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Purpose. Development of the technology and presentation of the results of calculation of the effectiveness of
waste mine cavities utilization for renewable energy accumulation.

Methodology. Simulation of the technology process of receiving, saving and use of solar, wind, and geother-
mal energy, which uses mine cavities (Odessa catacombs) for accumulation of the energy.

Findings. We have proved the high performance and investment appeal of the technology of the mine cavities
utilization as the accumulator of the renewed energy for technological needs for production, hot water supply,
heating during the winter period and space cooling during the summer period due to the geothermal energy of

stone walls.

Originality. We have presented the innovative technology of use of the abandoned mines (Odessa catacombs)
for the accumulation of renewable energy for the needs of the city.

Practical value. We analyzed the available options of use of different types of the renewed energy sources in
Odessa region. We evaluated their power, economic, and ecological efficiency and approximated the payback
periods of such projects taking into account market conditions. It may give almost unlimited economy of tradi-
tional energy resources at the minimum negative influence on the environment.

Keywords: mine, energy-storage, solar thermal collector, wind turbine, photovoltaic power station, re-

newable energy, environment

Introduction. The Energy Strategy of Ukraine pro-
vides for the steady buildup of effective use of renewable
energy sources of all types. Nowadays, the need for
“green growth’” in economic development, which means
the fight against the global warming and overcoming the
economic crisis, becomes pressing. The technological
modernization, improvement of the energy efficiency of
the economy, and the introduction of the environmental
innovative investment projects are on the agenda [1—3].

Resent research analysis. Ukrainian and foreign
scholars have devoted lots of their works to the prob-
lems of utilization and accumulation of the energy
from renewable sources.

Professor Pivnyak G. G. provides an extensive cov-
erage of the wind power engineering as one of the most
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promising sources of “clean’” energy in Ukraine [2].
In his monograph, Professor Razumnyi Yu.T. gives
guidance on the effective use of electric power and fuel
in different spheres [3]. Prakhovnyk A.V. pays lots of
his attention to the distributed energy generation in the
power supply systems [4]. Professor Denysiuk S. P. in-
troduces the standards of energy efficiency in Ukraine
[5]. The European IPPC Bureau suggests different
ways of energy resources saving [6].

The unsolved aspects of the problem. However,
the technology of economical storage of the energy re-
ceived from the different renewable sources remains
out of view.

Task. Development of the model of the technolo-
gy process of receiving, saving and use of solar, wind
and geothermal energy, which uses mine cavities for
accumulation of the energy and allows saving conven-
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tional energy sources and diminish the negative im-
pact on the environment.

Results. We made a case study of the utilization of
the abandoned building-stone mines (catacombs) in
Odessa for accumulative storage of energy received
from renewable sources (Fig. 1).

The well-known Odessa catacombs have an overall
length of 2.5 thousand kilometers (to compare with
Paris catacombs that reach only 300 kilometers and
Rome catacombs that reach 500 kilometers). The
depth of the catacombs in Odessa varies from several
meters to 100 meters.

During previous centuries people have been using
the catacombs for different purposes. Nowadays we
can use them as a unique accumulator of green energy
for the welfare of the city. The temperature inside the Fig. 1. Location of the abandoned mines (cata-
mine cavities remains stable over the year and varies combs) under the buildings of the city of Odessa
from +11 to +14 °C depending on the depth.

The catacombs can be used as an accumulator for
the energy in several ways, taking into account their
structure and dimensions, and depending on the en-
ergy sources combination (Fig. 2).

The first option is to use a mine cavity as an accu-
mulator of heat. The energy from a renewable source,
for example, solar thermal collector (STC), is trans-
ferred by the heat carrying fluid through the insulated
line to a thermal insulated storage reservoir, which is
located in a mine cavity and is filled with the fluid (wa-
ter or special solution) (Fig. 3).

To reduce costs, the reservoir should be built inside Fig. 2. Abandoned mines in the city of Odessa (ca-
the cavity of a required length. The walls should be tacombs)
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Fig. 3. The plant flow diagram for the process of generation and accumulation of the renewable energy in-
side mine cavities:

WT — wind turbine; PPS — photovoltaic power station; STC — solar thermal collector; EH — electric heater;
CWF — cold water facilities; HWS — hot-water supply; AC — air circuit
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covered with the thermal insulation layer and with the
waterproof membrane. The reinforced concrete struc-
tures should assure the stability of the walls and roof of
the cavity.

Depending on the hot water consumption for a defi-
nite period of time, we can determine the required vol-
ume of the heat accumulator, given the liquid heat capac-
ity, which, for example for water, equals 4.2 kJ/(kg - °C).

The thermal energy that can be accumulated in the
heat carrying fluid located inside the mine cavity can
be determined by the following formula

O=m-c-(,-1), (1

where m is the mass of the matter, kg; c is the specific
thermal capacity of the accumulating matter, kJ /(kg - °C);
t, — t, is the difference between the initial and final
temperature of the matter, °C.

Over the year the dynamics of consumption of the
energy for the purposes of space heating and the pro-
ductivity of the solar thermal collector are asynchro-
nous. They differ in quantity by the loss rate, which
depends on various factors (Fig. 4).

Fig. 5 demonstrates the temperature dynamics for
the coldest month of the year during the heating season,
by the data of Odessa Hydrometeorological Centre.

January appeared the coldest month during the
heating season; the heat consumption is shown in
Fig. 6.

Water and water-salt solutions, natural stone and
pebble stone, and air are usually used as a heat-retain-
ing matter.

The duration of storage of the accumulated thermal
energy depends on the design of the reservoir, thermal
capacity and mass of the heat-retaining matter, the
productivity of the thermal energy source. It can be
calculated by the formula

1= Q : @)

Qsaurcensourcenaccumnpiping

where Q. is the productivity of the thermal energy
source, J per year; Ngource> Naceums Npiping> are the effi-
ciency factors of the energy source, accumulator, and
heat transport system respectively.

The area of solar collector is approximately deter-
mined by the specific generation on a sunny day. For
the storage period, the heat will be lost through the
walls of the container and during its transportation of
the heat carrier from the source to consumers. The loss
is taken into account during the calculation.

This process of the renewable energy accumula-
tion/generation will last over the year depending on the
need in the energy. Simultaneously with the accumula-
tion of thermal energy, the heat extraction will take
place through the pipeline (by heat transfer fluid or air)
to the consumers of thermal energy, for the purposes of
heating, hot water, and hot air for technological pro-
cesses of enterprises, for everyday needs of the city, etc.

The second option implies using the wind turbine
as the source of renewable energy. Its capacity can be
determined by the formula [2]
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Fig. 4. The dynamics of thermal energy over the
course of the year in the Odessa region:

1 — customers’ consumption; 2 — productivity of the
solar thermal collector
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Fig. 5. The dynamics of the ambient temperature
in the Odessa region in January 2016
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Fig. 6. The dynamics of heat consumption for
space heating depending on the ambient tem-
perature

P=0.5p5V3, 3)

where p is the air density, which approximately is equal
to 1.23 kg/m?; S is the swept area, m?; V' is the wind
velocity, which varies depending on the season, the re-
gion of location and height of the tower, m/s.
Hellmann’s empirical expression allows calculating
of the wind velocity at the given height of the wind tur-
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where V is the value of the wind velocity at the given
height A4,, m; A is real height of the axis of the wind
turbine installed on the tower, m; Vis the target value
of the wind velocity, m/s; b is the parameter that takes
into account the relief of the location area, which is
taken from the Table.

The average wind velocity in the Odessa region
varies over the year and it will determine the wind tur-
bine performance dynamics (Fig. 7).

The diagram of the photovoltaic power station pro-
ductivity generally follows the shape of that for the so-
lar thermal collector (Fig. 4).

The third option implies combined heating of the
heat carrier by the wind and photovoltaic power sta-
tions, which power an electric heating unit. The ther-
mal energy is delivered to the accumulator through a
heating conduit.

When the load on the electric greed is minimal (at
night), if needed, the heat carrier can be heated by
means of the city’s electric network with the purpose of
leveling the daily load pattern, which allows reducing
the fuel consumption at thermal power stations. The
fuel consumption can be calculated by the formula [3]

P.T
AG: min manO R (5)
o
Table
Wind shear
b Location Area Description

0.10 | Perfectly smooth surface (undisturbed water)

0.20 | Flat pasture, low shrubs

0.24 [ Trees, hills, buildings in the area

0.28 | Not far from trees or buildings

0.30 | Close to trees or buildings

0.40 | Surrounded by high trees or buildings
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Fig. 7. The dynamics of the thermal energy over
the year in the Odessa region:

1 — customers’ consumption; 2 — wind turbine pro-
ductivity
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where AG is the fuel consumption at thermal power
station; P,,;, is minimum electrical load per calendar
day, kW; T, is the annual number of clocks of use of
a maximum load; g, is the fuel use per kW - hr; is load
curve irregularity factor (P,;,/ Prax)-

The decrease of harmful emissions into the envi-
ronment caused by the reducing of fuel combustion at
thermal power plants and the reducing of network
losses through leveling the daily load pattern can be
determined by the formula [3]

£ =AWey, ©6)

where AWis the amount of saved power, kW - hr; ¢;; is
the emission index of the jth harmful substance of the
ith type of fuel, g/kW - hr.

The facilities for the wind and photovoltaic power
stations should be chosen considering their capacity
and customers’ consumption. The combination of the
two sources of renewable energy allows regulating the
economical heat generation for consumers (Fig. 8).

The surplus electric energy caused by the reduction
of heat consumption in the warmer months of the
heating season can be directed into the power grid of
the city.

The fourth option is to use the wind turbine and
solar thermal collector, for which the dynamics of gen-
eration and consumption of energy is equal to the one
shown in Fig. 6.

The net present value of the introduction of the in-
vestment project of the heat collector utilization can
be determined as follows

_ S Rt_Bt
NPV_; 150 (7)

where R, is the income for the tth year; B, is the an-
nual expenditure for the 7th year, which is determined
as the difference between capital costs per annum K,
and exploitation costs C,, ,; k is the discount factor at
bank credit interest rate.

If the net present value for the period of its exploi-
tation is positive, the investment project is considered
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Fig. 8. The dynamics of thermal energy around
the year in the Odessa region:

1 — customers’ consumption; 2 — wind turbine, pho-
tovoltaic power station, and solar thermal collector
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worth implementation; if the value is negative, it is
considered unprofitable.

The payback period for a source of renewable en-
ergy is determined through the successive calculation
of the net profit for each subsequent year for the whole
period of realization of investments.

The approximate dynamics of the net present value
of the projects involving different sources of energy
was predicted for the period of 15 years, since the fu-
ture changes in the price of the equipment, common
and «green» tariffs for thermal energy, cost of materi-
als, mounting works, exploitation costs and other fac-
tors are unpredictable.

The results of calculation of the net present value of
the projects are presented in the Fig. 9.

According to preliminary calculations, the net
present value (discounted) for the period of 15 years
for the project with solar thermal collector makes
UAH 2.056 million; for the project with photovoltaic
power station it makes UAH 1.380 million; for the
project with wind power station it makes UAH
470 thousand. However, the service life of this facilities
is 20—25 years, thus the value will increase during the
subsequent 5—10 years.

The estimation shows that the internal rate of re-
turn (IRR) will amount 20, 28, and 39 % for the wind
turbine, photovoltaic power station, and solar thermal
collector respectively.

In addition, for the exploitation period, this way of
energy accumulation will save nearly 4.2 thousand
tons of reference fuel, which in its turn will prevent the
emission of 11.4 thousand tons of greenhouse gasses.

Conclusion. The proposed options for the use of
renewable energy sources such as solar collectors,
wind and solar power plants and technologies of the
energy storage in mine cavities (catacombs) is the basis
for the development of specific (depending on the cli-
matic conditions of a region) investment projects on
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Fig. 9. The results of calculation of the net present
value dynamics of a project with:

1 — solar thermal collector; 2 — photovoltaic power
station; 3 — wind power station
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providing industrial enterprises or housing utilities
with renewable energy.

The availability of mines (catacombs) almost under
the entire territory of the city of Odessa allows building
such accumulative reservoirs and install renewable en-
ergy sources close to the energy consumers that will
minimize losses in the distribution network.

The further study requires an in-depth analysis of
the energy and temperature balance to determine the
duration of the accumulated heat storage and the
amount of energy that can be used for various needs of
the city, given the renewable energy production sched-
ule and daily pattern of its use.
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Meta. Po3po06iieHHS TEXHOJIOTI1 Ta peacTaBIeH-
HsI PE3YJIBTATIB PO3PAXYHKY €(heKTUBHOCTI BUKOPHC-
TaHHS BiINIpallbOBAHUX IIAXTHUX ITOPOKHUH B STKOC-
Ti aKyMyJISITOpa BiTHOBIIOBAHOI €HEPTii.

MeTtoauka. MaTeMaTUYHE MOJIETIOBAHHSI TEXHO-
JIOTii OTpUMAaHHS, aKyMYJIOBaHHSI, BUKOPUCTAHHS
COHSIYHOI, BITPOBOI1, Fre0TepMaIbHOI €Heprii, 1110 aKy-
MYJTIOETBCS B IIAXTHUX MOpoxkHMHAX (OIechKnX Ka-
TakoMOax).

PesynsraTii. [lokazana Bucoka e(eKTUBHICTb i
iHBeCTUllillHA NpPUBaOIUBICTh BUKOPUCTAHHS Bill-
MpanbOBAaHUX IIAXTHUX ITOPOKHUH B SIKOCTiI aKyMy-
JISITOpa BiIHOBJIIOBAHOI €HEprii Ta BUKOPUCTAHHS il
JIJISI TEXHOJIOTIYHUX MOTPeO Yy BUPOOHUYMX IIpoliecax,
raps4oro BOIOIIOCTAaYaHHsSI, OITaJICHHS B 3UMOBMU
Mepios Ta OXOJOMXKEHHS TIPUMIILIEHb Y JITHIl yac 3a
PaxyHOK reoTepMaibHOI €Heprii KaM’ SHUCTUX CTiH.

Haykosa noBusHa. [lonsrae B 3acTocyBaHHi iH-
HOBAlliiiHOI TEXHOJIOTii BUKOPUCTAHHS YHiKaJIbHUX
BianmpanboBaHUX OnechbKUX IIaXT (KaTAaKOMO) B SIKOC-
Ti aKyMyJasITOpa BiTHOBJIIOBAHOI €HEepTii 111 moTped
Mmicra.

IIpakTuyHa 3HaunmMicTh. [IpoBeneHo aHai3 Ba-
piaHTiB BUKOPUCTAHHS Pi3HUX TUIIIB IKepes BiqTHOB-
moBaHoi eHeprii B OnecbKOMY peTioHi, BU3HAYeHa iX
eHepreTMYyHa, E€KOHOMiuHa, eKOJIoriyHa edeKTUB-
HICTh Ta OPIEHTOBHI CTPOKU OKYITHOCTI TaKOro Ipo-
eKTy 3 ypaXyBaHHSIM PUHKOBUX YMOB, IIIO JaBaTUMeE
NpakTUYHO HEOOMeXeHY €KOHOMIil0 TpaauliiiHuX
eHepropecypciB 3a MiHiMaJabHOIO HEFaTUBHOTO BILJIU -
BY Ha HaBKOJIMIITHE CEPENOBUIIIE.

KurouoBi ciioBa: waxma, aKkymynto8aHHs, eeni-
ocucmema, 6impoceHepamop, COHAYHA eAeKMpOo-
CMarUisi, NOHOBAKBAHA eHepP2ist, O08KINNSA

Ilenb. PazpaboTKa TEXHOJIOTMU U MpeaCTaBIeHUE
pe3yabTaToB pacuetra 3 OEKTUBHOCTH KUCIIOIH30Ba-
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HUS OTpaOOTaHHBIX IIAXTHEIX MYCTOT B KAYECTBE aK-
KyMYJIITOpa BO30OHOBIISIEMOI SHEPTUN.

Mertomuka. MaremMaTUUeCKOe MOICIMPOBAHME
TEXHOJIOTUM TIOTydYeHUsI, cOepekeHMsI, MCITOJIb30Ba-
HMS COJIHEYHOI, BETPOBOU, F€OTEPMAJIbHOM SHEPTUH,
KOTOpast aKKyMYJIMPYETCSI B OTPaOOTaHHBIX ITAXTHBIX
nycrorax (OaeccKux KaTakoMo0ax).

PesyabraTtnl. IlokazaHa BbicoKast 3¢ GheKTHUB-
HOCTb U MHBECTULIMOHHASI TPUBJEKATEIbHOCTb HC-
MO0JIb30BaHUSI OTPAOOTAHHBIX IIAXTHBIX MYCTOT B Ka-
YecTBe aKKyMyJisiTopa BO30OHOBIISIEMOU 3HEPTUU
TSI TEXHOJIOTMYECKUX TTOTPEOHOCTE B IIPOU3BOI-
CTBEHHBIX ITPOIIECCax, CUCTeMaX ropsiyero BoJocHa0-
JKEHUSI, OTOTUICHUS B 3UMHMI TIEPUOI M OXJTAKICHUS
MOMEIICHUI B JICTHUI MIEPHUOM 3a CYET TeoTepMallb-
HOI SHEepTrUM KAMEHUCTBIX CTCH.

Hayuynasa vHoBu3zHa. CoCTOUT B MTHHOBAIIMOHHOMN
TEXHOJIOTUM HMCIOJIb30BaHUS YHUKAIBHBIX OTPado-
TaHHBIX OleccKUX maxT (KaTakoM0) B KayeCTBe aK-
KyMyJIITOpa BO30OHOBJISIEMOl 3HEPIuM IS HYXI
ropoja.

IIpakTnyeckas 3HaYuMocTb. [IpoBeneH aHa-
JIN3  TIPEIIOXKEHHBIX BAapHAaHTOB WCITOJIb30BaHUS
Pa3HBIX TUITOB NICTOYHUKOB BO30OHOBJISIEMOI 3HEP-
run B OecCKOM pervoHe, orpereieHa ux aHepre-
TUYeCcKasi, SKOHOMMWYECKas, 3KoJormueckass >¢-
(GEKTUBHOCTh U OPUEHTUPOBOYHBIE CPOKH OKYIIae-
MOCTH TaKOTO TPOCKTa C YUETOM PBIHOUYHBIX yCIIO-
BUI, UTO JACT IMIPAKTUUYECKH HEOrPAHMICHHYIO 3KO-
HOMUIO TPaIULIMOHHBIX 3HEPTOPECYpCOB IIPU MU-
HUMaJIbHOM HETraTMBHOM BJIMSIHUM Ha OKpYXKalo-
IYIO CPEMy.

KiroueBble ciioBa: waxma, aKkKymyauposanue,
eeauocucmema, — 8empo2eHepamop,  COAHeUHas
1eKMpoCmaHnyusi,  80300H06AsAeMAs  DHepaus,
OKpYyucarouas cpeda

Pexomenodosarno do nybaikayii 0okm. mexH.

nayx B. C. [lempywunum. lama Haoxo0xuceHHs py-
xonucy 14.10.15.
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