CAES power capacity. In addition to it, capital
costs could highly differ, depending on region due to different geology conditions,
remuneration of labour or some other regional features. In this work only simplified
economic analysis was performed in order to define the most economically reasonable

regions for CAES installation and schemes for each specific region.
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In literature there is a different information on specific capital costs for CAES. Thus, Rogers
et. al. (2014, 1) indicate 760-1200 $/kW for diabatic CAES and 850-1870 $/kW for
adiabatic. Olhovskiy, Kazaryan and Stolyarevskij (2011, 67, 144) estimate capital costs of
diabatic CAES at 800 $/kW and for adiabatic CAES at 1000 $/kW. McGrail et. al. (2013,
77) calculate specific capital costs in USA for diabatic CAES at 1112 $/kW. Summing up,
approximately average values were applied for calculations at 1000 $/kW for diabatic CAES
and 1300 $/kW for adiabatic CAES. Recuperator cost was estimated at 1.9 min $ by
Olhovskiy, Kazaryan and Stolyarevskij (2011, 144). This price was accepted at all cavern

pressures, however in real life it could a little differ due to mechanical strength requirements.

Firstly, economic analysis for different CAES schemes was performed for Kaliningrad
Oblast and Smolensk Oblast for turbine pressure at 70 bar and discharging time at 6 hours.
Such discharging time is planned for CAES in Kaliningrad Oblast, but with lower cavern
pressure. However, this analysis shows the difference between CAES types. Results are

indicated in Table 11. Analysis was performed in Russian rubles (1 euro~73 rub).

Table 11. Economic analysis for Kaliningrad Oblast and Smolensk Oblast.

Region Kaliningrad Smolensk
Parameter Unit Adiab | Diab Diab Adiab | Diab Diab
(rec) (rec)
Night energy | ewn 3.24 2.53
price
Daytime energy | i 4.66 422
price
Natural gas price | rub/m’ - 6.83 - 5.41
Annual
expenditures min. rub | 811.5 811.5 811.5 | 633.6 | 633.6 633.6
(electricity)

Annual revenues | mln. rub | 752.6 | 1593.0 | 1590.1 | 681.5 | 1442.6 | 1440.0

Annual

expenditures (NG) min. rub i 384.0 | 272.3 - 3042 | 2157

Annual fixed
operating costs

Annual profit mln. rub | -116.7 | 275.3 384.4 -9.9 382.5 468.6

mln. rub | 57.8 122.3 122.1 57.8 122.3 122.1

Payback period year 0.0 35.7 25.9 0.0 25.7 21.2
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Results show that CAES installation in these regions is unprofitable for all CAES schemes.
For adiabatic CAES annual expenditures on electricity and operating costs exceed annual
revenues from electricity selling for both regions. Thus, adiabatic CAES can operate only
with annual financial losses. For diabatic CAES annual profit is a positive value, but payback
period exceeds usually accepted operating life at 20 years. Further, investigation of CAES
schemes with different turbine pressure was performed for Smolensk Oblast. Annual profit

and payback period, depending on cavern pressure, are presented in Figure 38.
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Figure 38. Annual profit and payback period, depending on cavern pressure, for Smolensk Oblast.

Graph show that installation of adiabatic CAES is not reasonable for any cavern pressure.
Payback period for diabatic CAES is reducing with increasing of turbine pressure, however
it is more than pledged operating life at 20 years. Payback period of diabatic CAES with
recuperator have a minimum value at 40 bar, but also it is more than 20 years. Economic
estimation shows that CAES installation in Kaliningrad Oblast and Smolensk Oblast is not
economically feasible, and cavern pressure has a slight influence on payback period, because
capital costs are accepted per KW of installed power capacity. In the next chapter economic
analysis of all regions in Russia will be considered in order to define regions, which are the

most suitable for CAES installation.
4.4 Economic analysis of all regions in Russia

As it was mentioned in chapter 3.1, electricity prices are highly varied in the regions.

Differences in electricity prices are illustrated in Figure 39.
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Electricity price

Figure 39. Energy price differences on the map of Russia (modified from Energo-24, 2018a).

However, this map represents the difference between one rate electricity prices. In this work
it was accepted that CAES operates with two rate tariffs. But if electricity price is high, it is
not necessary that difference between night and daytime electricity prices will be high as

well.

Natural gas price depends on purpose of its usage. All prices were taken for electricity
generation with natural gas. For some regions natural gas price is different, depending on
city, district or even village. In this case average natural gas price was calculated for such
regions, for example, Khanty—Mansi autonomous okrug — Yugra. Also, there is no access to
gaseous natural gas in Buryatia Republic, Khakassia Republic, Tuva Republic, Krasnoyarsk
Krai, Amur Oblast, Magadan Oblast, Murmansk Oblast, Chukotka autonomous okrug and
Jewish Autonomous Oblast (Energo-24, 2018b). Thus, only operation of adiabatic CAES

could be evaluated in these regions.

Results of economic analysis for all 84 regions in Russia for three CAES schemes with
turbine pressure at 70 bar and discharging time at 6 hours are presented in Appendix 10.
Comparison of Russian regions was performed based on payback period. In some regions
construction of adiabatic CAES is not reasonable, while payback period for diabatic CAES
could be low. Six regions were chosen with the lowest payback period for at least one CAES
configuration. Results of economic analysis for the most economically suitable regions for

CAES installation are indicated in Table 12.
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Khabar | Arkhan Nizhny
. Moscow | Novgor Rostov
Region ovsk gelsk Moscow Nenets
. Oblast od Oblast
Krai Oblast
Oblast
Energy |night| 1.32 1.49 2.25 3.73 1.92 32 2.91
rice,
m%/kWh day | 5.09 5.49 6.08 7.15 6.19 6.14 5.85
NG price, 4.11 619 | 536 | 543 476 | 600 | 3.71
rub/m
Expenditures
(electricity), 330.6 | 3732 | 5635 | 9342 | 4809 | 8014 | 7288
mlin.rub/year
adiab| 822.0 | 886.6 | 981.9 | 11547 | 999.7 | 991.6 | 944.8
Revenues ;
diab | 1740.0 | 1876.8 | 2078.5 | 24442 | 2116.1 | 2099.0 | 1999.8
mln.rub/
year gleagb) 1736.9 | 1873.4 | 2074.7 | 2439.8 | 2112.2 | 20952 | 1996.2
Expend. | diab | 230.9 | 348.0 | 301.5 | 305.6 | 267.4 | 3373 | 208.6
(NG), dish
min.rub/ | 400 1637 1 0467 | 2137 | 2166 | 189.6 | 239.1 | 1479
adiab | 433.6 | 4557 | 360.6 | 1627 | 461.0 | 1324 | 1582
Profit, b 110562 | 10333 | 10912 | 10822 | 12455 | 838.0 | 940.1
mln.rub/ .
year gleack; 11205 | 11314 | 11754 | 11669 | 1319.7 | 9325 | 997.4
adiab | 13.9 13.3 16.7 37.1 13.1 45.6 38.2
Payback =3 T 93 9.5 9.0 9.1 7.9 11.7 10.5
period, .
year | diab | g 8.8 8.5 8.5 75 10.7 10.0
(rec)

According to Table 12, electricity prices during the daytime are relatively high for all

considered regions. High electricity price during the daytime significantly influence on

annual revenues from electricity selling, especially for diabatic CAES. Thus, difference

between annual revenues of diabatic CAES for Nizhny Novgorod Oblast with daytime

electricity price at 7.15 rub/kWh and Khabarovsk Krai with daytime electricity price at 5.09

rub/kWh is around 704 mln.rub/year. Natural gas price impacts on annual profit in less

degree. The highest difference between expenditures on natural gas is 117 mln.rub/year.

Comparison of payback periods for these regions compared with pledged operating life at

20 years is illustrated in Figure 40.
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Figure 40. Payback period of different regions for various CAES configurations.

Economic analysis shows that in all Russian regions with natural gas access both diabatic
CAES schemes are more economically feasible than adiabatic ones. It is caused by relatively
low natural gas price in Russia and much higher power capacity of CAES. Moreover, it also
should be taken into consideration that annual profit from diabatic CAES operation exceeds
in many times adiabatic CAES one. So, after capital costs recovery diabatic CAES annually
will bring much more money. According to Figure 40, Moscow is the best region for CAES
installation from economic point, however, CAES could not be constructed inside large city
without construction of artificial cavern. Moscow oblast also have good economic
characteristics. However, it could be difficult to find suitable cavern in this region. Also,
three considered regions have a very high payback period for adiabatic CAES, which
exceeds pledged operating period, but diabatic CAES installation could be justified. For
these three regions electricity price is high. In addition to it for Nenets autonomous okrug
natural gas price is low, because there are large gas fields in this region. This could be

additional advantage, because suitable geology formations for CAES could be found.
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Arkhangelsk Oblast and Khabarovsk Krai have approximately the same and relatively low
payback periods for all CAES configurations.

Finally, it could be noted that this payback period was calculated without profit discounting
in the future. Discounted payback period was calculated for Arkhangelsk Oblast. Interest
rate is varied in different sources. It depends on inflation in specific country and risks
associated with CAES operation in the future. According to StatBuro (2018), some time ago
inflation rate was a very high in Russia (from 6.1% to 12.9% during 2011-2015), but in the
last years it tends to significant reduction. Thus, it was reduced from 5.38% to 2.51% during
the one year from 2016 to 2017. Independent information agency Interfax (2018) predicts
inflation rate in 2018 in the range 2.7-3.2% and its stabilization in the next years. So, interest

rate could be assumed as the same during the whole pledged operating period.

Article by Sioshansi, Denholm and Jenkin (2011, 63) indicates interest rates for CAES plants
from 5 to 10%. McGrail et. al. (2013, 77) use in their economic projections interest rate at
4%, while Wolf and Budt (2014, 163) accept 5%. Summing up the literature values, interest
rate at 5% was applied for calculations. Graph for determination of discounted payback

period (DPP) for three CAES schemes is shown in Figure 41.

7000 -
P
5000
o
o —e—adiabatic
é 1000 _o—0—0 —e—diabatic
é« 1000 25 —e—diabatic (rec)
E’ -3000 DPP adiab
g -5000 ——DPP diab
-7000 ——DPP diab (rec)
-9000
-11000
11.85 13.24 22.28
Year

Figure 41. Determination of discounted payback period (DPP) for three CAES configurations.
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From Figure 41 discounted payback period for adiabatic CAES (22.28 years) in Arkhangelsk
Oblast exceeds pledged operating period of CAES at 20 years and significantly more than
simple payback period (13.3 years). Discounted payback periods for both diabatic schemes
are more than 10 years, however CAES installation of such schemes could be justified,
because revenues after reimbursement of capital costs will be high. In addition to it,
operating period at 20 years is the lowest accepted period among literature review. Thus,
Sioshansi, Denholm and Jenkin (2011, 64) recommend to set the operating period of CAES
at 40 years.

Summing up, payback period of adiabatic CAES is relatively high among almost all Russian
regions. Taking into account unstable economy in the Russia during the previous years, it is
high risk to promote and install adiabatic CAES in Russian regions without special
incentives from government or high carbon taxes. Diabatic CAES has better economic
characteristics for all Russian regions. But only some regions, described in this chapter, are
suitable for CAES operation from economic side. Current Russian projects in Kaliningrad
Oblast and Smolensk Oblast could be unprofitable with current electricity and natural gas

prices.
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CONCLUSIONS

Currently, power plants are the main solution for equalizing of load and off-peaks in
electricity grid in Russia. Compressed air energy storage is considered as a reasonable and
economically effective alternative during the last years. On the territory of Russian
Federation there are many natural gas fields, including already depleted. Some of them are
suitable for usage in CAES, but information of geology, exact places and cavern volumes is

secured.

Theoretical part shows that there are four successfully operating CAES plants in the world,
among them three CAES are diabatic and one is adiabatic. However, information for
adiabatic CAES operation and characteristics is not provided. The most literature sources
note that adiabatic CAES demand further research and development, but without specifying,
what kind of technical problems are occurred during the realization of such scheme in real

life.

For defined in initial data cavern volume, which was accepted the same for all CAES
configurations and investigated regions charging time was accepted at 8 hours, as the
maximum period of compression stage, which is possible for compressor operation with

night electricity price.

Results of technical analysis show that adiabatic CAES could not be constructed with
different number of turbine and compressor stages, because otherwise exhaust air
temperature is below 0 °C. Also, it is necessary to provide cooling of HTF before the cold
tank. It was proposed to use heat energy partly during the winter for heating and hot water
supply of the CAES buildings or near districts, if there are no any industry near the CAES
with heat demand. But during the summer heat demand is lower, so construction of cooling
tower is required. In addition to it, due to high mass flow of air through compressor and
turbine, mass flow of HTF is also high. So, huge HTF tanks should be constructed. Taking
into account these operational features usage of regenerator TES could be more reasonable.
So, this area demands further studies. Also, calculations for CAES with TES, consisting of
two tanks, demonstrate that CAES with two compressor and turbine stages could be used

only for turbine pressure no more than 40 bar. This is caused by temperature of selected
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HTF, which is restricted by boiling point. However, some sources describe HTF usage with

phase change, but this area also requires further investigations.

Then, calculations were performed for adiabatic CAES for different pressure before the
turbine and, as consequence, different cavern pressure. Results indicate that compression
and turbine power is increasing with turbine pressure growth, however this difference is not
linear. Therefore, CAES efficiency is increasing with rising of turbine pressure. Thus,
efficiency of adiabatic CAES at turbine pressure change from 20 to 70 bar is increasing from

58.6% to 64.5%.

Results for diabatic scheme display that turbine power exceeds turbine power of adiabatic
CAES in more than twice. Thus, for turbine pressure at 70 bar turbine power for diabatic
compressor is 156.1 MW, while for adiabatic it is 73.7 MW. Efficiency of diabatic CAES
with recuperator (55.3% for turbine pressure at 70 bar) is more than without recuperator
(44.6%) due to lower natural gas consumption. But efficiency increment of diabatic CAES

with recuperator is slight for high pressure systems.

Selection of discharging time during the CAES design essentially influence on air mass flow
and turbine power, which are represented by hyperbolic function of discharging time.
However, annual generated electricity will be the same for one cavern volume. So, selection
of discharging time should be made, according to consumption schedules of each specific
region. Pressure difference in the cavern also have significant influence on turbine and
compressor power, but according to linear function. Pressure difference reduction could be
justified for low cavern pressure systems, because efficiency is relatively low for low cavern
pressure. In the case of pressure difference reduction CAES efficiency is increasing.
Moreover, reduced pressure requirements to storage and lower capacity of compressor can

decrease investment costs.

Economic analysis of currently planning CAES projects in Russia demonstrate that
installation of CAES in Kaliningrad Oblast and Smolensk Oblast is not feasible for all CAES
configurations with all technical characteristics with accepted operating period at 20 years

and current electricity and natural gas prices. The lowest payback period was obtained for
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diabatic CAES with recuperator with turbine pressure at 40 bar in Smolensk Oblast at 20.9

years.

In the last chapter economic analysis was performed for different CAES configurations with
turbine pressure at 70 bar and discharging time at 6 hours for all Russian regions. Results
show very high differences for various regions. Diabatic CAES with recuperator have the
lowest payback period for all Russian regions with centralized natural gas access. The lowest
payback periods for all CAES schemes, which are less than pledged operating period at 20
years, were obtained for Moscow, Moscow oblast, Arkhangelsk Oblast and Khabarovsk
Krai. In addition to it, three regions: Nenets autonomous okrug, Nizhny Novgorod Oblast
and Rostov Oblast have very high payback periods for adiabatic CAES scheme, but payback

period of diabatic ones do not exceed 12 years.

Finally, investigation for Arkhangelsk Oblast show that payback period in real life will be
significantly higher due to inflation and other risks, which reduce the value of cash flow,
which will return in the future. Thus, discounted payback period for adiabatic CAES is 22.3
years compared to simple payback period at 13.3 years. Summing up, installation of
adiabatic CAES is not economically feasible in all Russian regions, taking into account
discounting of the profit and operating period at 20 years. Discounted payback periods of
diabatic schemes are increased by approximately 4 years compared to simple one. However,
it is still significantly lower than pledged operating period. So, CAES installation in these

regions is economically beneficial.
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Appendix 1. Calculation results for three stages CAES with

pressure at 20 bar

turbine

after HE, K

Compressor Turbine

Parameter
Cl C2 C3 T1 T2 T3

Mass flow, kg/s 143.349 | 143.349 | 143.349 | 191.132 | 191.132 | 191.132
Volume flow, m*/s 119.051 | 41.518 | 13.135 | 11.057 | 29.868 | 80.716
Inlet pressure, bar 1.013 3.203 10.124 20 7.400 2.738
Outlet pressure, bar 3.203 10.124 32 7.400 2.738 1.013
Pressure ratio 3.161 3.161 3.161 0.370 0.370 0.370
Inlet temperature, K 293.15 | 323.15 | 323.15 |403.051 | 402.874 | 402.853
Outlet tempearature, K 430.567 | 473.863 | 473.863 | 316.972 | 316.832 | 316.816
Power, MW 19917 | 21.938 | 21.938 | 16.612 | 16.605 | 16.604
Heat exchanger IC1 IC2 AC HE1 HE2 HE3
Inlet air temperature, K 430.567 | 473.863 | 473.863 | 318.15 | 316.972 | 316.832
Outlet air tempearature, K | 323.15 | 323.15 | 323.15 | 403.051 | 402.874 | 402.853
Inlet HTF temperature, K | 298.15 | 298.15 | 298.15 | 418.033 | 418.033 | 418.033
Outlet HTF temperature, K | 405.567 | 448.863 | 448.863 | 334.878 | 333.829 | 333.704
Mass flow of HTF, kg/s 80.741 | 78.278 | 78.278 | 105.465 | 105.465 | 105.465
Heat exchanger efficiency | 0.811 0.858 0.858 0.85 0.85 0.85

CAES facility
Turbine power, MW 49.822
Compressor power, MW 63.793
Efficiency, % 58.575
E()Ttlzatlclalr{r’l%erature in the 434.131
Average HTF temperature 334.137




Appendix 2. Calculation results for three stages CAES with

pressure at 30 bar

turbine

after HE, K

Compressor Turbine

Parameter
Cl C2 C3 T1 T2 T3

Mass flow, kg/s 143.349 | 143.349 | 143.349 | 191.132 | 191.132 | 191.132
Volume flow, m*/s 119.051 | 37.920 | 10.957 7.565 | 23.375 | 72.305
Inlet pressure, bar 1.013 3.507 12.136 30 9.697 3.135
Outlet pressure, bar 3.507 | 12.136 42 9.697 3.135 1.013
Pressure ratio 3.461 3.461 3.461 0.323 0.323 0.323
Inlet temperature, K 293.15 | 323.15 | 323.15 |413.642 | 413.155 | 413.099
Outlet tempearature, K 443.623 | 488.120 | 488.120 | 314.904 | 314.530 | 314.486
Power, MW 21.831 | 24.043 | 24.043 | 19.068 | 19.045 | 19.043
Heat exchanger IC1 IC2 AC HE1 HE2 HE3
Inlet air temperature, K 443.623 | 488.120 | 488.120 | 318.15 | 314.904 | 314.530
Outlet air tempearature, K | 323.15 | 323.15 | 323.15 |413.642 | 413.155 | 413.099
Inlet HTF temperature, K | 298.15 | 298.15 | 298.15 |430.494 | 430.494 | 430.494
Outlet HTF temperature, K | 418.623 | 463.120 | 463.120 | 337.056 | 334.139 | 333.802
Mass flow of HTF, kg/s 79.956 | 77.493 | 77.493 | 104.418 | 104.418 | 104.418
Heat exchanger efficiency | 0.828 0.868 0.868 0.85 0.85 0.85

CAES facility
Turbine power, MW 57.156
Compressor power, MW 69.918
Efficiency, % 61.311
E()Ttlzatlclalr{r’l%erature in the 447.976
Average HTF temperature 334.999




Appendix 3. Calculation results for three stages CAES with

pressure at 40 bar

turbine

after HE, K

Compressor Turbine

Parameter
Cl1 C2 C3 T1 T2 T3

Mass flow, kg/s 143.349 | 143.349 | 143.349 | 191.132 | 191.132 | 191.132
Volume flow, m*/s 119.051 | 35.314 | 9.503 5790 | 19.688 | 67.026
Inlet pressure, bar 1.013 3.765 13.993 40 11.748 3.450
Outlet pressure, bar 3.765 | 13.993 52 11.748 | 3.450 1.013
Pressure ratio 3.716 3.716 3.716 0.294 0.294 0.294
Inlet temperature, K 293.15 | 323.15 | 323.15 |422.157 | 421.547 | 421.478
Outlet tempearature, K 454.125 | 499.579 | 499.579 | 314.082 | 313.623 | 313.571
Power, MW 23.374 | 25.741 | 25.741 | 20.883 | 20.853 | 20.849
Heat exchanger IC1 IC2 AC HE1 HE2 HE3
Inlet air temperature, K 454.125 | 499.579 | 499.579 | 318.15 | 314.082 | 313.623
Outlet air tempearature, K | 323.15 | 323.15 | 323.15 | 422.157 | 421.547 | 421.478
Inlet HTF temperature, K | 298.15 | 298.15 | 298.15 |440.512 | 440.512 | 440.512
Outlet HTF temperature, K | 429.125 | 474.579 | 474.579 | 338.819 | 335.143 | 334.726
Mass flow of HTF, kg/s 79.340 | 76.877 | 76.877 | 103.598 | 103.598 | 103.598
Heat exchanger efficiency | 0.840 0.876 0.876 0.85 0.85 0.85

CAES facility
Turbine power, MW 62.586
Compressor power, MW 74.856
Efficiency, % 62.706
E()Ttlzatlclalr{r’l%erature in the 459 108
Average HTF temperature 336.229




Appendix 4. Calculation results for three stages CAES with

pressure at 50 bar

turbine

after HE, K

Compressor Turbine

Parameter
Cl1 C2 C3 T1 T2 T3

Mass flow, kg/s 143.349 | 143.349 | 143.349 | 191.132 | 191.132 | 191.132
Volume flow, m*/s 119.051 | 33.303 8.451 4.711 17.252 | 63.268
Inlet pressure, bar 1.013 3.993 15.734 50 13.632 3.717
Outlet pressure, bar 3.993 15.734 62 13.632 | 3.717 1.013
Pressure ratio 3.941 3.941 3.941 0.273 0.273 0.273
Inlet temperature, K 293.15 | 323.15 | 323.15 |429.302 | 428.644 | 428.571
Outlet tempearature, K 462.939 | 509.192 | 509.192 | 313.764 | 313.277 | 313.223
Power, MW 24.672 | 27.168 | 27.168 | 22.337 | 22.302 | 22.298
Heat exchanger IC1 IC2 AC HE1 HE2 HE3
Inlet air temperature, K 462.939 | 509.192 | 509.192 | 318.15 | 313.764 | 313.277
Outlet air tempearature, K | 323.15 | 323.15 | 323.15 |429.302 | 428.644 | 428.571
Inlet HTF temperature, K | 298.15 | 298.15 | 298.15 |448.917 | 448.917 | 448.917
Outlet HTF temperature, K | 437.939 | 484.192 | 484.192 | 340.309 | 336.326 | 335.882
Mass flow of HTF, kg/s 78.833 | 76.372 | 76.372 | 102.923 | 102.923 | 102.923
Heat exchanger efficiency | 0.848 0.882 0.882 0.85 0.85 0.85

CAES facility
Turbine power, MW 66.937
Compressor power, MW 79.008
Efficiency, % 63.541
E()Ttlzatlclalr{r’l%erature in the 468.447
Average HTF temperature 337,506




Appendix 5. Calculation results for three stages CAES with

pressure at 60 bar

turbine

after HE, K

Compressor Turbine

Parameter
Cl1 C2 C3 T1 T2 T3

Mass flow, kg/s 143.349 | 143.349 | 143.349 | 191.132 | 191.132 | 191.132
Volume flow, m*/s 119.051 | 31.684 7.650 3982 | 15497 | 60.393
Inlet pressure, bar 1.013 4.197 17.383 60 15.394 3.949
Outlet pressure, bar 4.197 | 17.383 72 15.394 | 3.949 1.013
Pressure ratio 4.142 4.142 4.142 0.257 0.257 0.257
Inlet temperature, K 293.15 | 323.15 | 323.15 | 435.470 | 434.800 | 434.727
Outlet tempearature, K 470.551 | 517.490 | 517.490 | 313.687 | 313.198 | 313.144
Power, MW 25.795 | 28.402 | 28.402 | 23.555 | 23.518 | 23.514
Heat exchanger IC1 IC2 AC HE1 HE2 HE3
Inlet air temperature, K 470.551 | 517.490 | 517.490 | 318.15 | 313.687 | 313.198
Outlet air tempearature, K | 323.15 | 323.15 | 323.15 | 435.470 | 434.800 | 434.727
Inlet HTF temperature, K | 298.15 | 298.15 | 298.15 | 456.173 | 456.173 | 456.173
Outlet HTF temperature, K | 445.551 | 492.490 | 492.490 | 341.607 | 337.538 | 337.091
Mass flow of HTF, kg/s 78.403 | 75.942 | 75.942 | 102.350 | 102.350 | 102.350
Heat exchanger efficiency | 0.855 0.886 0.886 0.85 0.85 0.85

CAES facility
Turbine power, MW 70.588
Compressor power, MW 82.600
Efficiency, % 64.093
E()Ttlzatlclalr{r’l%erature in the 476.509
Average HTF temperature 338.745




Appendix 6. Calculation results for two stages CAES with turbine pressure

at 20 bar

Compressor Turbine

Parameter
Cl C2 T1 T2

Mass flow, kg/s 143.349 143.349 191.132 191.132
Volume flow, m%/s 119.051 23.352 12.854 57.278
Inlet pressure, bar 1.013 5.694 20 4.502
Outlet pressure, bar 5.694 32.000 4.502 1.013
Pressure ratio 5.620 5.620 0.225 0.225
Inlet temperature, K 293.15 323.15 468.576 469.964
Outlet tempearature, K 519.568 570.843 327.408 328.396
Power, MW 33.072 36.397 27.389 27.471
Heat exchanger IC1 IC2 HEI1 HE2
Inlet air temperature, K 519.568 570.843 318.15 327.408
Outlet air tempearature, K 323.15 323.15 468.576 469.964
Inlet HTF temperature, K 298.15 298.15 495.121 495.121
Outlet HTF temperature, K 494.568 545.843 348.573 357.091
Mass flow of HTF, kg/s 75.778 73.332 99.407 99.407
Heat exchanger efficiency 0.887 0.908 0.85 0.85

CAES facility
Turbine power, MW 54.861
Compressor power, MW 69.469
Efficiency, % 59.229
tI—aIlgll; tlzmperature in the hot 519 785
aAf:z:rre;IgE’I?(TF temperature 350,830




Appendix 7. Calculation results for two stages CAES with turbine pressure

at 30 bar

Compressor Turbine

Parameter
C1 C2 T1 T2

Mass flow, kg/s 143.349 143.349 191.132 191.132
Volume flow, m*/s 119.051 20.384 8.908 48.564
Inlet pressure, bar 1.013 6.524 30 5.513
Outlet pressure, bar 6.524 42.000 5.513 1.013
Pressure ratio 6.438 6.438 0.184 0.184
Inlet temperature, K 293.15 323.15 487.085 488.014
Outlet tempearature, K 542.780 596.064 324.347 324.979
Power, MW 36.547 40.213 31.623 31.684
Heat exchanger IC1 IC2 HEI1 HE2
Inlet air temperature, K 542.780 596.064 318.15 324.347
Outlet air tempearature, K 323.15 323.15 487.085 488.014
Inlet HTF temperature, K 298.15 298.15 516.897 516.897
Outlet HTF temperature, K 517.780 571.064 352.619 358.392
Mass flow of HTF, kg/s 74.617 72.181 97.865 97.865
Heat exchanger efficiency 0.898 0.916 0.85 0.85

CAES facility
Turbine power, MW 63.306
Compressor power, MW 76.760
Efficiency, % 61.855
tI—aIlgll; tlzmperature in the hot 543.980
aAf:z:rre;IgE’I?(TF temperature 355.505




Appendix 8. Calculation results for two stages CAES with turbine pressure

at 40 bar

Compressor Turbine

Parameter
Cl C2 T1 T2

Mass flow, kg/s 143.349 143.349 191.132 191.132
Volume flow, m*/s 119.051 18.319 6.887 43.336
Inlet pressure, bar 1.013 7.259 40 6.366
Outlet pressure, bar 7.259 52.000 6.366 1.013
Pressure ratio 7.164 7.164 0.159 0.159
Inlet temperature, K 293.15 323.15 502.098 502.853
Outlet tempearature, K 561.617 616.512 323.182 323.680
Power, MW 39.381 43.324 34.813 34.866
Heat exchanger IC1 IC2 HEI1 HE2
Inlet air temperature, K 561.617 616.512 318.15 323.182
Outlet air tempearature, K 323.15 323.15 502.098 502.853
Inlet HTF temperature, K 298.15 298.15 534.559 534.559
Outlet HTF temperature, K 536.617 591.512 355.944 360.672
Mass flow of HTF, kg/s 73.710 71.283 96.662 96.662
Heat exchanger efficiency 0.905 0.921 0.85 0.85

CAES facility
Turbine power, MW 69.679
Compressor power, MW 82.705
Efficiency, % 63.187
tI—aIlgll; tlzmperature in the hot 563.605
aAf:z:rre;IgE’I?(TF temperature 358 308




Appendix 9. Comparison of the main CAES characteristics for adiabatic

and diabatic schemes with and without recuperator

Parameter

Turbine pressure, bar

20 30 40 50 60 70
Compressor power, MW 63.8 69.9 74.9 79.0 82.6 85.8
adiabatic 498 | 572 | 626 | 669 | 70.6 | 73.7
E‘\%’mep"wer’ diabatic 116.1 | 129.6 | 138.9 | 1458 | 151.4 | 156.1
diabatic (rec) 1159 | 129.4 | 138.6 | 1456 | 1512 | 155.8
diabatic 38.06 | 40.70 | 4221 | 43.25 | 44.00 | 44.57
Efficiency, %
diabatic (rec) 5320 | 54.42 | 54.94 | 55.18 | 5529 | 55.33
diabatic 6823.1 | 6262.7 | 5940.6 | 5723.7 | 5564.4 | 5440.5
Heat rate
diabatic (rec) | 4126.5 |4021.8 | 3960.7 | 3919.2 | 3888.4 | 3864.3
Volume of NG. | diabatic 6.654 | 6.816 | 6.927 | 7.010 | 7.076 | 7.131
m’/s diabatic (rec) 4018 | 4370 | 4.610 | 4.791 | 4.936 | 5.056
Exhaust diabatic 556.9 | 520.3 | 495.1 | 476.1 | 460.8 | 448.1
temperature, °C | giapatic (rec) 139.9 | 1332 | 128.6 | 125.1 | 1223 | 119.9




Appendix 10, 1. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i i i i
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/| rub/ | min, mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub ' ' ' Y
21 Republics
1 | Adygea 277 | 515 | 6.01 | 693.7 | 831.7 | 1760.5 | 1757.4 | 337.8 | 239.5 | 80.2 | 606.7 | 702.0 | 75.3 16.2 | 14.2
2 | Altai 398 | 573 | 748 | 996.8 | 9254 | 1958.8 | 1955.3 | 420.3 | 298.0 | -129.2 | 419.4 | 5384 | 0.0 234 | 185
3 | Bashkortostan| 2.41 | 3.46 | 5.37 | 603.6 | 558.8 | 1182.8 | 1180.7 | 301.6 | 213.9 | -102.6 | 155.3 | 241.1 0.0 63.3 | 41.2
4 | Buryatia 2.36 | 4.52 - 591.1 | 730.1 | 1545.5 | 1542.7 - - 81.3 - - 74.3 - -
Chechen
5 : 1.52 | 3.03 | 425 | 380.7 | 489.3 | 1035.8 | 1033.9 | 238.7 | 169.2 | 50.9 | 294.1 | 3619 | 118.7 | 334 | 275
Republic
6 Chuvash 2.11 | 3.74 | 553 | 5284 | 604.0 | 1278.5 | 1276.2 | 3109 | 2204 | 17.8 | 3169 | 405.2 | 339.8 | 31.0 | 24.5
Republic
Dagestan 1.98 | 2.85 | 4.83 | 4959 | 460.3 974.3 9725 | 2714 | 1924 | -934 | 84.6 | 162.1 0.0 116.2 | 61.3
Ingushetia 2.18 | 3.99 | 549 | 546.0 | 6444 | 1364.0 | 1361.5 | 308.7 | 2189 | 40.6 | 387.0 | 474.6 | 148.7 | 25.4 | 20.9
Kabardino-
10 | Balkar 2.8 | 424 | 562 | 701.3 | 684.7 | 1449.5 | 1446.8 | 316.0 | 224.0 | -74.3 | 309.9 | 399.5 | 0.0 31.7 | 249
Republic
11 | Kalmykia 3.03 | 528 | 5.33 | 7589 | 852.7 | 1805.0 | 1801.7 | 299.6 | 212.4 | 36.1 | 624.2 | 708.4 | 167.5 | 15.8 | 14.0




Appendix 10, 2. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i i i i
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/| rub/ | min, mln. rub mln. rub mln. rub ear
kWh [ kWh | m® | rub ' ' ' 4
Karachay-
12 | Cherkess 276 | 453 | 6.20 | 691.2 | 731.6 | 1548.6 | 1545.8 | 348.6 | 247.1 | -17.4 | 386.5 | 485.3 0.0 254 | 205
Republic
13 | Karelia 0.74 | 3.89 | 524 | 1853 | 628.2 | 1329.8 | 1327.4 | 294.6 | 208.9 | 385.1 | 727.6 | 811.1 | 15.7 13.5 | 122
14 | Khakassia 0.81 | 2.39 - 202.9 | 386.0 817.0 815.5 - - 125.3 - - 48.2 - -
15 | Komi 276 | 529 | 453 | 691.2 | 854.3 | 1808.4 | 1805.1 | 254.7 | 180.6 | 105.3 | 740.1 | 811.2 | 57.4 13.3 | 12.2
16 | Mari El 1.76 | 4.21 | 4.86 | 440.8 | 679.9 | 1439.2 | 1436.6 | 273.0 | 193.5 | 181.3 | 603.1 | 680.2 | 33.3 16.3 | 14.6
17 | Mordovia 1.86 | 3.86 | 444 | 465.8 | 6234 | 1319.6 | 1317.2 | 249.6 | 1769 | 99.8 | 481.8 | 5523 | 60.5 | 20.4 | 18.0
North
18 | Ossetia- 237 | 454 | 5.60 | 593.6 | 733.2 | 1552.0 | 1549.2 | 315.1 | 2234 | 81.9 | 521.0 | 610.1 | 73.8 18.9 | 16.3
Alania
19 Sakha. 3.84 | 593 | 472 | 961.7 | 957.7 | 2027.2 | 2023.5 | 265.5 | 188.3 | -61.8 | 677.6 | 751.4 | 0.0 14.5 | 13.2
(Yakutia)
20 | Tatarstan 258 | 424 | 557 | 646.2 | 684.7 | 1449.5 | 1446.8 | 313.2 | 222.0 | -19.2 | 367.8 | 456.6 | 0.0 26.7 | 21.8
21 | Tuva 2.77 | 3.98 - 693.7 | 642.8 | 1360.6 | 1358.1 - - -108.8 - - 0.0 - -
22 gs;?l%ﬁc 2.16 | 412 | 5.06 | 541.0 | 6654 | 1408.4 | 14059 | 284.4 | 201.6 | 66.6 | 460.8 | 541.2 | 90.7 | 21.3 | 184




Appendix 10, 3. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | min. mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub : ' ' Y
9 Krais
1 | Altai Krai 235 | 451 | 624 | 588.6 | 728.4 | 1541.8 | 1539.0 | 350.8 | 248.7 | 82.0 | 480.1 | 579.6 | 73.6 | 205 | 17.1
2 Ea;?"ha"ka 535 | 7.69 | 7.86 | 1340 | 1241.7 | 2628.5 | 2623.7 | 4417 | 3132 | -155.7 | 724.8 | 8488 | 0.0 | 13.6 | 11.7
Khabarovsk
3 | Keas 132|509 | 411 | 330.6 | 822.0 | 1740.0 | 17369 | 2309 | 163.7 | 433.6 | 1056 | 1121 | 139 | 93 | 89
4 gzisn"dar 277 1 515 | 622 | 693.7 | 8317 | 17605 | 1757.4 | 349.7 | 247.9 | 802 | 594.8 | 693.6 | 753 | 165 | 14.3
5 gzisnoymk 238 | 455 | - | 596.1 | 7348 | 1555.4 | 1552.6 ; ; 81.0 ; ; 74.6 ; ;
6 | Perm Krai 253 | 3.96 | 445 | 633.6 | 6395 | 1353.7 | 13513 | 2502 | 177.4 | -51.9 | 3476 | 4182 | 00 | 283 |238
7 grl;‘i"’“ky 151 | 416 | 5.04 | 3782 | 671.8 | 1422.1 | 14195 | 283.5 | 201.0 | 2359 | 6382 | 7183 | 256 | 154 | 138
8 %;Vimp"l 358 | 5.15 | 5.76 | 896.6 | 831.7 | 17605 | 1757.4 | 323.8 | 229.6 | -122.7 | 417.8 | 509.1 | 0.0 | 235 | 195
Zabaykalsky
0 e 3.1 | 475 | 771 | 7764 | 767.1 | 1623.8 | 16209 | 433.6 | 307.5 | -67.1 | 291.5 | 4149 | 0.0 | 33.7 | 239




Appendix 10, 4. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | min. mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub : ' ' Y
46 oblasts
1 | AmurOblast | 1.17 | 419 | - | 293.0 | 676.7 | 1432.4 | 14298 ] - | 3259 - ] 18.5 ] ]
2 ’S{ﬁ:‘tngmk 149 | 549 | 6.19 | 3732 | 886.6 | 1876.8 | 1873.4 | 348.0 | 246.7 | 455.7 | 1033 | 1131 | 133 | 95 | 88
3 g;ﬁﬁhan 334 | 533 | 536 | 8365 | 860.8 | 1822.1 | 1818.8 | 3013 | 213.6 | -33.5 | 562.0 | 6466 | 00 | 175 | 154
4 gilli(s)tmd 27 | 444 | 6.09 | 6762 | 717.0 | 1517.8 | 1515.1 | 342.4 | 242.8 | -169 | 376.9 | 4740 | 0.0 | 26.1 |21.0
5 ga:‘;fk 2.16 | 414 | 5.84 | 541.0 | 668.6 | 14153 | 14127 | 3285 | 2329 | 69.8 | 4235 | 5168 | 865 | 232 | 192
Chelyabinsk
6 | Oblant 1.88 | 3.61 | 495 | 470.8 | 583.0 | 1234.1 | 12319 | 2782 | 1972 | 544 | 3627 | 4417 | 111.1 | 27.1 | 225
Ivanovo
7 | Oblat 274 | 464 | 527 | 6862 | 7493 | 15862 | 15833 | 2963 | 210.1 | 53 | 4814 | 5649 | 1132 | 204 | 17.6
Irkutsk
8 | Oblact 071 | 122|255 | 1766 | 1969 | 4167 | 416.0 | 1433 | 101.6 | -37.5 | 255 | 157 | 0.0 0.0 | 633




Appendix 10, 5. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | min. mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub : ' ' Y
9 Iélillilt“grad 324 | 466 | 6.83 | 811.5 | 752.6 | 1593.0 | 1590.1 | 384.0 | 272.3 | -116.7 | 2753 | 3844 | 00 | 357 | 259
Kaluga
10| o 368 | 529 | 593 | 921.7 | 8543 | 1808.4 | 1805.1 | 333.6 | 236.5 | -125.1 | 4309 | 5249 | 00 | 22.8 | 189
11 gﬁﬂ:{ovo 213 | 3.77 | 528 | 5335 | 608.8 | 1288.8 | 1286.5 | 296.9 | 2105 | 17.6 | 3362 | 4204 | 343.0 | 293 | 23.6
12 | Kirov Oblast | 3.03 | 435 | 5.18 | 758.9 | 702.5 | 1487.1 | 1484.4 | 2912 | 206.5 | -114.1 | 3147 | 3969 | 0.0 | 313 | 25.0
13 Iégf;rs‘t’ma 346 | 497 | 497 | 866.6 | 802.6 | 1699.0 | 1695.9 | 279.4 | 198.1 | -121.7 | 430.7 | 5092 | 0.0 | 22.8 | 195
Kurgan
4] opia 2321382 | 481 | 581.0 | 6169 | 1305.9 | 1303.5 | 2704 | 191.7 | -21.9 | 332.1 | 4087 | 0.0 | 296 | 243
15 | Kursk Oblast | 3.04 | 437 | 5.85 | 761.4 | 705.7 | 14939 | 14912 | 3289 | 2332 | -113.4 | 281.3 | 3746 | 0.0 | 350 | 265
16 g%rll:;tgrad 223 | 428 | 624 | 5585 | 6912 | 1463.1 | 1460.5 | 350.8 | 248.7 | 749 | 4315 | 5312 | 80.6 | 22.8 | 187
Lipetsk
17| Ot 2.14 | 4.09 | 5.66 | 536.0 | 660.5 | 13982 | 1395.6 | 3182 | 225.6 | 66.8 | 421.7 | 512.0 | 904 | 233 | 194




Appendix 10, 6. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | min. mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub : ' ' y
18 | Magadan 599 [ 861 | - | 1500 | 1390.5 | 2943.4 | 2938.0 ; - |-1675] - ; 0.0 ; ;
Oblast
19 g&i"s‘t’w 225 | 6.08 | 536 | 563.5 | 981.9 | 20785 | 2074.7 | 301.5 | 213.7 | 360.6 | 1091 | 1176 | 167 | 9.0 | 85
g0 | Murmansk 1 5o 300 | L 13374 | 4977 | 1053.6 | 10517 ; ; 1026 | - ; 58.9 ; ;
Oblast
Nizhny
21 | Novgorod 373 | 7.15 | 543 | 9342 | 1154.7 | 24442 | 24398 | 305.6 | 216.6 | 162.7 | 1082 | 1167 | 37.1 | 9.1 | 85
Oblast
2 gglvai‘t’md 217 | 486 | 5.84 | 5435 | 7849 | 16614 | 1658.4 | 3283 | 2328 | 183.6 | 667.3 | 760.0 | 32.9 | 147 | 13.1
23 gglva"silb“k 2.03 | 294 | 5.03 | 5084 | 4748 | 1005.0 | 10032 | 282.6 | 2003 | -91.4 | 918 | 1724 | 00 | 1072 | 57.6
24 | Omsk Oblast | 2.42 | 444 | 483 | 606.1 | 717.0 | 1517.8 | 1515.1 | 271.6 | 1925 | 532 | 517.9 | 5944 | 113.6 | 19.0 | 16.7
25 glrflgz’t“rg 2.11 | 338 | 456 | 5284 | 5459 | 11555 | 1153.4 | 256.6 | 181.9 | -40.4 | 248.1 | 3209 | 00 | 396 |31.0
26 | Oryol Oblast | 3.46 | 5.68 | 5.56 | 866.6 | 917.3 | 1941.7 | 1938.2 | 312.8 | 221.7 | -7.0 | 640.1 | 727.8 | 0.0 | 154 | 13.7




Appendix 10, 7. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | min. mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub : ' ' Y
27 | Penza Oblast | 2.44 | 3.9 | 5.60 | 611.1 | 629.8 | 13332 | 1330.8 | 314.7 | 223.1 | -39.0 | 285.1 | 3745 | 0.0 | 345 | 265
28 | Pskov Oblast | 2.95 | 4.89 | 5.99 | 738.8 | 789.7 | 1671.7 | 1668.6 | 336.8 | 2388 | 6.9 | 473.8 | 5690 | 0.0 | 208 | 17.5
29 ggf;‘;tv 32 | 6.14 | 6.00 | 801.4 | 991.6 | 2099.0 | 20952 | 337.3 | 239.1 | 132.4 | 838.0 | 932.5 | 456 | 11.7 | 10.7
Ryazan
30| Ottt 329 | 5.04 | 576 | 824.0 | 813.9 | 1722.9 | 1719.8 | 323.8 | 229.6 | -67.8 | 4529 | 5442 | 00 | 21.7 | 183
Samara
31| Oblat 2.12 | 431 | 520 | 531.0 | 696.1 | 1473.4 | 1470.7 | 292.4 | 2073 | 107.3 | 527.8 | 6104 | 563 | 18.6 | 16.3
Saratov
32| ot 178 | 3.94 | 521 | 4458 | 6363 | 13469 | 13445 | 292.9 | 207.7 | 132.7 | 4859 | 5689 | 455 | 202 | 175
Sakhalin
33| Oblac 251 | 433 | 447 | 6286 | 6993 | 14802 | 14775 | 2515 | 1783 | 12.9 | 477.8 | 5485 | 469.1 | 20.6 | 18.1
34 gﬁ;‘i"“k 203 | 43 | 459 | 5084 | 694.4 | 1470.0 | 14673 | 257.8 | 182.8 | 1282 | 581.4 | 654.0 | 47.1 | 169 | 152
35 (S)fg;mk 253 | 422 | 541 | 633.6 | 681.5 | 1442.6 | 1440.0 | 3042 | 2157 | -99 | 3825 | 4686 | 00 | 257 |212




Appendix 10, 8. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region ; ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | mln.
Wh | kWh | m3 ub min. rub mln. rub mln. rub year
Tambov
36 | ontact 3.05 | 428 | 6.00 | 763.9 | 6912 | 1463.1 | 14605 | 337.4 | 2392 | -130.4 | 2395 | 3353 | 0.0 | 41.1 | 296
37 | Tver Oblast | 2.96 | 437 | 471 | 7413 | 705.7 | 1493.9 | 14912 | 2649 | 187.8 | -93.4 | 3654 | 4400 | 0.0 | 269 |22.6
38 g;rlr;zlt‘ 238 | 3.86 | 5.12 | 596.1 | 623.4 | 1319.6 | 13172 | 287.9 | 204.1 | -30.5 | 3133 | 3949 | 00 | 314 |252
39 [ Tula Oblast | 2.9 | 476 | 571 | 7263 | 768.7 | 16272 | 16243 | 3209 | 2275 | -15.4 | 4577 | 5484 | 00 | 215 |18.1
40 gj‘f;;fn 1.4 | 283|503 | 3506 | 457.0 | 967.4 | 9657 | 282.8 | 200.5 | 486 | 211.7 | 2925 | 1242 | 465 | 34.0
41 ggg‘;"“k 206 | 412 | 535 | 5159 | 665.4 | 1408.4 | 1405.9 | 300.8 | 2133 | 91.7 | 469.4 | 5546 | 659 | 21.0 | 17.9
42 XL“I‘;‘ST“ 338 | 5.96 | 5.15 | 8465 | 962.5 | 2037.4 | 2033.8 | 289.5 | 2053 | 582 | 779.1 | 859.9 | 103.7 | 12.6 | 11.6
43 ggf;’tgrad 333 | 479 | 533 | 8340 | 773.6 | 16375 | 16345 | 299.6 | 212.4 | -1182 | 381.5 | 466.0 | 0.0 | 258 |21.3
44 ggi;’sgtda 3 | 451|469 | 7513 | 7284 | 1541.8 | 1539.0 | 263.7 | 187.0 | -80.8 | 404.4 | 4785 | 0.0 | 243 |208




Appendix 10, 9. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i ; ; ;
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/ | rub/ | min. mln. rub mln. rub mln. rub ear
kWh | kWh | m® | rub : ' ' Y
45 ggf;’;“h 239 | 423 | 5.69 | 598.6 | 683.1 | 1446.0 | 14434 | 319.7 | 226.7 | 26.8 | 405.4 | 496.1 | 225.5 | 243 | 20.0
46 gﬁg:tl“l 28 | 4.09 | 436 | 7013 | 6605 | 13982 | 1395.6 | 2452 | 173.8 | -98.5 | 329.4 | 3985 | 0.0 | 29.9 | 249
4 autonomous okrugs
1 | Chukotka 51 1943 | - | 1277 | 1522.9 | 32237 | 3217.8 ] ] 1878 | - ] 322 ] ]
Khanty—
2 | Mansi 14 | 2831519 | 3506 | 457.0 | 967.4 | 965.7 | 292.0 | 207.0 | 486 | 202.5 | 286.0 | 1242 | 486 | 347
(Yugra)
3 | Nenets 291 | 585|371 | 728.8 | 9448 | 1999.8 | 19962 | 208.6 | 147.9 | 1582 | 940.1 | 997.4 | 382 | 10.5 | 10.0
4 ;znm;i" 14 | 283 | 4.14 | 3506 | 457.0 | 9674 | 965.7 | 232.9 | 165.1 | 486 | 261.6 | 327.9 | 1242 | 376 | 303
1 autonomous oblast
Jewish
1 | Autonomous | 1.22 | 409 | - | 3055 | 6605 | 13982 | 1395.6 ; - 2972 | - ; 203 ; ;
Oblast




Appendix 10, 10. Economic analysis of Russian regions

Ener NG Ann. Annual
ric%y rice expend. Annual revenues expenditures Annual profit Payback period
p p (electr) on NG
# | Region i i i i
8 night | day | SNG | Cexe | adiab | diab | 92° | diab | 930 | agiab | diab | 9120 | adiab | diab |22
(reg) (rec) (rec) (rec)
rub/ | rub/| rub/ | min, mln. rub mln. rub mln. rub ear
kWh [ kWh | m® | rub ' ' ' 4
2 federal cities
1 | Moscow 1.92 | 6.19 | 476 | 480.9 | 999.7 | 2116.1 | 2112.2 | 267.4 | 189.6 | 461.0 | 1246 | 1320 | 13.1 7.9 7.5
2 Saint 278 | 4.82 | 6.18 | 696.2 | 778.4 | 1647.7 | 1644.7 | 347.2 | 246.2 | 244 | 482.0 | 580.3 | 247.6 | 204 | 17.1
Petersburg




