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In world of contemporary challenges involving the continual increase in demand for energy resources
and corresponding environmental pollution, the necessity has arisen to develop and implement advanced
technologies to reduce energy consumption. This calls for enhancing energy utilization efficiency and op-
timizing energy generation systems, taking into account the utilization of alternative and renewable ener-
gy sources. Specifically, thermal energy storage becomes crucial as an effective economic option. Ther-
mal energy storage systems enable meeting heating or cooling needs during optimal periods when it is
more energy-efficient. Traditional management methods rarely prove optimal due to fluctuating electrici-
ty tariffs, cooling loads, and ambient temperature. This leads to suboptimal achievement of maximum
savings in the utilization of thermal energy storage systems. In this work, the advantages of Cold Thermal
Energy Storage (CTES) systems based on Ice Thermal Energy Storage (ITES) were analysed alongside
existing management strategies implemented in most enterprises and buildings utilizing ITES. A simpli-
fied engineering methodology for analysing the thermodynamic efficiency of CTES was proposed. It was
determined that cold losses during exergy analysis during storage are caused by both losses through sur-
faces and internal exergy losses (i.e., exergy consumption due to irreversibility within the reservoir). For
modern systems, exergy losses encompass both external and internal components. As an example, if the
heat transfer at the external surface temperature of the storage reservoir equals the ambient temperature,
external exergy losses would be zero, while total exergy losses would be entirely due to internal consump-
tion. Conversely, if heat transfer occurs at the liquid's temperature for storage, a greater portion of exer-
gy losses will be due to external losses. In all cases, the cumulative exergy losses, comprising internal
and external exergy losses, remain constant. The implementation of CTES allows for shifting the use of
electrical energy from peak to off-peak hours. During off-peak hours, electrical energy is used to charge
the storage to fulfil (fully or partially) the peak demand for refrigeration equipment. Ice-based ITES has
the potential to reduce maximum energy consumption, peak demand, and most importantly, the average
cost of energy consumed.
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1. Introduction tion of CTES (Cold Thermal Energy Storage) leads to
decreased CO; emissions, resulting in mitigated global

Environmental conservation. Reducing energy warming. In recent decades, peak demand manage-
consumption in cooling systems through the applica- ment for low-grade energy (cooling) has become an
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active research area. Various strategies for altering
energy loads have been developed to reduce overall
operational costs without compromising the quality of
the cooling supply. As noted in the International En-
ergy Agency report, an annual saving of $10-15 bil-
lion solely in the US municipal cooling market can be
achieved through peak demand management for low-
potential energy [1].

The benefits of Ice Thermal Energy Storage
(ITES) systems are twofold. ITES can address the is-
sue of limited capacity prevalent in many modern
cooling systems [2] due to increased demand for im-
proved cooling quality. Through ice storage (ice ac-
cumulator), these systems can not only meet high
peak demands for cooling during periods of high tem-
peratures but also enhance overall productivity and ef-
ficiency [3, 4]. More importantly, by managing the
appropriate distribution between periods of storage
and release of cold according to the time of use (TOU)
electricity cost, overall operational costs for chiller in-
stallation and ITES system are significantly reduced
[5, 6, 11-13].

Management of ITES systems, commonly ap-
plied in most enterprises and buildings, relies on ra-
ther simple strategies: either manually controlled or
constrained by accumulator capacity and priorities.
However, such an approach doesn't leverage the full
potential of the available storage and often doesn't
yield significant economic benefits [7, 8, 10]. Various
models and algorithms, such as the Genetic Algorithm
GA [6, 15, 23], Particle Swarm Optimization PSO [9,
24], Mixed-integer Linear Programming MILP [21,
22, 25], and Mixed-Integer Nonlinear Programming
MINLP [20, 26], have been extensively utilized in re-
search to address optimization issues. However, all
mathematical methods implementing the strategic
model only make sense if the optimization problem is
reliable, meaning it's based on an objective optimiza-
tion criterion, clearly formulated dynamic objective
functions and closure conditions.

2. Optimal management strategy for ITES
system

In developing relevant optimization models, it is
crucial to formulate an optimization criterion that ob-
jectively evaluates the viability of integrating ITES in-
to the cooling system. Considering recent trends in da-
ta collection and analysis, an optimal management
strategy can now be devised using real efficiency data.
By leveraging this data, it becomes possible to tailor

optimal solutions aimed at enhancing its operation and
overall efficiency.

Obijective function of optimization

For a system comprising chillers and storage
units, the total annual cost encompasses the capital
expenses of chillers Cc, and ice storage Cs in addition
to the yearly operational costs. The latter is a function
of the maximum operating period, consumed electri-
cal energy Ee and the cost of electrical energy ee. The
overall annual cost can be expressed in a general form
as:

C

total

_a Cch+C J. eI el’ (l)

where a° — represents the capital return coefficient, de-
finedasa®=i" (1 +i) n;/ ((1 +i" n,— 1), and when
multiplied by the total investment amount, yields the
annual repayment required to recover the investments
over a specific period (n,); i" — denotes the interest rate
on capital.

For industrial facilities' cooling systems and air
conditioning, the load is determined by the temporal
variation of cooling load, which, in turn, depends on
the type of load and significantly on environmental
conditions. Additionally, the cost of electricity is evi-
dently a deterministic factor, thus necessitating a care-
ful examination of various electricity tariff rates, us-
age times, fixed electricity costs, consumer tariffs, and
any other structured accounting method.

Consequently, the subject of cost minimization
should be the variable component in equation (1),
namely:
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where Qchi, Qsti — represent the chiller and ice storage
system loads; COPchilier, COPjce — denote the coeffi-
cients of performance for chillers and ice accumula-
tors (the ratio of total cooling load Qo to total con-
sumed electrical energy Eior).
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COPpump, COP¢ — represent the efficiency coeffi-
cient of the pumping system and cooling towers; Ecnr
— stands for the electrical energy consumption for
charging the ice accumulator.

Efficiency coefficients. This evaluation method
holds an advantage in accounting for changes in Coef-
ficient of Performance (COP) under partial loads,
stemming from various condenser adjustments while
considering air/water temperature variations under
consistent chilled water flow conditions.

Refrigeration machine (chiller). The energy effi-
ciency of a refrigeration machine primarily relies on
the variation in temperature settings throughout the
day and operational periods, along with the level of
part load rate (PLR).

In VDMA 24247-2 «Energy efficiency of refrig-
eration systems — Requirements for the system design
and the components», the COP of an actual refrigera-
tion system is compared against the Carnot cycle be-
tween the «warmy temperature Ty and the «cold»
temperature Ty sources:

B COP
MNcor CcoP

reference

real

— COI:’real (4)
COI:)NUC' ,

where COPnuc = TN/(TU - TN).

This coefficient is known as the «energy efficien-
cy level», equivalent to the «total energy efficiency».
It mirrors the «exergetics efficiency» of the chiller,
representing the «second law efficiency».

The impact of the temperature regime on the
cycle. A real chiller cycle between temperatures To
and T. demands more power consumption compared
to the Carnot cycle between temperatures Ty and Ty,
assuming both processes have equal cooling perfor-
mance.

Therefore, if nar =~ const, the equation becomes:

COPyc =1y -COPy ¢ =

:Tlm|: T :|zcon5t|: Ty :|a )
TU _TN Tu _TN

where mar — represents the energy efficiency level,
COPoc — stands for the efficiency coefficient consid-
ering solely the impact of the cycle temperature dif-
ference (disregarding the influence of other chiller op-
eration parameters). Thus, equation (5) describes what
is termed as a partial or «isolated» system function
(partial system function).
If, in the first approximation, it is assumed that
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COPoc = COPocc, Where COPoc — is the efficiency
coefficient of the reverse Carnot cycle within tem-
peratures To and T, then it can be expressed as:

COP,. =

T T
ﬁ:nm[.r NT :| (6)
c o u_- 'N

Therefore, if at a fixed chiller load and certain
fixed temperature conditions (Toref, Terer, Tniref, Turer)
the COP¢, had a specific value COPcnrer, then with a
change in temperature conditions, the efficiency coef-

ficient would assume a value:
COP,. ~COP, T.-T, N
COPchm e T, f
Tcm _To,ef

(")

COP,, ~COP,, (

Comparison of the relative change in COPea
when temperatures To and T, vary, as per (7), with the
results of the comprehensive analysis by Raja Kumar
Gond et al [27], conducted for R134a, R290, R123,
R600, R600a, R717, R152a (7o = 248...283K,
T, = 298...323K), demonstrated that the deviation
does not exceed £8%.

Impact of chiller load. Analysis of the refrigera-
tion system's performance modelling conducted by
F.W. Yu, K.T. Chan [29, 30] allowed for summarizing
the influence of partial load on the chiller's energy ef-
ficiency in the form of a linear dependency:

COP,, =COP, —0,56-COP, (1-PLR), (8)

where COPo — is the efficiency coefficient at full
chiller load, PLR = 1; (correspondence of calculated
values according to (8) PLR + 4%).

Na Luo et al conducted a comprehensive analysis
of a water-cooled chiller refrigeration system and ob-
tained an array of experimental data, which they
summarized in the form of an equation (R? = 0,9066):

COP, , =5,715- PLR®™. )

In equation (8), the experimental data is genera-



XonoauneHa TexHika Ta TexHonoris, 59 (4), 2023

lized by a dependency:

COP, , =5,715- PLR*"™*. (10)
the correspondence of the values calculated by (10)
COPp_r is within £ 7%.

According to the findings of Yan Junwei et al
study on a powerful refrigeration system with water
cooling and turbo compressors, the COPp.r values fall
within the range of values calculated by (8), (10).

Therefore, the impact on the coefficient of effi-
ciency due to changes in load and temperature regime
can be described by the equation:

TO
Tc _To

To.,
TcreV - Toref
|: TN :|
T, =Ty (11)

TN ref
TU ref - TN ref

where k — is a coefficient, k = 0,56...0,78.

Pump system and cooling towers. According to
[31], the efficiency coefficients of these types of
equipment, depending on the load, can be estimated
by the equations:

pump system

Q

COP,, =[ COP, —k-COP, (1- PLR) |-

~[COR, -k -COR, (1-PLR)]:

COP, e =0,0044 - PLR +7,1872, (12)
cooling towers
COP,; =0,0619- PLR +8,9424. (13)

3. Thermodynamic analysis of CTES

Exergetic analysis, as one of the fundamental
methods in thermodynamic analysis, supplements the
energy analysis to evaluate the operation of the CTES
system. The distinction between exergetic and ener-
getic efficiency arises from the former accounting for
irreversibility losses, apart from losses related to ener-
gy dissipation. It is widely acknowledged that this dif-
ference is particularly crucial in assessing CTES and
applying exergetic analysis to it.

Charging Process. During the charging period,

the total «cold» (charge), Qc, supplied to the heat sto-
rage system can be expressed as:

Q, =mgc, (TCD -T, ) =m, (cpT, +h+C, T ) (14)

where cp, Tci, Te, — Specific heat capacity and calcula-
ted temperatures of the coolant at the inlet and outlet
during charging, respectively; mic. — amount of accu-
mulated ice, T| — water temperature, A — latent heat of
ice melting, Cpice, Ticem — heat capacity and average
temperature of ice. The value of mc represents a cer-
tain coolant flow rate over the charging period, tc (s),
and can be expressed as:

tc
m, :L m-t.dt_, (15)

where m(t;) — mass flow rate of the liquid, kg/s. For
constant liquid flow rate:

m, =m-t..

c C

(16)

The total exergy charged into the heat storage
system during charging is determined by:

T,
Exo =m.c,| (T, - T, )-TyIn - an

G
Storage Process:

Q =kF(T,-T,), (18)

where k and F — are the average heat transfer coeffi-
cient and the surface area of heat exchange with the
surrounding environment. The overall exergy losses
(external) from the heat storage system during accu-

mulation are:
.
Ex, =Q|1-—=|.
Q Q'( TOJ

Discharging Process. During the discharge peri-
od, the obtained cooling capacity, Qq, provided by the
chilled water storage system can be calculated by:

(19)

Qd =m, Cp (Tdi _Tdo ) =M, ()\‘ + Cpice-ricem )’ (20)

where c,, Tdi Ta Tdo — specific heat capacity, inlet, and
outlet temperatures of the chilled fluid. The value of mq
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represents the total flow rate of the chilled fluid during
the discharge period, tg (S):
my =m-t,. (21)

The total exergy discharged from the heat storage
system during the discharge process is determined as:

T,
EX,, =myC, (Tdi —Tdo)—TOIn — (22)

do

The energy efficiency of the heat storage system
throughout the entire operating cycle (charging, storage,
and discharging) can be evaluated as the ratio of the total
amount of cooling energy recovered from the system
during the discharge process (Qq) to the total amount of
cooling energy charged into the system (Qc):

cop=2
Q

c

(23)

Similarly, the exergy efficiency of the system can
be assessed as:

EXQd
e, (24)
EXq,

Let's consider a basic example with the following
assumptions: 1) The storage tank surfaces are non-
adiabatic (losses — 10%); 2) The mass flow rate of the
chilled fluid is adjusted to maintain a constant inlet and
outlet temperature; 3) Tcp = 10 °C, Tdp = 5 °C,
Tei = -1°C, Tdi= 15°; 4) Ambient conditions (To and Po)
are at 20 °C and 1 atm. As a result, the overall energy
efficiency and exergy efficiency are determined to be:
N = 90%, v = 28%. As expected, a high value of energy
efficiency is obtained, significantly higher than the ther-
modynamic (exergy) efficiency. This disparity arises be-
cause the energy analysis does not account for the quali-
ty of «coldy» energy associated with temperature, consid-
ering only the quantity of released «cold» energy. Losses
of cold energy during storage in the energy analysis are
entirely due to losses through the system's boundaries
and to the environment. It can be concluded that both
energy and exergy analyses provide different perceptions
of CTES efficiency. While both analyses consider the
amount of energy lost during storage, the exergy analysis
also considers the degradation of «cold» energy quality,
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thus more comprehensively and objectively reflecting
the actual efficiency of CTES.

4. Conclusions

The study presents an optimization strategy for
managing the low-potential thermal energy storage
(CTES) system based on Ice Thermal Energy Storage
(ITES) amid fluctuating electricity costs. Utilizing opti-
mization criteria objectively assessing the system's via-
bility in cooling applications, an optimal management
strategy has been devised. Incorporating novel ap-
proaches to data collection and analysis enables the crea-
tion of more efficient management based on actual sys-
tem performance data. This approach suits evaluating the
current system status and enhancing operational metrics
to attain maximum efficiency potential. A data-centric
approach allows for a more precise resolution of opti-
mizing specific ITES tasks.

The thermodynamic analysis of CTES systems
conducted aims for more effective utilization of energy
resources. It assists in identifying areas, types, and the
actual extent of losses and waste. This signifies that the
thermodynamic analysis showcases opportunities for
creating a more efficient cooling system design by re-
ducing inefficiencies within existing systems.
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YV ceimni cywacnux euxauxie, noe’sa3aHux i3 NOCMIUHUM 3POCMAHHIM NONUMY HA eHepeemudHi pecypcu
ma GiOnoGiOHUM 3a0PYOHEHHAM HABKOIUUHBOZO Cepedosulyd, SUHUKIA HeOOXIOHicmb Yy po3podyi ma
BNPOBAONCEHHI NepedosuUx MexHoN02i Ol 3MeHUeHHsl eHepeocnoxcusanta. Lle eumazac nioguwjenns
eghekmusHoOCmi BUKOPUCMANHA eHepeii ma onmumizayii cucmem GUPOOHUYMBA enepeii 3 YpaxyeaHHIM
BUKOPUCMAHHA AJIbMEPHAMUSHUX MA BIOHOBII0BAHUX Odxcepell eHepeii. 3okpema, 30epicaHus meniosoi
eHepeii cmae supiwanvHuMm AK egekmuenuti exoHomiunuti eapianm. Cucmemu 30epicaHHs meniosoi
eHepaii 0036015110Mb 3A0080ILHAMU NOMPEOU 8 ONANEHHI ADO 0XOI00NCEHHI 8 ONMUMALbHI NEPioou, Koau
ye Oinbut enepeoepexmusro. Tpaouyitini memoou YnpasiiHusa PiOKO UAGTAIOMbCL ONMUMATILHUMU Yepe3
KOAUBAHHA ~mMapug)ie Ha eleKmpoeHepeilo, XOA00UTbHO20 HABAHMAJICEHHS MA  MeMnepamypu
HABKOIUUWHBbO20 cepedosuya. Lle npuzeooums 00 HEONMUMATLHO2O OOCACHEHHS MAKCUMATbHOI eKOHOMIT
npU BUKOPUCMANHI CUCMEM HAKONUYEHHs. Menn060i enepeii. Y yitl pobomi 6ynu npoananizosani nepegazu
cucmem 36epicanns Huzvkonomenyianwhoi enepeii (CTES) na ocnosi 1600y (ITES), pazom 3 icuyrouumu
cmpamezismu YUPasiiHHs, Peaiizo8anumu Ha OLbiocmi nionpuemcme i 0yoigenn, ujo SUKOPUCHOBYIOMb
ITES. 3anpononosano cnpouwjery iHiceHepHy memooonociio 0N AHAi3y mepMoOuHamiynoi eghexmug-
nocmi CTES. bByno eusnaueno, wjo empamu X0a00y Ri0 Hac aHAnizy ekcepeii npu axKymyaro8aHHi
BUKTUKAHI AK empamamu depe3 NOBePXHi, MaK 1 GHYMpiwHiMu empamamu excepeii (mobmo
CHOJCUBAHHAM eKcepeii 8HACNIOOK He360pOMHOCMI 6cepeduni pezepsyapy). [na cyuacuux cucmem
empamu excepeii OXONnaoms K 308HIWHI, MAK i 6HYMpiwHi KOMnoHweHmu. Ax npukiao, aKuo
menionepedaya npu MmMemMnepamypi 306HIWHLOI NOGepXHi peszepgyapa O 30epicaHHs O0O0pPIBHIOE
memMnepamypi HABKOIUUWHBO2O Cepedo8UIYd, MPAmu 308HIUHbOI eKkcepeil Oy0ymb 00pieHIO8AMU HYIIO,
mooi AK 3a2aibHi mpamu excepeii 6y0ymv NOGHICMIO 3YMO6IEH] 6HYMPIWHIM cnodicusannam. I nasnaxu,
AKWO nepeoaya menaa 6i00yeacmuvcs npu memnepamypi piouHu Oas 30epicanus, Oirbuia 4acmuHa
empam ekcepeii 6yoe 3YyMOGIeHA 308HIWHIMU eémpamamu. Y 6cCix eunaoxkax KyMYJsmueHi empamu
excepeii, Wo CKIaoaromvcs 3 GHYMPIWHIX | 306HIWHIX @mpam eKcepeii, 3anuualomsvcs NOCMItIHUMU.
Bnposaooicenns CTES 0036015¢ nepenecmu cnojcu8ants elekmpoenepeii 3 nikosux 200uH Ha Henikogi. Y
HeniKogi 200UHU eNeKMPUUHA eHepeisi GUKOPUCTOBYEMbCA Ol 3apPAOKU CXO8UWA 0N 3A0080JEHHS
(noguicmio abo yacmro8o) nikoeo2o nonumy Ha xonoounvhe obaaouanus. ITES na ocnosi 1600y mac
NOMeHYian 0N 3MEHUEHH MAKCUMANIbHO20 CHOJCUBAHHA eHepzii, NiKogozo nonumy mda, wo
Hausaxicausiule, cepeOHbol apmocni CRONCUMOoi enepeil.

Knrouosi cnosa: Enepeemuuni pecypcu, Cnoocusanus enepeii; Bionoenrosani Ooicepena enepeiiy
Ymunizayia, Haxonuuysay mennosoi enepeii; Tennonepeoaua
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