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Hybrid Adiabatic-Thermoelectric Cooling of Localized Workplaces

Relevance. Ensuring regulatory microclimate parameters at localized workplaces, in
particular at technological equipment control posts (crane cabins, operator cabins), under
conditions of extreme thermal loads typical of metallurgical production, is a critically
important scientific and technical task. Traditional compressor air conditioning systems
operating in an environment with temperatures up to 60 °C and intense infrared radiation
demonstrate a significant drop in the coefficient of performance (COP) and high operating
costs, which justifies the need to develop alternative, more energy-efficient solutions. The
aim of the work is to increase the energy efficiency of local air conditioning systems for
mobile facilities by developing, theoretically justifying, and determining the optimal
parameters of a new two-level hybrid system that combines the principles of adiabatic and
thermoelectric cooling. The research is based on the method of mathematical modeling of
complex heat and mass transfer processes. The proposed system consists of two circuits:
the external one, which creates an active thermal shield in the form of a blown shell with
adiabatic cooling of the supply air, and the internal one, which provides final cooling of
the working area using thermoelectric Peltier modules. A complex mathematical model
was developed for the analysis, on the basis of which the multifactor parametric
optimization problem was formulated. The objective function was chosen to minimize the
total energy consumption of the system while observing the limiting conditions regarding
the microclimate parameters in the cabin and the physical limitations of the equipment
operation. The scientific novelty lies in the development of a new concept of a hybrid
system, where the intermediate ventilated space performs a dual function: an active heat
shield to intercept up to 80-90 % of external radiative and convective heat input, and an
integrated cooling medium to remove heat from the hot side of thermoelectric modules. A
mathematical model has been further developed that comprehensively describes the
synergistic relationship between the circuits. The developed optimization methodology, in
contrast to existing approaches that consider components separately, allows finding
optimal design (shell thickness, number of thermoelements) and operating (ventilation
efficiency, current strength) parameters of the entire system to achieve a global minimum
of energy consumption. The developed approach is a scientifically sound basis for
designing a new class of energy-efficient microclimate maintenance systems for mobile and
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stationary facilities (operator cabins, hardware compartments, electrical panels) operated
in extreme industrial environments. The results of the work can be used to create specific
engineering solutions that provide a significant reduction in operating costs and increased
occupational safety.

Keywords: hybrid cooling system, adiabatic cooling, thermoelectric cooling, parametric
optimization, energy efficiency, thermal radiation, COP.

Introduction

Problem statement. Ensuring regulatory microclimate parameters at localized workplaces
in extreme industrial environments is one of the most complex scientific and technical tasks of
modern life support systems engineering. Operation of technological equipment, in particular
operator cabins in open-hearth and foundry workshops, occurs at ambient air temperatures
reaching 50—-60 °C and under the influence of intense thermal radiation from hot surfaces, the
power of which can be several kW/m?. Such conditions, according to SDS 3.3.6.042-99, are
classified as harmful and dangerous, creating significant heat gain, which not only reduces labor
productivity and operator concentration, but also poses a direct threat to his health due to the
risk of heat stroke [12].

Analysis of existing solutions. Traditional air conditioning systems based on the vapor
compression cycle (VCC), which are widely used in civil and commercial buildings, face a
number of fundamental problems when operating in such conditions. Their energy efficiency,
characterized by the coefficient of performance (COP), drops significantly due to the high
condensation temperature of the refrigerant, and reliability is reduced due to the operation of
the compressor at the limit of permissible loads [1, 7]. Alternative methods, such as direct
adiabatic (evaporative) cooling, although demonstrating high energy efficiency, are
thermodynamically limited by the wet bulb temperature and lead to an uncontrolled increase in
relative humidity in the working area, which does not meet sanitary standards [2]. Solid-state
thermoelectric coolers based on the Peltier effect, which offer high reliability and compactness,
are inherently inefficient because their COP critically depends on the efficiency of heat removal
from the hot side [3, 4], which is a challenging task in high-temperature environments. A review
of the scientific literature shows that although there are studies of hybrid systems [9, 10, 11],
there is a lack of comprehensive models for the design and optimization of systems designed to
solve the specific problem of local air conditioning under conditions of dominant radiation heat
transfer.

Formulation of the purpose of the article. The purpose of this study is to increase the
energy efficiency of local air conditioning systems for mobile facilities by developing,
theoretically justifying and analyzing a mathematical model for parametric optimization. [13]
of a new two-level hybrid adiabatic-thermoelectric system in order to minimize the total energy
consumption while maintaining the regulatory and comfortable microclimate parameters in the
working area. To achieve this goal, it is necessary to solve the following tasks: develop a
mathematical model of the system that takes into account the synergistic relationship between
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the circuits; formulate a multifactor optimization problem; conduct numerical modeling to
determine the optimal design and operating parameters.

2. System description and mathematical model

2.1. Concept and architecture of a hybrid system

The proposed hybrid air conditioning system is based on the principle of two-level
functional separation of tasks, which allows achieving high overall energy efficiency in extreme
operating conditions. The system architecture (Fig. 1) includes two interconnected circuits: the
external one, which performs the function of active thermal shielding, and the internal one,
which provides local cooling of the operator's cabin working area. At the same time, forced
circulation and the necessary air exchange (10 times/hour are assumed in the model) are
provided to compensate for residual heat input (Q,,,;) and internal heat output (Q;,,).

Operator's cab heat shield

Radiator for cooling the hot side of the
Thermoelectric module

Thermoelectric modules

Airflow in the
operator’s cab

Airflow in the shell

Internal circuit cooling system fan

Water capacity of ultrasonic modules
for adiabatic cooling of the shell

/
Water capacity of the internal circuit ultrasound modules / /
condensate collection

Fig. 1. Schematic diagram of a hybrid adiabatic-thermoelectric system

The external circuit (active heat shield) is designed to intercept and remove the majority
of the external heat load. Its main element is a ventilated shell with a calculated thickness d,,
which creates an intermediate space around the operator's cabin. Unlike passive thermal
insulation, this shell is an active heat exchanger. A fan with calculated performance Vyjtakes in
external air, which passes through an adiabatic cooling unit, where, due to the evaporation of
finely dispersed water, its temperature decreases to a level close to the wet bulb temperature.
This flow of cooled air is forcibly circulated in the shell space, actively "washing away" the
heat entering its outer surface and is emitted into the atmosphere or workshop premises.

The internal circuit (local cooling) is designed to compensate for residual heat input into
the cabin and bring the microclimate parameters to the regulatory values. It is based on a block
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of thermoelectric modules (TEM) based on the Peltier effect. The cold sides of the modules,
equipped with radiators and a fan, take heat from the internal volume of the cabin.

The synergistic relationship between the circuits is a key feature of the developed
architecture. The hot sides of the thermoelectric modules are cooled not by high-temperature
external air, but by a flow of pre-cooled air circulating inside the shell. This allows the
temperature of the hot side of the TEM to be maintained at a significantly lower level, which
radically increases their coefficient of performance (COP) and reduces energy consumption.
Thus, the external circuit performs a dual function: (1) a heat shield for the operator's cabin and
(2) an efficient cooling system for the internal circuit.

2.2. Mathematical model of the system

For quantitative analysis of the system's efficiency, a complex mathematical model has
been developed that describes the heat and mass transfer processes in each of the circuits.
2.2.1. Mathematical description of the external contour

The thermal load on the shell (Q,p,) is the sum of the convective and radiative components:

Qsh = Qconv + Qraa (1)
where:
Convective load (Q.ony), W:
Qconv = hout " A~ (Tour — Tsur) (2)
Radiation load (Q;-4q), W:
Qrqa = €70 (Tr4ad - Ts%r) (3)

where:
e hg,y,— convective heat transfer coefficient, W/(m?-K);
e A-shell surface area, m?;
e T,y outdoor air temperature, °C;
o Ts,— shell surface temperature, °C;
e & surface emissivity coefficient;
e 0— Stefan-Boltzmann constant, W/(m?-K*);
o T,qq— effective temperature of radiation sources, °C.
To remove this heat, an air flow cooled in an adiabatic block to a temperature of:

Taa = Tout — Naa (Tout - wa) 4)

where:

e T,4— air temperature after the adiabatic block, °C;
e 1,4 adiabatic cooling efficiency (taken 0.85);
e T,,,— wet bulb temperature, °C.

The power that can be removed by the air flow is determined by the equation:

Qq = Mgy CpATair (5)
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In stationary mode Q4 = Qgp,.

3.2.2. Mathematical description of the internal contour

The total heat load on the cabin (Q.,p) is the sum of heat input through the walls and
internal heat output:

Qcap = Qout + Qin (6)
where:
Heat input through the walls (Q,y¢), W:
Qout = Usp * Ssp - (Tsh - Tin) (7)
where:

e Ug,— heat transfer coefficient of the cabin walls, W/(m?-K);
e S;,— cabin surface area, m?;

o T,,— average air temperature in the shell, °C;

T;,— target temperature inside the cabin (accepted <25 °C).
The total electrical power consumed by thermoelectric modules (P,;) is calculated

through the required cooling capacity and their COP:

Qcpl
Py=n, —— 8
pl Pl COP (I AT 1) (8)

where:
¢ n,,—number of thermoelectric modules;

® (cpi—required cooling capacity of one TEM, W;

COPy,;— productivity coefficient of one TEM;
I,;— current strength at each TEM, A;

AT,,— operating temperature difference at the TEM, °C.

3.2.3. Synergistic relationship model

The key element that unifies the model is the average air temperature in the shell (Tp,). It
is the output parameter for the first loop and simultaneously the input for the second.

Q
Tsp = Toaq + 4 )

2'MgspCp

e mg,— mass air flow rate in the shell, kg/s;
* c,— specific heat capacity of air (taken to be 1005 J/(kg-K)).

Temperature T, directly affects both the cabin load (Qgy) and the efficiency of TEM
(COP,;), since it determines the temperature of their hot sides.

3. Parametric optimization methodology

The transition from the analysis of individual operating modes to the design of an energy-
efficient system requires the use of mathematical optimization methods. A simple analytical
calculation is impossible due to the complex nonlinear dependence and mutual influence of
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thermophysical processes in the two circuits. Therefore, to find the optimal design and
operating parameters of the hybrid system, a methodology was developed based on the
formulation and solution of the multifactor parametric optimization problem.

3.1. Formulation of the optimization problem

Formally, the optimization problem is to find a vector of controlled parameters X that
minimizes the selected objective function F(X)while observing a system of functional and
parametric constraints.

Objective function: Minimize the total electrical power (P,;) consumed by all system
components:

Pay = Byen(X) + Poq(X) + Ppi(X) - min
Vector of controlled variables:
X = {Vsh'npl'lpl}
where Vp,— is the performance of the external circuit fan; n,;— is the number of thermoelectric
modules; I, is the current strength at each TEM.

System of restrictive conditions:

1. Comfort condition: Tj, (X) < Tgoaq (X).

2. Physical limitations of TEM: ATy, (X) < Traupt (X)), Lyt < Inaxp

3. Engineering constraints: The minimum envelope ventilation performance (Vp, jpin) 18

established, necessary to ensure turbulent flow regime and effective heat removal.

3.2. Solution method

The optimization problem is a complex nonlinear problem. Numerical methods are used
to solve it, in particular, the sequential quadratic programming (SQP) algorithm, implemented
in the fmincon function of the Optimization Toolbox package of the MATLAB environment. This
method has proven its effectiveness for solving smooth nonlinear problems with constraints.

4. Modeling results and their discussion

Based on the developed methodology, numerical optimization was carried out to
determine the optimal operating parameters of the hybrid system.

4.1. Conditions for carrying out optimization calculations

The calculation was performed for the most complex but realistic scenario simulating the
operating conditions near an open-hearth furnace. The following key input parameters were
adopted:

o External conditions: T,,; = 50°C, @,y = 15%, T,qq = 80°C, Construction: Shell area
Sep, = 10 m?, shell thickness (fixed) dg, = 0.1 m, surface emissivity &= 0.05
(aluminized fabric).

o Target parameters: Ty,q < 25°C

 Internal heat input (from the operator and equipment) was assumed to be Q;,, =300 W.
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e MT 2.6-0.8-263 T 1 S was selected with the following passport characteristics (at the
temperature of the hot side of the thermocouples Tj,:=50° C): Maximum current (I,;):
15.0A. Maximum cooling capacity (Qcqp( ): 319 W. Maximum temperature difference
(ATpimax): 77° C .

4.2. Results of multivariate optimization

Based on the results of the optimization algorithm fmincon, a vector of mode parameters
was found that ensures the minimum total energy consumption of the system while observing
all restrictive conditions. The summarized results are presented in Table 1.

Table 1
Optimal parameters and system performance for Ty, = 50°C, @y = 15%, Trqq = 80°C,
modules MT2,6-0,8-263T1S

Optimal parameter Value System Value
indicator

Fan performance Vsn 505.4 m’/h

Thermal load on the shell Qsn 770.4 Tue

Number of TEMs Ny 16 pcs

Average T° in the shell Tsn 32.9 °C

Current on TEM Iy 2.13 AND

Thermal load on the cabin Qcap 458.2 Tue

Total energy consumption Pau 216.3 Tue

Operating AT for TEM ATy, 22.9 °C

COP of one TEM COPy, 2.50

Systemic COP COP,yp 2.12

Total COP COP,, 5.68

Water consumption for the shell 1.13 1/h

4.3. Discussion and analysis of results

The results obtained are extremely indicative and confirm the high potential of the

proposed hybrid architecture.

5.3. 1. The optimal strategy is found. The algorithm has found a balanced engineering
solution. The ventilation capacity of 505 m?/h is sufficient to maintain a low average
temperature in the shell (only ~33 °C), which creates favorable conditions for the operation of
the second circuit. At the same time, the flow is not excessive, which allows keeping the fan
power at a low level (~ 18 W).

The key is the operating mode of the thermoelectric circuit. The optimizer determined
that to discharge a load of 458 W, it is much more energy efficient to use a large number (16)
of modules operating at a very low current (2.13 A). It is worth paying special attention to the
fact that the found optimal operating current (2.13 A) is significantly lower than the maximum
rated current of the module (15.0 A). The optimizer proved that it is much more energy efficient
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to use a large number of modules (16 pcs.), but to make them operate in the maximum COP
mode (2.50), which is achieved precisely at low currents. This allows them to operate in the
zone of maximum efficiency with a COP of each module of 2.50, which is an excellent
indicator. The total power of the thermoelectric block was only 183 W.

It is also important to clearly separate the heat load given in Table 1: Qg =770.4 W is
the total external heat load (radiative and convective), which is effectively "intercepted" and
removed by the external adiabatic circuit. Instead Q.4 = 458.2 W is the much smaller, residual
heat load (which passed through the shell + internal 300 W), and which already compensates
for the internal thermoelectric circuit.

5.3. 2. Energy efficiency analysis and comparison. The most indicative is the final system
COP.

e The system COP across the cabin (COP,,;) is 2.12. This means that for every watt of

electricity consumed, the system removes 2.12 watts of heat directly from the cabin.
This value is completely competitive and even exceeds the expected COP for most
industrial compressor plants under similar extreme conditions (where COP drops to
1.5-2.0).

e The overall thermodynamic COP (COP,;;) reaches 5.68. This indicator demonstrates

the enormous efficiency of the "active heat shield" concept, which, due to insignificant
energy consumption (~ 33 W per fan and humidification), neutralizes more than 770 W
of external heat load.

Compared to a compressor unit that would have to compensate for the full load on the
cabin (~1.2 kW, taking into account the load on the shell if it were not there) and would consume
more than 600—700 W, the developed optimized system is 3 times more energy efficient in
terms of total consumption (~216 W).

3. Model limitations. It is worth noting that this stationary model does not take into
account the dynamics of changes in external conditions and thermal inertia of the system. Also,
the model of hydraulic resistance and internal convection is simplified. Further studies may
include CFD modeling to refine these parameters.

Conclusions

1. A comprehensive mathematical model and parametric optimization methodology for
designing hybrid adiabatic-thermoelectric air conditioning systems have been developed
and verified, allowing for finding optimal design and operating parameters to minimize
energy consumption.

2. The results of numerical optimization for extreme conditions (T, = 50°C, @our = 15%,
Trqa = 80°C,) showed that the optimal system configuration is able to provide regulatory
conditions in the operator's cabin with a total power consumption of only 216 W.

3. It was found that the optimal strategy for the system operation is to use the first adiabatic
circuit to create an effective thermal shield and favorable conditions for the operation of the
second thermoelectric circuit in the maximum COP mode (for individual modules ~ 2.5).
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4. The calculated system coefficient of performance (COPcar =2.12) is competitive and
exceeds the performance of most traditional compressor systems under similar operating
conditions. This, combined with higher reliability and lower starting currents, proves the
high potential of the proposed system for industrial applications.
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KuiBchkuil HanlioHabHMH yHIBepcuTeT OyaiBHUITBA i apxitektypu (KHYBA), Kuis

I'iOpuaHe axiabaTHYHO-TEPMOETIEKTPUYHE
0XO0JIOI’KEHHS JIOKATI30BaHUX PO00YHX MicIb

Axmyanvnicmo.  3abesneuenns — HOPMAMUBHUX — napamempie  MIKpOKAIMamy  Ha
JIOKANI308AHUX POOOYUX MICYAX, 30Kpema HA NOCMAX KepYBAHHA MeXHON02IYHUM
obnaouanuam (KabiHu Kpawuie, OnepamopcvbKi), 8 YMO8aX eKCMpPeMAlbHUX Mmeniosux
HABAHMAMNCEHb, XAPAKMEPHUX 051 MEMALYPIUHUX GUPOOHUYME, € KPUMUYHO BAICTUBOIO
HayKoso-mexuiunow 3adauero. Tpaouyiiini KomnpecopHi cucmemu KOHOUYIOHYBAHHS, U0
npayoms 6 cepedosuwyi 3 memnepamypoio 0o 60°C ma inmeHcusHum iHQpaiepeoHum
BUNPOMIHIOBAHHAM, OEMOHCMPYIOMb 3HAYHE HNAOIHHA KOepiyicHma npooyKmueHOCmI
(COP) ma eucoxi excniyamayitini gumpamu, wjo oorpyHmogye HeoOXiOHicmb po3pooKu
anvmepHamusHux, Oinbul enepeoehekmugHux piuiens. Memoio pobomu € nioguweHHA
eHep2oeheKMUBHOCMI cucmem JOKANbHO20 KOHOUYIOHYBAHHA Ol MOOLIbHUX 00'ckmis
WISAXOM  PO3POOKU, MEOpemudno20 OOIPYHMYBAHHA MA GUSHAYEHHS ONMUMATLHUX
napamempié HOB80i 080pi6HeB0I 2iOpUOHOI  cucmemu, WO HOEOHYE NPUHYUNU
adiabamudno2o ma mepmoeiIeKmpULHO20 0X0100cerHs. B ocrosi docniodicenns nexcums
Memo0 MamemMamuyHo20 MOOE8AHHS CKIAOHUX MENI0- Ma MACOOOMIHHUX NpoYecis.
3anpononosana cucmema cKAA0AEMbCA 3 080X KOHMYPIG: 306HIUNHBLO20, WO CMBOPIOE
AKMUGHULL MENJIosUll eKpan y 6uaiiol npooyeacmoi 000I0HKU 3 adiabamuuHum
OXO00XHCEHHAM NPUNIUBHO20 NOGIMPs, MA SHYMPIWHBLO20, WO 3abesneuye Qiniune
000X01002CeH s pOOOUOT 30HU 3 OONOMO20I0 MepMOoeeKmpuuHux Mooyuig Illenomoe. Jnsa
auanizy po3pooaeHo KOMNIEKCHY MAMEeMAmuyHy Mooeib, Ha OCHOBI AKOI ChopMYIbOBaAHO
3a0auy bazamogaxmophoi napamempuunoi onmumizayii. L{inbosor @ynxyiero obpano
MIHIMI3AYII0 CYKYNHO20 eHeP2OCHONCUBAHHA CUCEMU NPU OOMPUMAHHI 0OMENCYB8ATbHUX
VMO8 U000 napamempie MIKpoKiimamy 6 KabOimi ma izuunux obmedcenb pobomu
obnaonanus. Hayxosa nosusna noaseae y po3pobyi Hogoi konyenyii 2iopudnoi cucmemu,
0e NPOMINCHUNL GEHMUNbOBAHUL NPOCMIP GUKOHYE HOOGIUHY (DYHKYIIO. AKMUBHO20
mennogo2o expana 01i nepexonienHa 0o 80-90% 306uiwmnix paodiayitinux ma
KOHBEKMUBHUX MENTOHAOX00NHCEHb, MA [HMEZPOBAHO20 OXON00HCYBATLHO20 CePed0sUUa
011 8I08e0eHHsT Menaa 6i0 2apsayoi CMOpoHU mepmoenekmpudHux mooyuaie. Habyna
nO0ANbUL020 PO3BUMKY MAMEMAMUYHA MOOENb, WO KOMNIEKCHO ONUCYE CUHEeP2emUYHULL
38'330K Mmidic konmypamu. Pospobiena memoouxa onmumizayii, Ha 8IOMIHY 8I0 ICHYIOYUX
nioxo0is, Wo po321s0arms KOMHOHEHMU OKPeMO, 00380JAE 3HAXOOUMU ONMUMATbHI
KOHCIMPYKMUGHI  (MOSWUHA 0OO0NOHKU, KIIbKICMb MEPMOCNeMEHMIB8) Ma  PeNCUMHI
(MpodyKmusHicmv 8eHMUIAYLL, Cula Cmpymy) napamempu cici cucmemu O0ist O0OCACHEHHs.
2n00anbHO20  MIHIMYMY — eHep2ocnodxcusanus. Pospobaenutl  nioxio €  HAyKOB80
O0OTPYHMOBAHOK OCHOBOI0 0I5l NPOEKMYBAHHA HOB020 KIACY eHep2oeheKmMUBHUX CUCeM
RIOMPUMAHHS  MIKPOKAIMaAmMy 0Nl MOOLIbHUX ma cmayionapHux o0'exmie (kabOin

onepamopis, anapamuux GiOCiKi6, eNeKMpPOWUMOBUX), WO eKCHIYamyiomsci 6
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EeKCMPEeMANbHUX NPOMUCIOBUX cepedoguwyax. Pesyrvmamu pobomu moocymv Oymu
BUKOPUCMAHI OJ151 CMBOPEHHS KOHKPEMHUX [HM#CEHEPHUX PilleHb, U0 3a0e3neuyoms 3HauHe
SHUNICEHHS ONEPAYItIHUX Umpam ma nioguweH s Oe3nexy npayi.

KirouoBi cioBa: TiOpuaHa cHCTeMa OXOJODKEHHS, amiadaTWdHe OXOJIOKEHHS,
TEPMOENIEKTPUYHE OXOJIOJDKCHHS, MapaMeTpUyHa ONTHMi3allis, eHeproe(eKTHBHICTD,
TerioBe BunpomintoBanusa, COP.

Hapiiinuia no pepakuii 11.07.25

Appendix 1. MATLAB Optimization Toolbox script
MAIN SCRIPT FOR OPTIMIZATION OF HYBRID COOLING SYSTEM

VERSION 9.0: Final..

Author: Myronenko Oleksandr Petrovych (model developed based on
of scientific work)

Environment: MATLAB R2023a or later

Requires: Optimization Toolbox (for the 'fmincon' function)

3R 3% 3% 3% 3% 3% X :}® X

clear; clc; close all ;

%% 1. DETERMINATION OF INPUT PARAMETERS AND CONSTANTS

N

--- External conditions ---

.T_zovn = 50; % [°C] Outdoor air temperature

.phi_zovn = 15; % [%] Relative humidity of the outside air
.T_vypr = 80; % [°C] Effective temperature of radiation sources
.P_atm = 101.325; % [kPa] Atmospheric pressure

T T T T

2

--- Cabin and shell parameters ---

p.A_kab = 10; % [m2] Surface area of the cabin (and shell)

p.V_kab = 3.5; % [m3®] Internal volume of the cabin

p.d_obol = ©.1; % [m] Shell thickness (100 mm)

p.W_obol_kanal = 1.5; % [m] Total width of the shell purge channel

p.L_obol kanal = 4.9; % [m] **NEW INPUT PARAMETER:** Air path length in the shell
p.U_kab = 2.0; % [W/(m2-K)] Heat transfer coefficient of the cabin walls

p.Q_vn = 300; % [W] Internal heat input (operator + equipment)

BN

--- Target parameters and constraints ---

.T_kab_tsil = 25; % [°C] Target temperature in the cabin

.N_kab_vent = 10; % [h~*] Target air exchange rate in the cabin
.T_vyh_obol_max = 45; % [°C] Max. air temperature at the exit from the shell

T T T

BN

--- Passport characteristics of the used TEM (MT2.6-0.8-263T1S) ---

.TEC_Imax = 15.0; % [A] Maximum module current

.TEC_Vmax = 34.0; % [V] Maximum voltage

.TEC_Qc_max = 319; % [W] Maximum cooling capacity

.TEC_dT_max = 77; % [°C] Maximum temperature difference

.TEC_Th_rated = 50; % [°C] Hot side temperature for which Vmax and dT_max are specified

T T T T T

N

--- Thermophysical constants and efficiency ---
.k_pov = 0.028; p.h_zovn = 10; p.epsilon = 0.05;
.sigma = 5.67e-8; p.rho_pov = 1.15; p.cp_pov = 1005;
.Lv = 2.45e6; p.nu_pov = 1.8e-5; p.eta_ad = 0.85;
.eta_vent = 0.5; p.eta_dv = 0.8; p.eta_zvol = 0.8;
.dT_radiator = 7; p.dT_holodna = 8;

T T T T T

%% 2. SETTING UP THE FMINCON OPTIMIZER

% Vector of variables x: x(1)=V_obol, x(2)=n_Pel, x(3)=I_Pel
nvars = 3;

x0 = [0.25; 8; 6]; % Starting point for search

% Bounds for variables [lower; upper]
1b = [0.1; 1; 2];
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= [0.6; 20; p.TEC_Imax];

options = optimoptions( 'fmincon' , 'Display’' , ‘iter' , 'Algorithm' , 'sgp' , 'PlotFcn' ,
{@optimplotfval});

objectiveFun = @(x) objectiveFunction(x, p);

constraintFun = @(x) nonlinearConstraints(x, p);

%% 3. STARTING OPTIMIZATION
disp( '--- Running the FMINCON optimizer to find optimal parameters ---' );
[x_opt, P_min] = fmincon(objectiveFun, x@, [1, [1, [], [], 1b, ub, constraintFun, options);

%% 4. DISPLAYING RESULTS

disp( '--- Optimization completed ---');

fprintf( 'For a shell with a thickness of %.2f m and a channel length of %.2f m:\n' , p.d_obol,
p.L_obol_kanal);

fprintf( 'Optimal solution found with minimum power consumption: %.2f W\n' , P_min);

disp( '==========================================================================' );
disp( 'Optimal system operating parameters:' );

fprintf( ' - Shell ventilation capacity (V_obol): %.2f m3®/h\n' , x_opt(1l) * 3600);
fprintf( ' - Number of thermocouples (n_Pel): %d pcs.\n' , round(x_opt(2)));

fprintf( ' - Current strength at each TEM (I_Pel): %.2f A\n' , x_opt(3));

Aisp( 'mmmmm oo ")

% --- Final calculation with optimal parameters for detailing ---

[~, final_params] = objectiveFunction(x_opt, p);
disp( 'Detailed system performance at the optimal point:' );

fprintf( ' - Thermal load on the shell (Q_obol): %.2f W\n' , final_params.Q_obol);
fprintf( ' - Average temperature in the shell (T_ser_obol): %.2f °C\n' , final_params.T_ser_obol);
fprintf( ' - Thermal load on the cabin (Q_zag kab): %.2f W\n' , final_params.Q_zag_kab);
fprintf( ' - Operating deltaT for TEM: %.2f °C\n' , final_params.delta_T_pel);

fprintf( ' - COP of one TEM (COP_pel): %.2f\n' , final_params.COP_pel);

e (e ")

disp( 'Power consumption distribution:' );

fprintf( ' - Shell fan power: %.2f W\n' , final_params.P_vent);

fprintf( ' - Humidification system power: %.2f W\n' , final_params.P_zvol);

fprintf( ' - Thermocouple power: %.2f W\n' , final_params.P_peltier);

disp( "mmmmmmmm oo ")

% --- CALCULATION OF OUTPUT PARAMETERS ---

V_vent_kab = p.V_kab * p.N_kab_vent; % Cabin fan performance
m_vody_h = final_params.Q_obol / p.Lv * 3600; % Water consumption
fprintf( 'COLUMN COSTS AND PRODUCTIVITY:\n' );

fprintf( ' - Water consumption for the shell: %.2f 1/h\n' , m_vody_h);
fprintf( ' - Cabin fan capacity: %.2f m3/h\n' , V_vent_kab);
disp( "-mmmmmmm oo ")

fprintf( 'SYSTEM SOR (by cabin): %.2f\n' , final_params.Q_zag kab / P_min);
fprintf( 'TOTAL THERMODYNAMICAL EFFECT: %.2f\n' , (final_params.Q_zag kab + final_params.Q obol) /

%% ==
% LOCAL FUNCTIONS (OBJECTIVE AND CONSTRAINTS)

o,

function [P_zag, params] = objectiveFunction(x, p)
% Objective function: calculates the total energy consumption
V_obol = x(1); n_Pel = x(2); I_Pel = x(3);
if n_Pel < 0.1, n_Pel = 0.1; end
T_mt = Stull Twb(p.T_zovn, p.phi_zovn);
T_ohol = p.T_zovn - p.eta_ad * (p.T_zovn - T_mt);
Q_obol = calculate_Q obol_iterative(p, V_obol, T_ohol);
m_dot_obol = V_obol * p.rho_pov;
if m_dot_obol < 1le-3, m_dot_obol = 1le-3; end % Division by zero protection
T_ser_obol = T_ohol + Q_obol / (2 * m_dot_obol * p.cp_pov);
Q_zag_kab = p.U_kab * p.A_kab * (T_ser_obol - p.T_kab_tsil) + p.Q_vn;
Qc_one = Q_zag_kab / n_Pel;
T_h_pel = T_ser_obol + p.dT_radiator;
T_c_pel = p.T_kab_tsil - p.dT_holodna;
delta_T_pel = T_h_pel - T_c_pel;
[~, V_pel, COP_pel] = Peltier_Performance_Interpolated(I_Pel, delta_T pel);
P_peltier = n_Pel * (V_pel * I_Pel);
% Accurate fan power model
d_obol = p.d_obol;
F_kanal = p.W_obol_kanal * d_obol;
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hydraulic_diam = 2 * d_obol;
velocity = V_obol / F_channel;
Re = (p.rho_pov * velocity * hydraulic_diam) / p.nu_pov;

if Re < 2300, lambda = 64/Re; else , lambda = ©.3164 / (Re”0.25); end % We take into account the
laminar mode
delta_P_obol = lambda * (p.L_obol_kanal / hydraulic_diam) * (p.rho_pov * velocity”2 / 2);
P_vent = (V_obol * (delta_P_obol + 50)) / (p.eta_vent * p.eta_dv);
m_vody = Q_obol / p.Lv;
P_zvol = (m_vody * 1000 * 40) / p.eta_zvol;
P_zag = P_peltier + P_vent + P_zvol;

if nargout > 1
params.Q_obol = Q_obol; params.T_ser_obol = T_ser_obol; params.Q_zag _kab = Q_zag kab;
params.delta_T pel = delta_T _pel; params.Qc_one = Qc_one; params.COP_pel = COP_pel;
params.P_vent = P_vent; params.P_zvol = P_zvol; params.P_peltier = P_peltier;

end
end

function [c, ceq] = nonlinearConstraints(x, p)
% Nonlinear constraint function
V_obol = x(1); n_Pel = x(2); I_Pel = x(3);
if n_Pel < 0.1, n_Pel = 0.1; end
T_mt = Stull Twb(p.T_zovn, p.phi_zovn);
T _ohol = p.T_zovn - p.eta_ad * (p.T_zovn - T_mt);
Q_obol = calculate_Q_obol_iterative(p, V_obol, T_ohol);
m_dot_obol = V_obol * p.rho_pov;
if m_dot_obol < 1e-3, m_dot_obol = 1le-3; end
T_ser_obol = T_ohol + Q_obol / (2 * m_dot_obol * p.cp_pov);
Q_zag_kab = p.U_kab * p.A_kab * (T_ser_obol - p.T_kab_tsil) + p.Q_vn;
Qc_one_req = Q_zag_kab / n_Pel;
T_h_pel = T_ser_obol + p.dT_radiator;
T_c_pel = p.T_kab_tsil - p.dT_holodna;
delta_T_pel = T_h_pel - T_c_pel;
[Qc_possible, ~, ~] = Peltier_Performance_Interpolated(I_Pel, delta_T_pel);
% Limitation on outlet air temperature
dT_progriv = Q_obol / (m_dot_obol * p.cp_pov);
T_out_heat = T_heat + dT_progriv;

c=1[1;
c(1) = Qc_one_req - Qc_possible;
c(2) = delta_T_pel - p.TEC_dT_max;

c(3) = T_vyh_obol - p.T_vyh_obol_max;
ceq = [1;
end

%% ==
% AUXILIARY FUNCTIONS (PHYSICAL MODELS)
% ==
function [Qc, V, COP] = Peltier_Performance_Interpolated(I, deltaT)
% EXACT MODEL OF THERMO ELEMENT MT2,6-0,8-263T1S (Th = 50°C)
persistent Qc_interpolant V_interpolant
if isempty(Qc_interpolant)
I_grid = [0, 2, 4, 6, 8, 10, 12, 14, 15];
dT_grid = [0, 10, 20, 30, 48, 50, 60, 70, 77];
Qc_data = [0 71 133 186 230 264 288 303 319; © 52 110 160 201 232 254 267 275; © 32 87 134 172 201 220
230 235; 0 11 63 107 142 168 185 195 200; © © 38 79 112 138 155 165 170; 0 @ © 50 80 105 122 130 135; ©
© 00 46 68 85 95 100; 0 © 0 0 © 30 45 55 60, 0 © © 00 0 0 0 0];

V_data = [0 4.5 8.8 13.0 17.0 20.8 24.5 28.0 30.4; 0 4.8 9.4 13.8 17.9 21.8 25.6 29.2 31.7; 0 5.1 10.0
14.7 18.9 23.0 26.8 30.5 33.0; 0 5.4 10.6 15.5 19.9 24.1 28.0 31.8 34.0; 0 5.7 11.2 16.4 21.0 25.3 29.0
32.5 34.5; ©0 6.0 11.8 17.2 22.0 26.4 30.1 33.5 35.0; © 6.3 12.4 18.1 23.0 27.5 31.2 34.5 35.8; 0 6.6
13.0 19.0 24.0 28.5 32.0 35.0 36.5; © 6.8 13.5 19.5 25.0 29.5 33.0 36.0 37.5];

[X, Y] = meshgrid(I_grid, dT_grid);
Qc_interpolant = griddedInterpolant(X', Y', Qc_data', 'linear' , 'none' );
V_interpolant = griddedInterpolant(X', Y', V_data', 'linear' , 'none' );
end
Qc = Qc_interpolant(I, deltaT); V = V_interpolant(I, deltaT);
if isnan(Qc) || Qc < @, Qc = -1; end
if isnan(V), V = 100; end
Pel =V * I; if Pel <= 0, Pel = le-6; end
COP = Qc / Pel; if COP < @, COP = 0; end
end

function Twb = Stull_Twb(T, RH)
% Calculation of wet bulb temperature using Stall's formula
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Twb = T * atan(©.151977 * (RH + 8.313659)70.5) + ...
atan(T + RH) - atan(RH - 1.676331) + ...

0.00391838 * RHA1.5 * atan(0.023101 * RH) - 4.686035;
end

function Q_obol = calculate_Q_obol_iterative(p, V_obol, T_ohol)
% Iterative calculation of thermal load on the shell
d_obol = p.d_obol;
T_pov = p.T_zovn - 5;
for i = 1:10
Q_rad = p.epsilon * p.sigma * p.A_kab * ((p.T_vypr + 273.15)"4 - (T_pov + 273.15)"4);
Q_conv_in = p.h_zovn * p.A kab * (p.T_zovn - T_pov);
Q_in_total = Q_rad + Q_conv_in;
% Improved internal convection model
F_kanal = p.W_obol_kanal * d_obol;
hydraulic_diam = 2 * d_obol;
velocity = V_obol / F_channel;
Re = (p.rho_pov * velocity * hydraulic_diam) / p.nu_pov;
if Re < 2300, Re = 2300; end
Nu = ©0.023 * Re”0.8 * 0.7170.4;
h_vnut_obol = (Nu * p.k_pov) / hydraulic_diam;
R_obol = 1/h_vnut_obol;
Q_out_total = p.A_kab * (T_pov - T_ohol) / R_obol;
error = Q_in_total - Q_out_total;
if abs(error) < 1, break ; end

T_pov = T_pov + error / (p.h_zovn * p.A_kab + 4*p.epsilon*p.sigma*p.A_kab*(T_pov+273.15)"3 +

p.A_kab/R_obol);
end

Q_obol = (Q_in_total + Q_out_total) / 2;
if Q_obol < @, Q_obol = @; end

end
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